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Epidemiology	

• Prevalence  of  8.8  per  
100,000  (95%  CI  6.8  to  
12.4)	

O’Callaghan  et  al  Lancet  1998  16;351(9114):1490  	



Basic  Genetics  of  TSC	

• Autosomal  Dominant  inheritance	
• Genetic  heterogeneity  (TSC1  at  9q34  
and  TSC2  at  16p1)	

• Tumour  suppressor  genes	
• 60-‐‑70%  sporadic  mutations	
• High  Penetrance	







Insulin  &  IGFs	

mTOR	

Cell  division  and  proliferation	

Hamartin  /  Tuberin	











Shagreen  Patch  
and  Ungual  Fibromas	

1.  Leung.  J  Ped  Health  Care.  2007;21:108-‐‑14.	
2.  Bissler.  www.tsalliance.org/pages.aspx?content=498.  2010	
3.  Data  provided  by  F  O’Callaghan,  The  Institute  of  Child  Health.	

	

•  May  displace  and  distort  the  
nail  bed	

Ungual  and  Periungual  
Fibromas	

•  A  firm  yellowish-‐‑red  or  pink  
area  of  nodules1-‐‑3	

•  “Orange  peel”  texture	
•  Appears  in  lumbar  region  of  
back	

Shagreen  
Patch	

 









Dermatologic  Pathologies  
Associated  With  TSC1,2	

Condition	 Prevalence  in  
TSC	

Hypomelanotic  macules	
(ash-‐‑leaf  spots)  	 87%–100%  	

Facial  angiofibromas	 70%–80%  	

Shagreen  patches	 20%–50%	

Ungual  or  periungual  fibromas  	 15%–52%	

Fibrous  facial  plaques	 ~36%	

1.  Leung.  J  Ped  Health  Care.  2007;21:108-‐‑14.	
2.  Bissler.  www.tsalliance.org/pages.aspx?content=498.  2010.	













Renal  Manifestations	

Angiomyolipomas	









Ñ  Cortical  tubers  are  collections  of  
dysmorphic  neurons,  large  astrocytes,  and  
giant  cells1,2	

Ñ  Epilepsy  occurs  in  over  90%  of  patients  
and  is  associated  with  the  presence  of  
cortical  tubers2	

Ñ  Behavioral  and  cognitive  impairments  are  
common  in  children  with  TSC,  including  
such  disorders  as  ASD  (17%–68%)  or  
ADHD  (>50%)3	

	
1.  Crino.  N  Engl  J  Med  2006;355:1345-‐‑56.	
2.  Curatolo.  Eur  J  Paediatr  Neurol.  
2002;6:15-‐‑23.	

3.  Kopp.  Epilepsy  Behav  2008;13:505-‐‑10.	







Outcome  of  
neurosurgery  for  SEGA	

Ñ  19  patients,  20  resections  since  2000	
Ñ  18/19  complete  macroscopic  resection	
Ñ  1  incomplete,  re-‐‑do  op,  progression  of  SEGA	
Ñ  No  progression/recurrence  in  18/19	
Ñ  5/19  required  CSF  diversion  	
Ñ  No  haemorrhagic/infective/neurological  complications	
Ñ  No  deaths	

	
	 Amin  S  et  al.    EJPN  2013  17(1):36-‐‑44	



Tubers	  and	  epilepsy	  
Ñ  Epilepsy	  appears	  to	  come	  from	  tubers	  or	  perituberal	  areas	  
Ñ  Surgical	  removal	  can	  improve	  the	  epilepsy	  
Ñ  Increased	  excita;on	  

Ó Changes	  in	  glutamate	  receptors	  
Ñ Decreased	  inhibi;on	  

Ó Deficiency	  of:	  GABA-‐ergic	  interneurons,	  synthe;c	  enzymes	  
isoform	  GAD65	  and	  GABA	  receptor	  sub-‐units	  alpha-‐1	  and	  
alpha-‐2	  	  

Ñ Drug	  resistance	  
Ó Mul;-‐drug	  resistant	  proteins,	  MDR-‐1	  and	  MRP-‐1,	  expressed	  
in	  tubers	  

	  



Seizure	  Onset	  and	  Intellectual	  
Difficul;es	  

• Mean	  age	  (95%	  CI)	  of	  seizure	  onset	  in	  ID	  
individuals	  =	  6.6	  months	  (5.1	  to	  8.1)	  

• Mean	  age	  of	  seizure	  onset	  in	  normal	  IQ	  
pa;ents	  =	  70.2	  months	  (44.4	  to	  95.9)	  

	  

P	  <	  0.001	  



Mayo  clinic  series	

1.  Gomez  MR,  ed.  Tuberous  Sclerosis.  2nd  ed.  New  York,  NY;  Raven  Press:1988.	
2.  Jóźwiak  S,  et  al.  Epilepsia  2007;48:1632.	

Normal   
Intellectual  
Disability 

Seizures  (n=129) 40  (31%) 89  (69%) 
Without  seizures  
(n=19) 19  (100%) 0  (0%) 









Ñ  Systematic  review  by  Jansen  (Epilepsia  2007  
48(8):  1477-‐‑84	

Ñ  177  TSC  patients	
Ñ  Seizure  freedom  in  101  (57%)	
Ñ  Seizure  frequency  improved  by  >  90%  in  32  
(18%)  patients	

Outcome  of  epilepsy  
surgery  in  TSC	
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Tuberous Sclerosis Complex Surveillance and Management:
Recommendations of the 2012 International Tuberous Sclerosis
Complex Consensus Conference

Darcy A. Krueger, MD, PhDa,* and Hope Northrup, MDb on behalf of the International
Tuberous Sclerosis Complex Consensus Group
aDivision of Neurology, Department of Pediatrics, Cincinnati Children’s Hospital Medical Center,
University of Cincinnati College of Medicine, Cincinnati, Ohio
bDivision of Medical Genetics, Department of Pediatrics, University of Texas Medical School at
Houston, Houston, Texas

Abstract
BACKGROUND—Tuberous sclerosis complex is a genetic disorder affecting every organ
system, but disease manifestations vary significantly among affected individuals. The diverse and
varied presentations and progression can be life-threatening with significant impact on cost and
quality of life. Current surveillance and management practices are highly variable among region
and country, reflective of the fact that last consensus recommendations occurred in 1998 and an
updated, comprehensive standard is lacking that incorporates the latest scientific evidence and
current best clinical practices.

METHODS—The 2012 International Tuberous Sclerosis Complex Consensus Group, comprising
79 specialists from 14 countries, was organized into 12 separate subcommittees, each led by a
clinician with advanced expertise in tuberous sclerosis complex and the relevant medical
subspecialty. Each subcommittee focused on a specific disease area with important clinical
management implications and was charged with formulating key clinical questions to address
within its focus area, reviewing relevant literature, evaluating the strength of data, and providing a
recommendation accordingly.

RESULTS—The updated consensus recommendations for clinical surveillance and management
in tuberous sclerosis complex are summarized here. The recommendations are relevant to the
entire lifespan of the patient, from infancy to adulthood, including both individuals where the
diagnosis is newly made as well as individuals where the diagnosis already is established.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.
This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-No Derivative Works
License, which permits non-commercial use, distribution, and reproduction in any medium, provided the original author and source
are credited.
*Communications should be addressed to: Dr. Krueger; Division of Neurology; Department of Pediatrics; Cincinnati Children’s
Hospital Medical Center; University of Cincinnati College of Medicine; MLC #2015; 3333 Burnet Avenue; Cincinnati, OH 45229.
arcy.krueger@cchmc.org.
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Tuberous Sclerosis Complex Diagnostic Criteria Update:
Recommendations of the 2012 International Tuberous Sclerosis
Complex Consensus Conference

Hope Northrup, MDa,*, Darcy A. Krueger, MD PhDb, and on behalf of the International
Tuberous Sclerosis Complex Consensus Group
aDivision of Medical Genetics, Department of Pediatrics, University of Texas Medical School at
Houston, Houston, Texas
bDivision of Neurology, Department of Pediatrics, Cincinnati Children?s Hospital Medical Center,
University of Cincinnati College of Medicine, Cincinnati, Ohio

Abstract
BACKGROUND—Tuberous sclerosis complex is highly variable in clinical presentation and
findings. Disease manifestations continue to develop over the lifetime of an affected individual.
Accurate diagnosis is fundamental to implementation of appropriate medical surveillance and
treatment. Although significant advances have been made in the past 15 years in the understanding
and treatment of tuberous sclerosis complex, current clinical diagnostic criteria have not been
critically evaluated or updated since the last clinical consensus conference in 1998.

METHODS—The 2012 International Tuberous Sclerosis Complex Consensus Group, comprising
79 specialists from 14 countries, was organized into 12 subcommittees, each led by a clinician
with advanced expertise in tuberous sclerosis complex and the relevant medical subspecialty. Each
subcommittee focused on a specific disease area with important diagnostic implications and was
charged with reviewing prevalence and specificity of disease-associated clinical findings and their
impact on suspecting and confirming the diagnosis of tuberous sclerosis complex.

RESULTS—Clinical features of tuberous sclerosis complex continue to be a principal means of
diagnosis. Key changes compared with 1998 criteria are the new inclusion of genetic testing
results and reducing diagnostic classes from three (possible, probable, and definite) to two
(possible, definite). Additional minor changes to specific criterion were made for additional
clarification and simplification.

CONCLUSIONS—The 2012 International Tuberous Sclerosis Complex Diagnostic Criteria
provide current, updated means using best available evidence to establish diagnosis of tuberous
sclerosis complex in affected individuals.

Keywords
diagnostic criteria; clinical features; tuberous sclerosis

© 2013 Elsevier Inc. All rights reserved.
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TSC1/2  Integrates  Many  Cell  
Signals	
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Mutation  of  TSC1/2  
and  mTOR  Activation	
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mTOR  Inhibitors  to  Treat  TSC?	
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Metformin:  ARenuates  mTORC1  Signalling  in  
Presence  or  Absence  of  TSC1/2	

Metformin	
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mTORC1  Inhibitors  Investigated  
in  TSC	

Rapamycin	
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•  Immunosuppression  in  transplant  recipients	
•  Renal  cell  carcinoma	
•  Coronary  artery  stents	
•  Hundreds  of  trials  in  many  indications	
• Mouth  ulcers/hyperlipidaemia/leuko-‐‑thrombocytopenia/
pneumonitis	



Rapamycin  Has  a  Selective  Effect  
  on  TSC2-‐‑null  Cell  Proliferation	

ProliferaHon	  assays	  in	  TSC2-‐/-‐	  MEFs	  
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Preclinical  Studies  in  TSC1  and  TSC2  Transgenic  
Mouse  Models:  Brain	

• TSC  -‐‑/-‐‑    conditional  neuronal  KO:  enlarged  brain,  
seizures,  hypoactivity,  early  death	

• TSC  +/-‐‑  constitutional  heterozygotes:  brain  appears  
“normal”,  no  seizures,  BUT  learning,  memory,  
behavior/  socialization  deficits	



Conditional  Neuronal  TSC1  Knockout:  
Rapamycin  and  Everolimus  Increase  Survival  	

Meikle  L,  et  al.  J  Neurosci  2008;28:5422-‐‑32.	
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Rapamycin  Reverses  Spatial  Learning  Deficits  in  
Heterozygous  TSC2+/-‐‑  Mice	

*P<0.05;  **P<0.01;  ***P<0.001	
Ehninger,  et  al.  Nature  Med  2008;14:843-‐‑8.	
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Therapeutic  use  of  mTOR  
inhibitors	

•  First  described  by  David  Franz  	
          in  Ann  Neurol  59(3)  2006	
	
5  patients:  4  with  TSC  and  1  with  pilo-‐‑	
cytic  astrocytoma.  All  lesions  regressed	
	
Also  shrank  renal  AMLs  and  facial	
Lesions.	
	
Franz  also  demonstrated  rebound  growth.	



Open  label  study	
	
28  patients	
	
Comparison  made  	
With  baseline  after	
6  months	
	
30%  +  reduction  in	
Tumour  volume  in	
21  patients  	
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Effi  cacy and safety of everolimus for subependymal giant 
cell astrocytomas associated with tuberous sclerosis complex 
(EXIST-1): a multicentre, randomised, placebo-controlled 
phase 3 trial
David Neal Franz, Elena Belousova, Steven Sparagana, E Martina Bebin, Michael Frost, Rachel Kuperman, Olaf Witt, Michael H Kohrman, 
J Robert Flamini, Joyce Y Wu, Paolo Curatolo, Petrus J de Vries, Vicky H Whittemore, Elizabeth A Thiele, James P Ford, Gaurav Shah, Helene Cauwel, 
David Lebwohl, Tarek Sahmoud, Sergiusz Jozwiak

Summary
Background Tuberous sclerosis complex is a genetic disorder leading to constitutive activation of mammalian target 
of rapamycin (mTOR) and growth of benign tumours in several organs. In the brain, growth of subependymal giant 
cell astrocytomas can cause life-threatening symptoms—eg, hydrocephalus, requiring surgery. In an open-label, 
phase 1/2 study, the mTOR inhibitor everolimus substantially and signifi cantly reduced the volume of subependymal 
giant cell astrocytomas. We assessed the effi  cacy and safety of everolimus in patients with subependymal giant cell 
astrocytomas associated with tuberous sclerosis complex.

Methods In this double-blind, placebo-controlled, phase 3 trial, patients (aged 0–65 years) in 24 centres in Australia, 
Belgium, Canada, Germany, the UK, Italy, the Netherlands, Poland, Russian Federation, and the USA were randomly 
assigned, with an interactive internet-response system, in a 2:1 ratio to oral everolimus 4·5 mg/m² per day (titrated to 
achieve blood trough concentrations of 5–15 ng/mL) or placebo. Eligible patients had a defi nite diagnosis of tuberous 
sclerosis complex and at least one lesion with a diameter of 1 cm or greater, and either serial growth of a subependymal 
giant cell astrocytoma, a new lesion of 1 cm or greater, or new or worsening hydrocephalus. The primary endpoint 
was the proportion of patients with confi rmed response—ie, reduction in target volume of 50% or greater relative to 
baseline in subependymal giant cell astrocytomas. Analysis was by intention to treat. This study is registered with 
ClinicalTrials.gov, number NCT00789828.

Findings 117 patients were randomly assigned to everolimus (n=78) or placebo (n=39). 27 (35%) patients in the 
everolimus group had at least 50% reduction in the volume of subependymal giant cell astrocytomas versus none in 
the placebo group (diff erence 35%, 95% CI 15–52; one-sided exact Cochran-Mantel-Haenszel test, p<0·0001). Adverse 
events were mostly grade 1 or 2; no patients discontinued treatment because of adverse events. The most common 
adverse events were mouth ulceration (25 [32%] in the everolimus group vs two [5%] in the placebo group), stomatitis 
(24 [31%] vs eight [21%]), convulsion (18 [23%] vs ten [26%]), and pyrexia (17 [22%] vs six [15%]).

Interpretation These results support the use of everolimus for subependymal giant cell astrocytomas associated with 
tuberous sclerosis. Additionally, everolimus might represent a disease-modifying treatment for other aspects of 
tuberous sclerosis.

Funding Novartis Pharmaceuticals.

Introduction
Tuberous sclerosis complex is estimated to aff ect more 
than 1 million people worldwide.1 It is an autosomal 
dominant genetic disorder characterised by benign 
tumours (hamartomas) that arise in many organs, 
including the brain, kidneys, skin, eyes, lungs, heart, and 
liver.2 The most common manifestations of tuberous 
sclerosis are neurological (eg, epilepsy, intellectual dis-
ability, and neurobehavioural and psychiatric problems, 
including autism spectrum disorder) followed by renal 
and pulmonary symptoms.1,3 Subependymal giant cell 
astrocytomas are slow-growing tumours, usually located 
near the foramen of Monro,1 that develop in up to 20% of 
individuals with tuberous sclerosis.4–6 They are typically 

asymptomatic until they reach a size suffi  cient to cause 
ventricular obstruction and hydrocephalus. Postoperative 
morbidity is sub stantial, although reports vary—about 
20% of patients7 and up to 50%.6,8 Incomplete resection 
of subependymal giant cell astrocytomas leads to 
recurrence;1,9 in a retrospective analysis, recurrence or 
contralateral occurrence was reported in 34% of patients, 
with 13% requiring repeat operations.8

The tuberous sclerosis genes TSC1 (hamartin) and TSC2 
(tuberin) encode proteins that form the hamartin-tuberin 
tumour suppressor complex, which restricts the activation 
of the mammalian target of rapamycin complex 1 
(mTORC1), a protein kinase that regulates protein syn-
thesis, and cell growth and proliferation, through Rheb 

117  patients	
	
2:1  randomisation  everolimus:placebo	
	
35%  of  patients  in  everolimus  group  had  >  50%	
reduction  in  SEGA  volume  versus  0%  in  placebo  group	
	
No  effect  on  epilepsy	
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Everolimus for angiomyolipoma associated with tuberous 
sclerosis complex or sporadic lymphangioleiomyomatosis 
(EXIST-2): a multicentre, randomised, double-blind, 
placebo-controlled trial
John J Bissler, J Christopher Kingswood, Elżbieta Radzikowska, Bernard A Zonnenberg, Michael Frost, Elena Belousova, Matthias Sauter, 
Norio Nonomura, Susanne Brakemeier, Petrus J de Vries, Vicky H Whittemore, David Chen, Tarek Sahmoud, Gaurav Shah, Jeremie Lincy, 
David Lebwohl, Klemens Budde

Summary
Background Angiomyolipomas are slow-growing tumours associated with constitutive activation of mammalian 
target of rapamycin (mTOR), and are common in patients with tuberous sclerosis complex and sporadic 
lymphangioleiomyomatosis. The insidious growth of these tumours predisposes patients to serious complications 
including retroperitoneal haemorrhage and impaired renal function. Everolimus, a rapamycin derivative, inhibits the 
mTOR pathway by acting on the mTOR complex 1. We compared the angiomyolipoma response rate on everolimus 
with placebo in patients with tuberous sclerosis or sporadic lymphanioleiomyomatosis-associated angiomyolipomata.

Methods In this double-blind, placebo-controlled, phase 3 trial, patients aged 18 years or older with at least one 
angiomyolipoma 3 cm or larger in its longest diameter (defi ned by radiological assessment) and a defi nite diagnosis 
of tuberous sclerosis or sporadic lymphangioleiomyomatosis were randomly assigned, in a 2:1 fashion with the use of 
an interactive web response system, to receive oral everolimus 10 mg per day or placebo. The primary effi  cacy 
endpoint was the proportion of patients with confi rmed angiomyolipoma response of at least a 50% reduction in 
total volume of target angiomyolipomas relative to baseline. This study is registered with ClinicalTrials.gov 
number NCT00790400.

Results 118 patients (median age 31·0 years; IQR 18·0–61·0) from 24 centres in 11 countries were randomly assigned 
to receive everolimus (n=79) or placebo (n=39). At the data cutoff , double-blind treatment was ongoing for 98 patients; 
two main reasons for discontination were disease progression (nine placebo patients) followed by adverse events (two 
everolimus patients; four placebo patients). The angiomyolipoma response rate was 42% (33 of 79 [95% CI 31–53%]) 
for everolimus and 0% (0 of 39 [0–9%]) for placebo (response rate diff erence 42% [24–58%]; one-sided Cochran-
Mantel-Haenszel test p<0·0001). The most common adverse events in the everolimus and placebo groups were 
stomatitis (48% [38 of 79], 8% [3 of 39], respectively), nasopharyngitis (24% [19 of 79] and 31% [12 of 39]), and acne-like 
skin lesions (22% [17 of 79] and 5% [2 of 39]).

Interpretation Everolimus reduced angiomyolipoma volume with an acceptable safety profi le, suggesting it could be 
a potential treatment for angiomyolipomas associated with tuberous sclerosis.

Funding Novartis Pharmaceuticals.

Introduction
Tuberous sclerosis complex is caused by decreased or 
absent expression of the genes TSC1 (hamartin) or TSC2 
(tuberin), and is characterised by the growth of 
hamartomas in the kidney, brain, heart, liver, and skin.1–3 
These hamartomas predispose patients to organ system 
dysfunction, including autism spectrum disorder, 
intellectual disability, and epilepsy.1–3 Angio myolipomas 
are associated with loss of heterozygosity at the TSC1 or 
TSC2 gene locus, occur in roughly 80% of patients with 
tuberous sclerosis, and cause the largest proportion of 
adult deaths from the disease.3–5 As angiomyolipomas 
enlarge, aneurysm and haemorrhage risk increases.6 
Enlarging renal angiomyolipomas can cause chronic 
kidney dis ease needing dialysis or eventual renal 

transplantation.7 Patients with angiomyolipomas often 
develop new lesions and recurrence of treated lesions.8 
Lymphangio leiomyomatosis occurs in around 30% of 
women with tuberous sclerosis, and also rarely occurs in 
patients without tuberous sclerosis complex (sporadic 
lymphangioleiomyomatosis).3,8–11

Hamartin and tuberin form a complex with Tre2-Bub2-
Cdc16 (TBC) 1 domain family, member 7 (TBC1D7), 
which is required for the proper regulation of Rheb and 
mammalian target of rapamycin complex 1 (mTORC1) 
by cellular growth conditions.12 The hamartin-tuberin 
complex inhibits mTORC1, and loss of the complex 
leads to constitutive mTORC1 activation, aberrant sig nal-
ling, and tumour growth.13 The ability of sirolimus, 
an mTOR inhibitor, to improve manifestations of 
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118  patients	
	
2:1  randomisation	
	
42%  had  >50%  reduction  in  AML  volume  versus	
0%  on  placebo	
	
No  effect  on  epilepsy	
	
	



Current  Trials	

Ñ  EXIST-‐‑3	
Ó  Placebo-‐‑controlled  trial  of  everolimus  in  patients  
with  intractable  focal  epilepsy	

Ñ  MiTS  (Metformin  in  TS)	
Ó  Placebo-‐‑controlled  trial  of  metformin  in  TS  	
Ó  Patients  with  angiomyolipomas  of  1cm	
Ó  Primary  outcome  =  reduction  in  renal  aml  
volume	

Ó  Secondary  outcomes  incl  epilepsy,  SEGA	
  	



mTOR  inhibition  –  a  double-‐‑
edged  sword?	



•  mTOR  inhibition  may  prevent  
essential  repair  of  brain  in  the  
context  of  brain  injury	

•  Paradoxical  effect  of  mTOR  
inhibitors  in  animal  models  of  
status  epilepticus	

•  Timing  of  
administration	
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Identification of cell signaling 
 mechanisms mediating seizure-related 

neuronal death and epileptogenesis is 
important for developing more effective 
therapies for epilepsy. The mammalian 
target of rapamycin (mTOR) pathway 
has recently been implicated in regulat-
ing neuronal death and epileptogenesis 
in rodent models of epilepsy. In par-
ticular, kainate-induced status epilep-
ticus causes abnormal activation of the 
mTOR pathway, and the mTOR inhibi-
tor, rapamycin, can decrease the devel-
opment of neuronal death and chronic 
seizures in the kainate model. Here, we 
discuss the significance of these findings 
and extend them further by identifying 
upstream signaling pathways through 
which kainate status epilepticus activates 
the mTOR pathway and by demonstrat-
ing limited situations where rapamycin 
may paradoxically increase mTOR acti-
vation and worsen neuronal death in the 
kainate model. Thus, the regulation of 
seizure-induced neuronal death and epi-
leptogenesis by mTOR is complex and 
may have dual, opposing effects depend-
ing on the physiological and pathologi-
cal context. Overall, these findings have 
important implications for designing 
potential neuroprotective and antiepi-
leptogenic therapies that modulate the 
mTOR pathway.

Introduction

Epilepsy is one of the most common 
neurological disorders, affecting approxi-
mately 1% of people, and is characterized 
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by significant morbidity and mortality. 
Although there are a variety of underly-
ing causes for epilepsy, seizures themselves 
are often implicated in causing progres-
sive epileptogenesis and neuronal death, 
contributing to medically-intractable epi-
lepsy and co-morbid cognitive deficits. 
Currently available medications simply 
suppress seizure symptomatically, but do 
not appear to prevent seizure-induced 
brain injury or reverse the underlying 
mechanisms of epileptogenesis.1 Thus, it 
is now widely recognized that novel thera-
pies for epilepsy need to be developed that 
have neuroprotective, antiepileptogenic or 
disease-modifying properties.2-4

In order to develop disease-modifying 
therapies for epilepsy, a better under-
standing of the cellular and molecu-
lar mechanisms of epileptogenesis and  
seizure-induced brain injury is required. 
While traditionally seizure medications 
have targeted ion channels and neurotrans-
mitters receptors that directly contribute 
to neuronal excitability, a recent trend 
has been to identify and target primary 
cell signaling pathways that initially trig-
ger downstream mechanisms mediating 
neuronal injury and epileptogenesis. The 
mammalian target of rapamycin (mTOR) 
signaling pathway represents a ratio-
nal candidate, because mTOR regulates 
numerous cellular functions and mecha-
nisms that affect cell survival and death, 
neuronal excitability and epileptogenesis.5 
Furthermore, available drugs exist that 
specifically inhibit mTOR and could be 
readily tested as neuroprotective and anti-
epileptogenic therapies for epilepsy.
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also been implicated in mediating neuro-
nal death and epileptogenesis in rodent 
models of acquired epilepsy due to brain 
injury. The mTOR pathway is activated in 
animal models of traumatic brain injury 
(TBI) and rapamycin has neuroprotective 
effects against neuronal death and func-
tional deficits following TBI, although 
effects on posttraumatic epilepsy have not 
been described.27,28 mTOR is also trig-
gered in the pilocarpine model of acquired 
epilepsy and mediates axonal sprouting, a 
putative mechanism of epileptogenesis.29 
In a recent study, we have reported that 
the mTOR pathway is involved in neu-
ronal death and epileptogenesis in the 
related kainate model of limbic epilepsy 
in rats.30 In the kainate model, an initial 
episode of prolonged seizures (status epi-
lepticus), induced by administration of 
the glutamate agonist, kainate, triggers 
neuronal death and other cellular and 
molecular changes that promote epilep-
togenesis. After recovery from the status 
epilepticus and following a latent period 
of days to weeks, these changes lead to the 
development of spontaneous seizures. In 
this model, we showed that kainate causes 
activation of the mTOR pathway both 
acutely during status epilepticus and more 
chronically for several weeks coinciding 
with the latent period of epileptogenesis.30 
The mTOR inhibitor rapamycin prevents 
the abnormal kainate-induced mTOR 
activation and, depending on the timing 
of the rapamycin administration, causes 
a variable decrease in putative cellular 
mechanisms of epileptogenesis, includ-
ing hippocampal neuronal death, neuro-
genesis and axonal sprouting. Rapamycin 
also causes a corresponding decrease in the 
development of spontaneous seizures.30 
Thus, these studies suggested that mTOR 
plays a critical role in activating multiple 
downstream mechanisms of neuronal 
injury and epileptogenesis in the kainate 
model and that rapamycin has neuropro-
tective and antiepileptogenic actions in 
this model.

Figure 2. Kainate status epilepticus activates Akt, an upstream regulator of the mTOR pathway. 
Western blots of hippocampal homogenates were performed at various time points following 
kainate status epilepticus in adult rats. Compared to control rats, the ratio of P-Akt to total Akt was 
increased acutely with kainate status epilepticus and remained elevated for several weeks.  
*p < 0.05, **p < 0.01 by ANOVA, compared to the control group.

Figure 3. Rapamycin causes paradoxical exacerbation of kainate-induced mTOR activation when 
administered within one hour of kainate. Adult rats were injected with vehicle (Con), kainate 
(15 mg/kg, i.p.), or rapamycin (6 mg/kg) at different intervals before or after kainate. Kainate 
alone (KA) causes increased mTOR activation, as reflected by the ratio of phospho-S6 to total S6 
expression measured 7 days after kainate injection, compared to vehicle (Con). Pretreatment with 
rapamycin one day prior to kainate inhibits the kainate-induced mTOR activation (Pre-1d). In con-
trast, rapamycin administered within one hour before (Pre-1 h) or after (Post-1 h) kainate causes a 
paradoxical increase in the kainate-induced mTOR activation. *p < 0.05, ***p < 0.001 by ANOVA, 
compared to the KA group.






