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Summary: Until recently, the neuropsychiatric phenotype of
tuberous sclerosis complex (TSC) was presumed to be caused
by the structural brain abnormalities and/or seizures seen in the
disorder. However, advances in the molecular biology of the
disorder have shown that TSC is a mammalian target of rapa-
mycin (mTOR) overactivation syndrome, and that direct mo-
lecular pathways exist between gene mutation and cognitive/
neurodevelopmental phenotype. Molecularly-targeted treatments
using mTOR inhibitors (such as rapamycin) are showing great
promise for the physical and neurological phenotype of TSC.
Pre-clinical and early-phase clinical studies of the cognitive and
neurodevelopmental features of TSC suggest that some of the
neuropsychiatric phenotypes might also be reversible, even in
adults with the disorder. TSC, fragile X, neurofibromatosis type

1, and disorders associated with phosphatase and tensin homo
(PTEN) mutations, all signal through the mTOR signaling path-
way, with the TSC1-TSC2 protein complex as a molecular
switchboard at its center. Together, these disorders represent as
much as 14% of autism spectrum disorders (ASD). Therefore,
we suggest that this signaling pathway is a key to the under-
lying pathophysiology of a significant subset of individuals
with ASD. The study of molecularly targeted treatments in TSC
and related disorders, therefore, may be of scientific and clin-
ical value not only to those with TSC, but to a larger population
that may have a neuropsychiatric phenotype attributable to
mTOR overactivation or dysregulation. Key Words: TSC,
mTOR, rapamycin, neurocognition, memory, autism, autism
spectrum disorders.

TUBEROUS SCLEROSIS COMPLEX:
THE DISORDER

Background on tuberous sclerosis complex
Tuberous sclerosis complex (TSC) is a multisystem

genetic disorder caused by a pathogenic mutation in ei-
ther the TSC1 gene (9q34) or the TSC2 gene (16p13.3).1,2

TSC1 and TSC2 lead to essentially identical phenotypic
manifestations, although there have been some sugges-
tions that the TSC2 phenotype is typically more severe.3,4

The diagnosis is based on a set of clinical criteria5 that
include so-called “major” and “minor” features. Virtu-
ally every organ system in the body can be affected, but
major features include facial angiofibromas, cortical tu-
bers, subependymal nodules, cardiac rhabdomyomas, re-
nal angiomyolipomas (AML), and lymphangioleiomyo-
matosis (LAM) of the lung.1,5 There is great variability
of expression with some individuals very severely af-

fected by the physical manifestations, whereas others
may be relatively mildly affected.1,2

The central nervous system manifestations include ra-
diologically detectable structural abnormalities, such as
the classic cortical tubers and subependymal nodules,1,2 but
also include widespread fine-grained white and grey matter
abnormalities,6,7 which are only detectable through compu-
tational morphometric analysis techniques. In 5 to 10% of
subjects, subependymal nodules start to grow and develop
into subependymal giant cell astrocytomas (SEGA), typi-
cally in the region of the foramen of Monro.1,8,9 SEGAs are
associated with high rates of morbidity and increased mor-
tality, and typically they require surgical management.1,8,9

Seizure disorders are seen in approximately 70% of indi-
viduals with TSC at some stage in their lives. All types of
seizures are seen, often in combination; however, in partic-
ular, infantile spasms are strongly associated with TSC.1,10

The neuropsychiatry of TSC
The neuropsychiatry of TSC is highly complex and often

leads to the most problematic clinical challenges for fami-
lies.11,12 Approximately 30% of individuals have profound
intellectual disability with developmental quotients below
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20. The remaining 70% fall on a normal distribution of
intellectual ability ranging from mild to moderate intellec-
tual disability to superior intelligence.13,14 We have recom-
mended referring to these highly distinct groups as the
“profound phenotype” and the “normal distribution pheno-
type” to distinguish clearly between them.14 Half of indi-
viduals with TSC have normal intelligence (intelligence
quotient �80),13 but almost none are free from neuropsy-
chiatric problems.
Approximately 25% of those with TSC meet criteria

for autism as defined in International Classification of
Diseases-10 or Diagnostic and Statistical Manual of
Mental Disorders-IV,15 and a total of 40 to 50% meet
criteria for autism spectrum disorder (ASD).15 TSC is
clearly recognized as one of the medical conditions most
highly associated with autism.16 Even in those with a
normal IQ, autism is approximately 100 times over-rep-
resented in comparison with rates in the general popula-
tion.17 No systematic data are available to confirm
whether autism in TSC is phenotypically similar to or
different from “idiopathic” ASD. However, the clinical
impression suggests that the range and features of ASD
in TSC are varied, from classic infantile autism to subtle
ASD. Attention deficit hyperactivity disorder is seen in
approximately 50% of individuals with TSC, with rates
in the range of 30% in those with a normal IQ, which is
approximately 10 times higher than the general popula-
tion.12,17 In adults, the rates of mood and anxiety disor-
ders are highly over-represented with 55 to 59% meeting
criteria for anxiety disorder in systematic studies using
research diagnostic criteria.18,19

Individuals with TSC are also at high risk of a range of
neuropsychological deficits, even those with normal IQs.
Deficits (defined as performance below the second per-
centile of a defined test) are seen in the majority of
individuals. This is particularly so for dual task deficits,
which are seen in 75 to 90% of children with normal or
near-normal intelligence.20 More recently, McCartney et
al.21 identified evidence of subtle but significant unilat-
eral neglect in normally-intelligent adults with TSC, sug-
gesting deficits also in spatial attention. Memory deficits
have been reported in 30 to 40% of adults with TSC and
normal intelligence,6 and rates are significantly higher in
those with lower intellectual abilities. In a study by Ri-
dler,6 recognition memory was comparable to that of
matched controls, but verbal and visual recall memory
was significantly worse in individuals with TSC in com-
parison to controls. Some of the most significant deficits
were seen on the spatial working memory task (SWM) of
the Cambridge Neuropsychological Test Automated Bat-
tery (CANTAB), a computer-based neuropsychological
tool,22 in which individuals with TSC showed very high
rates of “between error,” but very few “within error”
mistakes.6 A similar pattern is seen in children with TSC
(unpublished data). Executive skills (including planning,

cognitive flexibility, and other goal-directed behaviors)
are also commonly impaired. In a sequential clinic series,
Prather et al.12 identified executive deficits in 66% of
those able to participate in direct testing.
Taken together, TSC presents a complex neuropsychi-

atric profile in the majority of patients. Only a small
proportion (approximately 10%) of individuals do not
experience significant impairment in daily life because of
these manifestations. No TSC-specific treatments have
been identified to date, and no existing neuropsychiatric
interventions (pharmacological or nonpharmacological)
have been studied in TSC populations. The identification
of molecular targets and development of targeted treat-
ments for the cognitive and neurodevelopmental disor-
ders are therefore understandably of high priority for
families, clinical professionals, and TSC researchers.

Intracellular signalling in TSC
TSC1 and TSC2 were identified by positional clon-

ing and have been shown to encode large proteins of
1164 amino acids (TSC1 protein, hamartin) and 1807
amino acids (TSC2 protein, tuberin), respectively.1,2,23

TSC1 and TSC2 form a heterodimeric complex that acts
as a central player to integrate intracellular and extracel-
lular signals across a number of conserved cell signaling
pathways1,2,23 (FIG. 1). The TSC1-TSC2 complex has
multiple phosphorylation sites and receives direct “up-
stream” signals from protein kinase B (AKT), glycogen
synthase kinase 3� (GSK3�), p38MAPK-activated pro-
tein kinase (MK2), extracellular signal-regulated kinase
1 and 2 (ERK1/2), and adenosine monophosphate-acti-
vated protein kinase (AMPK).1,2,23

The best understood downstream (output) pathway is
via the GTPase activating protein (GAP) domain of
TSC2. Phosphorylation at several TSC1-TSC2 sites ac-
tivates the GAP function of TSC2, whereas phosphory-
lation at other sites inhibits it.1,2,23,24 Inhibition of the
GAP function shifts the balance of Ras homologue en-
riched in brain (Rheb) from its Rheb-GDP to Rheb-GTP
form, regulating activation of the mTOR complex 1 pro-
teins. mTOR activation leads to phosphorylation of
downstream targets including p70S6kinase 1 (S6K1)
and eukaryotic initiation factor 4E binding protein 1
(4E-BP1) that drive protein synthesis and cell prolifera-
tion.1,2,16,23,24 In TSC, loss of either TSC1 or TSC2
through spontaneous mutation (70% of cases) or inher-
ited mutation (30% of cases), and followed by a “second
hit” of the remaining functional allele, which therefore
prevents formation of the heterodimeric complex, caus-
ing loss of regulatory control over mTOR, thus leading to
overactive cell growth and proliferation.1,2,23,24 There-
fore, TSC is an mTOR overactivation syndrome.
The TSC1-TSC2-mTOR signalling pathway as

shown in FIG. 1 was generally believed to be con-
served throughout all eukaryotic groups.25,26 How-
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ever, recent bio-informatic approaches have shown
that the pathway was built up from a simpler one,
present in the ancestral eukaryote, coupling cell growth
and energy levels. Additional elements such as TSC1 and
TSC2 were “bolted on” only in particular eukaryotic
lineages.27 Comparison of sequences across various or-
ganisms suggests that not all functional domains seen in
humans are conserved in nonhuman homologues, thus
raising the need to consider how well the signaling path-
way in humans can be modelled using proteins from
other organisms.27

The neurobiology of TSC
Until recently, it was believed that the neuropsychiat-

ric manifestations of TSC (notably intellectual disability
and autism) were caused by the structural abnormalities
(tubers and nodules) and/or by the seizure disorders seen
in TSC.28,29 The therapeutic implications of these assump-
tions were that structural abnormalities are unchange-
able; therefore, the best treatment strategy would lie in
the aggressive treatment of epilepsy or in the prophylac-
tic treatment for seizures, even pre-natally.10,30 Ad-
vances in the molecular biology of TSC have fortunately
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FIG. 1. Intracellular signaling and the neurobiology of tuberous sclerosis complex (TSC). The TSC1-TSC2 complex acts as a
heterodimer at the crossroads of a number of important signaling pathways. These include the insulin-signaling PI3K-AKT
pathway, the mitogen-activated p38MAPK and ERK1/2 pathways, and the energy-sensing AMPK pathway. Proteins in these
pathways have fundamental neurobiological roles as represented schematically in the figure. One of the crucial downstream
targets regulated through the TSC1-TSC2 complex is mTORC1, a key regulator of protein synthesis and cell growth. Given that
TSC is an mTOR overactivation syndrome, rapamycin and other mTOR inhibitors are the principal current therapeutic tools
targeted at reversing/improving physical and neuropsychiatric phenotypes in TSC and related disorders. (For further details, please
see the text of the article.) 4E-BP1 � eukaryotic initiation factor 4E binding protein 1; AKT � protein kinase B; AMPK � adenosine
monophosphate activated protein kinase; CDK1 � cyclin-dependent kinase 1; EIF4E � eukaryotic translation initiation factor 4E;
ERK1/2 � extracellular signal regulated kinase 1 and 2; GSK3beta � glycogen synthase kinase 3 beta; LKB1 � serine/threonine
kinase 11; LTP � long-term potentiation; MK2 � MAPK-activated protein kinase 2; mTORC1 � mammalian target of rapamycin
complex 1; p38MAPK � p38 mitogen-activated protein kinase; PI3K � phosphoinositide 3 kinase; PTEN � phosphatase and
tensin homolog; Rac1 � Ras-related C3 botulinum toxin substrate 1; Rheb � Ras homologue enriched in brain; Rho � Ras
homologue gene family, member A; S6K1 � ribosomal p70 S6 kinase 1; TSC1 � tuberous sclerosis complex 1 protein (hamartin);
TSC2 � tuberous sclerosis complex 2 protein (tuberin).
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identified that the TSC-mTOR signaling pathways are
involved in a number of key neurobiological processes,
including long-term potentiation (LTP) and synaptic
plasticity, myelination, actin cytoskeletal formation,
forebrain development, energy sensing, astrocyte mor-
phology, and neuronal polarity, all of which have been
clearly shown to contribute to various neuropsychiatric
phenotypes.2,11,16,31 This realization led de Vries and
Howe2 to posit a molecular hypothesis for the neuro-
psychiatric manifestations of TSC, referred to as the
Global Regulator and Integrator of Physiological Pro-
cesses (or GRIPP) hypothesis. Given the range of fun-
damental neurobiological processes in the TSC-mTOR
signaling pathway, de Vries and Howe2 proposed that
structural and seizure factors were neither necessary nor
sufficient to explain the neuropsychiatric phenotypes
observed in TSC, but that a direct molecular route
would be sufficient (referred to as GRIPP I, the first part
of the hypothesis). On publication of the hypothesis, no
TSC animal behavior studies had yet been performed,
but a prediction was that TSC animal models might
present with neurocognitive deficits, yet be free from
structural brain abnormalities and seizures.2 This was
subsequently confirmed in Tsc1�/� and Tsc2�/� mouse
models, both free from neuropathology and seizures.32,33

The Tsc1�/�mice showed context discrimination, spatial
working memory and socialization deficits.32 The
Tsc2�/� mice showed similar context discrimination and
spatial working memory deficits, but no socialization
deficits.33 Interestingly, on the radial maze task, the an-
imal equivalent of the CANTAB spatial working mem-
ory test (see previously), the Tsc2�/� mice showed sig-
nificant “across errors” (equivalent to “between errors”
in humans), but no “within error” mistakes33 in a pattern
highly reminiscent of the human findings.6 Therefore,
evidence was clearly emerging of a direct molecular
route from TSC mutation to neuropsychiatric pheno-
types.
The second part of the GRIPP molecular hypothesis

stated that the vast range of TSC1 and TSC2mutations seen
in humans with TSC will have a range of consequences at
the biochemical and signaling level.2 Therefore, GRIPP II
predicted that the variability of neurocognitive manifesta-
tions observed in TSC would be dependent on the nature of
the structural and functional impairment of protein and
phosphorylation sites caused by individual mutations.2 This
might depend on various factors such as stability and ac-
tivity of truncated or full-length mutant protein, how non-
sense-mediated decay might influence the production of
truncated proteins in the brain and differential expression
of proteins in different brain regions, tissue, or cell
types.2 To date there is no strong evidence to support
GRIPP II, and the current view would be that variability
of behavioral phenotypic expression is caused by gene-
environment interactions, modifier genes, and so forth.

GRIPP II does not deny that these may be additional
factors, only that they may not be necessary to explain
the phenotypic variability observed. There are some
emerging biochemical studies that show differential
functional effects of different TSC1 and TSC2 mutations.
In a study of TSC1 missense mutations, Mozzaffari et
al34 identified specific substitutions between amino acids
50–90 that resulted in reduced steady state levels of
tuberin, leading to increased mTOR signaling. Similarly,
a study of different TSC2 mutations have shown distinct
effects from one another on tuberin and mTOR func-
tion.35

HOW IS TSC RELEVANT TO AUTISM?

Even though the etiology of autism spectrum disorders
(ASD) is typically attributed to an oligogenic basis (re-
viewed by Persico and Bourgeron36), an increasing num-
ber of single gene disorders with very high prevalence of
autism are being recognized, representing at least 15%, if
not more, of the total rates of ASD.16 In a translational
medicine commentary, de Vries37 recently suggested that
the current oligogenic model of autism could be concep-
tualized as a map of the London underground, where a
single-gene mutation is not sufficient to disrupt the neu-
rodevelopmental trajectory and lead to ASD. Therefore,
multiple genes (each making a small contribution) are
required to be aberrant before ASD would manifest. An
oligogenic model does not present any immediate targets
for molecular treatment strategies.
The increasing number of single gene disorders asso-

ciated with ASD, de Vries37 proposed, may point to an
alternative etiological model of autism, which is more
similar to a map of the “Boston T” public transport
system where disruption in only one spot (or single gene)
along one of a number of distinct tracks might be suffi-
cient to disrupt the neurodevelopmental journey and lead
to ASD (FIG. 137). If this conceptualization were to be
correct, then “repair” of that one spot (or biological
consequence of a single gene mutation) might be suffi-
cient to improve the neurodevelopmental journey and
improve the manifestations of ASD. Therefore, identify-
ing the specific underlying pathophysiological mecha-
nism in a single gene disorder, such as TSC, may point
to a group of underlying etiologies (shared lines), which
in turn may highlight potential molecular intervention
targets not only for the single gene disorder, but also for
others in the shared etiological group.
TSC and fragile X are now recognized to have the

highest association with autism and ASD.16,38 Two other
single-gene disorders with high rates of autism include
neurofibromatosis type 1 (NF1), in which the rates of
autism range between 0 and 4%, and disorders associated
with PTEN mutations, representing as much as 1% of all
cases of ASD.16 Taken together, these four disorders
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may represent up to 14% of all cases of ASD.16 There-
fore, it is highly significant that all four of these disorders
signal through the PI3K-TSC1/2-mTOR signaling path-
way, with the TSC1-TSC2 complex as a “molecular
switchboard” at its center (FIG. 1). PTEN inhibits PI3K-
dependent signaling, and loss of PTEN function in neu-
rons leads to overactivation of mTOR complex 1.39 The
fragile X mental retardation protein (FMRP) binds to
specific mRNAs, repressing their translation.16 There is
now evidence that lack of FMRP (as seen in fragile X)
leads to mTOR overactivation.38 The NF1 protein, neu-
rofibromin, functions as a Ras-GTPase activating protein
via PI3K-AKT-TSC2 and regulates mTOR. In NF1 de-
ficient cells mTOR is constitutively activated.40 There-
fore, we suggest that the signaling pathway (as shown in
FIG. 1) is an important key to the underlying pathophys-
iology of a significant subset of individuals with ASD.
The study of molecularly-targeted treatments in TSC
may therefore be scientifically and clinically valuable not
only to those with TSC but to a large population that may
have a neuropsychiatric phenotype attributable to mTOR
overactivation or dysregulation.

TARGETED TREATMENTS IN TSC

Treatment of the physical features of TSC
The molecular understanding of the pathophysiology

of peripheral features in TSC has led to targeted inter-
ventions using rapamycin to inhibit mTOR (FIG. 1).
Rapamycin (or Sirolimus) is a macrolide isolated from a
strain of Streptomyces hygroscopicus, which is indige-
nous to the Easter Islands (also known as “Rapa Nui”).1

Rapamycin binds FK-binding protein 12 (FKBP12), and as
a complex, rapamycin-FKBP12 directly binds mTOR com-
plex 1, thus reducing phosphorylation of downstream
mTOR targets. Rapamycin is well known for its use as an
immunosuppressant to prevent organ rejection, particularly
after renal transplant, and it has been in clinical use for
many years.24 A number of other mTOR inhibitors are
available or under development, including temsirolimus
(CCI-779) and everolimus (RAD001).
A couple of pre-clinical trials have shown that rapa-

mycin, temsirolimus, or everolimus reduced renal cyst
and tumor development and reduced the volume of ex-
isting renal tumors in animal models.41,42 Given the con-
siderable experience with rapamycin in human popula-
tions, translation of the pre-clinical findings to human
clinical trials was rapid. Bissler et al43 reported a single-
site, phase I/II open-label study of rapamycin for the
treatment of renal AML in 25 patients with TSC or
sporadic LAM. Mean AML volumes were reduced by
53% (	26.6%) from baseline after 12 months of treat-
ment. Interestingly, regrowth to 85% (	28.5%) of base-
line volume occurred within the subsequent 12 months
after discontinuation of therapy.43 The United Kingdom-

based multicenter Trial of Efficacy and Safety of Siroli-
mus in Tuberous Sclerosis and LAM (TESSTAL) trial44

reported very similar findings, with an equivalent re-
duction in AML volume in excess of 50%. Side effects
were seen in both studies, but were similar to those
seen in non-TSC post-transplant patients, and the side
effects were typically low grade and self-limit-
ing.24,43,44 Both studies also examined the efficacy of
rapamycin on the lung manifestation, LAM, seen in
association with TSC, or in sporadic form. Bissler et
al’s43 study reported some improvement in lung func-
tion parameters. However, the TESSTAL trial44 did
not observe any significant improvements. A number
of larger scale trials are currently underway for vari-
ous aspects of the physical phenotype of TSC, includ-
ing a phase III trial for renal AML (Examining
everolimus in a study of TSC [EXIST]-2 trial;
ClinicalTrials.gov; NCT00790400).
A single case study45 reported improvement of the

characteristic skin lesions (i.e., facial angiofibromas)
in a patient with TSC who was taking oral rapamycin.
Therefore, preclinical and clinical studies are monitoring
skin manifestations in trials of systemic mTOR inhibi-
tors, and are examining topical application of rapamycin
in preclinical46 and clinical trials (ClinicalTrials.gov;
NCT01031901).

Treatment of CNS tumors and seizures in TSC
Given the high rates of CNS lesions in TSC, Franz et

al9 examined the efficacy of oral rapamycin in SEGAs
in a case series of four patients with TSC and SEGA.
Prior to treatment, all lesions showed growth on serial
neuroimaging. After treatment with rapamycin, all le-
sions showed regression. Interruption of treatment re-
sulted in regrowth of the SEGA in one patient. The
treatment was reported as well-tolerated by patients,
and suggested that oral mTOR inhibitors may offer an
alternative to surgical removal of such lesions.9 This
case series was followed by a larger open-label phase
II study (ClinicalTrials.gov; NCT00411619) with pos-
itive interim results.47 An international phase III trial
is currently underway (EXIST-1; ClinicalTrials.gov;
NCT00789828).
As discussed earlier, epilepsy is a common feature in

TSC, which can be refractory to available pharmacolog-
ical treatment options.1,10 Seizures are assumed to orig-
inate in the peri-tuber regions in the cerebral cortex, but
this assumption is not universally accepted.10 In partic-
ular, examination of the role of mTOR signaling has
revealed important mechanistic links to epileptogen-
esis.10 For instance, abnormal cell growth and prolifera-
tion due to mTOR overactivation could affect excitabil-
ity of neuronal circuits to promote seizures; mTOR
aberration could lead to abnormal neuronal morphology,
synaptic plasticity or affect neurotransmitter, and ion
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channel expression. At least two TSC mouse models48,49

have shown abnormal neurological phenotypes, includ-
ing megalencephaly, neuronal hypertrophy, astrocytosis,
and reduced myelination. Importantly, all these abnor-
malities were reversed or improved by mTOR inhibi-
tors.48,49 In a study of a knock-out mouse involving
inactivation of the TSC1 gene in glial fibrillary acidic
protein (GFAP)-positive cells (Tsc1GFAPCKO mice),49

rapamycin treatment prior to the onset of seizures pre-
vented the subsequent development of epilepsy, whereas
treatment after the onset of epilepsy reduced seizure
frequency. Importantly, the neurological phenotype
emerged or re-emerged after the cessation of rapamycin.
A phase I/II open-label study by Krueger et al50 re-

ported reduction in seizure frequency in a group of
young children who were treatment-resistant to conven-
tional anti-epilepsy drugs. Larger scale, placebo-con-
trolled trials are awaited.

Targeted treatment of the cognitive and
neurodevelopmental disorders in TSC
Advances in the molecular neurobiology of TSC

have opened up exciting possibilities for molecular-
targeted treatments of the neuropsychiatric phenotype
in TSC. The main treatment implication of the molec-
ular “GRIPP” hypothesis2 was this: if molecular ab-
errations could directly lead to neurocognitive manifes-
tations, appropriate molecular targeting of those deficits
could reverse or improve the neurocognitive deficit.
Therefore, if heterozygous models of TSC1 and TSC2,
free from structural and electrophysiological abnormali-
ties, showed neurocognitive deficits, de Vries and Howe2

predicted that rapamycin would act as a cognitive en-
hancer by reducing the effects of mTOR overactivation.
Using a Tsc2�/� mouse model, Ehninger et al33

showed deficits in learning and memory in adult mice, in
the absence of neuropathology or seizures. They showed
that overeractive mTOR signaling in the hippocampus
led to abnormal long-term potentiation in the CA1 region
of the hippocampus and consequently to deficits on two
spatial learning and one context discrimination task. Af-
ter intraperitoneal administration of rapamycin for up to
5 days, synaptic plasticity abnormalities, as well as the
learning/memory deficits (i.e., water maze and context
discrimination), were reversed to be indistinguishable
from wild-type mice.33 The group unfortunately were not
able to examine the effect of rapamycin on the radial
maze task, which showed interesting similarity to human
cognitive profiles. No rapamycin rescue studies examin-
ing behavioral phenotypes have been performed on the
Tsc1�/�mice or any other TSC animal models to date. In
particular, no study has examined the effect of mTOR
inhibition on socialization behaviors that is presumed to
be of particular significance to ASD phenotypes in hu-
mans.

Given the theoretical rationale for potential cognitive
enhancement, and given findings in the literature sug-
gesting impairment of memory recall in wild-type ani-
mals after administration of rapamycin,51,52 we added
measures of learning and memory as secondary out-
comes to the multicenter TESSTAL trial (ClinicalTrials.
gov; NCT004907789). Measures included a list learning
task, a story recall task, and a figure recall task. Assess-
ments were performed at baseline, and at 4 months and
12 months after the initiation of rapamycin. After 4
months, measures of immediate and delayed recall im-
proved by 20% or more from baseline in five of the eight
subjects with TSC in the trial.53 One subject did not show
any clinical response. Interestingly, two subjects showed
deterioration on some (but not all) of the measures. The
12-month data were not yet available at the time of this
publication. It will be of great interest to see if positive
changes were sustained between 4 and 12 months, and
whether additional, later changes may have been ob-
served.
Although these findings were clearly preliminary, re-

sults raised some interesting and important issues for
consideration in future trials. The positive changes ob-
served in the human trial matched the findings from the
Tsc2�/� mouse study.33 However, Ehninger et al33 did
not observe any negative change. Therefore, a priority of
translational neuroscience research in TSC should be to
identify predictors of likely positive or negative changes.
A number of possible contributors may exist: (1) side
effects may have influenced compliance of subjects re-
sulting in different durations or doses of rapamycin, (2)
trough levels of rapamycin may have been different be-
tween subjects and may contribute to the neurocognitive
efficacy of mTOR inhibitors, (3) different genotypes may
have differential patterns of mTOR overactivation and
may have responded differently to rapamycin as a con-
sequence, and (4) subjects in the trial differed in neuro-
cognitive performance at baseline, and it is not unrea-
sonable to predict that ability at baseline might influence
the likely direction of change in response to an mTOR
inhibitor.
In their review of single-gene contributors to autism,

Kelleher and Bear16 suggested that bidirectional alter-
ations in synaptic protein synthesis might be seen in
autism (see Figure 2 in Kelleher and Bear16). Disorders
such as fragile X and TSC were proposed to lead to
overactive synaptic protein synthesis and to “hypercon-
nectivity” in neuronal networks. In contrast, Rett’s syn-
drome was proposed to lead to reduced synaptic protein
synthesis, thus leading to neuronal “hypoconnectivity.”
We suggest that the association between mTOR and
neurocognitive performance may also not be linear, even
within a single syndrome such as TSC.
The Tsc2�/� mouse article33 led to enormous interest

in the scientific and lay community alike. It is important
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to be mindful that no studies to date have directly exam-
ined the relationship between an autism phenotype and
rapamycin. Similarly, no studies to date have shown
(outside the TSC/fragile X/NF1/PTEN cluster of disor-
ders) whether any other autism phenotypes are associ-
ated with mTOR dysregulation. This would be an essen-
tial first step prior to considering trials of mTOR
inhibitors in ASD in the absence of any of the previously
mentioned single-gene disorders.
Many unanswered questions remain: What would hap-

pen after discontinuation of mTOR inhibitors? What will
the clinical impact be to those who are most impaired?
Which groups of individuals are most likely to benefit?
Can we identify biomarkers of likely response? In spite
of the many outstanding questions and the limited animal
and human data, there remains significant enthusiasm for
the potential neuroscientific application of mTOR inhib-
itors. Large-scale phase I/II clinical trials are currently
being set up in the United Kingdom and the United
States to examine the impact of mTOR inhibition on the
cognitive and neurodevelopmental manifestations, in-
cluding autism, in TSC.

CONCLUSION

Less than a decade ago, single-gene disorders, such as
TSC, were considered scientific curiosities, with rele-
vance only to themselves. However, advances in the
molecular biology of these disorders have opened up an
exciting scientific landscape to explore molecular-tar-
geted treatments and to translate them into human set-
tings with implications far beyond the boundaries of
individual disorders. Many challenges remain for the
translational neuroscience of genetic disorders, but the
paradigm shift that neuropsychiatric phenotypes may be
reversible (even in adults) has occurred.
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