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Abstract

Learning disabilities and other cognitive disorders represent one of the most important unmet
medical needs and a significant source of lifelong disability. To accelerate progress in this area, an
international consortium of researchers and clinicians, the Learning Disabilities Network
(LeaDNet), was established in 2006. Initially, LeaDNet focused on neurofibromatosis type 1
(NF1), a common single gene disorder with a frequency of 1:3,000. Although NF1 is best
recognized as an inherited tumor predisposition syndrome, learning, cognitive, and
neurobehavioral deficits account for significant morbidity in this condition and can have a
profound impact on the quality of life of affected individuals. Recently, there have been
groundbreaking advances in our understanding of the molecular, cellular, and neural systems
underpinnings of NF1-associated learning deficits in animal models, which precipitated clinical
trials using a molecularly targeted treatment for these deficits. However, much remains to be
learned about the spectrum of cognitive, neurological, and psychiatric phenotypes associated with
the NF1 clinical syndrome. In addition, there is a pressing need to accelerate the identification of
specific clinical targets and treatments for thesephenotypes. The successeswith NF1 have allowed
LeaDNet investigators to broaden their initial focus to other genetic disorders characterized by
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learning disabilities and cognitive deficits including other RASopathies (caused by changes in the
Ras signaling pathway). The ultimate mission of LeaDNet is to leverage an international
translational consortium of clinicians and neuroscientists to integrate bench-to-bedside knowledge
across a broad range of cognitive genetic disorders, with the goal of accelerating the development
of rational and biologically based treatments.

Keywords

neurofibromatosis type 1; learning disabilities; RAS/MAPK pathway; neurodevelopmental
disorders; Learning Disabilities Network

INTRODUCTION: DEFINING THE NF1 COGNITIVE PHENOTYPE: WHAT WE
KNOW AND DON'T KNOW

Our appreciation of the spectrum of the NF1 cognitive phenotype has significantly expanded
over the last decade. Common features of the NF1 cognitive phenotype include problems
with visuospatial learning and memory, deficits in executive function, including prominent
working memory deficits, and difficulties with sustaining and switching of attention [Acosta
et al., 2006]. Global cognitive deficits can be reliably identified in children as young as 2
years of age [Lorenzo et al., 2011]. Behavioral problems and academic difficulties that
mimic the manifestations present in children with typical attention deficit/hyperactivity
disorder (ADHD) are present in up to 60% of patients with diagnosis of NF1 [Acosta et al.,
2006; Hyman et al., 2006]. ADHD is thought to contribute to the learning disabilities and
poor social skills in NF1 [Barton and North, 2004]. NF1 is associated with low-to-normal 1Q
scores, with mean Full Scale 1Q (FSIQ) in the low 90s. The frequency of intellectual
disability in NF1 is ~6%, which is about twice the frequency in the general population.
Intellectual function tends to be stable in individuals with NF1 over time [Hyman et al.,
2005]. Because of the various behavioral and cognitive problems associated with NF1, up to
75% of affected children have learning problems, and most school-age children with NF1
need additional support in the form of special education or remedial teaching [Krab et al.,
2008a].

Despite major recent advances in our understanding of the clinical and neurobiological
aspects of the cognitive deficits in NF1, there is a pressing need to advance current
knowledge of the behavioral and cognitive deficits associated with this condition. This
information will be critical to guide potential clinical and behavioral interventions currently
envisioned for NF1. While some areas of behavior and cognition research have advanced,
others have lagged behind. For example, the neurocognitive profile of NF1 has now been
fairly well characterized. The profile involves a typical pattern of difficulties in attention,
visuospatial skills, and working memory [Acosta et al., 2006]. A recent translational study
[Shilyansky et al., 2010] revealed hypoactivation of cortical striatal networks and working
memory deficits in Nf1 mice and in NF1 patients. The studies with NF1 patients used
parametric working memory tasks and functional neuroimaging (fMRI) to show that the
degree of hypoactivation of corticostriatal networks in NF1 was predictive of the degree of
impairment in working memory performance [Shilyansky et al., 2010]. However, other areas
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(e.g., social cognition) in NF1 have received comparatively little attention. For example,
there is extensive evidence that the RAS/mTOR pathway is implicated in the autism
spectrum disorders (ASD), and that NF1 affects this signaling pathway. Unfortunately, little
is currently known about ASDs and other psychiatric phenotypes in NF1. Interestingly, there
is evidence suggesting that the rates of the ASDs are higher in the NF1 population, and that
Nf1 mutations in mice affect social interactions and other behavioral measures associated
with ASDs. Moreover, there is growing evidence that social cognition deficits are a key
target for intervention in psychiatric disorders, such as schizophrenia, since these deficits are
a key predictor of psychosocial outcome. Further investigation of social cognition and other
ASD phenotypes in NF1, may be of great importance for the development of targeted
interventions that will improve cognitive and psychiatric health of individuals with NF1.

Neuroimaging techniques have provided important, although controversial, insights into
specific NF1-related learning problems. However, no systematic approach has been taken to
resolve and understand these controversial findings. Some of the neuroimaging findings
reported by multiple research groups include potential increases in gray matter volume,
increases in the cross-sectional area of the corpus callosum, and the presence of T2
hyperintensities (T2H) in the thalamus [Hyman et al., 2005, 2007; Acosta et al., 2006; Pride
et al., 2010]. Unfortunately, the tentative and controversial nature of some of these measures
has prevented them from being used clinically. Larger sample sizes and longitudinal studies
are necessary to better understand and characterize both possible neuroanatomic changes in
NF1 over time and the real impact of these changes in cognitive and behavioral deficits.

The purpose of our review is to provide a comprehensive overview of the current state of
knowledge of cognitive disorders in NF1 and their treatment and illustrate how Learning
Disabilities Network (LeaDNet) represents a paradigm for related translational research.

THE GENETICS OF NFI-ASSOCIATED COGNITIVE AND BEHAVIORAL

DEFICITS

As a single gene disorder, NF1 has enormous potential for elucidating gene—brain—behavior
connections. These connections are far more difficult and problematic to establish in
multigenic disorders, such as ADHD, autism, and schizophrenia, where both the underlying
mechanisms and associated phenotypes are far more diverse and complex [Acosta et al.,
2004]. Hopefully, the lessons learned in NF1 may be helpful for designing similar studies in
more complex and heterogeneous conditions. Data from animal models and clinical
neuroimaging studies have shown that NF1 genetic deficits impact both adult function and
early brain development. These deficits ultimately manifest in a wide variety of clinical
features, from clinically asymptomatic to severe phenotypes. Insights gained from studies of
the genetic basis of NF1 phenotypes have been crucial for understanding and developing
treatments for this condition.

The NF1 gene encodes neurofibromin, a large 2,818 amino acid protein containing a
GTPase-activating protein (GAP)-related domain, which serves to accelerate the inactivation
of the RAS signaling molecule. Previous studies with Nf1 heterozygous mutant mice (Nf1+/
-) showed that these mice have learning and memory and other behavioral deficits that
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parallel key features of the cognitive phenotype of NF1 patients [Silva et al., 1997; Costa et
al., 2002; Cui et al., 2008]. Studies of these mutant mice revealed that their hippocampal
learning and memory deficits are caused by impairments in long-term potentiation (LTP)
[Costa et al., 2002; Cui et al., 2008], a synaptic mechanism involved in learning and
memory [Lee and Silva, 2009]. Further studies of these LTP deficits revealed that
neurofibromin, the protein encoded by the NF1 gene, regulates Ras/MAPK signaling
presynaptically in hippocampal GABAergic neurons, and that in Nf1+/— mice GABA release
is enhanced [Cui et al., 2008]. A number of observations showed that this increase in GABA
release is the cause for the LTP and learning deficits described for the Nf1+/— mice. These
included the finding that doses of a GABA receptor blocker that do not affect LTP or
learning in control mice, completely reverse the LTP and learning deficits of the Nf1+/-
mutant mice [Cui et al., 2008]. More importantly, lovastatin, an FDA-approved drug that
decreases the isoprenylation and therefore the activation of RAS, can reverse the GABA
release, LTP and learning impairments of the Nf1+/— mutant mice [Li et al., 2005].

There are three major alternatively spliced exons of the NF1 gene: exon 9a, 23a, and 48a.
The NF1 isoform containing exon 48a is highly expressed in adult and embryonic cardiac
and muscle tissues, but not in the adult brain [Gutmann et al., 1995]. In contrast, the most
commonly expressed alternative isoform NF1-Ex23a (NF1 type Il) is expressed in the brain,
and is particularly highly expressed in astrocytes. This isoform has decreased RAS-GAP
activity, and mice lacking exon 23a show specific hippocampal learning impairments [Costa
et al., 2001]. Interestingly, expression of the alternative isoform NF1-exon 9a is exclusively
restricted to neurons of the central nervous system [Gutmann et al., 1999]. Exon 9a encodes
only 10 amino acids in the amino terminal region of neurofibromin. NF1-exon 9a expression
is enriched in the septum, striatum, cortex, and hippocampus beginning in the first week of
postnatal life. However, until recently, the importance of this neuronal isoform was unclear.
Nf1-9a*/9a*mutant mice, which express neurofibromin at normal levels but lack exon 9a,
have spatial learning and hippocampal plasticity deficits that are similar to Nf1+/— mice.
Like the Nf1+/- mice, the Nf1-9a*/9a*mutant mice show an increase in GABA-mediated
inhibition which leads to LTP deficits. All together, these results indicate that neurofibromin
exon 9a is critical for synaptic plasticity and learning in the central nervous system.

In addition to functioning as a negative RAS regulator, studies in Drosophila and mouse
homozygous cells indicate that neurofibromin is also a positive regulator of the cCAMP/PKA
pathway [Dasgupta et al., 2003; Brown et al., 2011, 2012]. In flies, cCAMP signaling is
critical for learning. Nf1 null Drosophila mutants showed reduced AC activity as well as
deficits in olfactory learning, which can be rescued by expression of rutabaga, a
constitutively active AC [Guo et al., 2000]. Interestingly, unlike learning deficits, Nf1-
regulated RAS activity and its GAP domain are responsible for long-term memory in
Drosophila. Thus, neurofibromin regulates learning and memory in Drosophila by two
separate signaling mechanisms (CAMP and Ras signaling, respectively) [Medeiros et al.,
2007]. Distinct functional domains of neurofibromatosis type 1 (NF1) regulate immediate
memory versus long-term memory formation [Ho et al., 2007]. Abnormal RAS/MAPK
signaling is also responsible for circadian deficits in Nf1 mutant Drosophila, a result that
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suggests that it may be worth testing the hypothesis that sleeping problems in NF1 could be
treated drugs that target this signaling pathway (e.qg., statins) [Williams et al., 2001].

LESSONS FROM OTHER COGNITIVE DISORDERS

For the first time [Costa et al., 2002] animal model studies of NF1 showed that it was
possible to intervene in adult mice and dramatically rescue a number of behavioral
phenotypes, including attention and cognitive deficits [Li et al., 2005; Cui et al., 2008].
Previous dogma maintained that neurodevelopmental disorders, such as NF1, are caused by
developmental changes irreversible in adults. The work with NF1 motivated similar studies
in a dozen other conditions, including tuberous sclerosis, fragile X, Angelman syndrome,
Down syndrome, and Rett syndrome. All together, these studies showed that it is possible to
reverse key cognitive deficits associated with neurodevelopmental disorders, even when the
treatments are initiated in adult mice [Ehninger et al., 2008b]. Although this effort is still in
its infancy, follow-up clinical trials suggest that similar adult interventions may also be
successful in patients from these various disorders.

Importantly, research in an array [Arcos-Burgos et al., 2004] of other medical conditions
associated with cognitive deficits can also inform our understanding of the NF1 phenotype.
Examples include (but are not limited to) ADHD, Williams syndrome, ASD, tuberous
sclerosis (TSC), and fragile X syndrome, all conditions with some parallel neurological
deficits (and therefore clinical needs) as NF1.

A decade of genetic studies of ADHD—the most common behavioral disorder in children
with a prevalence of up to 10% [Acosta et al., 2008]—has provided an invaluable
opportunity to study and better understand the connections between genetics, behavior, and
biological mechanisms. Genome-wide linkage studies in large multigenerational families
have identified chromosomal regions containing putative ADHD genes [Arcos-Burgos et al.,
2010; Jain et al., 2011]. Recently, the first ADHD susceptibility genes were identified, and
interactions between them have been reported to double the risk for ADHD. Interestingly,
detailed clinical studies have shown that interactions between two gene loci may be able to
predict both ADHD severity and its long-term outcome [Acosta et al., 2011b]. ADHD is
common in individuals affected with the RASopathies.

The RASopathies are a group of clinically overlapping disorders caused by mutations in
genes coding for key components of the RAS-MAP-kinase pathway [Rauen et al., 2010].
The NF1 gene was the first gene identified in a human genetic disorder that coded for a
protein of the RAS-MAP-kinase pathway. Clinical studies have shown that the RASopathies
are generally associated with cognitive and behavioral problems. In addition to NF1, studies
in individuals with Legius, Costello, Noonan, and CFC syndrome (all RASopathies) showed
cognitive and behavioral problems of different degrees. For example, learning and attention
deficits are frequently reported in children with Legius syndrome caused by mutations in
SPRED1 [Messiaen et al., 2009; Rauen et al., 2010] a negative regulator of the RAS-MAPK
pathway at the level of RAS-RAF interaction. Further studies in Spred1 knockout mice
revealed hippocampal synaptic plasticity and learning deficits similar to those previously
described in Nf1+/- heterozygous mice [Denayer et al., 2008]. A considerable amount of
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data from humans and animal models indicate that the RAS-MAP-kinase pathway is an
important regulator of learning, memory, and behavior. Pharmacological manipulations of
this pathway are obvious choices for clinical trials designed to test treatments for the
learning disabilities in these children [Li et al., 2005; Acosta et al., 2011a]. Similarly, studies
in animal models of Noonan syndrome also point to deregulations in Ras/MAPK signaling
responsible for deficits in plasticity and subsequent learning and memory impairments.

Recent human genetic studies have implicated the PI3 kinase/mTOR pathway in a small
subset of autism cases that are related to genetically inherited diseases [Hoeffer and Klann,
2010]. A conditional knockout mouse line with Pten deleted in a subset of postmitotic
neurons in the cortex and hippocampus had normal life span, but exhibited stereotypic
behavioral abnormalities reminiscent of ASDs [Kwon et al., 2006; Zhou et al., 2009]. This
led to the development of an inducible Nestin-creERT2; Ptenflox/flox mouse line in which
cre gene expression, and therefore Pten ablation, can be induced pharmacologically (by
tamoxifen) at various developmental stages in the neural stem cell population. Studies using
this inducible line addressed two important issues: First, whether targeting Pten ablation to
the stem/progenitor cell lineage is sufficient to cause ASD behaviors in this mouse model.
Second, whether the previous PI3K pathway mouse model (Nse-cre; Ptenflox/flox)
identified a specific anatomic region responsible for certain forms of ASDs. Preliminary
results show that Pten deletion in hippocampal stem cells results in many phenotypic
similarities with a previous mouse model, where Pten was deleted in mature neurons of the
hippocampus and cortex. This suggests a role for hippocampal stem cells in the development
of ASDs. It ispossible that social cognition deficits in NF1 are caused by a similar
mechanism since NF1/MAPK signaling may affect common downstream signaling
components, including mTOR signaling [Li et al., 2012].

Animal studies with TSC, a genetic condition caused by mutations in a GTPase complex,
have also recently pointed to a potential targeted treatment. Just as NF1, TSCis characterized
by somatic and CNS phenotypes, and an increase in the incidence of ASDs, cognitive
deficits, and seizures. Studies of animal models of TSC revealed changes in synaptic
plasticity and learning and memory [Ehninger et al., 2008a; Auerbach et al., 2011]. As with
Nf1+/— mutant mice, Tsc2+/— mice show alterations in hippocampal LTP and deficits in
hippocampal learning and memory. Interestingly, important aspects of the phenotypes
associated with TSC are only fully revealed when environmental factors (i.e., immune
activation during pregnancy) are considered and included [Zhao et al., 2010]. Tsc2+/—
mutant mice only show social interaction deficits, a hallmark phenotype of the ASDs, when
their mothers” immune system is challenged during pregnancy [Zhao et al., 2010].
Importantly, studies in TSC patients found evidence consistent with this hypothesis [Zhao et
al., 2010]. This suggests the possibility that important aspects of the phenotypes of
neurodevelopmental disorders, including those in NF1, may only be revealed, studied, and
understood, when environmental factors are taken into consideration.

A combination of clinical observations and neurobiological findings will be critical for
advancing the understanding and developing treatments for complex genetic or/and clinical
conditions. Some examples of those complex genetic conditions include extreme conditions
like holoproscencephaly (HPE). HPE has been used as a model of the potential effects of
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complex genetic deficits in normal brain development. HPE is the most common anomaly of
the developing human forebrain, seen in 1:250 conceptions, with a high rate of fetal demise
and a birth prevalence of 1:8,000 live births [Solomon et al., 2010]. Over a dozen genes,
contributing to several signaling pathways have been implicated in the etiology of HPE
[Roessler and Muenke, 2010]. In addition, a number of environmental factors including
maternal serum cholesterol levels, and teratogens, have also been implicated [Edison and
Muenke, 2004; Johnson and Rasmussen, 2010]. Incomplete penetrance and variable
expressivity has led to tremendous interfamilial phenotypic variability in HPE. Infants with
severe CNS anomalies and severe cognitive disability have been observed to have family
members with identical gene mutations but very different phenotypes. These family
members with identical mutations appear to be clinically and phenotypically normal, and
may even be intellectually gifted with an above average 1Q. Partial penetrance is also
observed in NF1 phenotypes, and understanding its causes is an important future goal of
NF1 research.

The variability in the clinical cognitive profile of NF1 could be caused by a number of
factors, including the presence of micro-deletions [Descheemaeker et al., 2004], somatic
mosaicism, subtle NF1 missense mutations, modifying genes, factors governing biallelic
NF1 gene inactivation during brain development, and poorly understood environmental
factors [Ehninger et al., 2012]. Future cognitive studies of NF1 will require more extensive
genetic and genomic approaches. These studies could be directed at unraveling the complex
genomic and environmental factors that can modify NF1 phenotypes (learning deficits,
ADHD, etc.) in both animal models and human subjects. To understand and treat this and
other disorders of ras signaling, it will be critical to understand the genomic and
environmental complexity behind the cluster of phenotypes associated with each of these
disorders, since this information most likely will instruct clinical decisions as to the best
treatment for any one particular patient with a RASopathy.

ADVANCING THERAPEUTIC INTERVENTIONS FROM MOUSE MODELS TO
THE CLINIC

What do we know about brain development and cognitive mechanisms from NF1 animal
models, and how can we apply this knowledge to clinical care and development of
therapeutic interventions? Progress in animal models, and in the clinical understanding of
NF1 cognitive defects, has begun to provide the basis for an initial foray into identifying and
testing targeted interventions for NF1 learning disabilities. Tools from cognitive
neuroscience have been useful in translational research and in treatment development for
cognitive impairments in NF1. Behavioral and electro-physiological studies showed that the
working memory deficits of Nf1+/— mice are probably caused by abnormally enhanced
activity-dependent GABA release in cortico-striatal inhibitory networks. Parallel fMRI
studies in NF1 individuals showed that the hypoactivation of dorsal lateral prefrontal circuits
correlated with their working memory deficits [Shilyansky et al., 2010]. Together, these
integrative mouse and human studies suggest that one function of neurofibromin is to
regulate the prefrontal and striatal inhibitory networks critical for working memory
performance.
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Recent studies using Nf1 genetically engineered mice have been instructive for elucidating
the cellular and molecular defects underlying the cognitive deficits seen in children with
NF1. Another Nf1 mouse model was engineered that used the Cre recombination system and
the germline Nf1 heterozygous null mutation to generate a Nf1+/— mutant with a complete
loss of the Nf1 gene in GFAP expressing glial cells (Nf1 OPG mouse) [Brown et al., 2010b].
Unlike the Nf1+/- mice, the Nf1 OPG mice developed optic gliomas [Bajenaru et al., 2003;
Zhu et al., 2005; Brown et al., 2012], a common tumor seen in approximately 15% of
children with NF1 [Listernick et al., 1997]. The OPG mouse was used to gain insight into
the frequently encountered attention system abnormalities seen in children with NF1. These
studies reported novel defects in non-selective and selective attention without an
accompanying hyperactivity phenotype. Specifically, the Nf1 OPG mice exhibit reduced
rearing in response to novel objects and environmental stimuli [Brown et al., 2010a]. Similar
to children with NF1, the attention system dysfunction in these mice is reversed by treatment
with methylphenidate (MPH) suggesting a defect in brain catecholamine homeostasis. Using
several methods, including positron emission tomography (PET), these studies demonstrated
that the attention system abnormalities in Nf1 OPG mice are the consequence of reduced
dopamine (DA) levels in the striatum, which is normalized following either MPH or .-dopa
administration [Brown et al., 2011]. Interestingly, previous studies demonstrated that the
attention deficits observed in Nf1+/— mice could be reversed with a drug (lovastatin) that
reversespthe increased Ras signaling and abnormally high GABA release deficits described
in these mice. This demonstrates that two very different treatments, likely working at
different steps in the pathways affected, can be used to treat attention deficits in mice with
NF1 mutations. Similarly, multiple treatments will be useful in NF1 patients to address
potential heterogeneity caused by poorly understood genetic and environmental factors: NF1
patients resilient to one treatment may nevertheless benefit from another.

Interestingly, recent studies showed that in addition to deficits in GABA release and LTP
caused by hyperactivation of the Ras signaling pathway, the Nf1+/— mutation also results in
a cell-autonomous defect in neuron growth cones and neurite extension that is caused by
deregulation of cAMP signaling [Brown et al., 2010b]. Collectively, these data suggest that
CNS phenotypes in NF1 may be treated by agents that normalize abnormalities in either Ras
signaling, cCAMP signaling, or DA homeostasis.

Studies in mouse models have led to the first targeted therapeutic intervention trials in
children with NF1. Studies of these mice showed that abnormal Ras activation is associated
with impaired hippocampal-based learning that is reversible with lovastatin, a commonly
prescribed medication. The initial results of phase 1 studies, have demonstrated that two
commonly used statins that permeate the blood-brain barrier (simvastatin and lovastatin)
can be safely prescribed in the NF1 population [Krab et al., 2008b; Acosta et al., 2011a]. In
addition, these studies provided preliminary evidence that statin treatment may ameliorate
specific cognitive deficits in children with NF1 [Acosta et al., 2011a]. An initial small
double-blind trial using simvastatin had limitations in terms of selection sample and maybe
in treatment duration time [Krab et al., 2008b]. However, two additional large multicenter
double-blind placebo control clinical trials, targeting cognitive deficits in NF1, are currently
on-going http://www.clinicaltrials. gov/ct2/show/NCT00352599?term=neurofibromatosis
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+type+1&rank=I http://www.clinicaltrials.gov/ct2/show/NCT00853580?
term=neurofibromatosis+type+1&rank=7.

Recently, resting-state functional magnetic resonance imaging (rs-fMRI) approaches, which
assess the brain's intrinsic functional architecture, have been successfully used to index
human brain function. The brain exhibits ultra-low frequency fluctuations (<0.1 Hz), which
are easily observable during blood oxygenation level-dependent (BOLD) fMRI runs of as
little as 6 min. These spontaneous fluctuations show temporal coherence between
anatomically connected brain regions, and are functionally related through co-activity in
response to task demands [Bajenaru et al., 2003; Zhu et al., 2005; Raichle, 2010; Brown et
al., 2012]. The patterns of positive and negative temporal correlation delineate the entire
complement of functional circuitry of any individual. These synchronous patterns are both
universal and individually specific in their extent and strength. This methodology has the
potential to provide regionally specific information regarding single subjects at baseline, and
after potentially therapeutic interventions. A recent small pilot study of seven children with
NF1, scanned before and after a 12-week treatment with lovastatin (open label), illustrated
the promise and potential of this powerful approach for understanding the neurocognitive
underpinnings of the behavioral and cognitive deficits associated with NF1 [Chabernaud et
al., 2012].

Other potential interventions that could be tested in the NF1 population include some
already available stimulant medications for ADHD. As mentioned above, a recent study
with Nf1 OPG mice suggest that abnormal DA homeostasis is a key contributor to the
attention deficits associated with this condition, and that these deficits may be reversed with
MPH. These results with the mutant mice provide an incentive for pursuing comprehensive
clinical trials of stimulant medication in children with NF1. The availability of preclinical
Nf1 mouse models with attention system deficits, which can be rapidly assessed
behaviorally and neurochemically (PET imaging) [Brown et al., 2010a, 2011], provide new
opportunities for understanding the genomic and environmental variables that could affect
the clinical impact of MPH treatments.

Despite the justified optimism concerning the promise of current animal model studies of
NF1, a cautionary note is in order: the road from animal model to human behavior is far
from straightforward. Several limitations exist, including the differences between species,
the complexity of the fundamental neurocognitive mechanisms, our poor understanding of
these conditions, and the enormous variability of the clinical manifestations targeted by
these potential interventions.

POSSIBLE FUTURE INTERVENTION TRIALS FOR NF1 READING
DISABILITIES

As mentioned above, approximately half of children with NF1 have learning disabilities. Of
the various types of learning disabilities, reading disabilities are common in this population
and often the most debilitating, because of their importance for academic and job success.
Treatment of reading disabilities in the general population with no identified genetic
syndrome (i.e., idiopathic reading disability; IRD) has been well-researched with outcomes

AmJ Med Genet A. Author manuscript; available in PMC 2014 June 30.


http://www.clinicaltrials.gov/ct2/show/NCT00352599?term=neurofibromatosis+type+1&rank=l
http://www.clinicaltrials.gov/ct2/show/NCT00853580?term=neurofibromatosis+type+1&rank=7
http://www.clinicaltrials.gov/ct2/show/NCT00853580?term=neurofibromatosis+type+1&rank=7

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Acosta et al.

Page 10

described in terms of reading achievement, using standardized tests, and neurobiological
correlates of improved reading skill, using neuroimaging. If those interventions were useful
in children with NF1, then reading disabilities could be an important clinical target in this
population [Cutting and Levine, 2010]. Previous studies have shown that children with NF1
and reading disabilities performed similarly to children with IRD in phonological, rapid
naming, and reading comprehension measurements, but demonstrated more pronounced
visual spatial deficits [Cutting and Levine, 2010]. In recent studies, findings suggest that
children with NF1 with reading difficulty respond to intervention techniques known to work
with IRD, and, furthermore, respond to particular reading intervention approaches better
than others. Nevertheless, there is still need to gain a deeper understanding of the cognitive
characteristics associated with reading disabilities in children with NF1, and how this
treatment may interact with drug therapy, as well as presence of ADHD. In addition, it is
necessary to confirm behavioral observations that treatment with a reading intervention
results in neurobiological changes (measured using fMRI and DTI neuroimaging) in this
population as compared to children with IRD. Ultimately, improvement in the quality of life
(e.g., school performance) of children with NF1 may depend on a complex combination of
behavioral and drug therapy. Drugs, such as statins and MPH, treat the abnormal
biochemistry and physiology of the condition, but they do not address the need to bring
these children up to par with their peers in a wide range of social and cognitive skills.
Extensive behavioral interventions, in parallel with appropriate pharmacological treatments,
may be needed for treating the cognitive and behavioral phenotypes associated with NF1.

THE LEADNET CONSORTIUM: A MODEL FOR ADVANCING NF1
COGNITIVE UNDERSTANDING AND THERAPEUTIC DEVELOPMENT

Cognitive deficits have a long-term impact in the quality of life of the NF1 population.
These deficits are complex and it is clear that an organization like LeaDNet, where
neuroscientists and clinicians work together, is needed to accelerate and facilitate research
and develop effective treatments for these problems. LeaDNet is also critical for clinical
studies to test the efficacy of treatments developed in animal models, since these trials need
large numbers of patients that are only possible in multicenter collaborative studies.
Additionally, the LeaDNet collaborative network will also have a central role in developing
simpler cognitive and behavioral measurements that are easily comparable across clinical
centers and that facilitate the participation of clinical sites with different levels of expertise.
For example, the use of standard measurements that can be obtained from interviews with
parents, teachers, and caregivers could be encouraged and promoted with the help of
LeaDNet investigators all over the world.

The LeaDNet structure will also be central to continue to tighten the connections and
communication between neuroscientists working in animal models, cognitive neuroscientists
and clinicians participating in clinical trials, so that advances in the laboratory can reach the
clinic efficiently and effectively. LeaDNet's involvement in NF1 has been successful,
particularly in this area, as the statin cognitive trials indicate. It is possible that trials
targeting indications, such as ASD and ADHD in the NF1 population will follow closely
behind; thus, observations in mouse models promise to continue to inform and guide clinical
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trials for NF1 patients with these conditions, and LeaDNet will have an important role in
catalyzing these collaborations. Beyond studies in animal models, it is also important to
introduce new technological innovations into clinical studies. This includes new brain
imaging techniques, novel cognitive instruments, and biomarkers to track clinical
progression, a process that is tremendously facilitated when neuroscientists with different
expertise collaborate with clinicians. The need for biomarkers is especially critical, since
improvements in certain cognitive measures may take longer to be evident than the duration
of clinical trials. Very likely, improvements in specific cognitive domains may require not
only the reversal of underlying biochemical deficits (e.g., increased Ras/MAPK signaling),
but also behavioral and cognitive interventions that will need time to improve the quality of
life of NF1 patients. The common denominator in all of these important future initiatives
isthe need for close collaborations amongst clinicians and neuroscientists working in
different universities and centers around the world. The complexity of these challenges can
only be met effectively within a collaborative framework like the one provided by LeaDNet.

In summary, studies in NF1 have broken new ground in the understanding and treatment of
neurodevelopmental disorders, and similar strategies in other genetic models have already
shown that the approaches developed for NF1 may be generally applicable. Similarly,
strategies and findings from studies of fragile X, ASD, ADHD, HPE, schizophrenia, TSC,
and reading disabilities can also be applied in NF1. For example, cognitive neuroscience
strategies that have been widely used in autism and schizophrenia, and that take advantage
of a detailed dissection of the cognitive phenotypes of these disorders, are much needed in
NF1. We have reason for hope: we are closer than ever to a targeted treatment for cognitive
deficits associated with NF1. With LeaDNet we have in place a collaborative network of a
highly diverse group of neuroscientists and clinicians that will be critical for translating
advances in the understanding of this condition into clinical interventions, and hopefully,
measureable improvements in the quality of life of the patients we all serve.
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