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Brain development in neurodevelopmental disorders has been considered to comprise a sequence of critical periods, and abnormalities
occurring during early development have been considered irreversible in adulthood. However, findings in mouse models of neurodevel-
opmental disorders, including fragile X, Rett syndrome, Down syndrome, and neurofibromatosis type I suggest that it is possible to
reverse certain molecular, electrophysiological, and behavioral deficits associated with these disorders in adults by genetic or pharma-
cological manipulations. Furthermore, recent studies have suggested that critical period-like plasticity can be reactivated in the adult
brain by environmental manipulations or by pharmacotherapy. These studies open up a tantalizing possibility that targeted pharmaco-
logical treatments in combination with regimes of training or rehabilitation might alleviate or reverse the symptoms of neurodevelop-
mental disorders even after the end of critical developmental periods. Even though translation from animal experimentation to clinical
practice is challenging, these results suggest a rational basis for treatment of neurodevelopmental disorders in adulthood.

Introduction
Neurodevelopmental disorders first appear during the course of
development and maturation, and they are caused by a variety of
genetic and environmental conditions (Ehninger et al., 2008).
Down syndrome, fragile X syndrome (FXS), Rett syndrome, neu-
rofibromatosis, and tuberous sclerosis are major developmental
syndromes leading to intellectual disability (Ehninger et al., 2008;
Auerbach et al., 2011; Zoghbi and Bear, 2012), but in the majority
of cases, the molecular and neuronal mechanisms underlying the
clinical phenotype remain unknown. Neurodevelopmental dis-
orders affect �1–2% of the population, and because of their typ-
ically life-long course they are very costly. Therefore, even a
minor improvement in the performance of these patients would
be of great significance to the patients themselves, to families, and
to society.

The molecular background of many genetic syndromes lead-
ing to neurodevelopmental disorders has been elucidated during
the last few years (West and Greenberg, 2011). These findings
have paved a way for the discovery of pathways affected in neu-
rodevelopmental disorders and the development of mouse mod-
els of these disorders. It has turned out that many of the genes
associated with neurodevelopmental disorders play a role in syn-
aptic function (West and Greenberg, 2011; Zoghbi and Bear,
2012), in particular in the regulation of protein synthesis in syn-
apses (Bhakar et al., 2012). These studies have also revealed that
in several genes associated with neurodevelopmental disorders,

both reduced and enhanced expression bring about phenotypes,
often with strikingly similar clinical features (Ramocki and
Zoghbi, 2008), emphasizing the need for precise maintenance of
optimal levels of synaptic regulatory proteins. The elucidation of
neuronal pathways that are dysfunctional in different neurode-
velopmental disorders has inspired a search of drug treatments
that may alleviate the cognitive problems (Ehninger et al., 2008;
Wetmore and Garner, 2010). It has turned out that enhanced
expression of the dysfunctional gene or increased/decreased sig-
naling in the affected pathways at least in some cases partially
reversed the symptoms even when the treatment was started only
in adulthood, after the full development of the symptoms (Eh-
ninger et al., 2008; Wetmore and Garner, 2010); (Michalon et al.,
2012). Clinical trials are currently ongoing to test whether these
findings in mouse models are translatable to patients. We will
illustrate these exciting advances in more detail below by using
FXS and neurofibromatosis type 1 (NF1) as examples.

At the same time, a series of experiments has investigated the
molecular and cellular background of developmental critical pe-
riods, most often using the well characterized development and
plasticity of the mammalian visual cortex as a model. These stud-
ies have revealed that a state of plasticity very much resembling
that observed during the developmental critical period can be
reactivated in the adult visual cortex and other networks through
environmental and pharmacological manipulations (Bavelier et
al., 2010; Baroncelli et al., 2011). When combined with appropri-
ate rehabilitation, the reactivated juvenile plasticity can lead to a
recovery of function in abnormally wired networks, indicating
that developmental disorders brought about by abnormal early
environment might be treatable in adulthood. Together, these
findings open up a new paradigm for the treatment of neurode-
velopmental disorders: regulation of affected signaling pathway
or reactivation of juvenile-like plasticity, together with appropri-
ate rehabilitation, may lead to a recovery of function and amelio-
ration of abnormal symptoms in a variety of developmental
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disorders. Clinical trials are ongoing to test whether and to what
extent these concepts can be translated to human therapy.

Targeted treatments in fragile X syndrome: from animal
models to humans
FXS is an example of how animal models have led to new targeted
treatments that appear to be helpful for not only FXS but also for
autism spectrum disorders without an FMR1 mutation (Auer-
bach et al., 2011; Krueger and Bear, 2011). Studies by Huber and
Bear (2002) first identified upregulation of the mGluR5 pathway
in the FMR1 KO mouse. This has been confirmed by multiple
studies in the mouse and Drosophila models of FXS, and treat-
ment of these animal models with mGluR5 antagonists have led
to improvements in the fragile X phenotype of these animals
including synaptic maturation deficits, seizures, hyperactivity,
prepulse inhibition abnormalities, learning deficits, and anxiety
problems (McBride et al., 2005; de Vrij et al., 2008) (for review,
see Hagerman et al., 2012). These exciting results led to human
trials of mGluR5 antagonists, including AFQ056 (Novartis) and
R04917523 (Roche), that are currently in process. Preliminary
results were positive for fenobam in a single dose in adults with
FXS (Berry-Kravis et al., 2009), and for AFQ056 in patients with
a fully methylated full mutation (Jacquemont et al., 2011). These
preliminary results demonstrate improvement in aspects of be-
havior, although whether there will be cognitive improvements is
yet to be seen.

The autism world was electrified by a recent report regarding
treatment with a negative allosteric modulator of mGluR5, GRN-
592, that improved repetitive behavior, stereotypic jumping, and
lack of sociability in two mouse models of autism, the BTBR
mouse and the C58/J mouse (Silverman et al., 2012). These re-
sults suggest that the targeted treatments for FXS will be helpful
for autism also.

An additional targeted treatment that lowers glutamate at the
synapse through stimulation of GABAB receptors presynapti-
cally, arbaclofen, has also shown benefit in a controlled trial in
children and adults with FXS who have autism or significant
social deficits (Berry-Kravis et al., in press). Preliminary studies
in autism suggest that arbaclofen will be helpful for this group of
patients also, although again behavior is measured and not cog-
nitive improvements.

FMRP is a regulator of translation for many hundreds of mes-
sages from other genes, many of which cause autism when mu-
tated (Darnell et al., 2011). Nearly half of the genes identified as
associated with autism are also associated with FMRP (Iossifov et
al., 2012). Therefore, the absence of FMRP in FXS leads to dys-
regulation of other proteins that are targets for treatment in FXS
and perhaps for autism. For instance, elevation of matrix metal-
loproteinase 9 has been documented in the FMR1 KO mouse, and
treatment with minocycline after birth rescues the immature
dendritic spine phenotype and improves the cognitive and be-
havioral phenotype of the treated mice (Bilousova et al., 2009). In
the fragile X Drosophila model, treatment with minocycline res-
cues the immature spines and the behavioral phenotype of the fly
(Siller and Broadie, 2012). Studies in patients with FXS demon-
strated behavioral benefits in a survey, an open label trial, and a
controlled trial of minocycline (Paribello et al., 2010; Utari et al.,
2010) (M. J. S. Leigh, D. V. Ngyen, T. I. Winarni, A. Schneider, T.
Chechi, J. Polussa, P. Douchet, F. Tassone, S. M. Rivera, D. Hessl,
and R. Hagerman, unpublished data).

Deficits in the GABAA receptor pathway have been demon-
strated in the mouse model of FXS, and treatment with a GABAA

receptor agonist, ganaxolone, is helpful in the mouse and is cur-

rently being studied in children with FXS (Heulens et al., 2012).
Other targeted treatments that are focused on inhibiting proteins
that are dysregulated in FXS such as the inhibition of GSK3�,
inhibition of PAK, inhibition of PI3K, and inhibition of ERK/
MEK have shown favorable results in the animal models (for
review, see Gross et al., 2012; Hagerman et al., 2012). Lithium,
available currently by prescription, inhibits GSK3�, downregu-
lates mGluR5, and has demonstrated behavioral benefits in an
open label trial in patients with FXS (Berry-Kravis et al., 2008).
NMDA antagonists, including acamprosate (Erickson et al.,
2010) and memantine (Winarni et al., 2012), were helpful in a few
patients with FXS, and a controlled multicenter trial of meman-
tine is ongoing in autism without FXS.

Parents of adult children with FXS and researchers were de-
lighted with the results of the study of Michalon et al. (2012)
where young adult FMR1 KO mice with an established FXS phe-
notype demonstrated improvements in cognitive deficits, audi-
tory hypersensitivity, overactive ERK, and mammalian target of
rapamycin signaling and even macroorchidism with chronic
treatment with CTEP, a long-acting mGluR5 antagonist. Such
studies give us all hope that reversal of the fragile X phenotype
may be possible, even in adulthood. However, recent studies in-
dicate that the loss of FMRP is associated with deficiencies at
multiple developmental stages, including differentiation of hu-
man neural stem cells (Castrén et al., 2005; Tervonen et al., 2009;
Sheridan et al., 2011). Therefore, reversal of FXS in humans will
likely require a combination of targeted treatments because of the
multiple pathways that are affected with the loss of FMRP. In
addition, learning programs to reteach academic and life skills
will be needed as the synaptic connections improve and as pa-
tients are able to retain what they learn.

Neurofibromatosis type 1: the GAP from mice to treatment
The RAS signaling pathway has been shown to be important for
cognitive function in mice and humans (Krab et al., 2008c).
Disorders that are associated with this pathway such as NF1,
Noonan syndrome, Costello syndrome, Legius syndrome,
cardio-facio-cutaneous syndrome, and LEOPARD syndrome,
are now collectively referred to as the rasopathies (Tidyman
and Rauen, 2009). Cognitive deficits are observed in many of
these patients. Importantly, the deficits do not appear to be
caused by gross pathological abnormalities of the brain.
Rather, they appear to originate from abnormal synaptic func-
tion due to increased activation of the RAS–ERK signaling
pathway. This aspect holds great opportunities for a potential
treatment, in particular because many drugs directed against
this pathway are already on the market and used in oncology.

NF1 (incidence 1:3000) is the best studied rasopathy. It is an
autosomal-dominant disorder, caused by mutations in the NF1
gene, which encodes neurofibromin, a GAP domain-containing
protein that inactivates RAS (Shilyansky et al., 2010b). NF1 is
characterized by cutaneous and plexiform neurofibromas, café
au lait spots, axillary freckling, and Lisch nodules. Even though
the cognitive deficits appear to be rather mild (IQ 85–90) (Hy-
man et al., 2005), these deficits have a large impact on school
performance and quality of life (Krab et al., 2008a,b). Mice with a
heterozygous null mutation of the Nf1 gene (Nf1�/� mice) show
compelling genetic and behavioral parallels with human NF1,
including impairments in visual–spatial learning, working mem-
ory, attention, and motor performance (Silva et al., 1997; Costa et
al., 2002; Shilyansky et al., 2010a; van der Vaart et al., 2011).
Pioneering studies from the Silva Laboratory showed that these
deficits are caused by increased GABAergic signaling (Costa et al.,
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2002; Cui et al., 2008). More importantly, they showed that at-
tenuation of the RAS–ERK pathway reversed the deficits in mice.

Particularly promising is the observation that statins can also
rescue the learning deficits in Nf1�/� mice, presumably by their
ability to interfere with the cholesterol synthesis pathway, and
rendering the cell with a reduced amount of farnesyl, which is
required for RAS function (Li et al., 2005). The fact that statins
are one of the most commonly prescribed drugs allowed a rapid
translation to a phase II clinical study (Krab et al., 2008a). A
randomized placebo-controlled trial involving 62 children gave a
mixed result (Krab et al., 2008a). Moreover, this trial showed that
translating these promising mouse results to the clinic comes
with challenges. First of all, the treatment time needed to observe
(or expect) cognitive changes is hard to assess. Although adult
2-month-old mice show improved learning after days of treat-
ment, it is likely that neurons and networks of a 10-year-old
human child have adapted to the increased ERK signaling and
have evolved homeostatic adaptation mechanisms at the cellular
and systems level to deal with this perturbation. Moreover, a
short treatment may result in a significant improvement because
of the test–retest effect. For instance, in the trial of Krab et al.
(2008a), four of nine tests showed a significant improvement in
the placebo group, potentially masking the effect of statins. The
second challenge is determining the best outcome measure. A few
carefully selected outcome measures in which most children are
affected and which show high reproducibility with little test–
retest effect will give the highest statistical power. However, this
strategy may be problematic for the participants who had no
problem with these specific tests, but nevertheless show learning
disabilities. This is in particular the case with NF1 where the
cognitive profile varies profoundly from child to child. Excluding
such children beforehand could result in excluding children who
would benefit from a treatment and reduces the external validity
of the trial. In addition, how improvements in a few specific
cognitive tests translate to improved quality of everyday life and
improved academic performance remains to be investigated.
This is the reason why our second, now 1 year treatment, simva-
statin study (NTR2150, www.trialregister.nl) uses more general
outcome measures, e.g., IQ test and quality of life.

Finally, it is important to realize that, regardless of the trial
design, statins may not be potent enough to treat the cognitive
deficits in NF1 patients, as they were also not good enough to
treat cancer despite some promising results in vitro. Hence, it is
worthwhile to go back to the mouse model and investigate how
the selective increase of inhibition in Nf1 mice arises, and how
this can be targeted directly. Identifying these mechanisms may
result in new treatment opportunities not only for neurofibro-
matosis, but for other rasopathies as well.

Reactivation of critical period plasticity in adult visual cortex
by enriched environment
Neuronal plasticity can be defined as the capacity of neurons and
neural circuits in the brain to change structurally and function-
ally in response to experience. Neural plasticity is crucial for the
development of brain and behavior, and it is at the basis of the
brain’s remarkable performances, including learning and mem-
ory. Furthermore, plasticity is instrumental for brain repair.

Recent studies have shown, using mammalian visual cortex as
an experimental model (Berardi et al., 2000; Hensch, 2005), that
it is possible to reinstate much greater levels of plasticity in the
adult visual cortex than previously suspected, using various en-
vironmental and pharmacological strategies (Sale et al., 2010).
Environmental enrichment (EE; i.e., an environment that is rich

in social, physical, cognitive, and inanimate stimulation) has long
been exploited to investigate the influence of the environment on
brain structure and function (Sale et al., 2009). Recent findings
have brought to light new effects of the richness of the environment
on brain development and, in particular, on brain’s plasticity during
adulthood. In addition to visual acuity (visual resolution power),
ocular dominance has been used to measure visual cortical plasticity;
reduction of the visual input in one eye, for instance by means of lid
suture, strongly reduces the number of visual cortical neurons
driven by the deprived eye. This effect is present only during a short
period after birth called the critical period. If this kind of functional
imbalance between the two eyes is present early in development and
it is not corrected by the end of the critical period, a permanent
impairment known as amblyopia (lazy eye) ensues (Maurer and
Hensch, 2012).

Earlier studies have shown that EE promotes the development
of the visual cortex (Cancedda et al., 2004) and that nonvisual
factors can contribute to visual cortical development (Bartoletti
et al., 2004). EE effects on visual cortex development are medi-
ated by endogenous molecular factors involved in visual cortical
development and plasticity, such as brain-derived neurotrophic
factor (BDNF) and intracortical inhibition (Bartoletti et al.,
2004). The effects of inhibitory synapses are indeed crucial for the
end of the critical period and modulation of plasticity during
adulthood. These studies have also shown that retinal develop-
ment is sensitive to EE (Landi et al., 2007) and have brought to
light a very new role, both at retinal and cortical level, for insulin-
like growth factor-1 (IGF-1) (Landi et al., 2009).

More recent studies have shown that EE in terms of body
massage promotes brain development, and in particular visual
development, in rat pups and, importantly, also in premature and
regularly born human infants (Guzzetta et al., 2009). This effect is
likely mediated by IGF-1. These studies suggest a new role for
IGF-1, giving this molecule the status of a factor crucial for the
development of different visual structures and with significant
therapeutic potential.

A remarkable set of experiments then showed for the first time
that EE restores plasticity of the visual cortex in adulthood (Sale
et al., 2007). Furthermore, the exposure of adult rats to EE com-
pletely rescued the visual deficits associated with amblyopia (Sale
et al., 2007). EE effects on adult visual cortex plasticity are likely
mediated by an action on intracortical inhibition, a crucial determi-
nant for critical period regulation in the visual system (Harauzov et
al., 2010; Sale et al., 2010). The relative contributions of the different
components of EE to adult visual cortical plasticity, enhancement,
and recovery from amblyopia have also been dissected, showing that
the components effective in rescuing visual deficits are those that act
on intracortical inhibition.

These new findings highlight the potential of EE as a nonin-
vasive intervention strategy to ameliorate deficits in the matura-
tion of the nervous system and to promote recovery of normal
sensory functions in pathological conditions affecting the adult
brain. Along these lines, a protocol of behavioral practice leading
to perceptual learning was recently developed in rodents, show-
ing that this protocol increases the efficacy of intracortical con-
nections in the primary visual cortex and showing that it is
effective in promoting recovery from amblyopia (Baroncelli et
al., 2012).

Finally, quite recent studies have shown that restriction of
food can restore plasticity in the visual cortex of the adult rats,
accompanied, as in the case of EE, by a decrease of inhibition and
an increase of BDNF (Spolidoro et al., 2011). In addition, EE is
active not only in the visual cortex and hippocampus, but also in

14076 • J. Neurosci., October 10, 2012 • 32(41):14074 –14079 Castrén et al. • Treatment of Developmental Disorders in Adults



other parts of the brain, for instance in the arcuate nucleus of the
hypothalamus, by altering the ratio of excitation and inhibition,
with the result of increasing the sensitivity to leptin and thus
regulating food intake (Mainardi et al., 2010). This experiment
on the hypothalamus indicates that the effects of EE are quite
general on the whole brain and with similar mechanisms.

Pharmacological reactivation of early life-like plasticity
in adulthood
In addition to environmental manipulations, pharmacological
treatments have also been shown to reactivate juvenile-like plas-
tic state in brain (Bavelier et al., 2010; Baroncelli et al., 2011).
Again, visual cortex has been used as a model paradigm in most
studies, but there is evidence that these treatments induce early
life-like plasticity in other networks as well.

The first pharmacological treatment that was shown to reac-
tivate critical period-like plasticity in the adult brain was infusion
of nerve growth factor (NGF) into the visual cortex of adult cats
(Gu et al., 1994; Galuske et al., 2000). Similarly, injection of an
enzyme, chondroitinase ABC (ChABC), locally into the adult
rat visual cortex induced structural and functional plasticity
(Pizzorusso et al., 2002, 2006). This treatment has been shown
to disrupt perineuronal nets, proteoglycan-rich extracellular
structures that form particularly around inhibitory interneu-
rons during postnatal development, coinciding with the clo-
sure of the critical period (Berardi et al., 2004). Although
treatments with chondroitinase ABS and NGF have been
shown to be effective in inducing a critical period-like plastic-
ity in the rodent visual cortex, the invasiveness of these treat-
ments limits their clinical significance.

Antidepressant drugs have been shown to enhance signs of
neuronal plasticity, such as hippocampal neurogenesis and the
expression and signaling of BDNF in adult brain (Duman and
Monteggia, 2006; Martinowich et al., 2007). Recent studies
showed that chronic treatment of adult rats with the antidepres-
sant fluoxetine induced a plastic state in the visual cortex that
closely resembles that observed at the peak of the critical period
(Maya Vetencourt et al., 2008). Furthermore, visual acuity of the
amblyopic eye could be fully restored in adulthood when the eye
was opened during fluoxetine treatment and the previously open
eye was simultaneously closed to encourage the use of the weak
eye (Maya Vetencourt et al., 2008). Fluoxetine-induced adult
plasticity correlated with reduction in GABA-mediated inhibi-
tion, required the increase expression of BDNF and activation of
5HT1A serotonin receptors (Maya Vetencourt et al., 2008, 2011).
An independent study that used two-photon imaging in vivo re-
vealed that fluoxetine treatment induced a simultaneous increase
in the extension and retraction of synaptic contacts of inhibitory
neurons in adult brain (Chen et al., 2011).

Since fluoxetine has been widely consumed over the last
few decades, it is clear that a large number of amblyopic pa-
tients have been exposed to it. Therefore, fluoxetine treatment
alone is not sufficient to treat amblyopia, but it is still possible
that fluoxetine in combination with eye-patching might be
beneficial in adult amblyopic patients. A clinical trial testing
this possibility is currently ongoing in Finland. Interestingly,
the amplitude of visually evoked potentials after an intense
visual stimulation was significantly elevated in healthy volun-
teers treated with sertraline, another antidepressant drug
(Normann et al., 2007), a finding comparable to that observed
in rats after fluoxetine treatment, supporting the idea that
antidepressants may enhance visual cortical plasticity in adult
humans as well as in rats.

Other drugs in addition to fluoxetine have been shown to
produce a similar reactivation of juvenile-like plasticity in the
adult visual cortex. Inhibitors of histone deacetylase were shown
to induce critical period-like plasticity in the rat visual cortex,
indicating that epigenetic regulation of chromatin state plays a
role in adult plasticity (Putignano et al., 2007). Furthermore,
physostigmine, a cholinesterase inhibitor, was shown to produce
similar effects in the mouse visual cortex (Bavelier et al., 2010;
Morishita et al., 2010).

Pharmacological reactivation of juvenile-like plasticity is not
confined to the visual cortex. Local injections of ChABC promote
functional recovery after a spinal cord lesion (Bradbury et al.,
2002), and very recent data suggest that a similar kind of plastic
state can be achieved with fluoxetine (Scali et al., 2012). Further-
more, a recent study that used fear conditioning and extinction
training as a model provided evidence that chronic fluoxetine
treatment reactivates juvenile-like plastic state in the basolateral
amygdala and thereby promotes the effects of fear extinction
(Karpova et al., 2011), suggesting a neurobiological explanation
for the enhanced effects of combined antidepressant treatment
and psychotherapy. These data suggest that fluoxetine and per-
haps also other drug treatments influencing plasticity in the vi-
sual cortex have wide-ranging effects on neuronal plasticity in
several neuronal networks. Indeed, fluoxetine has been shown to
be effective in the recovery from stroke (Acler et al., 2009; Jorge et
al., 2010; Chollet et al., 2011), which might, at least in part, be
explained by fluoxetine-induced plasticity and facilitation of the
effect of rehabilitation.

Together with the effects of environmental manipulations re-
viewed above, these findings indicate that a surprisingly wide
variety of environmental or pharmacological treatments can in-
duce a plastic state in adult brain that resembles that present
during the critical period of juvenile brain development. Many of
these drugs have been widely used over decades, making clear that
these treatments do not represent any “fountain of youth”. Nev-
ertheless, significant plasticity-inducing effects of these drugs
may have gone unnoticed because of the fact that, for maximal
clinical efficacy, drug treatment needs to be complemented with
appropriate rehabilitation that guides the plastic networks for
functional restoration. The ongoing clinical trials will eventually
tell whether these effects observed in rodents are translatable to
human therapy.

Summary
Neurodevelopmental disorders are relatively common condi-
tions ranging from mild to severe and producing life-long dis-
ability and behavioral abnormalities that are a burden to families.
Recent rodent studies reviewed here suggest that disabilities and
symptoms produced by developmental disorders might be alle-
viated or even cured in adulthood. Clinical trials testing whether
the findings in experimental studies can be translated into clinical
medicine are already ongoing. It is to be expected that all these
treatments will greatly benefit from structured regimes of train-
ing or rehabilitation that need to be developed alongside the
pharmacological treatments. Together, these findings suggest a
rational basis for treatment of developmental disorders in adult-
hood, a prospect that provides hope to millions of individuals
and families.
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