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Abstract

Abnormalities in brain development, thought to be irreversible in adults, have long been assumed to
underlie the neurological and psychiatric symptoms associated with neurodevelopmental disorders.
Surprisingly, a number of recent animal model studies of neurodevelopmental disorders demonstrate
that reversing the underlying molecular deficits can result in substantial improvements in function
even if treatments are started in adulthood. These findings mark a paradigmatic change in the way
we understand and envision treating neurodevelopmental disorders.

The term “neurodevelopmental disorders” encompasses a large group of disorders that share
the fact that disease onset is during periods of ongoing maturation and development. These
disorders are often associated with complex neuropsychiatric features including intellectual
disability, specific learning disabilities, ADHD, autism, and epilepsy, among others.
Neurodevelopmental disorders are caused by a wide range of genetic mutations and
environmental factors (e.g., infections, immune dysfunction, intoxication, endocrine and
metabolic dysfunction, nutritional factors, trauma, etc.). Heritability estimates indicate that
genetic factors play an important role in these disorders. Although our review is focused on
single-gene disorders, the basic implications discussed may be more broadly relevant and
therefore applicable to neurodevelopmental disorders in general.

The Traditional View

Neurodevelopmental disorders are thought to be caused by changes in development, potentially
involving alterations in neurogenesis, cell migration, and neuronal connectivity that are
responsible for cognitive deficits in adults. Accordingly, abnormalities in brain structure,
resulting from perturbed development, are often associated with neurodevelopmental
disorders. Additionally, development is an especially vulnerable period: insults with a minor
impact in adults can result in significant pathologies when occurring during development. For
example, absence of serotoning 5 receptor function in the forebrain during postnatal
development, but not in adulthood, results in anxiety-related behavioral phenotypes in mice
(Gross et al., 2002). Similarly, maternal care during early postnatal periods has been shown to
influence hippocampal glucocorticoid receptor expression, stress responsiveness, and behavior
in the offspring via epigenetic modulations that last into adulthood (Caldji et al., 1998; Francis
etal., 1999; Liu et al., 1997; Weaver et al., 2004). A recent study with an animal model of
schizophrenia (Li et al., 2007) showed that a brief induction of a DISC1 mutant allele during
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postnatal development, but not in adults, is sufficient to trigger many of the phenotypes
associated with this neurodevelopmental disorder (Weinberger, 1987). Clinical experience
with endocrine and metabolic disorders also stresses the importance of insults during
vulnerable periods of development: hypothyroidism and phenylketonuria, for example, can
lead to profound and irreversible cognitive disability when left uncorrected during
developmental periods, while they appear to have milder effects in adults (Davis and Tremont,
2007; Dugbartey, 1998; Hanley, 2004; Rovet and Daneman, 2003; Zoeller and Rovet, 2004).
Nevertheless, there are many other examples of pathologies where the opposite is true: for
example, trauma, infection, and ischemia may have much of the same or even more dire effects
in adults than in developing organisms (Kolb et al., 2000; Vannucci and Hagberg, 2004).

Many of the mutations that cause developmental disorders disrupt gene(s) that are also
expressed in the adult brain. Thus, in addition to developmental effects on brain structure and
function, it is possible that altered gene function in adulthood may contribute to associated
cognitive phenotypes. Accordingly, a number of recent studies of animal models of
neurodevelopmental disorders strongly suggest that adult disruption of gene function makes a
significant contribution to cognitive disability and neurological dysfunction associated with
these disorders. These studies demonstrate that treating the disrupted molecular and cellular
mechanisms specifically in adults can result in dramatic improvements in cognitive function.
It is conceivable that biochemical amelioration of the underlying genetic deficits may allow
robust molecular, cellular, structural, and behavioral plasticity mechanisms in the adult brain
to compensate for or even correct specific developmental pathologies.

Adult Recovery of Cognition in Animal Models of Neurodevelopmental

Disorders

Recent studies using animal models of several single-gene developmental disorders provide
compelling evidence that cognitive deficits and neurological impairments associated with
neurodevelopmental disorders can be reversed, even if treatment is initiated in adults (Table
1). For example, neurofibromatosis | (NF1) is a complex developmental genetic disorder
caused by mutations in the NF1 gene. Specific learning disabilities, including difficulties with
visuospatial skills, memory, and attentional-executive function, are commonly associated with
NF1. Mice with a heterozygous deletion of the Nfl gene (Nf1*/~ mice) displayed spatial
learning deficits (Silva et al., 1997) and impairments in attentional-executive function (Li et
al., 2005), akin to neuropsychological impairments observed in NF1 patients. The NF1 gene
encodes neurofibromin, a GTPase-activating protein that accelerates the inactivation of Ras,
thereby inhibiting Ras-MAPK signaling. Accordingly, loss-of-function mutations in the NF1
gene lead to disinhibited Ras-MAPK signaling, a pathway with a known role in
neurodevelopment. Nf1*/~ mice show defects in long-term potentiation (LTP) due to increased
inhibitory neurotransmission in the hippocampus (Costa et al., 2002).

Two pharmacological strategies that reduce the isoprenylation of Ras, and thereby decrease
active (membrane-bound) Ras, have been used to rescue the signaling, physiology, and
behavioral deficits of these mice: farnesyl-transferase inhibition with BMS 191563 (Costa et
al., 2002) and HMG-CoA reductase inhibition with lovastatin (Li et al., 2005). HMG-CoA
reductase is the rate-limiting enzyme in the mevalonate pathway in which isoprenyl groups
(and then cholesterol) are synthesized. Notably, a short pharmacological treatment of adult
mice was sufficient to decrease Ras-MAPK signaling, restore LTP, and reverse cognitive
deficits in Nf1*/~ mice. Drug doses sufficient to rescue the phenotypes of the mutants did not
have a measurable effect on controls (Costa et al., 2002; Li et al., 2005), a result that indicates
that the drugs used targeted the mechanisms disrupted in these mutants. Importantly, a recent
clinical study reported that although a brief 12 week simvastatin treatment did not have a
significant overall effect on the cognition of patients, it did rescue deficits in an object assembly
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test (Krab et al., 2008). Moreover, the treatment had the biggest impact on patients with the
poorest performances, while not affecting the performances of patients with scores within the
normal range. Although promising, longer treatments with larger sample sizes are needed to
confirm that statins have a beneficial impact on the cognition of NF1 patients.

Remarkably, similar to the Nf1*/~ mice (Costa et al., 2002), the hippocampal learning and
memory deficits of an animal model of Down’s syndrome (the Ts65Dn mice) appear to be due
to deficits in hippocampal LTP caused by enhanced GABAergic inhibition (Kleschevnikov et
al., 2004). Down’s syndrome, caused by trisomy 21, is the most common genetic disorder
associated with intellectual disability. The Ts65Dn mouse model of the disorder (Reeves et al.,
1995) is based on the partial triplication of chromosome 16, the mouse homolog to human
chromosome 21. Until recently, nearly all of the mechanistic studies of this disorder focused
on the impact of genetic changes on development. A recent ground-breaking study, aimed at
testing the hypothesis that abnormally high levels of inhibition in adult mice play a role in the
pathogenesis of Down’s syndrome-related cognitive dysfunction (Fernandez et al., 2007),
showed that although acute treatment (1 day) with a GABA receptor antagonist (picrotoxin)
had no effect, a 2 week treatment with several GABA, receptor antagonists (picrotoxin,
pentylenetetrazole, or bilobalide) rescued cognitive deficits (object recognition, spontaneous
alternation) in adult Ts65Dn mice. The same treatment did not affect learning in controls, a
result consistent with the idea that increased inhibition accounts for the learning and memory
deficits in Ts65Dn mice.

Surprisingly, an ~2 week treatment with GABA antagonists (Fernandez et al., 2007) led to a
persistent (for at least up to 2 months) behavioral recovery even though the treatment was not
extended beyond the initial ~2 week period. Similarly, this treatment also resulted in the
(partial) rescue of LTP, even when LTP was tested 3 months after the completion of the ~2
week treatment. These findings have been recently confirmed and extended in a study that
showed that a 7 week treatment with the GABA receptor antagonist pentylenetetrazole also
rescues spatial learning deficits in adult Ts65Dn mice (Rueda et al., 2008). The results reviewed
above show that reversing the increased inhibition in the Ts65Dn mutants triggered lasting
adaptive changes that result in improvements in cognition. The unexpected (and unexplained)
delayed therapeutic action of this treatment is reminiscent of other psychopharmacological
effects, such as the well-known delayed effect of antidepressants. Could treatment with GABA
receptor inhibitors, and the resulting lowering of inhibitory tone, lead to the reactivation of
developmental plasticity processes (see discussion below) that contributed to the restored LTP
and learning of the Ts65Dn mice? Could similar treatments reverse the cognitive deficits
associated with Down’s syndrome?

Rubinstein-Taybi syndrome (RTS) is another genetic disorder characterized by intellectual
disability and characteristic physical features that include broad thumbs and toes as well as
facial abnormalities (Rubinstein and Taybi, 1963). Although there are multiple genes
implicated in RTS, mutations in the CREB-binding protein (CBP) are known to cause this
syndrome (Petrij et al., 1995). CBP is a transcriptional coactivator, has histone acetyl-
transferase activity, and is involved in transcriptional control downstream of cAMP signaling,
linking experience-dependent neuronal activation to gene expression and long-term memory
formation (Hallam and Bourtchouladze, 2006; Lonze and Ginty, 2002). A mouse model of
RTS (Chp*/~ mice) shows normal short-term memory but impaired long-term memory in
context fear conditioning and object recognition (Alarcon et al., 2004; Bourtchouladze et al.,
2003). Memory deficits in Cbp*/~ mice could be restored in adult mice using pharmacological
strategies that enhance CREB-dependent gene expression: the HDAC inhibitor SAHA is
known to promote histone acetylation, and it was shown to improve context fear memory in
Cbp*/~ mice (Alarcon et al., 2004). Second, phospodiesterase-4 (PDE-4) inhibitors (inhibit
breakdown of cAMP) also improve long-term memory in adult Cbp™~ mice (Bourtchouladze
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et al., 2003), perhaps because they enhance PKA-dependent CREB activation. HDAC
inhibitors and PDE-4 antagonists therefore hold therapeutic promise for cognitive deficits
associated with RTS. However, it is important to note that these drugs also improved long-
term memory in wild-type mice. Importantly, these studies in Cbp*/~ mice illustrate the
potential power of targeting transcriptional regulatory processes to induce lasting therapeutic
changes in the adult brain. In line with this, the work from Meaney and colleagues mentioned
above also showed that transcriptional derepression (with the HDAC inhibitor trichostatin A)
in adult animals reverses functional consequences (increased stress responsiveness) of early
life experiences (maternal care behavior) that are mediated by epigenetic alterations
(methylation within the glucocorticoid receptor promoter) (Weaver et al., 2004).

Tuberous sclerosis complex (TSC) is a single-gene disorder associated with intellectual
disability and autism and involves signaling changes that affect translational control; TSC is
caused by heterozygous mutations in either the TSC1 or the TSC2 gene (Consortium, 1993;
van Slegtenhorst et al., 1997), and besides intellectual disability and autism, affected subjects
frequently exhibit epilepsy, ADHD, and specific learning disabilities (de Vries et al., 2005;
Joinson et al., 2003). Developmental brain abnormalities (cortical tubers) and early-onset
seizures (infantile spasms) have long been proposed to cause the cognitive disability associated
with TSC (O’Callaghan et al., 2004; Raznahan et al., 2007). Tubers and infantile spasms,
however, only partially account for the variability in I1Q in TSC subjects (O’Callaghan et al.,
2004). Recent work with mouse models of TSC showed that cognitive deficits can emerge in
the absence of tubers and spontaneous seizures (Ehninger et al., 2008; Goorden et al., 2007).
Studies with a Tsc2*/~ mouse model of tuberous sclerosis demonstrated that TSC-related
increases in mTOR signaling lead to an abnormally low threshold for the late phase of LTP:
conditions that induced only the unstable early phase of LTP in controls induced instead an
abnormally stable potentiation in the mutants (Ehninger et al., 2008). Supposedly, this
abnormal stabilization of LTP results in the inappropriate consolidation of error-prone
information that interferes with normal learning and memory processes in TSC.

Strikingly, suppressing mTOR signaling with the FDA-approved drug rapamycin restored
impaired spatial learning and context discrimination in adult Tsc2*/~ mice and reversed
abnormalities in LTP thresholds (Ehninger et al., 2008). Behavioral rescue in adult Tsc2*/~
mice occurred after a brief 5 day treatment with rapamycin, suggesting that the pharmacological
rescue of cognitive deficits was mediated directly through the inhibition of key biochemical
changes in TSC mutant mice. Biochemical analysis of the mice suggested that these changes
may involve mTOR-dependent increases in neuronal protein synthesis (Ehninger et al.,
2008), which appear to also occur in other neurogenetic disorders associated with intellectual
disability and autism (Bear et al., 2008; VVanderklish and Edelman, 2005). Unlike patients, mice
with heterozygous mutations in the TSC genes do not exhibit either spontaneous seizures or
cortical tubers (Ehninger et al., 2008; Goorden et al., 2007). Homozygous astrocyte-specific
(Uhlmannetal., 2002) or neuronal-specific (Ehninger etal., 2008; Meikle etal., 2007) deletions
of Tscl in mice, however, result in seizures, neurological impairments, and high lethality.
Remarkably, postnatal treatment with mTOR inhibitors dramatically reduced seizures,
neurological impairments, and lethality in homozygous TSC mutants (Ehninger et al., 2008;
Meikle et al., 2008; Zeng et al., 2008). Despite improving neurological findings in a
homozygous neuronal model of TSC, mTOR inhibitors did not reverse abnormal neuronal
morphology (orientation of apical dendrites in layer V of the somatosensory cortex) (Meikle
et al., 2008); rapamycin treatment restored deficient myelination in a homozygous neuronal
model of TSC which may significantly contribute to the improvement of neurological
impairments in these mutant mice (Meikle et al.,2008). Initiation of rapamycin treatment after
seizure onset, in adolescence, also substantially improved seizures and increased survival in
mice with an astrocyte-specific deletion of the Tscl gene (Zeng et al., 2008).
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Previous studies with PTEN mutant mice had also documented surprising recovery of
neurological impairment in adult animals after disease onset (Kwon et al., 2003). PTEN is an
upstream regulator of TSC-mTOR signaling, and mutations in this gene are linked to Lhermitte-
Duclos disease (associated with intellectual disability, ataxia, cerebellar ganglion cell
hypertrophy, and seizures), Cowden syndrome (a multiple hamartoma syndrome), and autism
(Butler et al., 2005; Goffinetal., 2001; Marsh etal., 1999). Inhibition of mTOR has been found
to reverse seizures in neuronal-specific homozygous PTEN mutant mice, even when treatment
was initiated in adult animals (Kwon et al., 2003). Altogether these studies suggest that disease-
related alterations in TSC-mTOR signaling result in reversible brain dysfunction that is
accessible to pharmacological correction.

Fragile X syndrome (FXS) is another neurodevelopmental genetic disorder highly associated
with intellectual disability and autism; learning disabilities, ADHD and epilepsy are also
common in this X-linked disorder (Hagerman and Hagerman, 2002). FXS is caused by
mutations in the FMR1 gene frequently involving CGG triplet repeat expansions in the 5’
untranslated region of the gene. This is thought to lead to hypermethylation and transcriptional
silencing of the FMR1 gene. FMR1 encodes a protein (FMRP) that is thought to be involved
in mRNA transport and translational regulation. According to the “mGIuR theory” of FXS,
increased group | mGIuR signaling plays a central role in the pathophysiology of FXS,
including associated cognitive dysfunction (Bear et al., 2004). Recent experimental work
provided compelling support for the role of mMGIuR signaling in the pathogenesis of FXS
(Dolen et al., 2007). Reducing mGIuR signaling throughout development and adulthood with
a heterozygous mGIuR5 germ-line mutation rescued a wide range of phenotypes in the Fmrl
knockout mouse model of FXS, suggesting that mGIuR signaling plays an important role in
FXS.

To determine whether mGIuR inhibition is critical in development and/or in adults, McBride
et al. tested the effect of various mGIuR antagonists on defective courtship behavior, impaired
memory (in a conditioned courtship task), and CNS structural brain abnormalities in a
Drosophila model of FXS (McBride et al., 2005). Treatment administered exclusively during
development rescued abnormal courtship behavior, memory impairments, and CNS
(mushroom body) neuroanatomical defects in adult FXS flies. In contrast, treatment of adult
FXS flies with mGIuR antagonists partially rescued the abnormal courtship behavior and the
memory impairments without reversing the structural brain abnormalities. Interestingly, the
same treatment led to impairments in wild-type control flies. These findings suggest that
abnormal mGIuR signaling during both development and in adulthood contribute to behavioral
deficits in FXS flies. Moreover, rescue of either (developmental or adult) component was
sufficient to (at least partially) reverse behavioral impairments in FXS flies. Therefore, it is
possible that despite developmental deficits associated with Fragile X, treatment with mGIuR
antagonists in adulthood may significantly improve behavioral and cognitive function.

Angelman syndrome is caused by loss of function of imprinted genes on chromosome 15q11-13
or mutations in the UBE3A gene (Kishino et al., 1997; Knoll et al., 1989). Individuals affected
by Angelman syndrome typically appear normal at birth but show clear developmental delays
by 6-12 months. Associated neurological, behavioral, and cognitive symptoms frequently
include intellectual disability, seizures, movement disorders, language impairments,
hyperactivity, and learning disabilities (Williams et al., 2006). A mouse model of Angelman
syndrome that carries a mutation in the maternally inherited Ube3a gene (Ube3aP*/Mm-)
recapitulates features of the human disorder, including motor impairments, learning deficits,
and seizures (Jiang et al., 1998). Ube3aP*/M~ mice show increased inhibitory
autophosphorylation of aCaMKII and deficient hippocampal long-term potentiation (Weeber
et al., 2003). To test whether increased inhibitory autophosphorylation of aCaMKII accounts
for cognitive and neurological symptoms of Ube3aP*/™~ mice, these mice were crossed to
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mutants heterozygous for a mutation that prevents inhibitory autophosphorylation of aCaMKII
(«CaMKI1-T305V/T306A) (van Woerden et al., 2007). Strikingly, a range of Ube3aP*/m-
phenotypes (audiogenic seizures, motor coordination deficits, hippocampus-dependent
learning deficits, deficient hippocampal long-term potentiation) was rescued by a heterozygous
aCaMKII-T305V/T306A mutation. These findings suggest that Angelman syndrome-related
neurological and cognitive phenotypes may result from decreased aCaMKII activity due to
increased inhibitory autophosphorylation. aCaMKII expression is largely restricted to the
postnatal brain (Colbran et al., 1989), implicating disturbed postnatal development and/or adult
function in the pathophysiology of Angelman syndrome-related neurological and
neurocognitive symptoms.

Rett syndrome (Rett, 1966) is another X-linked developmental genetic disorder associated with
intellectual disability, autistic features (impaired reciprocal social interaction, language and
communication deficits, stereotyped behaviors) and motor symptoms (delay or absence of
walking, ataxia, respiratory dysfunction, hypotonia, dystonia, chorea, spasticity). Affected
girls are initially asymptomatic and neurological abnormalities start to emerge by the age of
6-18 months. Rett syndrome is caused by mutations in the X-chromosomal gene MECP2
(Amir et al., 1999), which encodes the transcriptional regulator MeCP2. Mecp2 expression in
the brain is restricted to cells of the neuronal lineage and increases with neuronal maturation
(Kishi and Macklis, 2004). Several mouse models of Rett syndrome have been engineered by
deleting murine Mecp2 (Chen et al., 2001; Guy et al., 2001; Shahbazian et al., 2002). Mecp2
null male mice show progressive neurological disease (gait abnormalities, hindlimb clasping,
respiratory dysfunction) and high mortality. Female mutant mice also display progressive
neurological impairments, which eventually stabilize and by-and-large do not interfere with
survival. Mecp2 mutant mice have lower brain volumes, accompanied by normal neuron
numbers but decreased neuronal arborization.

Recently, a loxP genetic strategy was used to restore Mecp?2 levels in Mecp2 mutant mice at
various ages (Guy et al., 2007): the authors first silenced Mecp2 by insertion of a lox-STOP
cassette. Later, at specific time points, Mecp2 expression was restored by inducible activation
of Cre recombinase; the recombinase excised the lox-STOP cassette, thereby allowing
expression of the Mecp2 gene. Gradually restoring Mecp2 expression after the onset of
neurological symptoms—that include hindlimb clasping, inertia, irregular breathing, gait, and
tremor—reversed these impairments and improved survival in male Mecp2 mutant mice.
Accordingly, restoring Mecp2 expression in mature female mutant mice, after onset of
neurological disease, reversed function to wild-type levels and restored proper levels of
neuronal plasticity. These remarkable results demonstrate that deficits caused by Mecp2 loss
in development do not result in irreversible deficits. Instead, these data demonstrate that
restoring function in adults can reverse at least some of the deficits caused by loss of gene
function during development.

Interestingly, a lower excitation-to-inhibition ratio was found in the neocortex of Mecp2 mutant
mice (Dani et al., 2005). Fragile X mice showed reduced excitatory drive of inhibitory neurons
and thus an increased excitation to inhibition ratio (Gibson et al., 2008). As reviewed above,
both NF1 and Down’s syndrome mouse models were found to have higher levels of inhibition
but normal excitation (see above) (Costa et al., 2002; Kleschevnikov etal., 2004). The analyses
of these four models suggest that a change in the ratio of excitation to inhibition is an important
feature of neurodevelopmental disorders (Rubenstein and Merzenich, 2003).

Taken together, the studies summarized above suggest that cognitive disability in classic
“neurodevelopmental” disorders may be reversible in adults, even when developmental
neuroanatomical abnormalities are not reversed. Thus, these studies demonstrate that, for at
least some of these disorders, loss of gene function specifically in adults makes a sizeable
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contribution to the resulting pathology and that treating this facet of the disorder, in animal
models, can result in dramatic improvements. A cautionary note is however in order: we do
not know whether the rescues described in this review will be the norm for neuro-
developmental disorders or whether these results in mice will be mirrored by similar findings
in humans. Indeed, we mentioned examples where normal gene function in adults does not
reverse developmental deficits (Gross et al., 2002; Li et al., 2007).

Plasticity of the Adult Brain and the Treatment of Neurodevelopmental

Disorders

An interesting possibility is that adult rescue of genetic defects, such as those mentioned above,
alleviate or correct developmental phenotypes by tapping into adult mechanisms of cellular,
structural, and behavioral plasticity. A large number of studies have shown that the developing
brain is endowed with high levels of plasticity that are vital for shaping its structure and
function. The classical view has been that plasticity is restricted to a defined window in time
known as the critical period (Hubel and Wiesel, 1970). For example, the critical period for
ocular dominance plasticity occurs from 19 to 32 days of age in the mouse (Gordon and Stryker,
1996). Critical periods are usually defined as times in development when changes in sensory
input can alter the structure and function of the brain, but they may also exist outside of primary
sensory areas. For example, the acquisition of specific cognitive skills, such as language, also
appears to be constrained by specific ontological windows in humans (Lenneberg, 1967).

The adult cortex retains the potential for several features of developmental plasticity, including
structural changes in spines (Trachtenberg et al., 2002), axons (Florence et al., 1998), and
dendrites (Tailby et al., 2005). Plasticity can occur at high levels in the somatosensory cortex
into adulthood (Clark et al., 1988; Fox, 1992; Merzenich et al., 1984; reviewed in Buonomano
and Merzenich, 1998) and plasticity in the visual cortex can also occur beyond the classical
critical period (Daw et al., 1992; Sawtell et al., 2003). One possibility for therapies therefore
lies in using the inherent natural plasticity of adult brain for restoration of function.

Another possibility is to tap into the plasticity mechanisms present during developmental
critical periods. Even though plasticity is present in adult animals, it does not appear to have
the same set of mechanisms that are present in developing animals. For example, spine motility
decreases beyond the critical period (Holtmaat et al., 2005), thalamocortical axon plasticity
and thalamocortical LTP are reduced or eliminated, respectively (Crair and Malenka, 1995;
Hubel and Wiesel, 1977), silent synapses are eliminated (Isaac et al., 1997; Rumpel et al.,
2004), and presynaptic NMDA receptors, which are important for a developmental form of
synaptic depression, are lost (Corlew et al., 2007). The loss or reduction of these factors (and
most likely others yet to be discovered) means that adult plasticity is slower to take effect and
lacks some of the features of developmental plasticity.

It was therefore a source of great interest and excitement when it was discovered that the critical
period could be delayed and manipulated by altering levels of cortical inhibition (Hensch et
al., 1998), and plasticity resembling that in the critical period could be reinstated in adult
animals by degradation of components of the extracellular matrix surrounding the inhibitory
cells with the enzyme chondroitinase (Pizzorusso et al., 2002). Since that report, other
treatments, such as administering the antidepressant fluoxetin (a serotonine/norepinephrine
reuptake inhibitor; Maya Vetencourt et al., 2008) and exposure to an enriched environment,
have also been found to increase sensory plasticity in adult animals (Sale et al., 2007). These
findings suggest that the adult brain could retain the potential for some features of
developmental plasticity.
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Inhibition is a possible common link between factors that have so far been found to increase
adult plasticity. The critical period can be delayed in the visual cortex if the function of the
inhibitory system is attenuated and reinstated by increasing inhibition (Hensch et al., 1998).
Interestingly, the shift toward higher inhibition observed in several models of
neurodevelopmental disorders reviewed here raises the possibility for premature closure of
critical periods in these mutant mice, a mechanism that could contribute to their deficits. It is
possible that high levels of plasticity, characteristic of critical periods, are actively suppressed
in adults by mechanisms such as increased levels of inhibition (Spolidoro et al., 2008).
Accordingly, strategies that decrease inhibition may reactivate “developmental” levels of
plasticity and reopen developmental windows in the adult brain.

Conclusions

Altogether the findings reviewed here mark a paradigmatic change in the way we understand
and envision treating neurodevelopmental disorders. They show that reversing the underlying
molecular deficits of these disorders can result in dramatic improvements in cognitive function
even if treatments are started in adulthood. These findings also highlight the surprising potential
for plasticity in the adult brain, and they raise the possibility that adult rescue of phenotypes
associated with neurodevelopmental disorders may take advantage of these mechanisms.

Additionally, these results may also have implications for treating other disorders, such as brain
injury, stroke, addiction, etc. For example, prolonged substance abuse leads to stable molecular,
cellular, structural, and behavioral changes that present a formidable problem for recovering
patients (Volkow and Li, 2005). The results reviewed here suggest that correcting the
maladaptive biochemical states brought about by these disorders (e.g, addiction, brain injury,
etc.) may allow the brain to recover, even when key neuroanatomical changes associated with
pathology are not reversed. In addition to correcting disrupted molecular processes, it is
possible that manipulations that reopen highly plastic developmental states may facilitate
recovery from neurodevelopmental disorders, addiction, or any other disorder that disrupts the
structure and function of the brain. Altogether the findings reviewed here raise the possibility
that adult treatments could one day help the many millions of people affected with
neurodevelopmental disorders. They also highlight the importance and urgency of
understanding the absolutely fascinating ability of the adult brain to reinvent itself.

Acknowledgments

The authors would like to thank Thomas Insel, Nora Volkow, Dan Geschwind, Rui Costa, Steve Kushner, Ype
Elgersma, Carrie Shilyansky, Yijun Cui, and Yong-Seok Lee for discussions that shaped the ideas in the manuscript.
This work was supported by the following grants: EH223/2-1 to D.E. and NIH R01-NS38480 and P50-MH0779720
to AJ.S.

References

Alarcon JM, Malleret G, Touzani K, Vronskaya S, Ishii S, Kandel ER, Barco A. Neuron 2004;42:947—
959. [PubMed: 15207239]

Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY. Nat Genet 1999;23:185-188.
[PubMed: 10508514]

Bear MF, Huber KM, Warren ST. Trends Neurosci 2004;27:370-377. [PubMed: 15219735]
Bear MF, Dolen G, Osterweil E, Nagarajan N. Neuropsycho-pharmacology 2008;33:84-87.

Bourtchouladze R, Lidge R, Catapano R, Stanley J, Gossweiler S, Romashko D, Scott R, Tully T. Proc
Natl Acad Sci USA 2003;100:10518-10522. [PubMed: 12930888]

Buonomano DV, Merzenich MM. Annu Rev Neurosci 1998;21:149-186. [PubMed: 9530495]

Butler MG, Dasouki MJ, Zhou XP, Talebizadeh Z, Brown M, Takahashi TN, Miles JH, Wang CH,
Stratton R, Pilarski R, Eng C. J Med Genet 2005;42:318-321. [PubMed: 15805158]

Neuron. Author manuscript; available in PMC 2009 July 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ehninger et al.

Page 9

Caldji C, Tannenbaum B, Sharma S, Francis D, Plotsky PM, Meaney MJ. Proc Natl Acad Sci USA
1998;95:5335-5340. [PubMed: 9560276]

Chen RZ, Akbarian S, Tudor M, Jaenisch R. Nat Genet 2001;27:327-331. [PubMed: 11242118]
Clark SA, Allard T, Jenkins WM, Merzenich MM. Nature 1988;332:444-445. [PubMed: 3352741]

Colbran RJ, Schworer CM, Hashimoto Y, Fong YL, Rich DP, Smith MK, Soderling TR. Biochem J
1989;258:313-325. [PubMed: 2539803]

Consortium ECTS. Cell 1993;75:1305-1315. [PubMed: 8269512]

Corlew R, Wang Y, Ghermazien H, Erisir A, Philpot BD. J Neurosci 2007;27:9835-9845. [PubMed:
17855598]

Costa RM, Federov NB, Kogan JH, Murphy GG, Stern J, Ohno M, Kucherlapati R, Jacks T, Silva AJ.
Nature 2002;415:526-530. [PubMed: 11793011]

Crair MC, Malenka RC. Nature 1995;375:325-328. [PubMed: 7753197]

Dani VS, Chang Q, Maffei A, Turrigiano GG, Jaenisch R, Nelson SB. Proc Natl Acad Sci USA
2005;102:12560-12565. [PubMed: 16116096]

Davis JD, Tremont G. Minerva Endocrinol 2007;32:49-65. [PubMed: 17353866]
Daw NW, Fox K, Sato H, Czepita D. J Neurophysiol 1992;67:197-202. [PubMed: 1552319]

de Vries P, Humphrey A, McCartney D, Prather P, Bolton P, Hunt A. Eur Child Adolesc Psychiatry
2005;14:183-190. [PubMed: 15981129]

Dolen G, Osterweil E, Rao BS, Smith GB, Auerbach BD, Chattarji S, Bear MF. Neuron 2007;56:955—
962. [PubMed: 18093519]

Dugbartey AT. Arch Intern Med 1998;158:1413-1418. [PubMed: 9665349]

Ehninger D, Han S, Shilyansky C, Zhou Y, Li W, Kwiatkowski DJ, Ramesh V, Silva AJ. Nat Med
2008;14:843-848. [PubMed: 18568033]

Fernandez F, Morishita W, Zuniga E, Nguyen J, Blank M, Malenka RC, Garner CC. Nat Neurosci
2007;10:411-413. [PubMed: 17322876]

Florence SL, Taub HB, Kaas JH. Science 1998;282:1117-1121. [PubMed: 9804549]
Fox K. J Neurosci 1992;12:1826-1838. [PubMed: 1578273]
Francis D, Diorio J, Liu D, Meaney MJ. Science 1999;286:1155-1158. [PubMed: 10550053]

Gibson JR, Bartley AF, Hays SA, Huber KM. J Neurophysiol 2008;100:2615-2626. [PubMed:
18784272]

Goffin A, Hoefsloot LH, Bosgoed E, Swillen A, Fryns JP. Am J Med Genet 2001;105:521-524. [PubMed:
11496368]

Goorden SM, van Woerden GM, van der Weerd L, Cheadle JP, Elgersma Y. Ann Neurol 2007;62:648-
655. [PubMed: 18067135]

Gordon JA, Stryker MP. J Neurosci 1996;16:3274-3286. [PubMed: 8627365]

Gross C, Zhuang X, Stark K, Ramboz S, Oosting R, Kirby L, Santarelli L, Beck S, Hen R. Nature
2002;416:396-400. [PubMed: 11919622]

Guy J, Hendrich B, Holmes M, Martin JE, Bird A. Nat Genet 2001;27:322-326. [PubMed: 11242117]
Guy J, Gan J, Selfridge J, Cobb S, Bird A. Science 2007;315:1143-1147. [PubMed: 17289941]
Hagerman RJ, Hagerman PJ. Curr Opin Genet Dev 2002;12:278-283. [PubMed: 12076670]

Hallam TM, Bourtchouladze R. Cell Mol Life Sci 2006;63:1725-1735. [PubMed: 16786226]

Hanley WB. Am J Med 2004;117:590-595. [PubMed: 15465508]

Hensch TK, Fagiolini M, Mataga N, Stryker MP, Baekkeskov S, Kash SF. Science 1998;282:1504-1508.
[PubMed: 9822384]

Holtmaat AJ, Trachtenberg JT, Wilbrecht L, Shepherd GM, Zhang X, Knott GW, Svoboda K. Neuron
2005;45:279-291. [PubMed: 15664179]

Hubel DH, Wiesel TN. J Physiol 1970;206:419-436. [PubMed: 5498493]
Hubel DH, Wiesel TN. Proc R Soc Lond B Biol Sci 1977;198:1-59. [PubMed: 20635]
Isaac JT, Crair MC, Nicoll RA, Malenka RC. Neuron 1997;18:269-280. [PubMed: 9052797]

Jiang YH, Armstrong D, Albrecht U, Atkins CM, Noebels JL, Eichele G, Sweatt JD, Beaudet AL. Neuron
1998;21:799-811. [PubMed: 9808466]

Neuron. Author manuscript; available in PMC 2009 July 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ehninger et al.

Page 10

Joinson C, O’Callaghan FJ, Osborne JP, Martyn C, Harris T, Bolton PF. Psychol Med 2003;33:335-344.
[PubMed: 12622312]

Kishi N, Macklis JD. Mol Cell Neurosci 2004;27:306-321. [PubMed: 15519245]

Kishino T, Lalande M, Wagstaff J. Nat Genet 1997;15:70-73. [PubMed: 8988171]

Kleschevnikov AM, Belichenko PV, Villar AJ, Epstein CJ, Malenka RC, Mobley WC. J Neurosci
2004;24:8153-8160. [PubMed: 15371516]

Knoll JH, Nicholls RD, Magenis RE, Graham JM Jr, Lalande M, Latt SA. Am J Med Genet 1989;32:285—
290. [PubMed: 2564739]

Kolb B, Gibb R, Gorny G. Dev Neuropsychol 2000;18:423-444. [PubMed: 11385833]

Krab LC, de Goede-Bolder A, Aarsen FK, Pluijm SM, Bouman MJ, van der Geest JN, Lequin M, Catsman
CE, Arts WF, Kushner SA, et al. JAMA 2008;300:287-294. [PubMed: 18632543]

Kwon CH, Zhu X, Zhang J, Baker SJ. Proc Natl Acad Sci USA 2003;100:12923-12928. [PubMed:
14534328]

Lenneberg, E. Biological Foundations of Language. New York: Wiley; 1967.

Li W, Cui Y, Kushner SA, Brown RA, Jentsch JD, Frankland PW, Cannon TD, Silva AJ. Curr Biol
2005;15:1961-1967. [PubMed: 16271875]

Li W, Zhou Y, Jentsch JD, Brown RA, Tian X, Ehninger D, Hennah W, Peltonen L, Lonnqvist J, Huttunen
MO, et al. Proc Natl Acad Sci USA 2007;104:18280-18285. [PubMed: 17984054]

Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A, Sharma S, Pearson D, Plotsky PM,
Meaney MJ. Science 1997;277:1659-1662. [PubMed: 9287218]

Lonze BE, Ginty DD. Neuron 2002;35:605-623. [PubMed: 12194863]

Marsh DJ, Kum JB, Lunetta KL, Bennett MJ, Gorlin RJ, Ahmed SF, Bodurtha J, Crowe C, Curtis MA,
Dasouki M, et al. Hum Mol Genet 1999;8:1461-1472. [PubMed: 10400993]

Maya Vetencourt JF, Sale A, Viegi A, Baroncelli L, De Pasquale R, O’Leary OF, Castren E, Maffei L.
Science 2008;320:385-388. [PubMed: 18420937]

McBride SM, Choi CH, Wang Y, Liebelt D, Braunstein E, Ferreiro D, Sehgal A, Siwicki KK,
Dockendorff TC, Nguyen HT, et al. Neuron 2005;45:753-764. [PubMed: 15748850]

Meikle L, Talos DM, Onda H, Pollizzi K, Rotenberg A, Sahin M, Jensen FE, Kwiatkowski DJ. J Neurosci
2007;27:5546-5558. [PubMed: 17522300]

Meikle L, Pollizzi K, Egnor A, Kramvis |, Lane H, Sahin M, Kwiat-kowski DJ. J Neurosci 2008;28:5422—
5432. [PubMed: 18495876]

Merzenich MM, Nelson RJ, Stryker MP, Cynader MS, Schoppmann A, Zook JM. J Comp Neurol
1984;224:591-605. [PubMed: 6725633]

O’Callaghan FJ, Harris T, Joinson C, Bolton P, Noakes M, Presdee D, Renowden S, Shiell A, Martyn
CN, Osborne JP. Arch Dis Child 2004;89:530-533. [PubMed: 15155396]

Petrij F, Giles RH, Dauwerse HG, Saris JJ, Hennekam RC, Masuno M, Tommerup N, van Ommen GJ,
Goodman RH, Peters DJ, et al. Nature 1995;376:348-351. [PubMed: 7630403]

Pizzorusso T, Medini P, Berardi N, Chierzi S, Fawcett JW, Maffei L. Science 2002;298:1248-1251.
[PubMed: 12424383]

Raznahan A, Higgins NP, Griffiths PD, Humphrey A, Yates JR, Bolton PF. Psychol Med 2007;37:1293—
1304. [PubMed: 17335641]

Reeves RH, Irving NG, Moran TH, Wohn A, Kitt C, Sisodia SS, Schmidt C, Bronson RT, Davisson MT.
Nat Genet 1995;11:177-184. [PubMed: 7550346]

Rett A. Wien Med Wochenschr 1966;116:723-726. [PubMed: 5300597]

Rovet J, Daneman D. Paediatr Drugs 2003;5:141-149. [PubMed: 12608879]

Rubenstein JL, Merzenich MM. Genes Brain Behav 2003;2:255-267. [PubMed: 14606691]
Rubinstein JH, Taybi H. Am J Dis Child 1963;105:588-608. [PubMed: 13983033]

Rueda N, Florez J, Martinez-Cue C. Neurosci Lett 2008;433:22-27. [PubMed: 18226451]

Rumpel S, Kattenstroth G, Gottmann K. J Neurophysiol 2004;91:1097-1101. [PubMed: 14762153]

Sale A, Maya Vetencourt JF, Medini P, Cenni MC, Baroncelli L, De Pasquale R, Maffei L. Nat Neurosci
2007;10:679-681. [PubMed: 17468749]

Neuron. Author manuscript; available in PMC 2009 July 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ehninger et al.

Page 11

Sawtell NB, Frenkel MY, Philpot BD, Nakazawa K, Tonegawa S, Bear MF. Neuron 2003;38:977-985.
[PubMed: 12818182]

Shahbazian M, Young J, Yuva-Paylor L, Spencer C, Antalffy B, Noebels J, Armstrong D, Paylor R,
Zoghbi H. Neuron 2002;35:243-254. [PubMed: 12160743]

Silva AJ, Frankland PW, Marowitz Z, Friedman E, Laszlo GS, Cioffi D, Jacks T, Bourtchuladze R. Nat
Genet 1997;15:281-284. [PubMed: 9054942]

Spolidoro M, Sale A, Berardi N, Maffei L. Exp Brain Res. 200810.1007/s00221-008-1509-3in press.
Published online July 31, 2008

Tailby C, Wright LL, Metha AB, Calford MB. Proc Natl Acad Sci USA 2005;102:4631-4636. [PubMed:
15767584]

Trachtenberg JT, Chen BE, Knott GW, Feng G, Sanes JR, Welker E, Svoboda K. Nature 2002;420:788-
794. [PubMed: 12490942]

Uhlmann EJ, Wong M, Baldwin RL, Bajenaru ML, Onda H, Kwiatkowski DJ, Yamada K, Gutmann DH.
Ann Neurol 2002;52:285-296. [PubMed: 12205640]

van Slegtenhorst M, de Hoogt R, Hermans C, Nellist M, Janssen B, Verhoef S, Lindhout D, van den
Ouweland A, Halley D, Young J, et al. Science 1997;277:805-808. [PubMed: 9242607]

van Woerden GM, Harris KD, Hojjati MR, Gustin RM, Qiu S, de Avila Freire R, Jiang YH, Elgersma
Y, Weeber EJ. Nat Neurosci 2007;10:280-282. [PubMed: 17259980]

Vanderklish PW, Edelman GM. Genes Brain Behav 2005;4:360-384. [PubMed: 16098135]
Vannucci SJ, Hagberg H. J Exp Biol 2004;207:3149-3154. [PubMed: 15299036]
Volkow ND, Li TK. Pharmacol Ther 2005;108:3-17. [PubMed: 16098597]

Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR, Dymov S, Szyf M, Meaney
MJ. Nat Neurosci 2004;7:847-854. [PubMed: 15220929]

Weeber EJ, Jiang YH, Elgersma Y, Varga AW, Carrasquillo Y, Brown SE, Christian JM, Mirnikjoo B,
Silva A, Beaudet AL, Sweatt JD. J Neurosci 2003;23:2634-2644. [PubMed: 12684449]

Weinberger DR. Arch Gen Psychiatry 1987;44:660-669. [PubMed: 3606332]

Williams CA, Beaudet AL, Clayton-Smith J, Knoll JH, Kyllerman M, Laan LA, Magenis RE, Moncla
A, Schinzel AA, Summers JA, Wagstaff J. Am J Med Genet A 2006;140:413-418. [PubMed:
16470747]

Zeng LH, Xu L, Gutmann DH, Wong M. Ann Neurol 2008;63:444-453. [PubMed: 18389497]
Zoeller RT, Rovet J. J Neuroendocrinol 2004;16:809-818. [PubMed: 15500540]

Neuron. Author manuscript; available in PMC 2009 July 14.



Page 12

Ehninger et al.

8002 “'[e 18 Jabuluy3

IS EDE]]

pue juswabiejus
uresq ‘(AnanoeodAy
‘Buidsero quuiipury)
sBuipuiy [eaibojoinau

pooyljnpe 03 panuiuod sem
pue T Aep [ereulsod Je papels Juswies.y

(Jongiyur Yo 1 w) uroAwedes

801w JuBINW
T9s1 snobAzowoy [euoinau

adAouayd
uonenusalod wiar-Huo|
‘UOITRUIWIIOSIP 1X81U0D

(uoIreUIWILIZSIP 1X81UOD) JOIABYS]
01 Jord sAep G Jo (9zew 1a1eMm SLLION)

S13pJoSIp JoIABYS]
‘wsnne ‘Asdajida

‘(9zew Ja1eM SLIION)  JOIARYSQ YNM AJJURIILIOJUOD Paliels 20S1L ‘saniigesip Buiures|
800z “"[e18 Jabuluyg snuouap Bulues| |eneds JUBWIEaJ) (921W PJO-YIUoW-9 0} -§ (Jongiyur Yo L w) uroAwedes ol _,zos1 10 TDSL Ul suoneInw snobAzolarey ‘AJ[1gesip [en3da||aul S1S0J3]9S SnoJagn |
uonenusajod wiay-Buo|
JUa19143p ‘Buluonipuod
Jeay 1X81U09 Ul 1191Jap
¥00Z “'[e 18 UodJEe|Y AKiowsw wis-Buol Joineyaq 01 Joud jusuiyeals s|Buls (JonqIyur OVAaH) YHVS
>selr uonubooal
€002 103(qo ut yo1yep (Awausbouajay onoush
““|e 18 9zpenoydunog Aowsw wiay-Huo| JOIARYS(Q 0} Jold Juawieal) ajbuis (ssonqiyul -3ad) weidijol ‘gT20LH 201w \:ago nqg) 4g9 ui suoneinw snobAzolslay Apigesip [enyos)siul BWOIPUAS 19Ae ] -ulsisuigny
(ezew Ja1em SLLION) (1s1u0BeIUe
800Z ““[e18epany suoyap Bulures [ereds  SyLOW e PalIelS JUSLLILaI) Yaam / 101da0al YyygyD) aj0zela) -aus|Awuad
uonenuajod wJsl-Huoj
1UBID1J3P ‘UoIIeUIR) R
snoauejuods PaNUIIUOJSIP SeM Juswieal} JI UsAd Asdajida
“ise} uoiubodal SUyIuOwW J0} palse| 19849 dnnadelayy ‘S19pJOSIp J0IABYS]
108[q0 UI SHO1BP  SY3M Z :UONEINP JUSLIILaI] DAIIIBLD (s1s1uoBeyue J0ydaoal Yyygyo) ‘saniigestp Buiutes)
1002 ““|e 10 zapueusa4  Alowsw pue Buiuies| WINWIUIW ‘891W PJo-yuow-y 01 -€  apljeqojiq ‘ajozelisl -auajfyuad ‘uixoyoloid 90IW UQG9SL Tz AwosLy ‘AIjigesip fenyos|jaiul BWOIPUAS s, umoq
uonenuajod
wug)-Buoj ui syo1ep
‘SH1ap uoniqiyu!l
as|ndaud ‘(3501 awin
uoloeal pazijelare|)
S)2148p UORUBNE (azew
pue (azew Jayem Ja1eM SLLIOIN)J01ARYaq 0} Jolid sAep
G00Z “Ie19 17 SUJON) Buluses] jeireds € pareniul Sem Juswiieal) ‘adiw ynpe  (J0MgIyul 8se1onpal o HIAH) UNRISeAO|
(azew Jarem SLUOIA) J0IARYSQ UM (1onqiyur
2002 “[e18®1500 suonap Bulutes| [erreds  AjJue}IWIOOUOD JusWILaI} ‘B31W }Npe aselajsuel)-|Asauey) €9GT6T SING AW _, TIN suoneInw T4N snobAzousrsy saljiqesip bulules| | SISOJeWO04q1J0INaN
ERIIESETEN| (s)adArouayd s|re1aq Juswiesd | fnuqg 19POIN [eWIUY asneD 2118Us) sadAlousyd aWoJpuAs
panasay aLeIydAsdoanaN
T3alqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

available in PMC 2009 July 14.

1

Neuron. Author manuscript



Page 13

Ehninger et al.

5002 ‘e 18 apLIgON

(d3d Aq saily SX4 Ut
anasal) Alowaw wisy
-Jioys ‘Alowaw [eoal

aleIpaww ‘I01ABY3q
diysunoo anleu

(uo1so2a aloyeq)
juswdojansp Buunp Ajuo Juawiean

(S6YTHEAT

‘wniyy ‘d3diN

Aq sl SX 3npe
u1 anasal) Alowsw
wusy -uoys ‘(d3dn
Aq sl SX 3npe
u1 anasal) Alowsw
11284 sjeIpawwI
‘(sa1]4 10U0d

ul Joineyaq diysunod
pasealdap sbnip

112 '9dLIN ‘OddIN
‘wnIyi| ‘SeYTYEAT
‘d3dN Aq sally SXd
1INpe Ul uoIeI0ISal
lened) Jo1ABY3q
diysunoo anreu

(uo1so]99 Ja1ye)
poouynpe Ul pawels Juawieal) skep ¢

(swreuy Buipea. uado
TAWYP 83U Ul UOIEINW YIysawuely
© Bulureluod ausbsuely e

wniyy| ‘(s1stuoBeiue  yum siuenw TJwyp snobAzowoy)

Unow) 9dLN ‘OddIN 'S6YTYEAT ‘d3dIN

Japow ejiydosolp X ajibeuy

auab THINA Jo Burouayis jeuondiiosue
01 spea| Jeys uoisuedxa yeadal 191d1i}

Asdajida ‘siapiosip
loineyaq ‘seni|igesip
Buiures] ‘wisnne
‘Rugesip renos|jajul

BWOIPUAS X a]1belH

£00Z e 18 Uomy]

(Aureys) ‘AydosuadAy
1189 ajnue.b sniAb
aYeluap ‘seunziss) 8w
Inpe o1rewoidwAs

U1 saunjeay

a1dAjouayd Jo [esianal

S)99M g—i7 10} JuaLLIea] ! (abk JO Syeam
9T 01 9 wouy Buibues) onewoidwAs
K432 819Mm 321 JUBINW USYM PaLIeIs
JuBWIeaI} ‘891W J|Npe JO SISAjeue 1oy}

(Jongiyur yo1w) 622-190

ua1d Jo uonsjap
snoBAzowoy [euonau yim aoiw

suolrenw N3.1d

Asdajida eixere ‘Ajigesip
|en1oa||a1ul :aseasip
sojong-sniwisy

WISy ‘aseasiq UspmoD
‘aseasi SojoN-aniwIay

800Z ""[e 18 buaz

uoneziuebio

[euoJnau [ewJsouqe
pue sisojfolise

0 uonuanaid
‘(sdnoJb juawiealy
pog ur) Aureysa|

pue SaINZIas JO anasal

(19sU0 aInziss Jayye)
abe J0 sy9am 9 e Jo (18SU0 8INnzIss
21018Q) $}89M Z Je pajelliul JusLuyeal)

(Jouaryur Yo Lw) uroAwedel

301w JuBINW
19s1 snobAzowoy [eijfonse

8002 “[e 18 3PN

CRIVEN ETEMN ]

uoneulpAw

pasredwi ‘orjel
wBrem Apogyureiq
parenss ‘(uonisod
|1e1 JueJaqqe ‘sisoydAy
‘JowsaJ) ‘Buidse]d)
sBuipuyy eatbojoinau

(s)adAy0uayd
panasay

POOLINPE 0} PANUIILOD SeM pue
6—/ Aep [ereuisod 1e paviels JsLIea.

s|re1a( JuswWILal |

(ssonquyur Yo 1 W) T00AVY ‘UroAwedel
bnig

201W JuBINW
19s snoBAzowoy [euoinau

[9POI [eUNUY

asneD 2118ua)

sadAjouayd
aureIydAsdoanaN

aWoIpuAs

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

available in PMC 2009 July 14.

1

Neuron. Author manuscript



Page 14

Ehninger et al.

(uonipuod fesauab Jood
‘1owaJy ‘yeb ‘Buiyreaiq
JenBaull ‘eraul
‘Burdse|o quiipury)
8109s punodwiod

1002 “[e s Ano |eaiBojoinau

aseasip
1ea160]04nau pasianal swoldwAs
1e2160]04N8U JO JUBYSI|QEISd

Jaye zdoa|A JO uoleAnde ‘pawlopiad
sem zdoas|\ Jo uoneAnde jejodwa)
JUBJAHIP YNM SjuswIIadXa JO SaLIaS e

(uagixowre) Jo aouasaid ul Ajuo snajonu
0]UI UONEIO|SURI} 81D) aN18SSed dOLS
10 UONBI3P pareIpall-a1) Ag uoissaidxa
2doa|Al JO uoIeANIR (8NJsal J11auUsb

aM8ssed 4O S -Xo| Jo
uoruasul Aq pasua|is auab gzdos|\

suoneinw ¢dd03N

(Ayonseds

‘ealoyd ‘e1uclsAp
‘ejuojodAy ‘eixere
‘Bunjiem Jo aouasqe
10 Aejap) swordwAs
Jojow ‘Asdajida
‘sainyeay osine
‘Auigesip [enyos)|aiul

3WOIPUAS 118y

uonenusjod

wia)-Buoy walioiyep

“yB1am Apoq paseaoul
‘suoyap Buruonipuod

B3} 1X8)U0d

‘(azew Jayem SLLIOIA|)

snouap Bulutes)

leneds ‘(po.ejos

Bunyessjaaae) suolsp

1002 UOITeUIPI00D JoJoW
““[e 18 UBPJIOAN UBA ‘sainzias d1usbolpne

ABojoyred

Jereussod Jo aouanbasuod e se abiawe
sadAjouayd _uy+d@E€R0N JeL) s1s9b6ns
uoleln 90E L/ASOEL-1IMINeDP
Aq sadfyousyd /+dBEAUN 40 aNIsal

301W JUBINW WY90EL
JASOEL-11MNeDP snobAzolalay o) passolo
8JBM 80IW_,  {BEBCN :3N0S3I D1jBUBD

Amu_E\E\ammeDv uoneINw
egagn paiayul Ajjeutsrew
' Y)m 301w snobAzolsiay

suoneINW
ve3dn ‘€T-TThST awosowolyd
uo saush pajunidwi JO uoIIUNY-JO-SSO|

(018 “181ybBne| Jusnbaiy
‘AAnoeladAy) sainyesy
|eJoineyaq ‘Asdajida
‘syuawwiiredwi abenbue|
‘S19PJOSIP JUBWIBAOW
‘saniigestp Buiutes)
‘Auigesip [enyos)jaiul

3WOIPUAS uewabuy

Aonse|d soueuiwop
Je[noo ‘Alisusp auids
anLpuap ‘ymmolb Apog
palelajadde ‘sainzias
o1usboipne ‘uonouNXa

100z "[e12 Usjo@  3dueploAe Alougiyul

ERVESETENS| (s)adAy0uayd

panosay

pooyynpe ui pue
juswdojanasp Burinp paonpal uonouny
3uab :GYNIOW Ul uonEINW duljw.iah

s|re1a( JuswWILal |

201W
jueInWw gYN|OW snobAzolslay 0} passold
3J9M 901W JUBINW TJW- :8ndsal o11auah

bnig

9JIW juelInw TiwH

[9POI [eUNUY

asneD 2118ua)

sadAjouayd
aureIydAsdoanaN

aWoIpuAs

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

available in PMC 2009 July 14.

1

Neuron. Author manuscript



