
Homeostasis is the ability of a system to return to a set point following 
perturbation. Much is understood about neuronal homeostatic mecha-
nisms at the level of physiological output (for example, the nerve action 
potential), but the underlying molecular processes are the subject of 
intense investigation. The developing and learning brain is composed 
of neurons that must continue to carry out routine functions even while 
neurogenesis is occurring and the synaptic connections between neu-
rons are being strengthened, remodelled and pruned. Neurons within 
affected networks must therefore make homeostatic responses to re-
establish a proper balance of excitation and inhibition. Recent clinical 
studies show that loss or gain in dosage of proteins or RNAs in differ-
ent neurodevelopmental syndromes often results in similar or over-
lapping sets of neurological symptoms, suggesting that the molecules 
involved in cognitive and behavioural processes participate in highly 
regulated homeostatic mechanisms. This inability of neurons in vivo to 
compensate for seemingly minor alterations in protein or RNA dosage 
should teach us something about the nervous system. It may help us 
to answer questions such as: Why are there hundreds of known genes 
whose alteration causes mental retardation or autism, yet rarely can we 
predict genotype solely on the basis of neurophenotype? And why is 
autism a prominent feature of so many disorders affecting cognition?

Inherent in this discussion is the fact that single genes or proteins 
do not encode specific behaviours or neurological deficits but instead 
encode biological functions. When disruption of biological pro cesses 
leads to neuronal dysfunction in a developing brain, numerous pheno-
types may result, depending on the function(s) subserved by the 
affected cell type and other neurons within the network. In other words, 
neuro developmental disorders are not cell autonomous because even 
neuron-specific changes will always affect the neuronal network. Loss 
or gain of function of any protein that alters synaptic output may cause 
neurological or psychiatric phenotypes because changes in neuronal 
excitability demand compensation, which may, in turn, exhaust the 
homeostatic capacity of the network. In vitro and ex vivo model systems 
have demonstrated the exceptional ability of neurons to compensate 
for experimental perturbations by modulating ion channels, receptors, 
signalling pathways and neurotransmitters. At the molecular level, such 
homeostatic processes require chromatin remodelling, changes in gene 
expression and repression, changes in protein production and turnover, 
and cytoskeletal rearrangement.

The disorders discussed in this Review all represent the cumulative 
impact of inappropriate gene dosage on a neuronal system and variously 
involve abnormal regulation of gene expression by small non-coding 
RNA molecules, alteration of RNA metabolism leading to abnormal pro-
tein synthesis, abnormal protein turnover, abnormal chromatin modu-
lation and gene expression, and altered cytoskeletal dynamics. Amazingly, 
these disorders show that the inability to maintain neuronal homeostasis 
at the level of a variety of molecular processes is sufficient to cause com-
mon end points such as mental retardation, epilepsy and autism (Fig. 1). 
There are almost no medical therapies for these conditions, yet we know 
from animal models of some of them — for example, Angelman syn-
drome, fragile X syndrome and Rett syndrome — that the therapeutic 
potential exists. Thus, never before has the promise for neuroscience to 
uncover the molecular underpinnings of cognition, social interaction 
and behaviour been greater, nor has the potential to discover treatments 
that restore homeostasis to a diseased brain been riper.

In this Review, we discuss the pathophysiology of six neurodevelop-
mental disorders that illustrate instances in which loss or gain of molecu-
lar function converge on the common phenotypes of mental retardation 
and autism spectrum behaviours. We put forward a hypothesis in which 
the failure of neuronal homeostasis or homeostatic compensation leads 
to neuronal networks with weakened synaptic flexibility and to common 
clinical end points.

Abnormal protein synthesis disrupts synaptic function
Levels of RNA and protein are regulated by transcription and translation, 
respectively. Whether a messenger RNA molecule will be translated into 
protein often depends on the presence of RNA-binding proteins that 
regulate the translation of specific mRNA molecules, thus providing 
a mechanism for regulating temporal and spatial patterns of protein 
expression. Fragile X syndrome, the disorder we discuss first, involves 
abnormal dosage of an RNA-binding protein that results in a devastating 
neurological outcome.

The discovery of a CGG repeat expansion in the 5ʹ untranslated region 
of the gene FMR1 led to insight into the pathophysiology of a com-
mon form of heritable mental retardation, fragile X syndrome1. Hyper-
methylation of the expanded CGG repeats and upstream CpG island 
leads to transcriptional silencing of FMR1 (ref. 2). Mental retardation, 
characteristic facies (facial appearance), macro-orchidism, autism and 
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epilepsy occur with a full mutation of >200 repeats2. Fmr1-null mice 
have abnormal maturation of, and pruning of, dendritic spines, resulting 
in abnormal dendritic-spine morphology similar to that observed in the 
cerebral cortex of patients with fragile X syndrome3 (Fig. 2b). Transgenic 
mice that overexpress a human FMR1 transgene develop hypoactivity, 
anxiety and abnormal responses to sensory stimulation4 and predict a 
human gain-of-function disorder.

The product of normal FMR1 is an RNA-binding protein, FMRP, that 
associates with polyribosomes and suppresses the translation of specific 
mRNA molecules2. Identification of mRNAs differentially associated 
with the FMRP ribonucleoprotein complex suggested that activity-
dependent alterations in local protein synthesis at synapses leads to the 
neurological consequences of fragile X syndrome5,6. The fact that activ-
ation of group 1 metabotropic glutamate receptors (mGluR) stimulates 
synaptic protein synthesis in an mRNA-translation-dependent manner 
led to the mGluR theory of fragile X pathogenesis7,8. In the absence of 
FMRP, mGluR5 signalling stimulates increased internalization of the 
ionotropic AMPA receptors for glutamate9. Also, the mGluR-induced 
translation of proteins that are crucial for surface expression of the 
AMPA receptor, such as AMPA receptor subunits and postsynaptic-
density protein 95 (PSD95), does not occur10. These data support a 
model in which loss of FMRP leads to an increase in baseline protein 
synthesis to the extent that synaptic activation does not induce the add-
itional local protein synthesis necessary to regulate synaptic plast icity 
appropriately10.

Treatment with a non-competitive mGluR5 antagonist rescues the 
AMPA-trafficking defect in cultured hippocampal neurons9, the seizure 

phenotype of Fmr1-null mice11, and the synaptic plasticity, court-
ship behaviour and mushroom-body defects in a Drosophila model of 
fragile X syndrome12. Furthermore, a 50% reduction in mGluR5 expres-
sion in Fmr1-null mice rescued synaptic plasticity, dendritic-spine den-
sity, protein synthesis, and memory and epilepsy phenotypes8. This 
discovery, and the fact that a 50% reduction in mGluR5 does not lead 
to overt behavioural phenotypes in normal mice8, has generated much 
excitement over the potential of mGluR5 antagonists to improve the 
neuro developmental phenotypes of fragile X syndrome. In summary, 
FMRP and mGluR5 signalling seem to oppose each other functionally in 
the regulation of local synaptic protein synthesis in an activity-dependent, 
homeostatic manner. In addition to causing abnormal protein synthesis 
and dynamically weakened neurons (neurons with attenuated ability 
to respond to change), loss of FMRP probably also causes secondary 
homeostatic changes that further damage neuronal networks. 

MicroRNAs and cognition
Small non-coding microRNAs (miRNAs) that repress the translation 
of target mRNAs are emerging as important second-tier regulators of 
protein levels. In our next example, that of the heterozygous 22q11.2 
deletion and duplication syndromes, altered dosage of an RNA-binding 
protein important for the processing of miRNAs may underlie significant 
neuro developmental and psychiatric morbidity. 

The 22q11.2 deletion syndrome is caused by the loss of the q11.2 
region from one copy of chromosome 22. Individuals with this deletion 
syndrome have highly variable phenotypes, including the pheno typic 
constellations that are typically associated with DiGeorge syndrome 

Figure 1 | Loss of protein or RNA function causes neurodevelopmental 
disorders with phenotypes overlapping those caused by gain of protein 
or RNA function. Each pair of ovals demonstrates loss and duplication 
of the same chromosomal region. Phenotypes unique to loss of function 
are shown in yellow; phenotypes unique to gain of function are shown in 
blue; phenotypes common to both loss of function and gain of function are 

shown in green. Each of these alterations in neuronal function converges on 
pathways that cause mental retardation and autism or abnormal behaviours. 
(Both Prader–Willi syndrome (PWS) and Angelman syndrome (bottom) 
involve deletion of 15q11–q13.) MECP2, gene encoding methyl-CpG-
binding protein 2; PLS, Potocki–Lupski syndrome; SMS, Smith–Magenis 
syndrome; WBS, Williams–Beuren syndrome.
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and/or velocardiofacial syndrome. Developmental and neuro psychiatric 
phenotypes are prevalent in individuals with the 22q11.2 deletion syn-
drome and include developmental delay, learning difficulties, epilepsy, 
hyperactivity, anxiety, autism, obsessive–compulsive disorder, bipolar 
disorder and schizophrenia13–15. In fact, 22q11.2 deletion conveys the 

strongest DNA-based risk factor identified so far for developing schizo-
phrenia14. Unexpectedly, the duplication of 22q11.2 (the reciprocal of the 
22q11.2 deletion) was recently identified in individuals with develop-
mental delay, learning disabilities, behavioural problems, cardiovascular 
abnormalities, velopharyngeal insufficiency, growth retardation and 
dysmorphic features — phenotypes similar to those of individuals with 
the 22q11.2 deletion syndrome16,17 (Fig. 1). 

Cardiovascular anomalies and impaired sensorimotor gating 
(the abnormal modulation of sensory information transmitted to a 
motor system, resulting in abnormal behavioural output) are repro-
duced in a mouse model with deletion of the region homologous to 
human 22q11.2 (refs 18, 19). Mutation of a single gene in the critical 
region, TBX1 (which encodes a T-box-containing transcription fac-
tor), reproduces most physical features of DiGeorge syndrome and 
velocardio facial syndrome in human patients20. TBX1 mutation has 
been implicated in nonspecific cognitive dysfunction and in a boy 
with Asperger’s syndrome18, and haploinsufficiency for Tbx1 or Gnb1l 
(which encodes a G-protein-β-subunit-like protein) is sufficient to 
cause abnormal sensorimotor gating in mice18. Transgenic mice that 
overexpressed a region of human 22q11.2 encompassing four genes, 
CDCREL (which encodes a substrate for the ubiquitin–protein ligase 
parkin), GP1B (which encodes a platelet-surface membrane protein), 
TBX1 and GNB1L, showed hyperactivity and a lack of habituation that 
could be ameliorated by treatment with anti psychotic medication21. 
Other genes in the 22q11.2 deletion region have been put forward as 
candidate genes for schizophrenia; however, none has been incontrovert-
ibly linked to psychiatric or neurodevelopmental phenotypes22.

Transcriptional profiling in a mouse model lacking the 22q11.2-
homologous region revealed consistent upregulation of miRNA-
related transcripts in the hippocampus and prefrontal cortex23. One of 
the genes mapping to the 22q11.2 deletion region is DGCR8, which 
encodes a double-stranded RNA-binding protein that is part of a com-
plex that processes primary miRNAs to mature miRNAs. Thus Kimberly 
Stark et al.23 proposed that DGCR8 might mediate this effect. Indeed, 
haplo insufficiency for Dgcr8 in mice resulted in abnormal miRNA 
biogenesis, smaller dendritic spines, a less complex dendritic tree and 
impaired sensorimotor gating and spatial working memory, suggest-
ing the hypothesis that abnormal processing of miRNAs may lead to 
the neurological and behavioural phenotypes observed in the 22q11.2 
deletion syndrome23, perhaps through the inability of neurons to regu-
late translational responses to stimuli. Like the loss of FMRP, the loss of 
DGCR8 may lead to dynamically weakened neurons and compensatory 
homeostatic mechanisms that damage neuronal networks. The study by 
Stark and colleagues23 put forward a new role for miRNAs in cognitive 
processes and predicted that other components of this pathway might 
contribute to neurological and psychiatric disease in humans.

Imprinting failure disrupts protein and RNA dynamics 
A key mechanism for fine-tuning gene dosage is genomic imprinting, the 
phenomenon in which only the maternal or paternal copies of certain 
genes are expressed as a result of differential cytosine methylation on the 
maternally and paternally inherited homologous chromosomes. Biologi-
cal processes that are extremely vulnerable to altered protein dosage must 
exist to explain why some gene dosages are so critical that imprinting 
is necessary. The disorders discussed next illustrate the extreme dosage 
sensitivity of certain genes required for proper neuronal function.

Chromosome region 15q11–q13 is the best-characterized imprinted 
region in the human genome24 because altered gene dosage resulting 
from uniparental disomy, imprinting-centre mutations or hemizygous 
deletion results in two distinct disorders: Angelman syndrome (which 
involves the loss of maternal genetic information) and Prader–Willi syn-
drome (PWS, which involves the loss of paternal genetic information)25. 
Individuals with Angelman syndrome typically show mental retard ation, 
autism, microcephaly, gait ataxia, tremor, epilepsy, and inappropriate 
hand flapping, laughing and excitability 24. PWS is characterized by infan-
tile hypotonia (abnormally low muscle tone) and failure to thrive, which 
progresses to excessive eating and obesity by early childhood, and mental 

a
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Figure 2 | Loss or gain of protein or RNA function results in altered neuronal 
homeostasis or ‘imbalance’. Homeostasis is represented by the balance of a 
weighted ball floating in water. Individual proteins involved in the following 
syndromes are each represented by a coloured shape. a, Representation of 
a healthy neuron, with proteins in balance. b, Representation of a neuron 
in fragile X syndrome, with normal dendrites but an increased density of 
longer, thinner, immature-appearing dendritic spines. c, Representation 
of a neuron in Angelman syndrome, with normal dendrites but a decreased 
density of, and abnormally shaped, dendritic spines. d, Representation of 
a neuron in Rett syndrome or Mecp2-null mice, with decreased density 
of dendrites and decreased density of, and abnormally shaped, synapses 
(represented by dendritic spines). e, Representation of a neuron from 
mice in which Mecp2 is duplicated, with increased density of synapses 
(represented by increased density of dendrites and dendritic spines).
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retardation, hypogonadism and abnormal behaviours (inclu ding autism, 
psychosis and obsessive–compulsive behaviour)26. An overlapping clin-
ical syndrome (Fig. 1) caused by increased maternal copy number of 
15q11–q13 (the critical region for Angelman syndrome and PWS) also 
occurs, and includes hypotonia, mental retardation, autism, stereotypies, 
epilepsy and a spectrum of congenital anomalies25.

The gene responsible for Angelman syndrome has been identified as 
that encoding ubiquitin–protein ligase E3A (UBE3A), because point 
mutations in this gene are sufficient to cause Angelman syndrome24. 
UBE3A marks proteins for degradation by the proteasome; however, 
the target proteins that fail to be degraded in Angelman syndrome have 
not been identified24. UBE3A is expressed from the maternal allele in the 
brain but is expressed from both alleles in peripheral tissues, suggesting 
that, to maintain proper function, neurons in the brain have a dosage 
requirement that differs from that of other cell types24. Mice deficient 
in the maternal Ube3a allele have abnormal dendritic spines (Fig. 2c), 
microcephaly, impaired motor function, impaired spatial learning and 
epilepsy, closely mimicking the human disorder27. The recent identific-
ation of an individual with typical PWS and paternal deletion of the genes 
encoding small nucleolar RNAs (snoRNAs, which are non-coding RNA 
molecules generally involved in RNA processing) confirmed previous 
hypotheses that paternal deficiency of the HBII-85 snoRNA cluster is 
sufficient to cause most features of PWS26,28. Mouse models with deletion 
of the homologous snoRNA cluster reproduce the neonatal hypotonia, 
growth retardation, abnormal motor learning, increased anxiety and 
hyperphagia observed with larger deletions29.

It follows that the identification of UBE3A and HBII-85 targets is 
likely to demonstrate that failure of normal protein turnover in Angel-
man syndrome and failure of proper RNA processing in PWS also lead 
to dynamically weakened neurons and neuronal networks that are at the 
mercy of secondary compensatory mechanisms. The identification of 
these target proteins and RNAs will pinpoint novel pathways that could 
be targeted therapeutically.

A dosage-sensitive transcription factor
It is no surprise that improper dosage of a transcription factor essential for 
the regulation of gene expression can lead to detrimental consequences 
for neuronal networks in a developing brain. The disorders discussed in 
this section are caused by the altered dosage of such a protein. 

Smith–Magenis syndrome (SMS), a constellation of infantile hypo-
tonia and failure to thrive, congenital anomalies, mental retardation, 
behavioural problems (including self-mutilation, aggression, hyper-
activity, stereotypies and often autism), obesity, sleep disturbance, 
decreased pain sensitivity and epilepsy30,31, is in most individuals due to 
heterozygous deletion of 3.7 Mb in chromosome 17p11.2 (refs 32, 33). A 
few patients are haploinsufficient for the retinoic-acid-induced 1 (RAI1) 
gene product as a result of truncating mutations, indicating that RAI1 is 
the primary dosage-sensitive culprit in SMS30,34.

In a mouse cell line (P19 embryonal carcinoma cells), Rai1 is upregu-
lated subsequent to retinoic-acid-induced neuronal differentiation35. The 
RAI1 protein contains a bipartite nuclear-localization signal, polyserine 
and polymorphic polyglutamine tracts, and a carboxy-terminal PHD/
zinc-finger domain36. The amino-terminal region of RAI1 is sufficient to 
activate transcription in heterologous reporter gene assays37. Therefore, 
RAI1 may function in chromatin remodelling and transcriptional pro-
cesses31. Targeted disruption of Rai1 in mice led to embryonic or peri-
natal lethality and severe craniofacial and skeletal abnormalities in the 
homozygous state37, although a small percentage of null animals survived 
the neonatal period and frequently developed epilepsy and motor and 
learning deficits38. Rai1-haploinsufficient mice experienced obesity, less 
severe craniofacial abnormalities37 and less frequent epilepsy 38. 

Duplications of 17p11.2 (the reciprocal of the SMS-causing micro-
deletion) cause Potocki–Lupski syndrome (PLS), which is character-
ized by infantile hypotonia and failure to thrive, mental retardation, 
expressive language deficits, autism, sleep-disordered breathing and 
cardiovascular abnormalities39,40. The duplication-critical region has 
been narrowed down to a 1.3-Mb interval containing the RAI1 locus; 

however, contributions of other genes or regulatory regions to the PLS 
phenotype cannot be excluded40. Mice with duplication of the region 
homologous to human chromosome 17p11.2 (located in mouse chro-
mosome 11) are abnormally small and hyperactive and have deficits in 
learning and memory41. Transgenic mice that overexpress Rai1 show 
growth retardation, hyperactivity, anxiety and increased sensitivity to 
pain, as well as impaired gait, forelimb grip strength and sensorimotor 
activity; these phenotypes worsen as gene dosage increases31. 

Altered RAI1 dosage may not explain all of the phenotypes associated 
with SMS and PLS, but RAI1 seems to be the most dosage-sensitive gene 
in the 17p11.2 deletion/duplication region. Gain or loss of RAI1 function 
leads to overlapping neurological syndromes (Fig. 1). Individuals with 
SMS can interact socially to some extent but have severely maladaptive 
and aggressive behaviour30, and individuals with PLS primarily develop 
autistic features40, suggesting that RAI1 dosage is crucial in pathways 
that modulate these behaviours. Because little is known about the func-
tion and targets of RAI1, the next logical steps to delineating the under-
lying molecular pathways are to carry out expression array studies and 
genome-wide binding-site analysis of brain tissue from animals with 
loss or gain of RAI1 protein dosage, as well as to identify the binding 
partners of RAI1. Such studies should also provide exciting insight into 
the role of RAI1 in cognitive and behavioural processes.

Chromatin modulation essential for synaptic homeostasis
Chromatin remodelling occurs through mechanisms such as modific-
ation of histones, methylation of cytosine, regulation of DNA-binding 
proteins and recruitment of transcriptional activator and repressor pro-
tein complexes. The disorders discussed in this section are the result of 
improper dosage of a prototypical chromatin-remodelling protein.

Rett syndrome is one of the most common causes of mental retar-
dation in females42. After 6 to 18 months of apparently normal devel-
opment, affected females lose speech, social-interaction skills and the 
ability to learn43. They develop characteristic hand stereotypies, anxiety, 
microcephaly, epileptic seizures and impaired motor and autonomic 
control43. Mutations in the X-linked gene encoding methyl-CpG-binding 
protein 2 (MECP2) cause Rett syndrome44. Recently, males with Xq28 
duplic ations that include the MECP2 locus were found with infantile 
hypotonia, mental retardation, poor speech development, recurrent 
infections, epilepsy, progressive spasticity and autistic behaviours45–49, 
features that overlap with the Rett syndrome phenotype (Fig. 1). The 
smallest region of overlap among the duplications studied suggests that 
MECP2 is the primary dosage-sensitive gene in the duplicated region 
and is responsible for most of the observed phenotypes45–49. 

Mouse models of altered Mecp2 gene dosage exist and were reviewed 
recently43. Briefly, male mice that produce no MeCP2 protein are normal 
at birth but develop tremor, gait abnormalities, reduced spon taneous 
movements, and weight and breathing abnormalities, and they die by 
10–12 weeks of age50. Transgenic models in which mice overexpress 
human MECP2 also exist, including MECP2Tg1 mice (which produce 
twice as much MeCP2 as wild-type controls) and MECP2Tg3 mice (which 
produce three times as much MeCP2 as wild-type mice). MECP2Tg1 males 
are normal until 10–12 weeks of age, when they develop a progressive 
neurological disorder that includes a forepaw stereotypy, seizures, aggres-
sion, hypoactivity, spasticity, kyphosis (spinal curvature), poor grooming 
and ataxia; they die by 12 months of age51. MECP2Tg3 males model the 
human MECP2 triplication disorder45, are smaller than their wild-type 
littermates at birth, develop the most severe progressive neurological 
disorder, and die between 3 and 6 weeks of age51. Recent data from a 
Mecp2Flox/Y mouse model, in which mice express 50% less Mecp2 mRNA, 
and approximately 40% less protein, than wild-type mice, suggest that 
even this reduction in MeCP2 dosage is sufficient to cause neurological 
phenotypes, and predict that mild reductions in MeCP2 protein function 
might cause neuropsychiatric phenotypes in humans52.

The fact that loss of MeCP2 function leads to neurological syn-
dromes that overlap those caused by gain of MeCP2 function suggests 
that MeCP2 modulates crucial neuronal functions. Roles for MeCP2 in 
histone-deacetylase-dependent transcriptional repression, assembly 
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of secondary chromatin structure and regulation of RNA splicing have 
been demonstrated, but how these functions contribute to disease is 
not well understood51. Recent expression data from the hypothalami of 
Mecp2-null and MECP2Tg3 mice show that loss of MeCP2 function has 
an effect on gene expression that is opposite to that of gain of function, 
with MeCP2 gain primarily leading to transcriptional activation53. This 
study provided in vivo confirmation of an earlier genome-wide analysis 
that correlated MeCP2-binding sites with activation of nearby genes in 
a neuroblastoma cell line54. Whether this activation is direct or indirect 
is not yet known. Hippocampal glutamate-utilizing neurons that lack 
MeCP2 have a 46% reduction in synaptic response, and neurons pro-
ducing twice the normal amount of MeCP2 have a twofold increase in 
synaptic response55. These observations were explained by concomitant 
changes in the formation of glutamate-utilizing synapses55. 

MeCP2 is phosphorylated on the serine residue at position 421 in 
response to neuronal activity, and this modification is necessary for 
MeCP2 to modulate dendritic growth and spine maturation56. Further-
more, MeCP2 regulates the expression of the gene encoding brain-derived 
neurotrophic factor (Bdnf), an activity-dependent gene53,56,57. Mecp2308/Y 
mice (which have an early truncation of the protein at amino acid 308) 
model human Rett syndrome and have heightened physiological responses 
to stress that are manifested by increased anxiety and increased levels of 
corticosterone58. The gene encoding corticotropin-releasing hormone 
(Crh) is a direct target of MeCP2, and altered Crh expression occurs only 
in those brain regions where Crh is normally expressed58. 

Collectively, these findings demonstrate that MeCP2 modulates gene 
expression in neurons in response to changing physiological states, 
underscore its important role in neuronal plasticity, and indicate that 
disorders resulting from MeCP2 loss of function or gain of function are 
caused by a failure of synaptic homeostasis (Fig. 2d, e). 

Cytoskeletal modulation and molecular homeostasis
Dendrites and dendritic spines are crucial for synaptic function. For 
example, modulation of the cytoskeleton must occur during develop-
ment of the nervous system and throughout life to regulate the traffick-
ing and anchoring of neurotransmitter receptors in the postsynaptic 
density. The list of genes that are crucial for the regulation of dendritic 
spines and synapse structure, and that are altered in human mental retar-
dation and autism syndromes, is growing and now includes MECP2, 
FMR1, UBE3A, SHANK3 (which encodes a synaptic scaffolding protein), 
NLGN3 (neuroligin 3) and NLGN4, and NRXN1 (neurexin 1)59. Other 
genes that contribute to the development and modulation of synapses 
are those important to regulation of the cytoskeleton. The disorders dis-
cussed next are examples of how altered protein dosage leads to failure 
of cytoskeletal dynamics and dysfunctional neuronal systems.

Williams–Beuren syndrome (WBS) is caused by a hemizygous del etion 
of around 25 genes at 7q11.23 (ref. 60). Typical features include learning 
problems, mental retardation, visuospatial deficits, relative sparing of 
expressive language, inappropriate hypersociability, attention problems, 
dysmorphic facies, and cardiovascular and connective-tissue abnor-
malities60. Reciprocal duplication of this region causes language delay, 
decreased social interaction and repetitive behaviours60,61. Epilepsy and 
abnormal cortical migration have also been observed62. 

The cardiovascular phenotype that is commonly seen in WBS, supra-
valvular aortic stenosis, is caused by haploinsufficiency of the elastin 
gene63. Deletion of CYLN2 (which encodes cytoplasmic linker protein 115, 
CLIP115), LIMK1 (a LIM kinase) and FZD9 (the receptor frizzled 9) may 
contribute to the cognitive phenotypes observed in WBS64. Frizzled 9 
is a WNT receptor that is selectively expressed in the hippo campus65. 
Fzd9-hemizygous mice show increased apoptosis in the developing 
hippo campal dentate gyrus, a decreased seizure threshold, and impaired 
visuospatial learning65. Individuals with WBS have overall smaller brain 
volumes with decreased subcortical white matter, increased cortical 
folding and abnormal cell-packing densities in some regions, raising the 
possibility that FZD9 contributes to such phenotypes64.

In mice, Cyln2 is expressed by many neurons and encodes the highly 
conserved protein CLIP115, which specifically associates with the ends 

of growing microtubules to regulate microtubule dynamics64. Cyln2 
hemizygosity leads to growth deficiency, altered brain morphology, 
altered hippocampal synaptic plasticity and specific motor coordination 
deficits in mice66. Microtubule dynamics are not altered, but increased 
accumulation of CLIP170 (another cytoplasmic linker protein) and 
dynactin occurs at microtubule ends in fibroblasts cultured from these 
animals66. More work is necessary to understand the contribution of the 
CLIP115 protein to cognitive function. 

LIMK1 encodes a serine/threonine kinase that is expressed pri-
marily in the central nervous system67. LIMK1 functions downstream 
of RHO signalling to regulate actin dynamics through inactivation of 
the actin-depolymerization factor cofilin by phosphorylation67. Brain 
tissue from Limk1-knockout mice showed decreased cofilin phosphoryl-
ation, decreased accumulation of actin filaments in dendritic spines, 
abnormal clusters of actin filaments in dendrites, altered spine mor-
phology, and altered presynaptic and postsynaptic function (inclu ding 
enhanced hippocampal long-term potentiation)67. In regard to behav-
iour, the gene-knockout mice showed abnormal conditioned and 
spatial learning67. The importance of LIMK1 to spine morphogenesis 
and synaptic function underscores the role of synaptic homeostasis in 
neurological disorders67–69.

These results suggest that loss or gain of CLIP115 or LIMK1 results 
in neurons with decreased ability to dynamically regulate cytoskeletal 
structure in response to the requirements of synaptic strengthening, 
remodelling and pruning processes. 

Homeostatic control mechanisms control network function
The overlap of neurodevelopmental and psychiatric phenotypes (such 
as mental retardation, epilepsy, autism and other abnormal behaviours) 
that results from either loss or gain of the same proteins or RNA mol-
ecules supports an emerging theme that normal cognition and behaviour 
depend on tight neuronal homeostatic control mechanisms. Neurons 
must constantly respond to changes in their excitability that depend on 
the stage of development and environmental factors. This plasticity can be 
affected by a variety of molecular processes that influence synaptic output, 
including chromatin state, RNA biogenesis, transcription, translation, 
protein turnover and cytoskeletal dynamics.

Why is it that neurons in vivo are less able than neurons in vitro to 
compensate for what seem to be minor alterations in gene dosage? One 
possibility is that neuronal functions that are crucial for cognition, lan-
guage and social development are particularly vulnerable. The extent 
of phenotypic overlap in these areas, irrespective of the molecular or 
cellular deficits, is curious. This is not to say that the disorders or pheno-
types discussed here are homogeneous; rather, overlapping cognitive, 
behavioural and social domains are commonly affected. Such overlap 
is not observed with other neurological signs, such as neuromuscular 
weakness or dystonia. Another possibility is that compensatory changes 
within individual neurons are insufficient to restore normal activity to 
a network. We suggest a model in which altered proteins that are them-
selves integral to neuronal homeostasis (for example, FMRP or MeCP2), 
or loss or gain of function of proteins that trigger homeostatic responses, 
lead to dysfunctional neuronal networks with weakened synaptic flex-
ibility (Fig. 3). We further propose that this lack of synaptic flexibility is 
what eventually causes the overlapping phenotypes.

The ability of a neuronal network to be flexible is limited by its inhibi-
tory and excitatory connectivities, the intrinsic variability of cells, and 
its developmental stage and epigenetic history (acquired changes in pat-
terns of gene expression that are not due to alterations in DNA sequence). 
A plausible explanation for periods of normal development before dis-
ease onset in neurodevelopmental or psychiatric disorders is that cells 
are able to compensate within a network for periods of time before an 
accumulation of variable and stochastic events causes system dysfunc-
tion. For example, it is interesting that girls with Rett syndrome have a 
period of normal development but that boys with the MECP2-duplication 
syn drome do not. Loss of MeCP2 function ultimately leads to clinical 
syn dromes that overlap with those caused by gain of MeCP2 function, 
despite these changes in MeCP2 resulting in opposite molecular signatures 
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in the neurons. This is not surprising given the multitude of processes 
that contribute to homeostatic regulation of neuronal function and the 
large number of genes whose expression is altered on either loss or gain 
of the protein53. Within the context of our model we predict that changes 
induced by either loss or gain of protein function dynamically weaken the 
responsiveness of neuronal networks to stimuli (Fig. 3). This model could 
also explain the fluctuating nature of many psychiatric diseases. 

Future challenges
To gain better insight into how neuron-specific defects compromise 
network function, improved techniques for studying neuronal networks 
in vivo are essential. It will also be crucial to evaluate whether and how 
the homeostatic capacity of a network is compromised following an 
initial compensatory process or in response to a primary defect. To 
determine whether multiple neuronal networks impinge on social 
behaviour, cognition and communication to cause a disorder such as 
autism, or whether subtle defects or changes within single networks are 
sufficient, will require specific investigations aimed at defining spatial 
and cell-specific threshold effects. Determining how to increase the 
synaptic flexibility of a network irrespective of the primary molecular 
defect might prove to be a fruitful way to manage the shared symptoms 
in this class of cognitive and behavioural disorders. Another therapeutic 
approach might involve dampening the homeostatic changes that occur 
in response to a primary defect.

The observation that functional loss or gain of proteins or RNAs 
involved in diverse processes leads to mental retardation, autism and 
other neuropsychiatric symptoms predicts that there are likely to 

be hundreds to thousands of genes whose alteration results in these 
common neurological phenotypes. A recent search by us of the Online 
Mendelian Inheritance in Man (OMIM) database yielded 305 genes 
known to be associated with mental retardation, 51 with autism and 
75 with a behavioural disorder. 

Another important prediction based on this theory of failed neu-
ronal homeostasis in neuropsychiatric disease is that disorders such 
as schizophrenia, bipolar disorder, anxiety disorders and obsessive–
compulsive dis order will have two main aetiologies. One will be genetic, 
with such dis orders being caused by less severe alterations either in some 
of the genes or pathways that cause severe neurodevelopmental dis orders 
such as autism (and whose effects often converge on the synapse) or 
in genes that have a crucial role in modulating synaptic plasticity in 
adolescence and into adulthood. The identification of individuals with 
significant psychiatric morbidity (for example, psychosis) among those 
with a mutation in MECP2, maternal uniparental disomy in PWS, or 
the 22q11.2 deletion syndrome supports this hypothesis. The second 
aetiology is likely to involve acquired epigenetic changes that result in 
altered gene expression or RNA processing, often in the same pathways 
that cause autism or similar neuropsychiatric disease in children. The 
fact that there are probably hundreds, if not thousands, of such genes 
may explain the poor yield of specific gene associations in psychiatric 
diseases, the small number of cases resulting from a defect in any one 
gene, and the variable penetrance and expressivity of these alleles in kin-
dreds. It is probable that alteration of the same gene can cause anxiety in 
one individual, obsessive–compulsive disorder in another, psychosis 
in another, and autism in yet another. Undoubtedly, these disorders are 
modified by genetic background and life experience, through which 
synaptic plasticity and epigenetic changes may be either protective or 
predisposing to disease. 

The identification of molecular pathways common to mental retard-
ation and neuropsychiatric disorders will lead to better understanding 
of neuronal networks and the underpinnings of cognition, language, 
behaviour, social interaction and emotion. For therapeutic trials, it 
will be important to group patients by pathophysiological mechanism 
of disease rather than simply by which gene is affected. Finally, the 
identification of drugs that perturb or restore neuronal and synaptic 
homeostasis may significantly improve the quality of life for patients 
and their families.  ■
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