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The 2003 paper proposing signaling
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Abnormal activity: Brain signals that inhibit neuronal activity may be dampened in autism, which
may explain the frequency of seizures in the disorder.

A popular unifying theory for what causes autism, first described in 2003, is that the disorder
reflects an imbalance between excitation and inhibition in the brain, in particular in circuits
governing sensory processes, memory, and social and emotional behaviors.
Various genetic and environmental factors may converge, in different combinations in different
individuals, to produce a higher excitation/inhibition (E/I) ratio.
John Rubenstein and Michael Merzenich first described this theory in a paper published in
Genes, Brain and Behavior in 20031. Since then, the paper’s theoretical framework for
understanding autism has had a broad impact on the study of neurodevelopmental disorders, and a
plethora of evidence has emerged to further substantiate the notion of E/I imbalance.
Rubenstein and Merzenich’s hypothesis grew in part from reports suggesting that many individuals
with autism experience seizures and display ongoing ‘sharp spike’ activity during sleep2, 3, 4.
Like the seizures, this abnormality is indicative of increased excitability and noisy or unstable
networks in the cerebral cortex, a brain region implicated in higher-order cognitive function.
From a systems level down to individual neuronal junctions and molecules, they provided the field
with myriad examples of how an elevated E/I ratio might arise — and how this imbalance might lead
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to the brain dysfunctions or behavioral differences noted in autism.
Since their publication, data from numerous studies have strengthened the link between seizures
and autism, suggesting that epilepsy and autism co-exist in up to 20 percent of children with
either disorder5.
Also, molecular studies have bolstered the initial observation that certain markers of inhibitory
signaling in the brain — mediated by the chemical messenger gamma-aminobutyric acid (GABA) —
are diminished in individuals with autism.
Notably, levels of the enzymes that synthesize GABA and the cell-membrane receptors for GABA
are lower in postmortem brain tissue from autism brains than in controls6, 7. Studies have also
reported alterations in GABA signaling in numerous animal models of autism8.

Balance genes:
Other molecular studies have substantiated the idea that genes implicated in autism regulate E/I
balance.
For example, variations in the chromosomal regions bearing genes for GABA receptor subunits
are linked to autism. The same is true for variants in genes controlling excitatory or inhibitory
neuron development, migration, connectivity and signaling.
Some of these genes code for cell adhesion molecules that link synapses — neuronal
junctions. Others code for proteins that regulate gene expression at the DNA and the protein level
(both transcription and translation), enzymes and structural proteins.
Many of these other proteins are also present at synapses or may control their development and
function. Often these molecules are part of signaling networks that are regulated by neuronal
activity. The result is that mutations in these genes disrupt the process by which environmental
experience modifies synapses9, 10, 11, 12.
In addition to describing molecular changes that might produce an elevated E/I ratio, Rubenstein
and Merzenich discussed how environmental factors may lead to changes in brain wiring
associated with hyperexcitability at the circuit level.
Hyperexcitability in basic sensory processing regions may explain the strong negative reactions
that some individuals with autism have to mild sound, touch or visual stimuli.
Rubenstein and Merzenich highlighted ongoing experiments (since confirmed by others) in the
rodent auditory system suggesting that abnormal sound experiences during critical periods of brain
development can impair the formation of cortical sound maps. Typical sound maps are an orderly
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distribution of neurons that are evenly dedicated to different sound frequencies. Instead, the
auditory cortex may over-represent certain sound frequencies at the expense of others13, 14, 15.
Because cortical circuits mature in a hierarchical fashion, defects in the wiring of primary sensory
circuits may ultimately produce difficulties in higher-order brain functions, such as language and
socialization.
In one of the earliest demonstrations of the importance of inhibition, cited in the 2003 paper,
lowering inhibition in the young mouse brain prevents the visual circuits from properly adapting to
experience. In that study, the researchers lowered inhibition by disrupting a key enzyme in GABA
synthesis (one of the enzymes thought to be reduced in the brains of individuals with autism)16.
Plasticity, the ability to remodel neuronal connections based on experience, is needed to develop
the neural architecture distinguishing left- versus right-eye inputs into the primary visual cortex and,
ultimately, visual acuity. Strikingly, enhancing GABA transmission in these mice with drugs —
presumably correcting the elevated E/I ratio — restores experience-dependent visual plasticity.
Local inhibitory neurons that secrete GABA play a crucial role in segregating minicolumns, the
basic functional units of cortical architecture17, 18. Because of this, changes in the number, activity
or structure of these interneurons may contribute to structural abnormalities in minicolumns.
Rubenstein and Merzenich pointed out that minicolumns appear to be smaller and more numerous
in individuals with autism19.

From cells to behavior:
In syndromic forms of autism, the mutation or loss of a single causative gene leads to the disorder.
Mouse models of syndromic autism have been used to dissect the contributions of various brain
regions and cell types to disease phenotypes.
Mouse studies of two such disorders, Rett syndrome and tuberous sclerosis complex,
published in the past three years revealed that loss of the causative genes in GABA neurons alone
can reproduce many of the neurobehavioral symptoms seen with a full deletion20, 21.
Studies have also explored the importance of different subtypes of GABA neurons in autism.
In 2009, a meta-analysis identified deficits in one particular subtype of GABA interneuron,
parvalbumin-positive basket cells, in nine different mouse models of autism22. These cells drive
gamma rhythms — which represent the synchronized activity of cortical neurons.
Electroencephalography studies have also shown that gamma oscillations are altered in individuals
with autism23, 24, 25. Studies further suggest that these are the pivotal GABA cells responsible for
orchestrating the timing of critical periods in which the brain undergoes development26, and that
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critical period plasticity is altered in mouse models of syndromic autism27.
Along these lines, critical period timing may be altered in humans with autism. Infants prenatally
exposed to antidepressants — a population that may have a heightened risk of developing
autism28 — exhibit an altered trajectory of speech perception. This suggests that higher-order critical
periods underlying language development occur earlier in autism29. This is consistent with the
altered cortical network function seen in rodents perinatally exposed to antidepressents30.
From a basic neurobiology standpoint, researchers have made significant advances since
Rubenstein and Merzenich’s seminal paper toward understanding how inhibitory signals contribute
to the function of individual neurons, circuits and networks in the cortex31. This in turn will enlighten
us as to how a dysfunction or loss of inhibitory neurons might affect cortical activity in autism.
Conversely, with optogenetic experiments, which use light to turn on neural activity, scientists
have shown that elevating the E/I ratio in the prefrontal cortex of mice leads to social deficits32.
As Rubenstein and Merzenich observed, the hypothesis of E/I imbalance gives hope that drugs
correcting this balance may treat autism.
Researchers searching for strategies to target the E/I ratio in order to treat autism-like symptoms in
mouse models must keep in mind that whereas there is ample evidence for elevated E/I in autism,
there are also some cases where this ratio is decreased6, 7. What’s more, how these changes in
the ratio develop over time is likely to be important.
The ultimate goal, already starting for some syndromic forms of autism, is to translate the circuitbalancing strategies in mice33, 34 into drug treatments for people35. Ideally, in combination with
efforts to diagnose autism earlier, children could be treated while environmental experience has the
most impact on sculpting their neural wiring.
Takao K. Hensch is professor of neurology at Boston Children's Hospital and professor of
molecular and cellular biology at Harvard University. Parizad M. Bilimoria is communications and
outreach director at the Conte Center at Harvard University.

References:
1: Rubenstein J.L. and M.M. Merzenich Genes Brain Behav. 2, 255-267
(2003) PubMed
2: Gillberg C. and E. Billstedt Acta. Psychiatr. Scand. 102, 321-330 (2000)
PubMed

5/8

Spectrum | Autism Research News
https://www.spectrumnews.org

3: Lewine J.D. et al. Pediatrics 104, 405-418 (1999) PubMed
4: Wheless J.W. et al. Semin. Pediatr. Neurol. 9, 218-228 (2002) PubMed
5: Tuchman R. and M. Cuccaro Curr. Neurol. Neurosci. Rep. 11, 428-434
(2011) PubMed
6: Baroncelli L. et al. Neural Plast. 2011, 286073 (2011) PubMed
7: Gatto C.L. and K. Broadie Front. Synaptic Neurosci. 2, 4 (2010)
PubMed
8: Pizzarelli R. and E. Cherubini Neural Plast. 2011, 297153 (2011)
PubMed
9: Betancur C. et al. Trends Neurosci. 32, 402-412 (2009) PubMed
10: Qiu S. et al. Dev. Neurosci. 34, 88-100 (2012) PubMed
11: Südhof T.C. Nature 455, 903-911 (2008) PubMed
12: Ebert D.H. and M.E. Greenberg Nature 493, 327-337 (2013) PubMed
13: Zhang L.I. et al. Nat. Neurosci. 4, 1123-1130 (2001) PubMed
14: Chang E.F. and M.M. Merzenich Science 300, 498-502 (2003)
PubMed
15: Barkat T.R. et al. Nat Neurosci. 14,1189-1194 (2011) PubMed
16: Hensch T.K. et al. Science 282, 1504-1508 (1998) PubMed

6/8

Spectrum | Autism Research News
https://www.spectrumnews.org

17: Casanova M.F. et al. Neuroscientist 9, 496-507 (2003) PubMed
18: Hensch T.K. andM.P. Stryker Science 303, 1678-1681 (2004)
PubMed
19: Casanova M.F. et al. Neurology 58, 428-432 (2002) PubMed
20: Chao H.T. et al. Nature 468, 263-269 (2010) PubMed
21: Tsai P.T. et al. Nature 488, 647-651 (2012) PubMed
22: Gogolla N. et al. J. Neurodev. Disord. 1, 172-181 (2009) PubMed
23: Brown C. et al. 41, 364-376 (2005) PubMed
24: Grice S.J. et al. Neuroreport 12, 2697-2700 (2001) PubMed
25: Sohal V.S. Biol. Psychiatry 71, 1039-1045 (2012) PubMed
26: Hensch T.K. Nat. Rev. Neurosci. 6, 877-888 (2005) PubMed
27: LeBlanc J.J. and M. Fagiolini Neural Plast. 2011, 921680 (2011)
PubMed
28: Croen L.A. et al. Arch. Gen. Psychiatry 68, 1104-1112 (2011) PubMed
29: Weikum W.M. et al. Proc. Natl. Acad. Sci. USA 109 Suppl 2,
17221-17227 (2012) PubMed
30: Simpson K.L. et al. Proc. Natl. Acad. Sci. USA 108, 18465-18470
(2011) PubMed

7/8

Spectrum | Autism Research News
https://www.spectrumnews.org

31: Isaacson J.S. and M. Scanziani Neuron 72, 231-243 (2011) PubMed
32: Yizhar O. et al. Nature 477, 171-178 (2011) PubMed
33: Durand S. et al. Neuron 20, 1078-1090 (2012) PubMed
34: Dölen G. et al. Neuron 56, 955-962 (2007) PubMed
35: Henderson C. et al. Sci. Transl. Med. 4, 152ra128 (2012) PubMed

8/8
Powered by TCPDF (www.tcpdf.org)

