
The developing brain is not a small adult 
brain. The immature brain undergoes 
progressive alterations in molecular com-
position and in synchronized currents that 
enable neurons to fire and wire together and 
to construct functional neuronal circuits. 
In the immature brain, large, synchronized 
patterns of neuronal activity engage many 
or possibly most neurons of developing 
brain networks, which is in contrast to the 
sparse firing and time-locked, behaviour-
ally relevant oscillations that occur in the 
adult nervous system. As well as the gradual 
and progressive molecular and brain activ-
ity changes that occur during develop-
ment, there is a large step-change during 
parturition (that is, birth) that involves 
the maturation of various systems, includ-
ing microbiotic, endocrine, vascular and 
immunological systems1–5. Collectively, these 
observations raise the possibility that the 
deleterious effects of intrauterine genetic 
mutations and environmental insults are 
mediated by the deviation of these develop-
mental sequences of changing brain activity. 
This also raises the possibility that if these 
immature signatures persist into maturity, 
they are likely to continue to disrupt brain 
function over a lifetime. However, in con-
trast to the extensive amount of clinical, epi-
demiological and experimental information 
available on the links between genetic muta-
tions and the cellular and molecular pathol-
ogy of brain disorders, little is known about 
the impact they have on the sequential tran-
sition of brain activity characteristics during 
development and birth. Here, I discuss the 
brain functions that rely on the excitatory-
to-inhibitory GABA sequence that occurs 
during development and particularly at 

birth, and I propose that autism spectrum 
disorders (ASDs) are caused, in part, by 
incomplete or inadequate transition to 
mature electrical patterns of activity.

Developmental brain activity patterns
Virtually all ionic currents and brain 
patterns (including those driven by 
voltage-gated calcium channels6, potas-
sium channels7,8 and other intrinsic cur-
rents9–11) follow specific sequences during 
development. Receptor channel subunits 
undergo developmental alterations, lead-
ing to modifications of synaptic currents 
such that they have shorter kinetics12–14. 
During development, GABAergic signals 
shift from depolarization and excitation to 
hyperpolarization and inhibition owing to a 
reduction inintracellular chloride concentra-
tion ([Cl−]i)

15–18. Brain patterns shift from 
intrinsic non-synapse-driven voltage-gated 
calcium currents to large calcium plateaus 
in neurons connected by gap junctions. This 
is followed by a shift to primitive, synapse-
driven patterns such as the giant depolariz-
ing potentials (GDPs) that are then replaced 
by more elaborate patterns16,17,19,20 (FIG. 1). 
GDPs synchronize virtually all hippocam-
pal pyramidal neurons16,17,20 — a situation 
that is never observed under physiological 
conditions in adults, except possibly during 
severe seizures. The importance of these 
shifts is illustrated in sensory and motor 
systems. In animal species and preterm 
babies, the immature retina generates long-
lasting retinal waves21–28; these disappear in 
rodents shortly before eye opening21. In the 
rodent visual cortex, around the time of eye 
opening, spontaneous activity undergoes a 
transition from a synchronous activity state 

in which 75% of neurons are active during 
each slow wave cycle to a state in which 12% 
of neurons are active per cycle29. Developing 
hair cells of the cochlea display long-lasting 
bursts that disappear with time to enable 
hearing6,30. This ‘sparsification’ (that is, a 
shift to more sparse patterns of activity)31,32 
is a fundamental property of information 
coding and illustrates the major differ-
ences in the operation of immature versus 
adult networks, possibly owing to the lack 
of efficient feedforward GABAergic inhibi-
tion in immature networks. Therefore, the 
developing brain has the intrinsic capacity 
to synchronize large neuronal ensembles 
without generating seizures, despite poorly 
developed GABAergic inhibition. These 
immature signals must stop at the correct 
time to enable behaviourally relevant activity 
patterns to emerge. Thus, striatal medium 
spiny neurons that are initially very active 
with a GDP-like pattern abruptly shift to lit-
tle or no discharge around postnatal day 10 
(P10) to enable targeted movements33. As 
synchronized hyperactivity in the striatum 
is linked to Parkinson disease and akine-
sia34,35, failure in the timing of this shift is 
thought to delay the emergence of targeted 
movement. Therefore, a genetic mutation 
that alters developmental sequences might 
lead to faulty circuit development and defec-
tive electrical properties of neurons. These 
in turn could lead to abnormalities in the 
sequential changes in brain activity that 
occur during development, with potentially 
deleterious consequences.

Abnormal neuronal development in ASD
ASDs are a heterogeneous family of devel-
opmental disorders that are associated 
with difficulties in social interactions and 
communication, and a restricted range of 
interests and stereotypies. The underly-
ing pathology is poorly understood, and 
there are currently no drugs available that 
target the core symptoms of the disor-
der36,37. Initially considered quite rare, the 
incidence of ASDs is now estimated to be 
1% of the population. Autism pathology 
begins early in life, often in utero38,39, when 
neurons are engaged in essential devel-
opmental processes, including prolifera-
tion, neuronal growth and differentiation, 
migration, synapse formation and network 
construction. The recently shown patches 
of displaced neurons in post-mortem cor-
tical structures of children with autism 
support the notion of faulty axon pathfind-
ing and circuit development in ASDs38,39. 
Interestingly, complicated or preterm 
birth40, and intrauterine environmental 
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insults (such as pesticides)41, can contribute 
to the pathogenesis of ASDs. Moreover, 
hundreds of autism-associated mutations 
or networks of mutations have been identi-
fied in genes affecting cell proliferation, 
synaptic function and plasticity, cytoskel-
etal proteins, voltage- and transmitter-gated 

ionic currents, chromatin structure, 
neuro immunology, and so on42–45. All of 
these insults and mutations could conceiv-
ably alter circuit formation and neuronal 
function in immature neurons before and 
shortly after birth, and thus contribute to 
the pathogenesis of ASDs46,47.

Checkpoint and neuroarcheology
The links between genetic programming 
and neuronal development have been con-
ceptualized by Ben-Ari and Spitzer48. They 
suggested that developmentally active genes 
and neuronal activity operate in series, the 
latter validating the correct implementa-
tion of the developmental programme. In 
this ‘checkpoint’ concept, the properties of 
ionic currents indicate the developmental 
stage. It is suggested that major events in 
brain development — including prolifera-
tion, migration, axon guidance, neuritic 
extension and neuronal phenotype — are 
activity dependent and likely to require 
a control checkpoint48. A variety of ionic 
currents, notably voltage-gated calcium 
and NMDA receptor-mediated currents, 
have a central role in these functions49–53. 
Interestingly, syntaxin-binding protein 3 
(Stxbp3; also known as Munc18)-knockout 
mice that have no vesicular transmitter 
release have apparently normal brain and 
synaptic structures54. However, using the 
same mice, a subsequent study showed 
that non-vesicular release that operates 
before vesicular release is functional, which 
potentially provides an alternative source 
for activity-dependent modulation of 
brain development55. Other studies have 
shown that genes which control the attrac-
tion or repulsion of axonal growth can be 
altered by electrical activity, illustrating the 
complex relationship between activity and 
genetic programmes56.

What happens when these checkpoints 
fail? Elsewhere, it has been suggested 
that genetic mutations or environmental 
insults can lead to stalling of developmental 
sequences and long-term developmental 
and behavioural defects (known as the 
‘neuroarcheology concept’)57. This concept 
has been confirmed in many genetic dis-
orders associated with migration deficits 
— notably, the double cortex mutation and 
other mutations that lead to malformed 
cortices, which in turn exhibit immature 
currents in misplaced neurons57–60. In the 
cerebellum of waggler mice, mutation of the 
voltage-dependent calcium channel gamma 
subunit 2 (Cacng2) gene entrained devel-
opmental arrest, which was accompanied 
by long-lasting immature GABAergic and 
NMDA currents61. Interestingly, experi-
mental attempts to correct these disorders 
by genetic interventions failed unless they 
were performed a few days after birth62, 
illustrating the limitations of gene therapy 
in multifactorial, complex disorders in 
which developmental sequences have been 
altered. The important implication of the 

Figure 1 | Synchronous calcium plateau assemblies are regulated by oxytocin. Synchronous 
calcium plateau assemblies (SPAs) are intrinsic non-synapse-driven, long-lasting depolarizations that 
are present around the time of delivery (that is, birth) and are regulated by oxytocin. The figure shows 
dynamic, two-photon, quantified imaging of hippocampal slices obtained from embryos at embryonic 
day 18 (E18) or shortly after delivery (postnatal day 0 (P0) or P2–P3) in the presence of 10 μM NBQX 
and 40 μM D-APV to block AMPA receptor- and NMDA receptor-mediated currents, respectively. At 
the top of panels a–c are representative still images from movies of neuronal activity (contour maps) 
taken at E18. The traces below show activity changes in a single cell (indicated on the contour maps 
above with an arrowhead). a | Under control conditions, at E18, most neurons generate intrinsic volt-
age-gated calcium currents (shown as black dots on the two-photon image). The bottom trace shows 
the changes in calcium current in a single neuron over time (marked with an arrowhead on the contour 
map above): very few cells generate SPAs. b | By contrast, when 10 μM oxytocin is added to the saline, 
a substantial proportion of cells detected under control conditions as generating calcium spikes gen-
erate SPAs, as shown in the illustrated contour map for a representative still image from a movie of 
calcium fluxes taken at E18. The trace below shows the SPA in a single neuron over time (identified by 
an arrowhead on the contour map). c | Similar effects are produced by the diuretic bumetanide, which 
reduces intracellular chloride concentration. The contour map of a single representative image above 
shows the large number of neurons generating SPAs, and the trace below shows the SPA in a single 
neuron over time (identified by the arrowhead in the contour map). d | The histogram shows that the 
fraction of cells generating SPAs is increased by oxytocin (10 μM) and bumetanide (10 μM) but 
reduced by the selective oxytocin receptor antagonist atosiban (1–5 μM). Error bars indicate the 
s.e.m.; *P < 0.001. Note that SPAs are also generated when GABAergic signals are blocked, indicating 
that neither GABAergic nor glutamatergic ionic currents contribute to the generation of SPAs. 
Adapted with permission from REF. 19, Elsevier.
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neuroarcheology concept in developmental 
disorders such as ASDs is that failure to reach 
a particular checkpoint stalls certain aspects 
of development, preventing progression past 
that point and leading to the persistence of 
an immature signature in the mature nerv-
ous system. Alterations in the polarity of 
GABA actions (that is, the shift from excit-
atory to inhibitory actions of GABA) have 
been extensively investigated, as GABA is 
developmentally regulated and highly sus-
ceptible to insults that reinstate immature 
excitatory actions.

Excitatory actions of GABA
Brain maturation is associated with a devel-
opmental depolarizing-to-hyperpolarizing 
GABA shift and an excitatory-to-inhibitory 
GABA shift owing to a progressive reduc-
tion in [Cl−]i (REFS 16,63). This is mediated 
by sequential maturation of the bumetanide-
sensitive sodium-(potassium)-chloride 
co-transporter 1 (NKCC1; also known as 
SLC12A2), which imports chloride, and 
the electroneutral potassium-chloride 
co-transporter 2 (KCC2; also known as 
SLC12A5)64,65. This shift has been confirmed 
in a wide range of animal species and brain 
regions, suggesting that it has been conserved 
throughout evolution18,66. The depolarization 
produced by GABA removes the voltage-
dependent magnesium block from NMDA 
receptor channels and activates voltage-gated 
calcium currents, leading to calcium influx, 
both of which underlie the trophic actions 
of GABA67. Interestingly, birth is associ-
ated with an oxytocin-mediated, dramatic, 
abrupt and short-lasting reduction in [Cl−] i 
to levels that are never observed before or 
afterwards68 (FIG. 2). Maternal administration 
of a selective oxytocin receptor antagonist 
shortly before birth prevents this shift in the 
neurons of the offspring68, raising the pos-
sibility that oxytocin signalling has a direct 
effect on chloride co-transporters. This 
shift exerts neuroprotective actions on the 
newborn, as neurons are more susceptible 
to anoxic episodes when oxytocin receptors 
are blocked68. Interestingly, human babies 
delivered by elective, programmed caesar-
ian section (C-section) are more susceptible 
to pain than those born by vaginal delivery 
after the mother has gone into labour69, and 
oxytocin has an analgesic action on new-
born rodent pups that is mediated by high 
[Cl−]i in nociceptive pathways70. Therefore, 
endogenous oxytocin exerts a multitude of 
actions during birth, adapting [Cl−]i and the 
polarity of GABA actions to reduce the del-
eterious actions of insults during this highly 
vulnerable period.

[Cl−]i is dynamically regulated by neuronal 
activity, leading to a large degree of plasticity 
in the polarity of type A GABA receptor-
mediated currents71. In immature neurons, 
as in adult neurons, even short episodes of 
enhanced activity produce an increase in 
[Cl−]i and excitatory actions of GABA72–74. 
Indeed, excitatory actions of GABA have 
been reported in a wide range of pathological 
conditions, including enhancement of elec-
troencephalography (EEG) discharges and 
seizures73–77, stress78–81, spinal cord lesions82,83, 
brain traumas84,85, cerebrovascular infarcts86 
and chronic pain87,88, which suggests that this 
is a common response of neurons to insults72. 

In many pathological conditions, KCC2 is 
downregulated and internalized, and the 
co-transporter NKCC1 is upregulated, which 
raises the possibility that NKCC1 antagonists 
and/or KCC2 enhancers might constitute 
potential therapeutic agents89,90. Therefore, 
high [Cl−]i and excitatory actions of GABA 
that are reminiscent of immature neurons are 
observed in various pathological conditions.

Reduced GABAergic tone in ASD
There are several direct and indirect lines of 
evidence indicating that chloride levels and 
GABAergic signalling are altered in animal 
models of ASD, and in people with ASDs and 

Figure 2 | The excitatory-to-inhibitory GABA developmental switch is abolished in animal mod-
els of autism and fragile X syndrome. a | The ratio of intracellular to extracellular chloride concen-
tration is what determines whether GABA is excitatory or inhibitory. The graph shows intracellular 
chloride concentration ([Cl−]

i
) in hippocampal neurons from the embryonic to adult stage in naive rats 

or mice. Note the abrupt reduction during the birth period. This shift is abolished in fragile X syndrome 
(FRX) and in rodents treated with valproate (VPA) in utero. Maternal pretreatment with bumetanide 
restored chloride fluxes back to naive levels, including the reduction in [Cl−]

i
 during and after birth. 

Also, pretreatment of naive maternal rats with an oxytocin receptor antagonist before parturition 
abolished the shift, reflecting the importance of oxytocin signals during birth. b | Cell-attached record-
ings illustrating that GABA has inhibitory actions in naive neurons. In the VPA and FRX animal models 
of autism, application of GABA (represented by arrows) results in increased spiking, which indicates 
that GABA is excitatory compared with controls, but when the animals are pretreated with bumetanide 
GABA becomes inhibitory, similar to observations in naive rats. c | A schematic diagram to depict the 
alterations in [Cl−]

i
 in neurons recorded from immature, mature and animal models of autism without 

and with maternal pretreatment with bumetanide. The bumetanide-sensitive sodium-(potassium)-
chloride co-transporter 1 (NKCC1) and the electroneutral potassium-chloride co-transporter 2 
(KCC2) are illustrated. In immature rats, expression of NKCC1 is high and that of KCC2 is low, which 
results in high [Cl−]

i
. Activation of GABA receptors causes chloride efflux from the cell: that is, activa-

tion of GABA is excitatory. In the normal mature nervous system, the situation is reversed; expression 
of NKCC1 is low and that of KCC2 is high, resulting in low [Cl−]

i
 and GABA activation being inhibitory. 

In an animal model of autism, immature patterns of chloride transporters are recapitulated in the 
mature rat, resulting in high [Cl−]

i
, and type A GABA receptor (GABA

A
R) activation being excitatory. 

Bumetanide pretreatment restores [Cl−]
i
 to near-normal levels, thus allowing GABA to function as an 

inhibitory neurotransmitter.
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other developmental disorders91. The inci-
dence of epilepsies in children with autism 
is higher than that of the general popula-
tion92–95; indeed, EEG measurements from 
people with autism show that 60% exhibit 
epileptiform activity96, which is indicative 
of reduced GABAergic inhibition. In keep-
ing with this, a reduction in GABAergic 
markers, and an increased excitatory gluta-
matergic drive, which leads to an excitation–
inhibition imbalance, has been observed 
in various animal models of ASD97–100. 
Gamma oscillations, which are instrumental 
in higher cognitive functions101,102 and are 
generated by GABAergic neurons99,102,103, are 
altered in various pathological conditions104 
including ASD105, which suggests that a defi-
ciency in inhibitory GABAergic signalling 
might contribute to the pathology underlying 
these disorders. Furthermore, pharmacologi-
cal agents that act at GABA receptors have 
paradoxical reactions in patients with autism 
compared with controls, which suggests that 
high [Cl−]i and excitatory actions of GABA 
are implicated in ASDs106. For example, in 
some people with autism, GABA-acting ben-
zodiazepines increase anxiety106 and decrease 
catatonia when other treatments fail107–109. 
Taken together, these findings suggest that, 
in the autistic brain, GABAergic inhibition 
is reduced and excitatory actions of GABA 
persist — both of which are hallmarks of 
GABAergic signalling in the immature brain.

Importance of oxytocin during birth
Influence of oxytocin in ASD models. In 
addition to the progressive changes in 
GABAergic signalling in the developing 
nervous system, there is a substantial and 
important step-shift that occurs during 
birth, driven by the hormone oxytocin68. 
Recently, we directly tested the hypothesis 
that the GABAergic excitatory-to-inhibitory 
developmental sequence is altered in ASD, 
using the fragile X syndrome110,111 and the 
in utero valproate animal models of ASD, 
in which high [Cl−]i and excitatory effects 
of GABA persist in hippocampal neurons 
from birth to adulthood112–114. We found 
that the oxytocin-mediated neuroprotective 
shift that occurs during birth is abolished 
in both models115 (FIG. 2). Consequently, 
GABA remains excitatory after birth, and 
the frequency of glutamatergic excitatory 
postsynaptic currents is augmented almost 
fivefold, leading to enhanced network activ-
ity and increased gamma oscillations. In 
these models, acute in vitro administration 
of oxytocin or the diuretic bumetanide 
restored control [Cl−]i and GABAergic 
inhibition. In addition, it was reported that 

maternal administration of the diuretic and 
highly specific NKCC1 chloride importer 
bumetanide shortly before, during and after 
parturition (a 24-hour period) restored 
physiological [Cl−]i and GABA inhibition 
in offspring, and also attenuated increased 
glutamatergic currents, brain oscillations 
and various behavioural manifestations; 
notably, these effects persisted into adult-
hood115,116. Therefore, in these rodent models 
of ASD, the polarity of GABA actions during 
this vulnerable period exerts a long-term 
priming effect on the expression of electrical 
manifestations of autism-like behaviours.

In naive rats, blocking oxytocin signals in 
the mother during birth produces increased 
[Cl−]i, excitatory GABA actions and enhanced 
ongoing activity in offspring, which sug-
gests that oxytocin signals have an important 
role in the reduction of [Cl−]i during birth68. 
Moreover, oxytocin enhances the coordinated 
activity patterns — known as synchronous 
calcium plateau assemblies (SPAs) — that 
are generated by gap junctions between hip-
pocampal neurons during birth19,68 (FIG. 1). 
Oxytocin and other hormones are known to 
open gap junctions in a variety of cell types 
— notably, in myometrial smooth muscle 
cells during labour117–120. Therefore, oxytocin 
signals are instrumental in generating a wide 
range of effects during labour. Interestingly, 
oxytocin modulates the generation of gamma 
oscillations by paravalbumin-expressing 
GABAergic interneurons, thereby synchro-
nizing hundreds of pyramidal neurons via 
their abundant somatic inhibitory drive121,122.

Influence of oxytocin in human ASD. If a 
similar oxytocin-dependent chloride shift 
occurs in humans, then this could provide 
insight into the developmental mechanisms 
underlying the abnormal electrical activity 
observed in patients with ASDs.

Clinical observations suggest that the 
administration of a diuretic to children 
with autism attenuates the severity of the 
syndrome. In a double-blind randomized 
placebo–treatment trial, 54 children with 
autism (3–11 years old) were treated with 
bumetanide for 3 months, which reduced 
the severity of the autistic symptoms and 
had few side effects (diuresis and hypokal-
aemia)123. This was recently extended to a 
combined functional MRI (fMRI) and eye 
tracking trial in which eight adolescents with 
Asperger syndrome were similarly treated 
with bumetanide for long-lasting periods124. 
Visual communication was improved, with 
better recognition of emotive figures and 
fear images, and increased activation of brain 
regions involved in facial, emotional and 

social processing, after treatment compared 
with pretreatment (FIG. 3). Despite the differ-
ent developmental stages, these observations 
in rodents and humans suggest that restoring 
GABAergic inhibition to normal levels during 
parturition in rodents or in children attenu-
ates the severity of the syndrome. Why is the 
presence of oxytocin during birth so impor-
tant in the emergence of mature patterns and 
the shift of GABAergic functions?

Resetting neural processes during birth
The emergence of life from the sea to the 
terrestrial environment that took millions 
of years during evolution is accomplished 
within hours through labour and parturi-
tion. In the seminal paper — The ‘Stress’ 
of Being Born125 (also see REF. 126) — 
Lagercrantz and Slotkin emphasized four 
important transitions that take place during 
birth: a shift from an aquatic to a dry envi-
ronment, with oxygen acquired through the 
lungs instead of the placenta; a reduction 
in environmental temperature; a replace-
ment of continuous nutrient supply with 
transient nutrient supply; and a shift from a 
sterile bacterial environment to a neonatal 
microbiota that has an important role in the 
developing immune system3. External and 
internal factors contribute to this sequence, 
including the squeezing of the fetus through 
the birth canal and the cold temperature out-
side. As during other stressful reactions, the 
stress at birth is associated with endocrine 
support and an enormous surge of catechol-
amine, with noradrenaline and adrenaline 
levels rising within minutes of term birth 
and cord clamping to levels that are seldom 
observed even after severe stress127,128 (FIG. 4). 
High catecholamine levels are due to fetal 
adrenal release, as they are absent in adrenal-
ectomized ovins129,130 and lower in C-section 
of the unlaboured fetus130,131. Similarly, cor-
tisol levels are increased dramatically and 
abruptly — from 5 to 10 μg ml–1 until about 
30 weeks of gestation to about 45 μg ml–1 
prior to labour at term and to 200 μg ml–1 
a few hours after term birth128. Cortisol 
plays an important part in helping neonates 
to adapt to extrauterine life by promoting 
lung maturation, increased cardiovascular 
performance and blood flow to the brain, 
functional maturation of the gut and thyroid 
axis, and control of energy metabolism. 
Therefore, stress molecules released during 
birth are essential for major biological func-
tions, including clearance of fetal lung fluid, 
surfactant secretion and breathing, transi-
tion of fetal to neonatal circulation, and 
reducing pulmonary vascular resistance and 
pulmonary blood flow132,133.
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Oxytocin is neuroprotective during birth
Such important stress mechanisms are bound 
to have an impact on central neuronal activ-
ity, and indeed have been shown to alter 
GABAergic mechanisms. For instance, it has 
been shown that, in rodents, exposure to a 
variety of stress protocols produces high cat-
echolamine levels, downregulation of KCC2 
and a depolarizing shift of GABA78,79,81,134–137. 
If the stress molecules that are released at 
birth exerted similar effects in human new-
borns, they would produce high [Cl−]i and 
strong excitatory actions of GABA, possibly 
generating seizures (notably, during anoxic 
episodes). However, as discussed above, 
newborn rat pups have low [Cl−]i and strong 
inhibitory actions of GABA, which appear to 
be dependent on oxytocin. Therefore, I sug-
gest that oxytocin (among other hormones 
and molecules) has evolved to counter these 
deleterious actions of stress molecules on 
neurons. In keeping with this, blocking oxy-
tocin receptors during birth produces hyper-
activity and excessive synchronization115. 
Hyper-synchronized activity is observed in 
many pathological conditions — notably, 
severe stress79,135,136 and Parkinson disease — 
and is alleviated by appropriate treatments, 
confirming its relevance to these disor-
ders34,138. At present, the developmental stage 
at which the excitatory-to-inhibitory GABA 
shift occurs in humans is not known. Based 
on detailed studies in macaques, it seems 
likely that this shift occurs in utero139 and 
is temporarily reversed during the stress of 
birth (which probably produces high [Cl−] i 
and excitatory GABA actions). In summary, 
it is suggested that parturition is a critical 

period that confirms, attenuates or aggra-
vates the effects of genetic or environmental 
intrauterine insults.

Is oxytocin involved in ASDs?
Other observations reflect the importance 
of oxytocin signals in relation to birth, com-
munication and ASD140. Children with ASD 
have lower baseline oxytocin, and oxytocin 
levels are inversely correlated with levels 
of difficulty in parent–child communica-
tion141,142. Rodent knockout models of oxy-
tocin signals are associated with autism-like 
behaviours143–145. Administration of oxytocin 
to trigger and accelerate labour disrupts early 
postnatal development and produces long-
term adverse effects, illustrating the impor-
tance of fine-tuning oxytocin signals146,147. 
Indeed, a comparative study of 625,042 
births in North Carolina, USA, revealed an 
increased risk of autism following the admin-
istration of oxytocin to trigger labour, which 
raises some concerns regarding its wide-
spread use in these settings148. Furthermore, 
it has been shown that the incidence of 
autism is increased by complications dur-
ing birth, hypertension, pre-eclampsia and 
anoxic episodes149, which lead to increased 
[Cl−]i and excitatory GABA actions and 
appear to be consistent with the experimental 
work in rodents. Epidemiological investi-
gations into the links between autism and 
programmed C-sections have led to more 
controversial results, possibly because of the 
greater need to take into account the various 
types of C-sections (for example, those with 
or without labour, whether complications 
were present or absent, and so on).

Concluding remarks
We are standing at a crossroads in autism 
research. Genetic investigations have 
enabled the identification of potentially 
hundreds of mutations that are implicated 
in ASD, which have provided useful experi-
mental tools but have so far failed to pro-
vide a unifying conceptual framework or 
promising therapeutic breakthrough. This, 
I suggest, is due to an underestimation of 
the dynamic aspect of brain development, in 
which developmental sequences are altered 
by in utero genetic (or environmental) 
insults, which in turn lead to aberrant cel-
lular and network activities that perturb the 
maturation of essential, behaviourally rel-
evant oscillations. However, this might not 
be the only factor, or even necessarily the 
initial trigger, of the pathogenic cascade that 
causes the clinical manifestations. A recent 
study provided interesting clues showing 
that the development of infants who are later 
diagnosed with autism differs from their 
peers even at 2–6 months of age150,151. The 
authors stressed that “given the interdepend-
ence of individual experience with brain 
structure and function … single individual 
outcome will be shaped not only by initial 
genotypic vulnerabilities but also by the 
atypical experience that arises as a conse-
quence of these vulnerabilities” (REF. 150). 
These observations stress the importance of 
early treatments, which are now feasible and 
considered to be more efficient that inter-
ventions at later stages152–154. Early interven-
tion is vital to prevent persistent alterations 
of synaptic network function and cumulative 
deleterious effects of environmental factors, 

Figure 3 | Bumetanide treatment improves recognition of facial expres-
sions in adolescents with ASDs. It has been shown that chronic treatment 
of adolescents with autism spectrum disorders (ASDs) using bumetanide 
ameliorates recognition of different facial expressions and activation of spe-
cific brain regions. a | Adolescents with ASDs were shown faces expressing 
either a neutral expression, or angry, fearful or happy expressions. b | These 
adolescents showed an improvement after bumetanide treatment in the 
reaction time and accuracy of recognition of different emotional facial 
expressions (compared with before bumetanide treatment; asterisk indi-
cates P = 0.04). c | Functional MRI (fMRI) shows the difference between 

pre- and post-bumetanide treatment of individuals with ASD following 
exposure to different emotional facial expressions. Bumetanide treatment 
resulted in increased activation of brain areas involved in face processing 
(such as the inferior occipital cortex (dark blue ovals) and fusiform cortex 
(light blue ovals)), as well as in areas involved in emotional processing (such 
as the nucleus accumbens and amygdala), in social processing (the superior 
temporal cortex (green ovals)) and attention (the intraparietal sulcus 
(arrows)). Parts b and c are adapted from Hadjikhani, N., Zürcher, N. R., 
Rogier,  O., Ruest, T., Hippolyte, L., Ben-Ari, Y. & Lemonnier, E., Autism (19,2) 
149–157, copyright © 2015 by SAGE. Reprinted by Permission of SAGE.
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including poor communication and social 
interactions152,153,155. I suggest that a mod-
est approach aimed at reducing abberrant 
oscillations as early as possible, combined 
with social therapeutic interventions, might 
attenuate disease progression in children 
with autism. In the complex cascade of events 
leading from an in utero insult or altered 

early neuronal development to ASD lie 
important opportunities for more detailed 
investigations of the setting–resetting 
function of brain activity during birth and 
early postnatal periods, and its roles in the 
emergence of ASDs.

Note added in proof
In a recent paper, Du et al. report that 
treatment with bumetanide combined with 
applied behaviour analysis (ABA) training 
may result in a better outcome in children 
with autism than ABA training alone156.
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Figure 4 | Effect of different birth conditions 
on catecholamine levels in newborns.  
a | The graph shows a dramatic increase in cat-
echolamine during parturition. Note the loga-
rithmic ordinate (y axis); noradrenaline levels 
are increased for a few hours before, during and 
after birth. b | Comparison of catecholamine 
levels in normal newborns, newborns after 
anoxic insults, newborns after elective caesar-
ian sections (C-sections), women during parturi-
tion and adults under various conditions. Note 
that other than asphyxiated newborns, babies 
born by vaginal birth have catecholamine levels 
that are several orders of magnitude higher than 
in any other conditions, including C-sections 
(see REFS 3,127,128,131for more details). 
Adapted from REF. 125 with permission from 
Patricia Wynne.

P E R S P E C T I V E S

NATURE REVIEWS | NEUROSCIENCE  VOLUME 16 | AUGUST 2015 | 503

© 2015 Macmillan Publishers Limited. All rights reserved

mailto:yehezkel.ben-ari%40inserm.fr%20?subject=


43. Schmeisser, M. J. et al. Autistic-like behaviours and 
hyperactivity in mice lacking ProSAP1/Shank2. Nature 
486, 256–260 (2012).

44. Bourgeron, T. A synaptic trek to autism. Curr. Opin. 
Neurobiol. 19, 231–234 (2009).

45. Autism Genome Project Consortium et al. Mapping 
autism risk loci using genetic linkage and 
chromosomal rearrangements. Nat. Genet. 39,  
319–328 (2007).

46. Williams, E. L. & Casanova, M. F. Above genetics: 
lessons from cerebral development in autism. Transl 
Neurosci. 2, 106–120 (2011).

47. Sandin, S. et al. The familial risk of autism. JAMA 311, 
1770–1777 (2014).

48. Ben-Ari, Y. & Spitzer, N. C. Phenotypic checkpoints 
regulate neuronal development. Trends Neurosci. 33, 
485–492 (2010).

49. Spitzer, N. C. & Borodinsky, L. N. Implications of 
activity-dependent neurotransmitter-receptor matching. 
Phil. Trans. R. Soc. B 363, 1393–1399 (2008).

50. Komuro, H. & Rakic, P. Intracellular Ca2+ fluctuations 
modulate the rate of neuronal migration. Neuron 17, 
275–285 (1996).

51. Manent, J. B. et al. A noncanonical release of GABA 
and glutamate modulates neuronal migration. 
J. Neurosci. 25, 4755–4765 (2005).

52. Manent, J.-B., Jorquera, I., Ben-Ari, Y., Aniksztejn, L. 
& Represa, A. Glutamate acting on AMPA but not 
NMDA receptors modulates the migration of 
hippocampal interneurons. J. Neurosci. 26,  
5901–5909 (2006).

53. Borodinsky, L. N. et al. Activity-dependent 
homeostatic specification of transmitter expression in 
embryonic neurons. Nature 429, 523–530 (2004).

54. Verhage, M. et al. Synaptic assembly of the brain in 
the absence of neurotransmitter secretion. Science. 
287, 864–869 (2000).

55. Demarque, M. et al. Glutamate transporters prevent 
the generation of seizures in the developing rat 
neocortex. J. Neurosci. 24, 3289–3294 (2004).

56. Wang, G. X. & Poo, M.-M. Requirement of TRPC 
channels in netrin-1-induced chemotropic turning of 
nerve growth cones. Nature 434, 898–904 (2005).

57. Ben-Ari, Y. Neuro-archaeology: pre-symptomatic 
architecture and signature of neurological disorders. 
Trends Neurosci. 31, 626–636 (2008).

58. Ackman, J. B. et al. Abnormal network activity in a 
targeted genetic model of human double cortex. 
J. Neurosci. 29, 313–327 (2009).

59. Salmi, M. et al. Tubacin prevents neuronal migration 
defects and epileptic activity caused by rat Srpx2 
silencing in utero. Brain 136, 2457–2473 (2013).

60. Falace, A. et al. TBC1D24 regulates neuronal 
migration and maturation through modulation of the 
ARF6-dependent pathway. Proc. Natl Acad. Sci. USA 
111, 2337–2342 (2014).

61. Chen, L., Bao, S., Qiao, X. & Thompson, R. F. Impaired 
cerebellar synapse maturation in waggler, a mutant 
mouse with a disrupted neuronal calcium channel γ 
subunit. Proc. Natl Acad. Sci. USA 96, 12132–12137 
(1999).

62. Manent, J.-B., Wang, Y., Chang, Y., Paramasivam, M. 
& LoTurco, J. J. Dcx reexpression reduces subcortical 
band heterotopia and seizure threshold in an animal 
model of neuronal migration disorder. Nat. Med. 15, 
84–90 (2009).

63. Tyzio, R. et al. Membrane potential of CA3 hippocampal 
pyramidal cells during postnatal development. 
J. Neurophysiol. 90, 2964–2972 (2003).

64. Rivera, C. et al. The K+/Cl− co-transporter KCC2 
renders GABA hyperpolarizing during neuronal 
maturation. Nature 397, 251–255 (1999).

65. Lu, J., Karadsheh, M. & Delpire, E. Developmental 
regulation of the neuronal-specific isoform of K-Cl 
cotransporter KCC2 in postnatal rat brains. 
J. Neurobiol. 39, 558–568 (1999).

66. Chabrol, F. P., Eglen, S. J. & Sernagor, E. GABAergic 
control of retinal ganglion cell dendritic development. 
Neuroscience 227, 30–43 (2012).

67. Leinekugel, X., Medina, I., Khalilov, I., Ben-Ari, Y. & 
Khazipov, R. Ca2+ oscillations mediated by the 
synergistic excitatory actions of GABAA and NMDA 
receptors in the neonatal hippocampus. Neuron 18, 
243–255 (1997).

68. Tyzio, R. et al. Maternal oxytocin triggers a transient 
inhibitory switch in GABA signaling in the fetal brain 
during delivery. Science. 314, 1788–1792 (2006).

69. Bergqvist, L. L., Katz-Salamon, M., Hertegård, S., 
Anand, K. J. & Lagercrantz, H. Mode of delivery 
modulates physiological and behavioral responses to 
neonatal pain. J. Perinatol. 29, 44–50 (2009).

70. Mazzuca, M. et al. Newborn analgesia mediated by 
oxytocin during delivery. Front. Cell. Neurosci. 5, 3 
(2011).

71. Balena, T. & Woodin, M. A. Coincident pre- and 
postsynaptic activity downregulates NKCC1 to 
hyperpolarize ECl during development. Eur. 
J. Neurosci. 27, 2402–2412 (2008).

72. Blaesse, P., Airaksinen, M. S., Rivera, C. & Kaila, K. 
Cation-chloride cotransporters and neuronal function. 
Neuron 61, 820–838 (2009).

73. Khalilov, I., Le Van, Q. M., Gozlan, H. & Ben-Ari, Y. 
Epileptogenic actions of GABA and fast oscillations in the 
developing hippocampus. Neuron 48, 787–796 (2005).

74. Huberfeld, G. et al. Perturbed chloride homeostasis 
and GABAergic signaling in human temporal lobe 
epilepsy. J. Neurosci. 27, 9866–9873 (2007).

75. Khalilov, I., Holmes, G. L. & Ben-Ari, Y. In vitro 
formation of a secondary epileptogenic mirror focus by 
interhippocampal propagation of seizures. Nat. 
Neurosci. 6, 1079–1085 (2003).

76. Barmashenko, G., Hefft, S., Aertsen, A., Kirschstein, T. 
& Köhling, R. Positive shifts of the GABAA receptor 
reversal potential due to altered chloride homeostasis 
is widespread after status epilepticus. Epilepsia 52, 
1570–1578 (2011).

77. Dzhala, V. I. et al. NKCC1 transporter facilitates 
seizures in the developing brain. Nat. Med. 11,  
1205–1213 (2005).

78. Wake, H. et al. Early changes in KCC2 phosphorylation 
in response to neuronal stress result in functional 
downregulation. J. Neurosci. 27, 1642–1650 (2007).

79. Hewitt, S. A., Wamsteeker, J. I., Kurz, E. U. & 
Bains, J. S. Altered chloride homeostasis removes 
synaptic inhibitory constraint of the stress axis. Nat. 
Neurosci. 12, 438–443 (2009).

80. Kim, J. S. et al. Chronic hyperosmotic stress converts 
GABAergic inhibition into excitation in vasopressin and 
oxytocin neurons in the rat. J. Neurosci. 31,  
13312–13322 (2011).

81. Sarkar, J., Wakefield, S., MacKenzie, G., Moss, S. J. & 
Maguire, J. Neurosteroidogenesis is required for the 
physiological response to stress: role of neurosteroid-
sensitive GABAA receptors. J. Neurosci. 31,  
18198–18210 (2011).

82. Boulenguez, P. et al. Down-regulation of the 
potassium-chloride cotransporter KCC2 contributes to 
spasticity after spinal cord injury. Nat. Med. 16,  
302–307 (2010).

83. Bos, R. et al. Activation of 5-HT2A receptors 
upregulates the function of the neuronal K-Cl 
cotransporter KCC2. Proc. Natl Acad. Sci. USA 110, 
348–353 (2013).

84. Bonislawski, D. P., Schwarzbach, E. P. & Cohen, A. S. 
Brain injury impairs dentate gyrus inhibitory efficacy. 
Neurobiol. Dis. 25, 163–169 (2007).

85. Nabekura, J. et al. Reduction of KCC2 expression and 
GABAA receptor-mediated excitation after in vivo 
axonal injury. J. Neurosci. 22, 4412–4417 (2002).

86. Jaenisch, N., Witte, O. W. & Frahm, C. Downregulation of 
potassium chloride cotransporter KCC2 after transient 
focal cerebral ischemia. 41, e151–e159 (2010).

87. Gagnon, M. et al. Chloride extrusion enhancers as 
novel therapeutics for neurological diseases. Nat. 
Med. 19, 1524–1528 (2013).

88. Hasbargen, T. et al. Role of NKCC1 and KCC2 in the 
development of chronic neuropathic pain following 
spinal cord injury. Ann. NY Acad. Sci. 1198, 168–172 
(2010).

89. Lee, H. H. C. et al. Direct protein kinase C-dependent 
phosphorylation regulates the cell surface stability and 
activity of the potassium chloride cotransporter 
KCC26. J. Biol. Chem. 282, 29777–29784 (2007).

90. Lee, H. H., Jurd, R. & Moss, S. J. Tyrosine 
phosphorylation regulates the membrane trafficking of 
the potassium chloride co-transporter KCC2. Mol. Cell. 
Neurosci. 45, 173–179 (2010).

91. He, L.-J. et al. Conditional deletion of Mecp2 in 
parvalbumin-expressing GABAergic cells results in the 
absence of critical period plasticity. Nat. Commun. 5, 
5036 (2014).

92. Canitano, R. Epilepsy in autism spectrum disorders. 
Eur. Child Adolesc. Psychiatry 16, 61–66 (2006).

93. Danielsson, S., Gillberg, I. C., Billstedt, E. & 
Gillberg, C. Epilepsy in young adults with autism: a 
prospective population-based follow-up study of 
120 individuals diagnosed in childhood. Epilepsia 46, 
918–923 (2005).

94. Levisohn, P. M. The autism–epilepsy connection. 
Epilepsia 48, 33–35 (2007).

95. Tuchman, R. & Rapin, I. Epilepsy in autism. Lancet 
Neurol. 1, 352–358 (2002).

96. Spence, S. J. & Schneider, M. T. The role of epilepsy 
and epileptiform EEGs in autism spectrum disorders. 
Pediatr. Res. 65, 599–606 (2009).

97. Chao, H. T. et al. Dysfunction in GABA signalling 
mediates autism-like stereotypies and Rett syndrome 
phenotypes. Nature 468, 263–269 (2010).

98. Blundell, J. et al. Neuroligin-1 deletion results in 
impaired spatial memory and increased repetitive 
behavior. J. Neurosci. 30, 2115–2129 (2010).

99. Gogolla, N. et al. Common circuit defect of excitatory–
inhibitory balance in mouse models of autism. 
J. Neurodev. Disord. 1, 172–181 (2009).

100. Rubenstein, J. L. & Merzenich, M. M. Model of 
autism: increased ratio of excitation/inhibition in key 
neural systems. Genes Brain Behav. 2, 255–267 
(2003).

101. Singer, W. Synchronization of cortical activity and its 
putative role in information-processing and learning. 
Annu. Rev. Physiol. 55, 349–374 (1993).

102. Lisman, J. E. et al. Circuit-based framework for 
understanding neurotransmitter and risk gene 
interactions in schizophrenia. Trends Neurosci. 31, 
234–242 (2008).

103. Pizzarelli, R. & Cherubini, E. Alterations of GABAergic 
signaling in autism spectrum disorders. Neural Plast. 
2011, 297153 (2011).

104. Brown, C., Gruber, T., Boucher, J., Rippon, G. & 
Brock, J. Gamma abnormalities during perception of 
illusory figures in autism. Cortex 41, 364–376 (2005).

105. van Diessen, E., Senders, J., Jansen, F. E., 
Boersma, M. & Bruining, H. Increased power of 
resting-state gamma oscillations in autism spectrum 
disorder detected by routine electroencephalography. 
Eur. Arch. Psychiatry Clin. Neurosci. http://dx.doi.
org/10.1007/s00406-014-0527-3 (2014).

106. Marrosu, F., Marrosu, G., Rachel, M. G. & Biggio, G. 
Paradoxical reactions elicited by diazepam in children 
with classic autism. Funct. Neurol. 2, 355–361 
(1987).

107. Wing, L. & Shah, A. Catatonia in autistic spectrum 
disorders. Br. J. Psychiatry 176, 357–362 (2000).

108. Hutton, J., Goode, S., Murphy, M., Le Couteur, A. & 
Rutter, M. New-onset psychiatric disorders in 
individuals with autism. Autism 12, 373–390 (2008).

109. Ungvari, G. S., White, E. & Pang, A. H. 
Psychopathology of catatonic speech disorders and 
the dilemma of catatonia: a selective review. Aust. 
N. Z. J. Psychiatry 29, 653–660 (1995).

110. Zoghbi, H. Y. & Bear, M. F. Synaptic dysfunction in 
neurodevelopmental disorders associated with autism 
and intellectual disabilities. Cold Spring Harb. 
Perspect. Biol. 4, a009886 (2012).

111. Bear, M. F., Huber, K. M. & Warren, S. T. The mGluR 
theory of fragile X mental retardation. Trends 
Neurosci. 27, 370–377 (2004).

112. Moore, S. J. et al. A clinical study of 57 children with 
fetal anticonvulsant syndromes. J. Med. Genet. 37, 
489–497 (2000).

113. Rasalam, A. D. et al. Characteristics of fetal 
anticonvulsant syndrome associated autistic disorder. 
Dev. Med. Child Neurol. 47, 551–555 (2005).

114. Christensen, J. et al. Prenatal valproate exposure and 
risk of autism spectrum disorders and childhood 
autism. JAMA 309, 1696–1703 (2013).

115. Tyzio, R. et al. Oxytocin-mediated GABA inhibition 
during delivery attenuates autism pathogenesis in 
rodent offspring. Science 343, 675–679 (2014).

116. Eftekhari, S. et al. Response to comment on 
“Oxytocin-mediated GABA inhibition during delivery 
attenuates autism pathogenesis in rodent offspring”. 
Science 346, 176 (2014).

117. Döring, B. et al. Ablation of connexin43 in uterine 
smooth muscle cells of the mouse causes delayed 
parturition. J. Cell. Sci. 119, 1715–1722 (2006).

118. Bittman, K. S., Panzer, J. A. & Balice-Gordon, R. J. 
Patterns of cell–cell coupling in embryonic spinal cord 
studied via ballistic delivery of gap-junction-permeable 
dyes. J. Comp. Neurol. 477, 273–285 (2004).

119. Sharkey, J. T., Puttaramu, R., Word, R. A. & Olcese, J. 
Melatonin synergizes with oxytocin to enhance 
contractility of human myometrial smooth muscle 
cells. J. Clin. Endocrinol. Metab. 94, 421–427 
(2009).

120. Rash, J. E. et al. Identification of connexin36 in gap 
junctions between neurons in rodent locus coeruleus. 
Neuroscience 147, 938–956 (2007).

121. Buzsaki, G. & Draguhn, A. Neuronal oscillations in 
cortical networks. Science. 304, 1926–1929 (2004).

122. Owen, S. F. et al. Oxytocin enhances hippocampal 
spike transmission by modulating fast-spiking 
interneurons. Nature 500, 458–462 (2014).

P E R S P E C T I V E S

504 | AUGUST 2015 | VOLUME 16  www.nature.com/reviews/neuro

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1007/s00406-014-0527-3
http://dx.doi.org/10.1007/s00406-014-0527-3


123. Lemonnier, E. et al. A randomised controlled trial of 
bumetanide in the treatment of autism in children. 
Transl Psychiatry 2, e202 (2012).

124. Hadjikhani, N. et al. Improving emotional face 
perception in autism with diuretic bumetanide:  
a proof-of-concept behavioral and functional brain 
imaging pilot study. Autism 19, 149–157 (2015).

125. Lagercrantz, H. & Slotkin, T. A. The ‘‘stress’’ of being 
born. Sci. Am. 254, 100–107 (1986).

126. Lagercrantz, H. The birth of consciousness. Early Hum. 
Dev. 85, S57–S58 (2009).

127. Lagercrantz, H. & Bistoletti, P. Catecholamine release 
in the newborn infant at birth. Pediatr. Res. 11,  
889–893 (1977).

128. Faxelius, G., Hägnevik, K., Lagercrantz, H., Lundell, B. 
& Irestedt, L. Catecholamine surge and lung function 
after delivery. Arch. Dis. Child 58, 262–266 (1983).

129. Padbury, J. et al. Effect of fetal adrenalectomy on 
catecholamine release and physiologic adaptation at 
birth in sheep. J. Clin. Invest. 80, 1096–1103 
(1987).

130. Newnham, J. P. et al. Fetal catecholamine release with 
preterm delivery. Am. J. Obstet. Gynecol. 149,  
888–893 (1984).

131. Greenough, A., Lagercrantz, H., Pool, J. & Dahlin, I. 
Plasma catecholamine levels in preterm infants. Acta 
Paediatr. 76, 54–59 (1987).

132. Olver, R. & Walters, D. Why babies don’t drown at 
birth? Acta Paediatr. 97, 1324–1326 (2008).

133. Aslan, E. et al. Transient tachypnea of the newborn 
(TTN): a role for polymorphisms in the β-adrenergic 
receptor (ADRB) encoding genes? Acta Paediatr. 97, 
1346–1350 (2008).

134. Inoue, W. et al. Noradrenaline is a stress-associated 
metaplastic signal at GABA synapses. Nat. Neurosci. 
16, 605–612 (2013).

135. MacKenzie, G. & Maguire, J. Neurosteroids and 
GABAergic signaling in health and disease. Biomol. 
Concepts 4, 29–42 (2013).

136. Inoue, W. & Bains, J. S. Beyond inhibition: GABA 
synapses tune the neuroendocrine stress axis. 
Bioessays 36, 561–569 (2014).

137. Krystal, A. D., Sutherland, J. & Hochman, D. W. Loop 
diuretics have anxiolytic effects in rat models of 
conditioned anxiety. PLoS ONE 7, e35417 (2012).

138. Bergman, H. & Deuschl, G. Pathophysiology of Parkinson’s 
disease: from clinical neurology to basic neuroscience and 
back. Mov. Disord. 17, S28–S40 (2002).

139. Khazipov, R. et al. Early development of neuronal 
activity in the primate hippocampus in utero. 
J. Neurosci. 21, 9770–9781 (2001).

140. Insel, T. R. & Young, L. J. The neurobiology of 
attachment. Nat. Rev. Neurosci. 2, 129–136 
(2001).

141. Modahl, C. et al. Plasma oxytocin levels in autistic 
children. Biol. Psychiatry 43, 270–277 (1998).

142. Feldman, R. et al. Sensitive parenting is associated 
with plasma oxytocin and polymorphisms in the OXTR 
and CD38 genes. Biol. Psychiatry 72, 175–181 
(2012).

143. Lee, H.-J., Caldwell, H. K., Macbeth, A. H. & 
Young, W. S. Behavioural studies using temporal and 
spatial inactivation of the oxytocin receptor. Prog. 
Brain Res. 170, 73–77 (2008).

144. Sala, M. et al. Mice heterozygous for the oxytocin 
receptor gene (Oxtr+/–) show impaired social 
behaviour but not increased aggression or cognitive 
inflexibility: evidence of a selective haploinsufficiency 
gene effect. J. Neuroendocrinol. 25, 107–118 (2013).

145. Lee, H.-J., Pagani, J. & Young, W. S. Using transgenic 
mouse models to study oxytocin’s role in the 
facilitation of species propagation. Brain Res. 1364, 
216–224 (2010).

146. Wahl, R. U. Could oxytocin administration during labor 
contribute to autism and related behavioral disorders? 
— A look at the literature. Med. Hypotheses 63, 
456–460 (2004).

147. Boer, G. J. & Kruisbrink, J. Effects of continuous 
administration of oxytocin by an accurel device on 
parturition in the rat and on development and diuresis 
in the offspring. J. Endocrinol. 101, 121–129 (1984).

148. Gregory, S. G., Anthopolos, R., Osgood, C. E., 
Grotegut, C. A. & Miranda, M. L. Association of 
autism with induced or augmented childbirth in North 
Carolina Birth Record (1990–1998) and Education 
Research (1997–2007) databases. JAMA Pediatr. 
167, 959–966 (2013).

149. Henkel, L. S. et al. Common pregnancy 
complication… complicated. Texas EMS Magazine 
[online], https://www.dshs.state.tx.us/WorkArea/linkit.

aspx?LinkIdentifier=id&ItemID=8589968593 
(2012).

150. Klin, A., Lin, D. J., Gorrindo, P., Ramsay, G. & 
Jones, W. Two-year-olds with autism orient to non-
social contingencies rather than biological motion. 
Nature 459, 257–261 (2009).

151. Jones, E. J., Gliga, T., Bedford, R., Charman, T. & 
Johnson, M. H. Developmental pathways to autism: 
a review of prospective studies of infants at risk. 
Neurosci. Biobehav. Rev. 39, 1–33 (2014).

152. Wallace, K. S. & Rogers, S. J. Intervening in infancy: 
implications for autism spectrum disorders. J. Child 
Psychol. Psychiatry 51, 1300–1320 (2010).

153. Dawson, G. et al. Randomized, controlled trial of an 
intervention for toddlers with autism: the Early Start 
Denver Model. Pediatrics 125, e17–e23 (2010).

154. Evans-Rogers, D. L., Sweeney, J. K.,  
Holden-Huchton, P. & Mullens, P. A. Short-term, 
intensive neurodevelopmental treatment program 
experiences of parents and their children with 
disabilities. Pediatr. Phys. Ther. 27, 61–71 (2015).

155. Shen, M. D. et al. Early brain enlargement and 
elevated extra-axial fluid in infants who develop autism 
spectrum disorder. Brain 136, 2825–2835 (2013).

156. Du, L. et al. A pilot study on the combination of 
applied behavior analysis and bumetanide treatment 
for children with autism. J. Child Adolesc. 
Psychopharmacol. (in the press).

Acknowledgements
The author is extremely grateful to his colleagues 
H. Lagercrantz, H. Bruining, N. Hadjikhani and D. Ferrari for 
their suggestions. He is also indebted to D. Ferrari for her help 
in preparing the figures. The author is thankful to his many 
colleagues who took part in the experiments summarized in 
this article. Financial support for the author’s investigations is 
acknowledged from the French National Institute for Health 
and Medical Research (INSERM), the Institute of 
Neurobiology of the Mediterranean Sea (INMED), the 
National Agency for Research (ANR), The Bettencourt/Schuller 
foundation and the biotechnology company Neurochlore.

Competing interests statement
The author declares competing interests: see Web version for 
details.

P E R S P E C T I V E S

NATURE REVIEWS | NEUROSCIENCE  VOLUME 16 | AUGUST 2015 | 505

© 2015 Macmillan Publishers Limited. All rights reserved

https://www.dshs.state.tx.us/WorkArea/linkit.aspx?LinkIdentifier=id&ItemID=8589968593
https://www.dshs.state.tx.us/WorkArea/linkit.aspx?LinkIdentifier=id&ItemID=8589968593
http://www.nature.com/nrn/journal/v16/n8/full/nrn3956.html#affil-auth

	Abstract | Birth is associated with a neuroprotective, oxytocin-mediated abrupt excitatory-to-inhibitory GABA shift that is abolished in autism, and its restoration attenuates the disorder in offspring. In this Opinion article, I discuss the links between
	Developmental brain activity patterns
	Abnormal neuronal development in ASD
	Checkpoint and neuroarcheology
	Figure 1 | Synchronous calcium plateau assemblies are regulated by oxytocin. Synchronous calcium plateau assemblies (SPAs) are intrinsic non-synapse-driven, long-lasting depolarizations that are present around the time of delivery (that is, birth) and are
	Excitatory actions of GABA
	Reduced GABAergic tone in ASD
	Figure 2 | The excitatory-to‑inhibitory GABA developmental switch is abolished in animal models of autism and fragile X syndrome. a | The ratio of intracellular to extracellular chloride concentration is what determines whether GABA is excitatory or inhib
	Importance of oxytocin during birth
	Resetting neural processes during birth
	Oxytocin is neuroprotective during birth
	Is oxytocin involved in ASDs?
	Concluding remarks
	Note added in proof
	Figure 4 | Effect of different birth conditions on catecholamine levels in newborns. 
a | The graph shows a dramatic increase in catecholamine during parturition. Note the logarithmic ordinate (y axis); noradrenaline levels are increased for a few hours b



