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1. Materials and Methods

Two animal models of autism were used: rats exposed in utero to valproate (VPA rats)
and mice carrying the Fragile X mutation (FRX mice). The electrophysiological
experiments were performed on the CA3 pyramidal cells layer in acute hippocampal
slices and in vivo as described previously (7, 26). We used cell-attached mode for single
GABAAR channels and spike recordings, whole-cell recordings for sEPSCs and
extracellular field potential recordings for multi-unit activity in CA3 pyramidal cells
layer. The in vivo electroencephalographic (EEG) recordings were made in the CA3 area
of hippocampus of head-restrained rats using 16-site linear silicone probe (NeuroNexus
Technologies). The expression of KCC2 in the hippocampus was determined by western
blot studies using the rabbit anti-panKCC2 and rabbit anti-neuronal class III beta-tubulin
antibodies. To determine the localization of KCC2 immunoreactivity in the CA3 cells we
used immuno-cytochemistry with the anti-KCC2 antibody and fluorescent-labeled
secondary antibody (9). For the behavioral part, we measured isolation-induced ultrasonic
vocalizations that offsprings emit when separated from their mothers and analyzed the
different types of calls; and performed the nest seeking test measuring the latency to find
home bedding after pups were separated from their mothers.
All experiments were performed in accordance with the Institut National de la Santé et de
la Recherche Médicale guidelines for animal care and were approved by the local review
committee.
Valproate rat model of autism
Time-mated female Wistar rats at gestational day E7-8 were housed under standard
laboratory conditions. The in utero valproic acid (VPA) rodent model of autism spectrum
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disorders has been previously described in detail (27). Briefly, the sodium salt of VPA
(Sigma-Aldrich) was dissolved in physiological saline solution to a concentration of 300
mg/ml. Pregnant rats received a single intra-peritoneal dose of 600 mg/kg on gestational
day 12 (E12). The control dams received a single similar volume injection of saline at the
same gestational time-point. Dams were housed individually and allowed to raise their
own litters. The offspring were used for experiments on embryonic day 20 (E20) and
postnatal (P) days 0, 2, 4, 7, 15 and 30 (after being weaned at P23). Experiments were
carried out on offspring of either sex.

Fragile X knock-out mice
Mice lacking Fmr1 (Fmr1-/-, referred to as FRX) (28) were bred in our animal facility.
These mice do not express any Fmr1 protein and lack detectable Fmr1 transcripts (28).
For all experiments, Fmr1-/- mice were used with wild-type littermates as a control group.
The offspring were used for experiments at E18, P0, P2, P4, P7, P8, P15 and P30.
Experiments were carried out on offspring of either sex. The authors thank the FRAXA
research foundation (Dr. D. Nelson, Baylor College of Medicine) for providing the Fmr1
KO2 mice.

Slice preparation
Experiments were performed on fetuses and neonatal rats and mice pups. We removed
E18 mice and E20 rats from deeply anesthetized dams (subcutaneous injection of a
mixture of xylazine (Rompun 2%; used at 0.05%) and ketamine (Imalgene 1000 used at
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50 g/l)). The embryos were kept in an ice-cold oxygenated solution containing (in mM):
110 choline, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 25 NaHCO3, 7 glucose.
Newborn P0 pups were taken for experiment immediately after delivery. Hippocampal
slices (350-500 μm thick) were prepared as described earlier (7).

Electrophysiology
Cell-attached recordings
For recordings, slices were placed into a conventional fully submerged chamber
superfused with ACSF at a rate of 2-3 ml/min at room temperature. Patch-clamp
recordings from visually identified hippocampal CA3 pyramidal cells in cell-attached
configuration were performed using EPC-10 amplifier (HEKA Elektronik Dr. Schulze
GmbH, Lambrecht/Pfalz, Germany). Patch pipette solution for recordings of single
GABAAR channels were as in our previous studies (7). Analysis of currents through
single channels and current-voltage relationships were performed using Clampfit 9.2
(Axon Instruments, Union City, CA), recordings digitized and analyzed as described
previously.
Whole-cell recordings
Standard whole-cell recordings were performed in coronal neocortical rat or mouse brain
slices at room temperature (20–22°C) from the soma of hippocampal CA3 neurons using
an EPC-10 (HEKA Elektronik, Germany) amplifier and filtered at 3–10 kHz. The internal
solution contained (in mM): 130 K-gluconate, 10 Na-gluconate, 4 NaCl, 4 MgATP, 4
phosphocreatine, 10 HEPES, and 0.3 GTP (pH 7.3 with KOH). Neurons were visualized
by using infrared DIC video microscopy. Spontaneous postsynaptic currents were
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recorded for 15 min at the reversal potentials for GABAergic currents (-70 mV). It should
be specifically noted that all recordings were made in normal ACSF (1.3 mM MgCl2).
Stored data were analyzed using the Mini Analysis 6.0.3 (Synaptosoft Inc., Chapell Hill,
NC) and Origin (MicroCal, Northampton, MA) software.
Extracellular field potentials and multi-unit activity (MUA) recordings
Recording were made in hippocampal slices using tungsten wire electrodes (diameter: 50
μm, California Fine Wire, Grover Beach, CA) and a low-noise multichannel DAM-8A
amplifiers (WPI, GB; low-pass filter: 0.1 Hz; high-pass filter: 3 KHz; gain: x1000). The
signals were digitized using an analogue-to-digital converter (Digidata 1440A, Axon
Instruments, USA). The following software was used for the acquisition and analysis of
the synaptic activities: pCLAMP 10.1, Clampfit 10.1 (Axon Instruments, USA),
MiniAnalysis 6.03 (Synaptosoft, Decatur, CA)

and Origin 7.5 (Microcal Software,

USA). Sampling interval per signal was 100 microseconds (10 kHz).
In vivo EEG recordings
Head-fixed P13-P15 rat pups were prepared for extracellular recording under isoflurane
anesthesia. The skin and periosteum were removed from the skull, which was then
covered by glue and dental cement except for a 4-9 mm2 window above the
somatosensory cortex from one or two hemispheres for the silicon probe penetration
(4.0–4.2 mm lateral to midline and 2.2–2.5 mm caudal to bregma) and for the reference
electrode (1.0–1.5 mm lateral to midline and 6.0–6.5 mm caudal to bregma) (26). Once
the rat was positioned in the stereotaxic apparatus, a 1-mm-diameter burr hole was drilled
in the skull; the dura was cut and removed. Recordings were made 1 h after recovery
from anesthesia. Pups were kept restrained for <3 h and were closely monitored for signs
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of stress and to ensure that they spent a normal proportion of their time sleeping. The
outside temperature was maintained between 35 and 36°C. The animals were kept in lowlight conditions throughout all experiments. 16-site linear silicone probe (NeuroNexus
Technologies) coupled to a direct-current amplifier (Molecular Devices) and dunked
previously in fluorescent dye (DiI, Invitrogen) was slowly penetrated via the hole at 3200
μm depth under the angle 30° in the coronal plane. EEGs were recorded during 2 hours,
using a 16-channel amplifier (A-M System, Inc.) and digitized at 5 kHz using Axoscope
software (Molecular Deviced). Recordings were amplified and high-pass filtered at 0.3
Hz in Axoscope. Silicone probe location was verified postmortem via dye localization.
To quantify the frequency band integral power the traces were band-pass filtered at
different frequency bands (δ-(0.5-4 Hz) θ-(4-7 Hz), α-(7-12 Hz), β-(12-25 Hz), Low γ(25-60 Hz), High γ-(60-120 Hz) and Fast oscillations-(120-500 Hz)). Fast Fourier
Transform (FFT) was applied with Clampfit (Molecular Devices). Integrals of FFT power
spectra were taken and averaged with OriginPro (OriginLab Corporation).

Western blot
Pups were deeply anesthetized with isofluorane and decapitated. Whole brains were
removed and the whole hippocampus was isolated, flash-frozen in liquid nitrogen
and stored at –80oC until processed. For the protein extraction, each isolated hippocampi
was suspended in ice-cold homogenization buffer (10 mM Tris Base, 300 mM sucrose, 1
mM EDTA, 1 mM DTT, pH 7.5) containing 1 Complete Protease Inhibitor Tablet
(Roche) and 1 phosSTOP Phosphatase Inhibitor Cocktail Tablet (Roche), and
homogenized with a tight-fitting dounce homogenizer. The homogenates were vortexed
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for 10 s, and centrifuged at 7600 rpm for 5 min at 4oC. The supernatant was separated
from the nuclear pellet and unbroken cells, and centrifuged at 13000 rpm for 1 h at 4oC to
pellet the membrane enriched fraction. The resulting supernatant contains the cytosolic
fraction, and the membrane fraction was resuspended in ice-cold homogenization buffer.
Protein concentrations were determined using the bicinchoninic acid protein assay
(Pierce). Membrane fractions containing 20 µg of protein with an appropriate volume of
3X laemmli sample buffer were loaded onto a 7.5% Criterion TGX gel (BioRad). The
samples were separated at 100 V for 1.5 hr. Proteins were transferred from the gels onto a
nitrocellulose membranes (BioRad) for 20 minutes at 4Co and 100 V. Membranes were
incubated for one hour at room temperature in blocking solution containing 5% (w/v)
bovine serum albumin (BSA) (Sigma-Aldrich) in Tris-buffered saline (TBS, pH 7.4) with
0.1% (v/v) Tween-20. Primary and secondary antibodies were diluted in 2.5% (w/v) BSA
in TBS-tween, and washes were done with TBS containing 0.1% (v/v) Tween-20.
Peroxidase activity was detected using the Immobilon western chemiluminescent HRP
substrate (Millipore). Antibodies: rabbit anti-panKCC2 [1:1000] (was a gift of Dr.
Claudio Rivera), and rabbit anti-neuronal class III beta-tubulin [1:10000] (PRB-435P,
Covance).

Immunohistochemistry
Control and VPA treated rats were fixed with an intracardiac perfusion of 4%
paraformaldehyde. The brains were serially cut with a Vibratome (thickness 80 µm).
Selected sections from control and VPA hippocampi of the same age were processed, in
parallel, for immunohistochemistry under identical conditions. Sections were incubated
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for 2 h at room temperature, with a mixture of 5% normal goat serum (NGS) in PBS with
0.3% Triton X100. Then, they were incubated overnight at 4°C with the anti-KCC2
antibody (rabbit; dilution 1/1000; US Biological, Euromedex, France) diluted in PBS
with NGS 1% and 0.1% Triton X100. After rinsing in PBS, sections were incubated with
the fluorescent-labeled secondary antibody (1/1000; Chemicon, France) for 1 h at room
temperature. Sections were finally mounted on slides and imaged on a confocal
microscope (Zeiss, Wetzlar, Germany) using identical settings (objective lens, objective
aperture, laser power and photomultiplier gain/offset) for each set of experiments and
analyzed on the complementary software package.
Quantification. KCC2 analysis was performed in blind. Analyses of the intensity of the
distribution of KCC2 fluorescence associated with the membrane or cytosolic regions in
control and VPA cells were performed at high magnification (×63 objective) using the
Image J program. The same straight line length (fig. S1D(A2-B2)) was applied from the
nucleus to the external cell compartment of 84 cells from each condition. The Plot Profile
values were analyzed and we normalized the fluorescence intensity to the highest
intensity of the control condition and calculated the mean ± S.E.M (error bars) for each
condition represented on the two curves.

Vocalization
To induce ultrasonic vocalizations, rat and mouse pups were isolated individually from
their mothers on P4 and P8 respectively, and were placed into an isolation box
(23×28×18 cm) located inside a sound attenuating isolation cubicle (54×57×41 cm;
Coulbourn Instruments, Allentown, PA, USA), and evaluated for ultrasonic vocalizations
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during a three minutes test. An ultrasound microphone (Avisoft UltraSoundGate
Condenser microphone capsule CM16/CMPA, Avisoft Bioacoustics, Berlin, Germany),
placed in the roof of the box, was sensitive to frequencies of 10 to 250 kHz.
Vocalizations were recorded using the Avisoft Recorder software (version 4.2) with a
sampling rate of 214.3 kHz and 250 kHz in 16 bit format for rats and mice respectively.
For acoustical analysis, recordings were transferred to SASLab Pro (version 5.2; Avisoft
Bioacoustics) and a fast Fourier transformation was conducted (512 FFT-length, 100%
frame, Hamming window and 75% time window overlap). In the mouse at postnatal day
8 (P8), waveform patterns of calls were examined in 45 sonograms from 4 groups of mice
(wild type, FRX, wild type pretreated, FRX pretreated). Each call was identified as one of
10 distinct categories (29), and only the sonograms where mice emitting at least 50 calls
were used for this evaluation. Experimenters were blind to the treatment or genotype
during testing and analyzing.
Nest Seeking Test
On P9, pups were separated from their dams and kept for 30 min in a cage placed on a
35oC-set heating pad. Then the pups were transferred individually to the center of a
plexiglas cage containing in two corners either home or clean bedding. Latency to find
the home bedding was measured during a four minute trial (27). Experimenters were
blind to the treatment during testing and analyzing.

Statistics
The data from the electrophysiological studies were analyzed with two tailed t test and
one-way ANOVA Fisher’s LSD post-hoc test. For quantification of western blots we
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used unpaired t tests between control and VPA, and between wild type and FRX for each
individual age. For immuno-cytochemistry analysis we used two tail t test. For behavior
the probability of emitting Chevron and Downward calls in mice was calculated as
number of calls of each type over the total number of calls analyzed in each animal, and
standardized by angular transformation. We used one-way ANOVA Kruskal-Wallis test
with Dunn’s Multiple Comparison post-hoc test. When comparing control vs. control
pretreated with bumetanide, wild type vs. wild type pretreated with bumetanide, and
control vs. SSR126768A-treated we used Mann-Whitney test. All data are presented as
mean ± S.E.M. (error bars).

Pharmacological agents. Bumetanide (10 µM), Oxytocin (1 µM) and Isoguvacine (10
µM) were directly added to the perfusion solutions. Bumetanide pretreatment (2-2.5
mg/kg) was given to the dams in drinking water. All drugs used were purchased from
Sigma. SSR126768A (Sanofi-Synthelabo) pretreatment (1mg/kg) was given to the dams
in drinking water.
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2. Supplementary figures and legends

Fig. S1. KCC2 down regulation in VPA rats and FRX mice. (A) Representative
immunoblots for panKCC2 and beta-tubulin in control and VPA rats and in wild type and
FRX mice at P15. (B, C) panKCC2 immunoreactivity normalized to beta-tubulin in the
membrane enriched fraction of total hippocampi of control and VPA rats, as well as wild
type and FRX mice. Note significant decrease of KCC2 expression in VPA rats and FRX
mice compared to their respective controls at all ages studied. Data presented as means ±
S.D. Values were significantly different at all ages in both animal models. (D)
Localization of KCC2 immunoreactivity in the CA3 region of control and VPA rats at
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P15. (A1, B1) Low magnification: KCC2 is strongly expressed in CA3 in both
conditions. (A2, B2) Higher magnifications: In control pyramidal cells (A2), the labeling
is concentrated near the cell membrane (arrowhead) and the cytoplasm is almost devoid
of labeling (arrows). In contrast, in VPA pyramidal cells (B2), the labeling is found near
the cell membrane but also in the cytoplasmic cell compartments (arrows). (E)
Histograms representing the distribution and quantification of the intensity of
fluorescence in 28 CA3 cells per animal (in control n=3 and VPA rats n=3). KCC2
expression is significantly higher near the cell membrane of control pyramidal cells
(black curve). In VPA pyramidal cells (red curve), KCC2 expression is significantly
higher in the cytoplasmic compartment. ext.= extracellular compartment, a.u. – arbitrary
units. Data presented as mean ± S.E.M. For values and statistics see tables S3 and S4.
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Fig. S2. Excitatory action of GABA in CA3 pyramidal neurons at P15 in two animal
models of autism. (A-D) Representative spontaneous spiking recorded in cell-attached
mode in brain slices of control (A), VPA (B) rats, wild type (C) and FRX (D) mice with
(10 µM) and without isoguvacine. Corresponding time-courses of the isoguvacineinduced firing frequency changes are shown under each trace. (B and D) Isoguvacine
strongly increases the frequency of spikes in VPA rats and FRX mice hippocampal
neurons at P15. Note that the increase in spike frequency in neurons of the FRX mice (D)
is followed by inhibition, which could be due to inactivation of voltage-sensitive sodium
channels. Averaged values of normalized to control spike frequency showing the effects
of isoguvacine on spiking at P15 are shown on Fig. 1 H, J.
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Fig. S3. Spontaneous activity in CA3 pyramidal neurons is increased in VPA and
FRX rodents at birth and at P15 and restored to control values by acute bumetanide
(BUM) application. Whole-cell voltage clamp recordings of sEPSCs at -70 mV from
individual hippocampal CA3 pyramidal neurons from P0 and P15 VPA rats or FRX mice
and respective control animals. (A, F) Representative traces of sEPSCs recorded from
rats (A) and mice (F) at P0. Note that bath application of 10 µM bumetanide disrupts
spontaneous bursting activity in both models. (B, G) Left panels, average values of
frequency of sEPSCs recorded in control and VPA rats (B) and wild type (WT) and FRX
mice (G) at P0. Right panels, the effects of application of 10 µM bumetanide on sEPSC
frequency in VPA rats (B) and FRX mice (G) at P0. (C, H) Average values of burst
frequency (left panels) and charge density (C, D, right panels) of sEPSC bursts recorded
at P0 (C) in control, VPA rats and VPA rats with 10 μM bumetanide and (H) in wild
type, FRX mice and FRX mice with bumetanide application. Should be specifically noted
that only one out of 6 wild type mice tested showed bursting activity. This data is not
included in the plot. (D, I) Representative traces of sEPSCs recorded from rats (D) and
mice (I) at P15. Note that bath application of bumetanide (10 µM) decreases sEPSCs
frequency in both models. (E) Average values of frequency of sEPSCs recorded in
control, VPA rats and VPA rats with bumetanide application at P15. (J) The same as (E)
for wild type, FRX mice and FRX mice with bumetanide application. Data presented as
mean ± S.E.M. For values and statistics see tables S6-S8.
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Fig. S4. Maternal pretreatment of VPA rats with bumetanide prevents excitatory
action of GABA in offspring at P15. (A-C) Representative spontaneous spikes recorded
from pyramidal neurons in cell-attached mode in brain slices from control, VPA and
VPA rats with maternal bumetanide pretreatment. Isoguvacine (10 µM) decreased
ongoing spontaneous spiking activity in control (A), increased it in VPA (B), and did not
affect it in VPA rats with maternal bumetanide pretreatment (C). Corresponding time
courses of isoguvacine-induced spike frequency changes are shown below each trace. (D)
Average quantification histogram of normalized spike frequency showing the effects of
isoguvacine on spike frequency as indicated in the plot. Data presented as mean ± S.E.M.
For values and statistics see table S12.
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Fig. S5. Maternal pretreatment with the selective oxytocin receptor antagonist
SSR126768A (SSR) leads to depolarizing DFGABA, excitatory actions of GABA and
behavioral abnormalities in offspring. (A) Averaged values (± S.E.M.) of DFGABA
measured in cell-attached recordings of single GABAAR channels in control and SSRtreated P15 rats. (B) Left, Representative spontaneous spiking recorded from CA3
pyramidal neurons in cell-attached mode in brain slices from SSR-treated P15 rats. Note
that application of isoguvacine (10 µM) increases spontaneous spiking. Corresponding
time-course of the isoguvacine-induced firing frequency changes is shown under the
18

trace. Right, Average values (± S.E.M.) of normalized to control spike frequency showing
the effects of isoguvacine on spiking in control and SSR-treated rats. (C) Average values
(± S.E.M) of time to find home bedding in control and SSR-treated rats at P9. For values
and statistics see table S13-15. (D) SSR126768A treatment increased the probability of
the maternal SSR-treated wild type mice to emit downward calls (see also table S15).
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3. Supplementary tables and legends

Table S1. Developmental changes of the driving force for GABAARs (DFGABA) in
hippocampal CA3 pyramidal cells in 2 models of autism. (1) Control and VPA rats
(numbers correspond to Fig. 1A). (2) wild type and FRX mice (numbers correspond to
Fig. 1D). The statistics are presented by two-tail t test.
DFGABA (mV), mean ± S.E.M.
(1) For Fig. 1A
Control rats
11.8 ±1.4 (n=8)
E20
-2.1 ± 0.8 (n=22)
P0
16.2 ± 1.1 (n=35)
P2
10.2 ± 1.2 (n=29)
P7
3.6 ± 0.7 (n=21)
P15
2.5 ± 0.8 (n=19)
P30
(2) For Fig. 1D
Wild type mice
16.5 ± 2.04 (n=6)
E18
-2.8 ± 0.9 (n=55)
P0
19.7± 2.1 (n=16)
P2
12.7 ± 1.2 (n=24)
P7
6.8 ± 1.1 (n=15)
P15
-0.04 ± 1.4 (n=8)
P30

VPA rats
8.5 ± 0.6 (n=9)
8.2 ± 1.3 (n=29)
11.7 ± 1.4 (n=24)
9.7 ± 1.1 (n=26)
10.2 ± 1.0 (n=25)
8.7 ± 0.8 (n=25)

Statistics
Control vs. VPA n.s.
Control vs. VPA P <0.001
Control vs. VPA P <0.01
Control vs. VPA n.s.
Control vs. VPA P <0.001
Control vs. VPA P <0.001

FRX mice
14.5 ± 1.3 (n=9)
6.6 ± 1.3 (n=36)
16.1 ± 2.0 (n=12)
15.7 ± 1.2 (n=24)
15.3 ± 2.0 (n=24)
10.7 ± 1.4 (n=21)

Wild type vs. FRX mice n.s.
Wild type vs. FRX mice P <0.001
Wild type vs. FRX mice n.s.
Wild type vs. FRX mice n.s.
Wild type vs. FRX mice P <0.01
Wild type vs. FRX mice P <0.001
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Table S2. Acute application of bumetanide (BUM, 10 µM) or oxytocin (1 µM) shifts
DFGABA in P0 hippocampal CA3 pyramidal cells from depolarizing to
hyperpolarizing. (1) Control and VPA rats, and (2) wild type and FRX mice, (numbers
correspond to Fig. 1C and F respectively). The statistics presented by ANOVA test
followed by post hoc Fisher test.
DFGABA (mV),
mean ± S.E.M.
(1) For Fig. 1C
Control rats
Control + BUM acute
VPA rats
VPA + BUM acute
VPA + Oxytocin
(2) For Fig. 1F
Wild type mice
+ BUM acute
FRX mice
+ BUM acute
+ Oxytocin

-2.1 ± 0.8 (n=22)
-5.3 ± 0.7 (n=17)
8.2 ± 1.3 (n=29)
-2.4 ± 1.2 (n=21)
-2.5 ± 1.3 (n=19)
-2.8 ± 0.9 (n=55)
-11.3 ± 1.0 (n=26)
6.6 ± 1.3 (n=36)
-5.7 ± 1.7 (n=21)
-8.8 ± 0.6 (n=14)

Statistics

Control vs. Control+BUM acute P <0.01
VPA vs. VPA+BUM acute P <0.001
VPA vs. VPA+Oxytocin P<0.001

Wild type vs. WT+BUM acute P<0.001
FRX vs. FRX+BUM acute P <0.001
FRX vs. FRX+Oxytocin P<0.001

Table S3. panKCC2 protein levels are decreased in two animal models of autism.
Normalized panKCC2 immunoreactivity in the membrane fraction of total hippocampi.
(1) Control and VPA rats; (2) Wild type and FRX mice. The statistics presented by two
tailed unpaired t test. Numbers correspond to fig. S1B,C.
panKCC2, mean ± S.D.
(1) For fig. S1B
P0
P7
P15
P30
(2) For fig. S1C
P15
P30

Control rats
0.8 ± 0.2 (n=5)
1.1 ± 0.1 (n=6)
1.3 ± 0.2 (n=5)
1.02 ± 0.2 (n=5)

VPA rats
0.5 ± 0.2 (n=7)
0.8 ± 0.2 (n=5)
1.02 ± 0.1 (n=6)
0.7 ± 0.1 (n=7)

Statistics
P<0.05
P<0.01
P<0.01
P<0.01

Wild-type mice
0.75 ± 0.1 (n=5)
1.32 ± 0.2 (n=5)

FRX mice
0.44 ± 0.1 (n=4)
0.98 ± 0.1 (n=5)

P<0.01
P<0.01
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Table S4. Quantification of the intensity of fluorescence in CA3 cells in control and
VPA treated animals. The numbers in bold represent intensity of fluorescence at the cell
membrane. Numbers correspond to fig. S1E. The statistics presented by two tail t test.
Control
Mean ± S.D.
(n=3)
0.23 ± 0.02
0.21 ± 0.02
0.25 ± 0.05
0.24 ± 0.02
0.27 ± 0.03
0.27 ± 0.05
0.27 ± 0.05
0.29 ± 0.06
0.35 ± 0.07
0.4 ± 0.03
0.43 ± 0.03
0.53 ± 0.04
0.55 ± 0.05
0.57 ± 0.03
0.69 ± 0.04
0.72 ± 0.1
0.69 ± 0.08
0.71 ± 0.03
0.62 ± 0.04
0.57 ± 0.05
0.51 ± 0.00
0.43 ± 0.02
0.33 ± 0.02
0.32 ± 0.01
0.31 ± 0.02
0.24 ± 0.03
0.23 ± 0.04
0.23 ± 0.02

VPA
Mean ± S.D.
(n=3)
0.36 ± 0.09
0.42 ± 0.08
0.48 ± 0.18
0.53 ± 0.05
0.52 ± 0.11
0.53 ± 0.02
0.54 ± 0.02
0.54 ± 0.07
0.51 ± 0.07
0.47 ± 0.03
0.47 ± 0.07
0.45 ± 0.05
0.45 ± 0.02
0.39 ± 0.03
0.41 ± 0.05
0.39 ± 0.03
0.39 ± 0.01
0.41 ± 0.01
0.4 ± 0.01
0.39 ± 0.01
0.36 ± 0.01
0.37 ± 0.01
0.38 ± 0.01
0.38 ± 0.02
0.33 ± 0.04
0.3 ± 0.00
0.33 ± 0.00
0.36 ± 0.09

Statistics
n.s.
n.s.
n.s.
P<0.05
P<0.05
P<0.05
P<0.05
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
P<0.05
P<0.05
P<0.05
P<0.05
P<0.01
P<0.05
P<0.05
P<0.01
P<0.05
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
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Table S5. Excitatory action of GABA in CA3 pyramidal neurons at P0 and P15 in
two animal models of autism. Effects of the GABAARs agonist isoguvacine (10 µM) on
frequency of spikes recorded in cell-attached mode. (1) Control and VPA rats, and (2)
wild type and FRX mice (numbers correspond to Fig. 1H,J). The statistics are presented
by two tail t test.
Effects of isoguvacine on frequency of spikes
recorded in cell-attached mode (% of control), mean ± S.E.M.
(1) For Fig. 1H
Control rats
VPA rats
50 ± 12 (n=9)
P< 0.005 1230 ± 294 (n=5), P<0.02 Control vs.VPA, P<3×10-4
P0
175 ± 18 (n=13), P<0.001 Control vs.VPA, P<4×10-4
P15 84 ± 10 (n=11) n.s.
(2) For Fig. 1J
Wild type mice
FRX mice
73 ±16 (n=4)
n.s
819 ± 220 (n=5)
Wild type vs. FRX, P<0.04
P0
273 ± 89 (n=11) n.s.
Wild type vs. FRX, P<0.04
P15 102 ±19 (n=15) n.s.

Table S6. Frequency of spontaneous activity (sEPSCs) of neuronal networks in CA3
pyramidal neurons from VPA rats and FRX mice recorded in whole-cell voltage
clamp mode is increased at P0. Numbers correspond to fig. S3B,G (left panels). The
statistics are presented by two sample two tail t test.
Frequency of spontaneous activity (Hz), mean ± S.E.M.
VPA rats, P0
Control rats
VPA rats
4.0 ± 1.6 (n=8)
22.9 ± 3.5 (n=14)
FRX mice, P0
Wild type mice
FRX mice
0.8 ± 0.4 (n=6)
8.2 ± 1.9 (n=15)

Statistics
P<1.5×10-4

P<0.001

23

Table S7. Enhanced spontaneous activity of neuronal networks in VPA rats and
FRX mice at postnatal age P0 is reversed by acute bumetanide (10 µM) treatment.
Numbers correspond to fig. S3B,G (right panels). The statistics are presented by paired
two tail t test.
Frequency of spontaneous activity (Hz), in the presence of bumetanide,
(% of Control)
Statistics
0.6 ± 0.1 (n=5)
P<0.02
VPA rats P0
0.4 ± 0.1 (n=5)
P<0.04
FRX mice P0

Table S8. Enhanced spontaneous bursting activity of neuronal networks in VPA rats
and FRX mice at postnatal age P0 is reversed by bumetanide (BUM, 10 µM)
treatment. Numbers correspond to fig. S3C,H. The statistics are presented by two
sample two tail t test for FRX and ANOVA followed by post hoc Fisher test.
Burst frequency (Hz),
mean ± S.E.M.

CD (pC/s),
mean ± S.E.M.

For fig. S3C
Control rats
VPA in ACSF
VPA+BUM acute
For fig. S3H

P0, VPA vs. Control rats
0.0051 ± 0.0015 (n=9)
0.108 ± 0.019 (n=13)
0.033 ± 0.013 (n=4)

P0, FRX vs. Wild type mice
Non-bursting (n=6)
0.055 ± 0.014 (n=8)
0.0072 ± 0.0031 (n=7)
P<0.005
Statistics
Univariate ANOVA
Groups (Charge)
between the groups
Control vs. VPA
0.03
VPA vs. VPA+BUM acute
Univariate ANOVA
Groups (Frequency)
between the groups
Control vs. VPA
6.8E-4
VPA vs. VPA+BUM acute
Wild type mice
FRX
FRX+BUM acute

0.0106 ± 0.0041 (n=9)
0.489 ± 0.161 (n=13)
0.0573 ± 0.0322 (n=4)

Non-bursting (n=6)
0.425 ± 0.11 (n=8)
0.027 ± 0.016 (n=7)
P<0.006
Post-hoc test between the
groups, Fisher test
<0.02
0.06, t-test P <0.01
Post-hoc test between the
groups, Fisher test
<2 × 10-4
<0.03
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Table S9. Frequency of sEPSCs in CA3 pyramidal neurons from VPA rats and FRX
mice is increased at P15 and rescued by acute and chronic treatment by bumetanide
(BUM). Control+BUM-pretreatment is not shown on the figure. Numbers correspond to
Fig. 3B,D and fig. S3E,J. The statistics are presented by ANOVA followed by post-hoc
Fisher test.
For Fig. 3B
Frequency of spontaneous EPSCs (Hz), mean ± S.E.M.
VPA rats, P15
15.2 ± 1.4 (n=8)
Control
15.2 ± 4.8 (n=8)
Control + BUM pretreatment
33.1 ± 3.8 (n=21)
VPA in ACSF
21.6 ± 2.2 (n=21)
VPA + BUM pretreatment
25.46 ± 1.8 (n=32)
SSR126768A
Statistics
Univariate
Groups
ANOVA between
the groups
Control vs. VPA
VPA vs. VPA + BUM pretreatment
0.002
Control vs. VPA + BUM pretreatment
Control vs. SSR126768A
For Fig. 3D
Frequency of sEPSCs (Hz), mean ± S.E.M.
FRX mice, P15
4.9 ± 1.1 (n=12)
Wild type mice
26.9 ± 6.9 (n=9)
FRX mice
1.97± 0.44 (n=11)
FRX + BUM pretreatment
21.17± 2.9 (n=13)
SSR126768A
Statistics
Univariate
ANOVA between
Groups
the groups
Wild type (WT) vs. FRX
4 ×10-6
FRX vs. FRX+BUM pretreatment
WT vs. FRX+BUM pretreatment
WT vs. SSR126768A
Continuation of Table S9 on next page

Post-hoc test between the
groups, Fisher test
<7 ×10-4
<0.003
>0.6
<0.04

Post-hoc test between the
groups, Fisher test
<5 ×10-5
<1×10-5
>0.5
<7 ×10-4
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Continuation of Table S9
For fig. S3E
Frequency of spontaneous EPSCs (Hz), mean ± S.E.M.
VPA rats, P15
15.2 ± 1.4 (n=8)
Control
15.2 ± 4.8 (n=8)
Control + BUM pretreatment
33.1 ± 3.8 (n=21)
VPA in ACSF
18.3 ± 3.8 (n=7)
VPA+BUM acute
Statistics
Univariate
Groups
ANOVA between
the groups
Control vs. VPA
0.002
VPA vs. VPA+BUM acute
Control vs VPA+ BUM acute

For fig. S3J
Frequency of spontaneous activity (Hz), mean ± S.E.M.
FRX mice, P15
4.9 ± 1.1 (n=12)
Wild type mice
26.9 ± 6.9 (n=9)
FRX mice
12.9± 4.9 (n=6)
FRX+ BUM acute
Statistics
Univariate
Groups
ANOVA between
the groups
Wild type vs. FRX
0.006
FRX vs. FRX+BUM acute
Wild type vs. FRX+BUM acute

Post-hoc test between the
groups, Fisher test
<0.005
<0.03
>0.6

Post-hoc test between the
groups, Fisher test
<0.001
<0.05
>0.4
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Table S10. Depolarizing DFGABA in VPA (1) and FRX (2) neurons and restoration by
maternal pretreatment with bumetanide (BUM). Note that DFGABA is depolarizing in
neurons recorded at P15 from VPA and FRX rodents and control values were restored
following maternal pretreatment with bumetanide. Numbers correspond to Fig. 2A,D.
The statistics are presented by an unpaired t test.

DFGABA (mV), mean ± S.E.M.
(1) For Fig. 2A
Control rats
VPA rats
BUM pretreatment
(2) For Fig. 2D
Wild type mice
FRX mice
BUM pretreatment

3.4 ± 0.6 (n=22)
10.2 ± 1.0 (n=25)
0.4 ± 1.1 (n=58)
VPA vs. BUM pretreatment, P<0.001
6.8 ± 1.1 (n=15)
15.3 ± 1.9 (n=24)
1.0 ± 1.1 (n=17)
FRX vs. +BUM pretreatment P<0.001

Table S11. Maternal pretreatment with bumetanide (BUM) shifted the effects of
isoguvacine from excitation to inhibition in offspring (P15) in two animal models of
autism - VPA rats (1) and FRX mice (2). Numbers correspond to Fig. 2C,F. The
statistics are presented by two sample two tail t test.
Effects of isoguvacine on frequency of
spikes in extracellular recordings
(% of control), mean ± S.E.M.
(1) For Fig. 2C
Control rats
VPA rats
BUM pretreatment
(2) For Fig. 2F
Wild type mice
FRX mice
BUM pretreatment

38.9 ± 5.1 (n=3), P <0.001
213.5 ± 16.3 (n=6), P <0.001
82.8 ± 10.7 (n=9), P <0.05
67.9 ± 6.1 (n=11), P <0.001
165.8 ± 13.5 (n=11), P <0.001
80.8 ± 8.2 (n=5), P <0.05
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Table S12. Maternal pretreatment of VPA rats with bumetanide prevents excitatory
action of GABA in offspring at P15 recorded in cell-attached mode from CA3
pyramidal cells. (Numbers correspond to fig. S4D). Control + Bumetanide pretreatment
is not shown on the figure. The statistics are presented by ANOVA followed by post-hoc
Fisher test.
VPA rats P15
For fig. S4D

Control
Control + BUM pretreatment
VPA in ACSF
VPA+BUM pretreatment
Statistics

Effects of isoguvacine on frequency of
spikes recorded in cell-attached mode
(% of control), mean ± S.E.M.
84 ± 10 (n=11)
72 ± 11 (n=5)
175 ± 18 (n=13)
110 ± 10 (n=14)
Univariate
ANOVA between
the groups

Groups
Control vs. Control+BUM
Control vs. VPA
Control+BUM vs. VPA
VPA vs. VPA+BUM pretreatment
Control vs.
VPA+BUM pretreatment

4.01×10-5

Post-hoc test between
the groups, Fisher test
>0.65
<3 ×10-5
<2 ×10-4
<9×10-4
>0.16

Table S13. Maternal pretreatment with the antagonist of oxytocin receptors
SSR126768A (SSR) leads to shift of DFGABA to depolarizing values in offsprings at
P15. Numbers correspond to fig. S5A. The statistics are presented by an unpaired t test.
DFGABA (mV),
mean ± S.E.M.
Statistics
Control rats
SSR treatment

3.4 ± 0.6 (n=22)
11.3 ± 1.0 (n=26)

Control vs. SSR, P<0.001
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Table S14. Maternal pretreatment with the antagonist of oxytocin receptors
SSR126768A (SSR) leads to excitatory action of GABA in offsprings at P15
recorded in cell-attached mode. Numbers correspond to fig. S5B. The statistics are
presented by an unpaired two tail t test.

Control rats
SSR

Effects of isoguvacine on frequency of spikes recorded
in cell-attached mode (% of control), mean ± S.E.M.
84 ± 10 (n=11)
249 ± 62 (n=13), P<0.02

Table S15. Maternal pretreatment with the antagonist of oxytocin receptors
SSR126768A (SSR) affected developmental behavior since it augments the time to find
home bedding in the nest-seeking test in rats at P9 and it increases the probability of
emitting downward calls compared to age matched Wild type pups (P8). Mann-Whitney
test. Numbers correspond to fig. S5C,D.
P9, rats
For fig. S5C
Control rats
SSR-treated rats
For fig. S5D
P8, mice
Wild type mice
SSR-treated wild type mice

Time to find home bedding (s), mean ± S.E.M
25.2 ± 8.2 (n=33)
53.8 ± 12.2 (n=45), P<0.05
Isolation-induced USVs, mean ± S.E.M
Downward calls
10.1 ± 1.84 (n=12)
21.78 ± 1.28 (n=6), P<0.01
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Table S16. Altered isolation-induced USVs in 2 models of autism are restored after
maternal bumetanide pretreatment. Numbers correspond to Fig. 4A,B. (1) Control P4
rat pups emitted a higher number of calls with a longer total duration when compared to
age matched VPA pups. Maternal pretreatment with bumetanide rescued this behavioral
deficit. (2) Relying on Scattoni et al. (2008), analysis of 10 types of calls in the FRX
mouse model revealed an increased probability of emitting downward and chevron calls
than age matched wild type pups (P8). These changes in ultrasonic vocalization were
rescued by maternal bumetanide pretreatment. One-way ANOVA Kruskal-Wallis test,
with Dunn’s Multiple Comparison post-hoc test, and Mann-Whitney test.

(1) For Fig. 4A
P4
Control rats
Control +BUM pretreatment
VPA rats
VPA + BUM pretreatment
Statistics
Control vs. VPA

VPA vs.
VPA+BUM pretreatment

Isolation-induced USVs, mean ± S.E.M
Number of calls
Total duration of calls
32.0 ± 11 (n=18)
2.2 ± 0.9 (n=18)
62.6 ± 27.4 (n=18)
4.6 ± 2.3 (n=18)
1.0 ± 0.5 (n=26)
0.04 ± 0.02 (n=26)
56.0 ± 25 (n=20)
4.0 ± 2.0 (n=20)
Number of calls
P<0.01 One-way
ANOVA KruskalWallis test, Dunn’s
Multiple Comparison
post-hoc test
P<0.05 One-way
ANOVA KruskalWallis test, Dunn’s
Multiple Comparison
post-hoc test

Control vs.
n.s. Mann-Whitney test
Control+BUM pretreatment
Continuation of Table S16 on next page

Total duration of calls
P<0.01 One-way ANOVA
Kruskal-Wallis test, Dunn’s
Multiple Comparison post-hoc
test
P<0.05 One-way ANOVA
Kruskal-Wallis test, Dunn’s
Multiple Comparison post-hoc
test
n.s. Mann-Whitney test
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Continuation of Table S16
(2) For Fig. 4B
P8
Wild type mice
Wild type mice
+BUM pretreatment
FRX mice
FRX mice
+BUM pretreatment

Isolation-induced USVs, mean ± S.E.M
Chevron calls
Downward calls
0.6 ± 0.2 (n=12)
10.1 ± 1.8 (n=12)
0.5 ± 0.3 (n=9)

13.5 ± 2.8 (n=9)

2.3 ± 0.5 (n=11)

19.72 ± 2.6 (n=11)

0.6 ± 0.1 (n=13)

10.2 ± 1.4 (n=13)

Statistics
Wild type vs. FRX

FRX vs.
FRX+BUM pretreatment

Wild type vs.
WT+BUM pretreatment

Chevron calls
P<0.05 One-way
ANOVA KruskalWallis test, Dunn’s
Multiple Comparison
post-hoc test
P<0.05 One-way
ANOVA KruskalWallis test, Dunn’s
Multiple Comparison
post-hoc test
n.s. Mann-Whitney test

Downward calls
P<0.01 One-way ANOVA
Kruskal-Wallis test, Dunn’s
Multiple Comparison post-hoc
test
P<0.05 One-way ANOVA
Kruskal-Wallis test, Dunn’s
Multiple Comparison post-hoc
test
n.s. Mann-Whitney test
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Table S17. Electroencephalographic (EEG) recordings in vivo in the CA3 area of
hippocampus of head-restrained rats at P13-15. Integral power spectra of EEG
recordings subdivided by frequency bands for control rats, VPA rats and VPA rats
pretreated with bumetanide. Results are mean ± S.E.M. Numbers correspond to Fig. 4D.
The statistics are presented by ANOVA followed by post hoc Fisher test.

Frequency
(Hz)
0.5-4
4-7
7-12
12-25
25-60
60-120
120-500
Frequency
(Hz)
0.3-4
4-7
7-12
12-25
25-60
60-120
120-500

Control

VPA

71.79 ± 13.16
10.49 ±1.94
5.36 ± 0.85
4.11 ± 0.69
0.67 ± 0.11
0.28 ± 0.08
1.05 ± 0.37

164.05 ± 39.44
42.01 ± 12.03
16.52 ± 4.32
16.56 ± 4.78
2.41 ± 0.62
0.74 ± 0.17
1.83 ± 0.42

Control vs. VPA
P=0.05088
P=0.01106
P=0.0124
P=0.0104
P=0.0067
P=0.01445
P=0.12175

VPA
+ BUM pretreatment
88.53 ± 27.57
15.40 ± 4.25
7.09 ± 1.56
6.35 ± 1.52
0.97 ± 0.20
0.32 ±0.06
1.18 ± 0.19

VPA vs.
VPA + BUM pretreatment
P=0.08217
P=0.01931
P=0.02122
P=0.02127
P=0.01386
P=0.01635
P=0.16594

32

References and Notes
1. R. L. H. Pobbe, B. L. Pearson, E. B. Defensor, V. J. Bolivar, W. S. Young 3rd, H. J.
Lee, D. C. Blanchard, R. J. Blanchard, Oxytocin receptor knockout mice display
deficits in the expression of autism-related behaviors. Horm. Behav. 61, 436–444
(2012). Medline doi:10.1016/j.yhbeh.2011.10.010
2. J. L. R. Rubenstein, M. M. Merzenich, Model of autism: Increased ratio of
excitation/inhibition in key neural systems. Genes Brain Behav. 2, 255–267
(2003). Medline doi:10.1034/j.1601-183X.2003.00037.x
3. N. Gogolla, J. J. Leblanc, K. B. Quast, T. C. Südhof, M. Fagiolini, T. K. Hensch,
Common circuit defect of excitatory-inhibitory balance in mouse models of
autism. J. Neurodev. Disord. 1, 172–181 (2009).doi:10.1007/s11689-009-9023-x
Medline
4. G. J. Blatt, S. H. Fatemi, Alterations in GABAergic biomarkers in the autism brain:
Research findings and clinical implications. Anat. Rec. (Hoboken) 294, 1646–
1652 (2011).doi:10.1002/ar.21252 Medline
5. Y. Ben-Ari, J. L. Gaiarsa, R. Tyzio, R. Khazipov, GABA: A pioneer transmitter that
excites immature neurons and generates primitive oscillations. Physiol. Rev. 87,
1215–1284 (2007). Medline doi:10.1152/physrev.00017.2006
6. C. Rivera, J. Voipio, J. A. Payne, E. Ruusuvuori, H. Lahtinen, K. Lamsa, U. Pirvola,
M. Saarma, K. Kaila, The K+/Cl- co-transporter KCC2 renders GABA
hyperpolarizing during neuronal maturation. Nature 397, 251–255 (1999).
Medline doi:10.1038/16697
7. R. Tyzio, R. Cossart, I. Khalilov, M. Minlebaev, C. A. Hübner, A. Represa, Y. BenAri, R. Khazipov, Maternal oxytocin triggers a transient inhibitory switch in
GABA signaling in the fetal brain during delivery. Science 314, 1788–1792
(2006). Medline doi:10.1126/science.1133212
8. M. Mazzuca, M. Minlebaev, A. Shakirzyanova, R. Tyzio, G. Taccola, S. Janackova, S.
Gataullina, Y. Ben-Ari, R. Giniatullin, R. Khazipov, Newborn analgesia mediated
by oxytocin during delivery. Front. Cell. Neurosci. 5, 3 (2011). Medline
doi:10.3389/fncel.2011.00003
9. Materials and methods are available as supplementary materials on Science Online.
10. R. Nardou, S. Yamamoto, G. Chazal, A. Bhar, N. Ferrand, O. Dulac, Y. Ben-Ari, I.
Khalilov, Neuronal chloride accumulation and excitatory GABA underlie
aggravation of neonatal epileptiform activities by phenobarbital. Brain 134, 987–
1002 (2011). Medline doi:10.1093/brain/awr041
11. M. Puskarjov, F. Ahmad, K. Kaila, P. Blaesse, Activity-dependent cleavage of the KCl cotransporter KCC2 mediated by calcium-activated protease calpain. J.
Neurosci. 32, 11356–11364 (2012). Medline doi:10.1523/JNEUROSCI.626511.2012

33

12. H. Fiumelli, M. A. Woodin, Role of activity-dependent regulation of neuronal
chloride homeostasis in development. Curr. Opin. Neurobiol. 17, 81–86 (2007).
Medline doi:10.1016/j.conb.2007.01.002
13. R. Delorme, E. Ey, R. Toro, M. Leboyer, C. Gillberg, T. Bourgeron, Progress toward
treatments for synaptic defects in autism. Nat. Med. 19, 685–694 (2013). Medline
doi:10.1038/nm.3193
14. L. Cornew, T. P. L. Roberts, L. Blaskey, J. C. Edgar, Resting-state oscillatory activity
in autism spectrum disorders. J. Autism Dev. Disord. 42, 1884–1894 (2012).
Medline doi:10.1007/s10803-011-1431-6
15. H. Lagercrantz, P. Bistoletti, Catecholamine release in the newborn infant at birth.
Pediatr. Res. 11, 889–893 (1977). Medline doi:10.1203/00006450-19770800000007
16. W. Inoue, D. V. Baimoukhametova, T. Füzesi, J. I. Wamsteeker Cusulin, K.
Koblinger, P. J. Whelan, Q. J. Pittman, J. S. Bains, Noradrenaline is a stressassociated metaplastic signal at GABA synapses. Nat. Neurosci. 16, 605–612
(2013). Medline doi:10.1038/nn.3373
17. J. S. Kim, W. B. Kim, Y. B. Kim, Y. Lee, Y. S. Kim, F. Y. Shen, S. W. Lee, D. Park,
H. J. Choi, J. Hur, J. J. Park, H. C. Han, C. S. Colwell, Y. W. Cho, Y. I. Kim,
Chronic hyperosmotic stress converts GABAergic inhibition into excitation in
vasopressin and oxytocin neurons in the rat. J. Neurosci. 31, 13312–13322
(2011). Medline doi:10.1523/JNEUROSCI.1440-11.2011
18. P. Boulenguez, S. Liabeuf, R. Bos, H. Bras, C. Jean-Xavier, C. Brocard, A. Stil, P.
Darbon, D. Cattaert, E. Delpire, M. Marsala, L. Vinay, Down-regulation of the
potassium-chloride cotransporter KCC2 contributes to spasticity after spinal cord
injury. Nat. Med. 16, 302–307 (2010). Medline doi:10.1038/nm.2107
19. K. Lyall, D. L. Pauls, D. Spiegelman, A. Ascherio, S. L. Santangelo, Pregnancy
complications and obstetric suboptimality in association with autism spectrum
disorders in children of the Nurses’ Health Study II. Autism Res. 5, 21–30 (2012).
doi:10.1002/aur.228 Medline
20. E. J. Glasson, C. Bower, B. Petterson, N. de Klerk, G. Chaney, J. F. Hallmayer,
Perinatal factors and the development of autism: A population study. Arch. Gen.
Psychiatry 61, 618–627 (2004). Medline doi:10.1001/archpsyc.61.6.618
21. F. Marrosu, G. Marrosu, M. G. Rachel, G. Biggio, Paradoxical reactions elicited by
diazepam in children with classic autism. Funct. Neurol. 2, 355–361 (1987).
Medline
22. S. F. Owen, S. N. Tuncdemir, P. L. Bader, N. N. Tirko, G. Fishell, R. W. Tsien,
Oxytocin enhances hippocampal spike transmission by modulating fast-spiking
interneurons. Nature 500, 458–462 (2013). Medline doi:10.1038/nature12330
23. T. R. Insel, The challenge of translation in social neuroscience: A review of oxytocin,
vasopressin, and affiliative behavior. Neuron 65, 768–779 (2010). Medline
doi:10.1016/j.neuron.2010.03.005
34

24. E. Lemonnier, C. Degrez, M. Phelep, R. Tyzio, F. Josse, M. Grandgeorge, N.
Hadjikhani, Y. Ben-Ari, A randomised controlled trial of bumetanide in the
treatment of autism in children. Transl. Psychiatr. 2, e202 (2012). Medline
doi:10.1038/tp.2012.124
25. E. Anagnostou, L. Soorya, W. Chaplin, J. Bartz, D. Halpern, S. Wasserman, A. T.
Wang, L. Pepa, N. Tanel, A. Kushki, E. Hollander, Intranasal oxytocin versus
placebo in the treatment of adults with autism spectrum disorders: A randomized
controlled trial. Mol. Autism 3, 16 (2012). Medline doi:10.1186/2040-2392-3-16
26. Y. Ben-Ari, Neuro-archaeology: Pre-symptomatic architecture and signature of
neurological disorders. Trends Neurosci. 31, 626–636 (2008). Medline
doi:10.1016/j.tins.2008.09.002
27. X. Leinekugel, R. Khazipov, R. Cannon, H. Hirase, Y. Ben-Ari, G. Buzsáki,
Correlated bursts of activity in the neonatal hippocampus in vivo. Science 296,
2049–2052 (2002). Medline doi:10.1126/science.1071111
28. T. Schneider, R. Przewłocki, Behavioral alterations in rats prenatally exposed to
valproic acid: Animal model of autism. Neuropsychopharmacology 30, 80–89
(2005). Medline doi:10.1038/sj.npp.1300518
29. E. J. Mientjes, I. Nieuwenhuizen, L. Kirkpatrick, T. Zu, M. Hoogeveen-Westerveld,
L. Severijnen, M. Rifé, R. Willemsen, D. L. Nelson, B. A. Oostra, The generation
of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo.
Neurobiol. Dis. 21, 549–555 (2006). Medline doi:10.1016/j.nbd.2005.08.019
30. M. L. Scattoni, S. U. Gandhy, L. Ricceri, J. N. Crawley, Unusual repertoire of
vocalizations in the BTBR T+tf/J mouse model of autism. PLoS ONE 3, e3067
(2008).doi:10.1371/journal.pone.0003067 Medline

35

