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Abstract

Engrailed 1 (En1) and 2 (En2) code for closely related homeoproteins acting as transcription
factors and as signaling molecules that contribute to midbrain and hindbrain patterning, to
development and maintenance of monoaminergic pathways, and to retinotectal wiring. En2
has been suggested to be an autism susceptibility gene and individuals with autism display
an overexpression of this homeogene but the mechanisms remain unclear. We addressed
in the present study the effect of exogenously added En2 on the morphology of hippocampal
cells that normally express only low levels of Engrailed proteins. By means of RT-qPCR, we
confirmed that En1 and En2 were expressed at low levels in hippocampus and hippocampal
neurons, and observed a pronounced decrease in En2 expression at birth and during the
first postnatal week, a period characterized by intense synaptogenesis. To address a puta-
tive effect of Engrailed in dendritogenesis or synaptogenesis, we added recombinant En1

or En2 proteins to hippocampal cell cultures. Both En1 and En2 treatment increased the
complexity of the dendritic tree of glutamatergic neurons, but only En2 increased that of
GABAergic cells. En1 increased the density of dendritic spines both in vitro and in vivo. En2
had similar but less pronounced effect on spine density. The number of mature synapses
remained unchanged upon En1 treatment but was reduced by En2 treatment, as well as the
area of post-synaptic densities. Finally, both En1 and En2 elevated mTORCH1 activity and
protein synthesis in hippocampal cells, suggesting that some effects of Engrailed proteins
may require mRNA translation. Our results indicate that Engrailed proteins can play, even at
low concentrations, an active role in the morphogenesis of hippocampal cells. Further, they
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emphasize the over-regulation of GABA cell morphology and the vulnerability of excitatory
synapses in a pathological context of En2 overexpression.

Introduction

Autism spectrum disorders (ASDs) comprise heterogeneous neurodevelopmental disorders
characterized by significant social and communication deficits and by repetitive and stereo-
typed behaviors. In syndromic ASDs (e.g., fragile X syndrome, Angelman syndrome, tuber-
ous sclerosis), autism is one component of a broader phenotype [1]. ASDs manifest at key
steps of brain development when sensory experience is modifying synapse maturation and
when inhibitory synapses become functional [2]. Targeted mutations of several susceptibil-
ity genes for ASDs with seemingly unrelated functions often lead to similar abnormalities of
the development of dendrites and synapses of excitatory glutamatergic neurons in mice [3].
This phenotypical convergence suggests that ASD may originate in altered synaptic devel-
opment leading to imbalance between excitation and inhibition (E/I), and defects in brain
connectivity [2-4]. In this respect, many genes linked to ASDs have been shown to control
the morphology and signaling of dendrites and dendritic spines of excitatory neurons [3],
by encoding synaptic adhesion or scaffolding proteins (e.g., Shank3, Neuregulin, Mecp2,
Neuroligin) [3], or molecules regulating protein synthesis (e.g., PTEN, TSC1/2, NF1, and
FMRP) [3,5].

Several human studies have raised the hypothesis of an association of Engrailed 2 (En2)
with ASD [6-9]. Significantly in this respect were the observations that levels of En2 protein
were elevated in the brain of individuals with ASD compared to unaffected controls [8, 9].
However, the functional link between excessive levels of En2 and ASDs is still poorly under-
stood [9]. For instance, it is not known if En2 or its homolog En1 can affect dendritic spines
and synapses. Engrailed (En, which collectively refers to Enl and En2) belongs to a large family
of homeodomain-containing transcription factors and has various regulatory roles at different
stages of development involving transcriptional and translational activities [10,11]. Develop-
mental studies have shown that En transcriptional activity is required for segmentation and
regionalization of the early embryo [11]. During brain development, the transcriptional activ-
ity of En controls the midbrain/hindbrain border [12], participates to the specification and
survival of mesencephalic monoaminergic cells [13-15], and regulates cerebellar patterning
and connectivity [16,17]. Abnormal cerebellar development, cognitive impairment, and E/I
imbalance are observed in En2 KO mice and are relevant to ASDs [18,19], suggesting that dis-
turbance of En2 expression is functionally linked to ASDs. The En proteins together with the
homeoproteins Otx2 and Pax6 also act as extracellular signaling molecules and activate mRNA
translation [10]. By this means, En fine tunes the retinocollicular connectivity in the late
embryonic period [20,21], and increases the survival of mesencephalic dopaminergic neurons
in the adult brain [22]. Most of the assumptions about the role of En2 in autism have been dis-
cussed in relation with midbrain and posterior brain where it is highly expressed. However,
other studies indicated a role for En in adult limbic structures [18, 23-25].

Recent studies [23-25] and data from brain atlas (http://www.gensat.org) indicate that En
proteins are expressed at modest levels in the adult and juvenile hippocampus. We reasoned
that any effect of excessive En2 concentration (i.e. as in ASD) may be simpler to characterize
in a structure known to express low levels of Engrailed protein, such as the hippocampus.
After having re-examined the levels of expression of endogenous Enl and En2 by RT-qPCR,
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we addressed the effect of an increase in En2 concentration, and by comparison with that of
Enl, on dendritogenesis, spinogenesis and synaptogenesis in hippocampal neurons. Overall
our results reveal a previously unknown ability of Enl and En2 to influence the morphology
and the connectivity of forebrain neurons and extend our understanding of how En2 functions
may relate to ASDs.

Materials and methods
Animals

Mice were treated in accordance with guidelines for the care and use of laboratory animals
(US National Institutes of Health) and the European Directive number 86/609 (EEC Coun-
cil for Animal protection in Experimental Research and Other Scientific Utilization). The
experiments were approved by Paris Descartes University ethics committee (Permit Num-
ber: CEEA34.FD.047.11.). Mice were euthanized by cervical dislocation and embryos by
decapitation.

Statistical analysis

Data are depicted as mean + SEM and were analyzed by GraphPad Prism?7 software (San
Diego, CA). Statistical significance of the differences was calculated by using p<0.05 as the
minimum level of significance and one-way ANOVA (or a Kruskall Wallis test if data were not
normally distributed, as assessed by D’Agostino and Pearson normality test) followed, if over-
all p< 0.05, by a multiple group comparison post hoc test or by two-group comparisons with a
Student t-test or alternatively a Mann Whitney U test, as mentioned in figure legends.

Primary hippocampal and glial cell cultures

Primary hippocampal cell cultures were prepared from E16 embryonic Swiss mice (Janvier
Labs) as previously described [26]. Briefly, hippocampi were dissected out in pre-chilled (4°C)
Neurobasal medium (Gibco) using a stereomicroscope, and the meninges carefully removed.
Hippocampi from E16.5 embryos were collected, washed twice with pre-chilled HBSS (Gibco),
and incubated for 10-12 min in 2.5% trypsin in EDTA with 2.5% DNAse diluted in HBSS in a
37°C water-bath. The cells were then dissociated by trituration, and plated at a density of 2 500
cells/cm? to 35 000 cells/cm® on poly-D-lysine-coated petri dishes (Falcon, Thermo Fischer
Scientific), or glass coverslips when used for immunofluorescence. Plating culture medium
consisted of Neurobasal medium supplemented with 2% B27 (Life Technologies, Gaithers-
burg, MD), GlutaMAX™.1 (Invitrogen), and 0.1% penicillin-streptomycin (Gibco). Cultures
were maintained at 37°C in a humidified 5% CO, atmosphere. After 2 to 24 hours in vitro,
plating medium was replaced by glial cell-conditioned medium.

Primary cultures of glial cells were prepared from PND4 Sprague-Dawley rats (Janvier
Labs). Cortices were dissected out and processed as previously described [26]. Cells were
plated in 75 cm” flasks in Dulbecco’s Modified Eagle Medium with 4.5 g/L glucose and gluta-
mine (DMEM High glucose GlutaMAX ™1, Invitrogen) supplemented with 10% fetal calf
serum (FCS) and 0.1% penicillin-streptomycin (Gibco). Cells were let to grow at 37°Cina
humidified 5% CO, atmosphere until they were sub-confluent (80%) and passaged to 1:2 in
same medium. Passages #1 and #2 were used to prepare conditioned medium as followed:
DMEM medium was replaced by pre-warmed Neurobasal medium supplemented with 2%
B27, GlutaMAX™-T and 0.1% penicillin-streptomycin for 24h to 48h, then filtered and used
to feed primary hippocampal neurons. The conditioned medium was not replaced over the
time of the hippocampal culture.
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Transfections

Cells were transfected with Lipofectamin2000®) (Invitrogen) between 10 and 12 days in vitro
(DIV). Neuron growth medium was kept away except 100 pL per well to which was added
Lipofectamin2000® diluted in 100 puL Neurobasal medium at 2.5% v/v and 2.5 ug plasmid
expressing soluble enhanced GFP (EGFP). Cells were incubated at 37°C, 5% CO, for 3h; trans-
fection medium was then replaced by neuron growth medium up to 1000 pL.

RT-gPCR

Total RNAs were extracted from primary cell culture of hippocampal neurons or alternatively
from isolated hippocampal tissues with the DNA/RNA/Protein minikit (Qiagen). 1ug of RNA
was reverse transcribed with GoScript Reverse Transcription System (Promega) according to
the manufacturer instructions. Quantitative PCR was performing using ABI Prism 7900HT
device (Applied Biosystem) with real-time detection of fluorescence. Q-PCR reactions were
conducted in triplicate in a volume of 10 uL using QuantiTect ® SYBR® Green PCR Kit
(Qiagen) according to manufacturer instructions. Mouse hypoxanthine Guanine Phosphory-
bosyltransferase (HPRT) was used as standard for quantification. Primers #1 (MWG biothech)
were as follows: HPRT forward, AGCAGGTGTTCTAGTCCTGTGG HPRT reverse, ACGCAGCA
ACTGACATTTCTARA; Enl forward, GTGGTCAAGACTGACTCACGC; Enl reverse, GCTTGTCT
TCCTTCTCGTTCTT; EN2 forward, ATGGGACATTGGACACTTCTTC: and EN2 reverse, CCCA
CAGACCAAATAGGAGCTA. Another set (primers #2) of previously validated primers for Enl
and En2 [27] were also used in this study (S1 Fig). 40 PCR cycles (157 at 95°C, 30” at 55°C,

and 30” at 72°C) were carried out. Dissociation curves were consistent with a single product
being amplified with the different couples of primers. To compute relative expression levels
(2AAACt), we first subtracted the mean Ct of GAPDH or HPRT to Ct values of EN1 or EN2
measured in the same samples to get DCt; from these values, we then subtracted DCt measured
at E16 in the hippocampus to get AACt. Data in Fig 1 and S1 Fig are thus shown as fold changes
relative to the expression of EN1 or EN2 at E16 in the hippocampus.
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Fig 1. Expression of Engrailed 1 and 2 in the hippocampus. (A-D) RT-qPCR using RNAs extracted from
the hippocampus at various embryonic (E) and postnatal days/weeks (P, W) (A, B), or from hippocampal cells
at different day in vitro (Div) (C, D). Primers used (primers #1, see Material & Methods) are specific for En1 (A,
C) or for En2 (B, D). Normalized values are the mean +/- s.e.m. from a minimum of n = 4 independent
experiments for each developmental age and time. Significance of the differences were assessed with a
Kruskal-Wallis test, in A (***, p = 0.0006) and B (****, p<0.0001), followed by a Dunn’s Multiple Comparison
Test. ¥, p<0.05; **, p<0.01. Detailed P-values are given in supplementary information (S1 Appendix).

https://doi.org/10.1371/journal.pone.0181350.g001
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Antibodies and immunofluorescence

Neurons were fixed with pure methanol pre-chilled at -20°C for 5min, then rinsed in PBS. Per-
meabilization was performed with 0.1% Triton-X100 in PBS and cells were incubated in block-
ing solution (5% FCS in PBS) 30 min at room temperature. For phospho-S6 labelling, neurons
were fixed in 4% paraformaldehyde and 4% sucrose in PBS, permeabilized with 3% Triton-
X100 in PBS for 3min, incubated in blocking solution (3% BSA in PBS) for 30min and then
with the anti-Phospho-S6 antibody in blocking solution for 1h. The following antibodies were
used: anti-mouse PSD95 (1:500, Thermo Fischer), anti-rabbit VGlutl (1:300, a kind gift from
Dr. El Mestikawy, Paris, France), anti-mouse Map2B (1:1000, Millipore), anti-chicken Map2B
(1:500, Clinisciences), anti-glutamic acid decarboxylase (GAD67) (1:2000, Synaptic Systems),
rabbit anti-Phospho-S6 ribosomal protein (Ser240/244, 1:800, Cell signaling), anti-VIAAT
(1:100, a gift from Dr. B. Gasnier). Primary antibodies were diluted in 1% FCS in PBS and
incubated overnight at 4°C. After several rinses in PBS with 1% FCS, coverslips were incubated
with the appropriate Alexa-conjugated secondary antibodies (Invitrogen, Carlsbad, CA)
diluted in PBS plus 1% FCS and 0.01 ug/mL Hoechst 33342 for 45 min at RT, rinsed exten-
sively in PBS, and mounted with Fluoromount®) anti-fading media.

Hippocampal cell treatments

Hippocampal cells were treated daily with recombinant Enl or En2 (at the final concentration
of 150ng/ml), either for 6 days (i.e. DIV4 to DIV9) for dendritic tree, or 4 days (i.e. DIV15 to
DIV18) for dendritic spine analysis.

Image acquisition and analysis

Epifluorescence imaging and dendritic complexity analysis. Neurons and dendritic
branches were imaged using a Nikon TE2000-E equipped with a CCD camera (CoolSNAP
HQ, Photometrics®) with 40x (NA = 1.3) and 100x (NA = 1.4) objectives. Acquisitions were
made with MetaVue™ (Imaging Research Software). Automatic (see supplementary methods)
or manual tracing of dendrites of hippocampal cells immunolabelled for Map2B and GAD67
were realized and images were analyzed with Image]J 1.440 software.

Confocal microscope imaging and dendritic spines analysis. GFP-labeled neurons were
imaged using a Zeiss Axio Imager M2 microscope with an objective 63/1.50 with adequate
laser intensity and signal detection. Images were acquired using ZEN 2011 software. Serial
optical sections of 138 nm were taken through the cells. About fifteen neurons per experimen-
tal group were captured per experiment, and data from two-three independent experiments
were pooled for analysis (an average of 140 um of dendritic length per neuron was analyzed).
In each analyzed condition, only spines of primary and secondary dendrites were counted tak-
ing care to consider equal proportions of primary and secondary branches and to avoid the
broad dendritic trunk immediately emerging from the cell body. Z-stacks were delivered to
Imaris software (Bitplane Scientific Software, 7.0); dendrites and dendritic spines were recon-
structed and analyzed using the Filament Tracer module using "autopath” mode; minimum
dendrite diameter was set at & 0.25 pm. Spines (minimum spine diameter set at 0.1 pm and
maximum length at 3 pm, [28]) were defined as protrusions that could be differentiated from
the dendritic shaft and restricted to those that were visible in the x- and y-axes. Dendritic
spine density and number of branched spines were automatically calculated. Dendritic spines
were classified into "stubby”, "mushroom" or "thin" via the "Spine classifier" MathLab module
integreted into Filament Tracer with the following settings: for stubby, "length(spine) < 1
AND 0.9 < min_width(spine) / mean_width(head) < 1.1"; for mushroom, "length(spine)<3
AND mean_width(head) / max_width(neck) > 0.75"; for thin, "mean_width(head) / length
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(spine) < 0.5". The good fit of spine parameters was controlled on a subset of dendritic spines
visually identified and manually measured with Imaris Measurements module. All spine mea-
surements were made on z-stack images of dendritic segments.

Confocal microscope imaging- PSD95-vGlut IF analysis. Image acquisition was per-
formed using an Olympus IX81 inverted microscope equipped with a FV1000 laser scanning
unit with a 40 x objective (oil immersion, NA = 1.30). Two lasers were used, a blue laser diode
(473 nm) for the vGlut green labeling, and a green HeNe gas laser (543 nm) for the red labeling
of PSD95. Stacks of images were acquired with a sampling rate of 70 nm/pixel (2D spatial reso-
lution, 130nm, after image deconvolution), and a z step of 0.5 um. Image processing and analy-
sis were executed using the Image]J 1.47m software. Residual blurring was removed by spatial
deconvolution: point spread functions (PSF) were calculated using the Image]’s plugin PSF
Generator [29] and the deconvolution was performed using the Richardson-Lucy algorithm
implemented into the DeconvolutionLab Image]’s plugin [30]. These two freeware programs
were provided by the Biomedical Imaging Group of the EPFL (Ecole Polytechnique Fédérale
de Lausanne; Switzerland). To simplify the analysis, images representing the maximum projec-
tion of z-stacks were used for further analysis with an original ImageJ program shortly des-
cribed below. Briefly, maximum projections were deblurred by a custom unsharp mask filter
and denoised by removing outlier pixels. Objects of interest were detected by an optimized
thresholding method. Smallest objects (one pixel) were removed from images by the denois-
ing. Further subtraction of potential background was completed by a sorting procedure based
on the signal/noise ratio measurement (see Supplementary Information) which eliminated
most of the objects with apparent diameters less than 0.335 um (i.e. corresponding to real
diameters of about 0.2 pm). To summarize, most of objects whose size was less than to 0.2 um
were considered as background and excluded from the analysis. VGlut and PSD95 detected
objects were then submitted to an overlapping analysis into user-defined selections delimiting
the dendritic edges. Red and green objects were considered as synaptic elements when their
apparent area overlapped more than 60 pixels (about 0.25 um®) (see Supplementary informa-
tion). Object density was calculated by dividing the number of object per measured selected
dendrite areas.

Golgi-Cox® staining

En2 KO mice [18,23], mice heterozygous for Enl (provided by Dr Alain Prochiantz, College
de France, Paris, France) and WT mice were sacrificed, their brains were quickly removed and
processed for Golgi staining as indicated by manufacturer (Rapid GolgiStain"™ FD Neuro-
technologies). 200 pm-thick brain sections were realized using a vibratome (Leica Microsys-
tems), then were mounted on histological slides and revealed as indicated by manufacturer.
Images from basal and apical dendrites of CA1 pyramidal cells, and from dendrites of granular
cells in the dentate gyrus were realized using a Nikon microscope with a 60X/1.40 objective.
Dendritic spines were counted manually using Image] software, spine density was calculated
by dividing the number of spines per measured dendrite length.

SUNSET

SUnSET, for surface sensing of translation, was adapted from [31]. SUnSET is based on the
incorporation of puromycin, an analog of tyrosyl-tRNA, into nascent peptide chains, leading to
the termination of elongation and the accumulation of puromycin-conjugated peptides which
can be detected by immunofluorescence. Neurons were incubated at 37°C, 10min with 2pg/ml
puromycin (Sigma) in conditioned medium (CM) followed by rapid neurobasal washes and 15
min chase in CM. After paraformaldehyde fixation, triton X-100 permeabilization and blocking,
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puromycin was detected with a monoclonal anti-puromycin antibody (12D10, 1:800, Millipore
corporation) and Alexa Fluor 555 goat anti-rabbit IgG or Alexa Fluor 488 donkey anti-mouse
IgG (Invitrogen). Cells were co-stained with an anti-MAP2 antibody. Images were taken using
a z-motorized Nikon inverted microscope TE2000E and analyzed with Image] software (http://
imagej.nih.gov/ij/). Shown is the mean fluorescence, which was obtained by dividing the inte-
grated fluorescence intensity of each image by the cellular surface area determined by automatic
thresholding (using the “triangle” macro in Image]) of the MAP2 image.

Results
Profiles of En1 and En2 expression in the developing hippocampus

The first aim of this study was to re-examine the expression of En mRNA in hippocampal cells.
Low but significant levels of Enl and En2 mRNAs were detected by RT-qPCR in mouse hippo-
campi and cultures of mouse hippocampal neurons. (Fig 1, S1 Fig). Similar temporal patterns of
expression were observed in different mice with two different couples of primers, including
primers that have been validated in Engrailed KO mice [27], arguing against a possible lack of
specificity of these probes. The expression of Enl and En2 in the hippocampus were found to
span periods of time corresponding to neurogenesis (E16-P0), synaptogenesis (P0-P14), and
synaptic maturation (P14-3 months) [32,33]. Enl and En2 showed distinct, albeit complemen-
tary, expression patterns during these periods. Enl expression levels were highest between E16
and P5 and then decreased to reach in young mice (12 weeks) less than half of the levels they had
at E16 (Fig 1A, S1 Fig). In sharp contrast, the expression of En2 abruptly fell between E16 and
P5, and then resumed (Fig 1B, S1 Fig). In hippocampal cell cultures, Enl expression increase by
about 5 times between the low differentiated neuronal stage (i.e. DIV5) and the highly differenti-
ated hippocampal network stage (i.e. DIV27), whereas En2 expression level remained weak dur-
ing the same period (Fig 1C and 1D). Thus, the expression of En2 seems to be tightly controlled
when synaptogenesis is activated (first postnatal week and late cell culture stages), and when Enl
appeared as the major En isoform.

An excess of En affects dendritic morphology and spinogenesis

The elevated En2 gene expression in the brain of individuals with autism [8, 9] prompted us to
investigate the effects of an excess of En2 and, by comparison, of an excess of En1, on hippo-
campal cell morphology. Extracellular En proteins guide and stabilize axons both in Chicken
and Xenopus [20, 21, 34, 35]. Building on these previous studies and on the capability of En and
other homeoproteins to act as signaling molecules [10], we added the recombinant protein in
the cell culture medium. We found that daily treatment with either Enl or En2 (from DIV4 to
DIV9) of young isolated neurons (Fig 2A), increased the dendritic complexity of glutamatergic
neurons as revealed by an increase in the number of nodes (Fig 2B), of dendritic tips (Fig 2C)
and of total dendritic length (Fig 2D). Strikingly, the complexity of GABAergic dendritic tree
was also increased by En2, but was insensitive to Enl (Fig 2E-2G), indicating a broader func-
tion for the En2 isoform. These effects appear to depend on Engrailed proteins internalization
as dendritic complexity was essentially unchanged after treatments with mutants (En1SR and
En2SR [34]) that do not have the capacity to cross the cell membrane (52 Fig).

Next, we determined the effect of a daily En treatment of mature neurons which have
formed a dense network (i.e. from DIV15 to DIV19). As illustrated in Fig 3A-3C, we found
that Enl treatment of mature glutamatergic neurons for four days increased dendritic spine
density by 32% compared to control, while treatment with En2 did increase it by 18% (Fig 3B).
The increase in spine density also required the internalization of En because En1SR had no
effect (Fig 3C). We next categorized dendritic spines in branched, mushroom, stubby and thin
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Fig 2. Exogenous Engrailed increases dendritic complexity. (A) Div9 hippocampal cells not-treated (A,
left) or daily treated with 150ng/ml of purified En for 6 days (div4-div9, A, right) and immunolabelled with MAP-
2. Gabaergic cells were identified by immunolabelling with an anti-GAD67 antibody. (B-G) quantification of
dendritic nodes (B, E) dendritic tips (C, F), and dendritic length (D, G) per non-treated pyramidal cells (cont)
and pyramidal cells treated with either En1 or En2 (B-D), and per non-treated GABA cells (cont) and GABA
cells treated with either En1 or En2 (E-G). Values are the mean +/- s.e.m. of measures from a total of 40—-45
pyramidal cells and from a total of 30—40 GABA cells/condition from 3 (En1) and 2 (En2) independent
experiments. Significance of the differences were assessed with a Kruskal-Wallis test, in B, D, F, G (****, p<
0.0001), C (***, p=0.0006), and in E (***, p = 0.0002), followed by a Dunn’s Multiple Comparison Test. *,
p<0.05; **, p<0.01; ¥** p<0.001; **** p<0.0001. Detailed P-values are given in supplementary information.

Barin A, 35um.

https://doi.org/10.1371/journal.pone.0181350.9002

spines according to their shape and asked which types of spines were increased upon treatment
with Enl (Fig 3D and 3E). Compared to control, Enl increased the number of branched spines
(Fig 3D), and the density of stubby and thin spines (Fig 3E). A similar, but non-significant,
trend was observed on mushroom spines (Fig 3E). Morphometric analysis additionally indi-
cated that En1 significantly enlarged stubby spines and only slightly increased mushroom
spine volume, while it did not affect at all the length of thin spines (Fig 3F). Altogether these
results suggest that increasing Enl concentrations during a period of synaptic differentiation
and maturation induced the formation or the stabilization of immature (stubby) and of plastic

spines (thin, branched).
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Fig 3. Engrailed increases immature spine density in vitro. (A-E) Hippocampal cells were transfected
with pEGFP, daily treated with 150ng/ml of Engrailed or En1SR, a membrane non-permeant mutated
construct, from div15 to divi8 and imaged at div19. (B) Quantification of dendritic spine density after treatment
with either En1 or En2, or (C) after treatment with either En1 or En1SR. Significance of the differences were
assessed with a Kruskal-Wallis test in B (****, p< 0.0001), and C (***, p = 0.0001), followed by a Dunn’s
Multiple Comparison Test. *, p<0.05; **, p<0.01; ***, p<0.001. Values are the mean +/- s.e.m. of measures
from 3 independent experiments with an average of 39 pyramidal cells per condition. (D) Quantification of
branched spines after treatment with En1. *** p = 0.0004 (t-test). (E,F) Morphometric analysis of dendritic
spines under control conditions or after En1 treatments. (E) Spines were categorized using Imaris software as
described in Methods. En1 increased the density of “stubby”, **** p<0.0001 and “thin” spines, ***,

p =0.0002 (t-test) but not the one of “mushroom” spines, p = 0.1874 (Mann-Whitney test). (F) En1 increases
the maximum diameter of stubby spines (KS test, D = 0.159, p<0.0001), does not increase thin spine length
(KS test, D =0.06, p = 0.054), and slightly increases mushroom spine volume (KS test, D =0.119, p = 0.01).
Values in D-F are the mean +/- s.e.m. of measures from 2 independent experiments each cumulating an
average of 30 pyramidal cells per condition. Bar in A, 5um.

https://doi.org/10.1371/journal.pone.0181350.9003

Having established a link between En and spinogenesis in vitro, we addressed this issue in in
vivo models. Mice overexpressing En in the hippocampus are not available yet, but Enl and En2
knockout mouse lines have been established. As Enl1”" mice are not viable, we measured spine
density in En1*" and En2”" mice by staining their hippocampi with the Golgi method (S3 Fig).
We found that the density of dendritic spines was changed in these mice but according to a
regional pattern (S3 Fig). In adult EnI*"~ mice, the density of spines was decreased on CA1 apical
dendrites but unchanged on CA1 basal dendrites and in DG, compared with age-matched control
littermate mice (S3 Fig). By comparison En2 KO displayed no significant changes in spine density
on apical and DG dendrites, and a slight increase on basal dendrites (S3 Fig). These observations
demonstrate that En1 is important in vivo to control spine formation or stabilization.

Increase of En concentration affects the synaptic density within
hippocampal cells

Since En affected spinogenesis, we wondered whether the homeoproteins also had an impact
on synaptogenesis. To analyze synaptogenesis in cell cultures we labelled cultured hippocam-
pal neurons with antibodies recognizing PSD95 and the vesicular glutamate transporter
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vGlutl, two standard markers of postsynaptic and presynaptic compartments, respectively
(Fig 4A). Confocal images were processed with locally-developed routines which allowed accu-
rate segmentation of pre- and post-synaptic structures as well as the synaptic contacts (see
Materials and Methods, S5 Fig and S1 Appendix). In contrast to their effect on spine density,
En proteins did not increase the density of total PSD95 clusters (Fig 4A red puncta and 4B).
En did not change either the total density of presynaptic clusters (Fig 4A green puncta and
4B). To further analyze the effect of En on synapses, we evaluated the pairing of synaptic part-
ners. For this, we quantified the density of PSD95 or vGlutl puncta that do not form a synapse
(i.e. single red or single green puncta, respectively) (Fig 4C). We also quantified the density of
puncta forming a synapse, either by measuring the density of red and green puncta whose area
overlapped more than 0.25 um? (i.e. paired puncta, Fig 4D), or the density of yellow puncta
corresponding to the immunofluorescent overlap between red and green puncta (Fig 4E).
These quantifications revealed that En2, but not Enl, increased the number of single unpaired
PSD95- and vGlutl-IR puncta, and correlatively reduced the number of paired and overlapped
PSD95/vGlutl puncta.

In addition, En2, but not Enl, lowered the postsynaptic local concentration of PSD95 as
indicated by the reduction of the area of PSD95 clusters (Fig 5A and 5B). Consistently, En2
specifically lowered the area of synaptic contacts (Fig 5C and 5D). However, none of the two
proteins had an effect on the area of presynaptic vGlut clusters (Fig 5A and 5B). Collectively,
our results indicated that excessive concentration of En2 specifically altered glutamatergic syn-
aptic pairing on dendrites. Looking for an effect of En treatment on GABAergic connectivity,
we found that En proteins slightly increase the density of VIAAT-positive presynaptic contacts
on glutamatergic cells (54 Fig).

An excess of Engrailed increases protein synthesis in hippocampal cells

Compelling evidence suggests a link between exaggerated protein synthesis and ASD [5, 36], and
autism-related deficits have been recently associated to dysregulation of eIF4E-dependent trans-
lational control [37, 38]. Since En induces eIF4E phosphorylation and activates local protein
translation in retinal growth cones [20, 34], we wondered if the concentration of Engrailed used
here (4nM) could also increase protein synthesis. To test this possibility, we used SUnSET, a
method based on the incorporation of puromycin into newly synthesized proteins followed by
immunodetection of puromycylated polypeptides [31]. As expected, the SUnSET signal depends
on the addition of puromycin and is strongly reduced by anisomycin, an inhibitor of protein
synthesis (see Fig 6C). Using this assay in hippocampal cells, we found that protein synthesis was
increased by about 50% with Enl, and 41% with En2, relative to baseline conditions (Fig 6A and
6D). The mechanistic target of rapamycin complex 1 (nTORCI) is a key regulator of mRNA
translation [39]. We addressed the impact of Enl and En2 on mTORC1 by measuring the phos-
phorylation of the ribosomal protein S6. Both Enl and En2 increased the amount of phospho-S6
(Fig 6B and 6E) and this effect is suppressed by rapamycin, an inhibitor of mMTORCI. The data
suggest that the effect of Enl and En2 on dendrites and dendritic spines may be mediated by an
increase in mTORCI1-dependent protein synthesis.

In conclusion, our results indicate that increasing the concentration of Enl and En2 pro-
duce similar but also different effects summarized in Table 1. Particularly interesting in the
context of autism were the observations that En2, but not Enl, can increase GABA cells com-
plexity, and reduce the density of glutamatergic synapses. Based on the present results and the
known expression of En proteins in hippocampal interneurons [23], we established a sketch
modeling the predictable effects of unsuitable levels of secreted En proteins on hippocampal
network (Fig 7).
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Fig 4. En2 reduces synaptic pairing. (A) Confocal images of hippocampal cell dendrites double stained for
PSD95 and vGlut1 without treatment (cont) or after daily treatment (div15-div18) of hippocampal cells with 150ng/
ml of either En1 or En2. (B-E) Quantification of vGlut1 and PSD95 cluster densities (in green and red, respectively)
in cells treated as in A (per um?). Shown are analysis for total clusters (B), single clusters (i.e. vGlut1 and PSD95
not paired with each other, C), paired clusters (i.e. vGlut1 and PSD95 puncta whose area overlapped more than
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0.25 um? as defined in S1 Appendix, D) and overlap (yellow clusters, i.e. immunofluorescent overlap resulting
from pairing of vGlut1 and PSD95, shown in brown in E). Values are the mean +/- s.e.m. of 44 measures from 3
independent experiments. Kruskal-Wallis test in C (**, p = 0.0099), and D, E (***, p = 0.0001), followed by a
Dunn’s Multiple Comparison Test. *, p<0.05; **, p<0.01; *** p<0.001. Detailed P-values are given in supple-
mentary information. Bar in A, 5um.

https://doi.org/10.1371/journal.pone.0181350.9004

Discussion

We found here that excessive signaling by En alters dendritogenesis and spinogenesis and thus
the accurate development of hippocampal cell network. It is well established that En drives
important aspects of the development of midbrain and cerebellum [12,16]. However, the possi-
bility of a role of En in the forebrain, which could better reflect the cognitive impairments
observed in ASDs and En2”" mice [1,25], has been disregarded, possibly because of the highest
expression level of En in the midbrain/hindbrain regions (http://www.gensat.org). We revis-
ited the expression of En in the hippocampus, confirmed precedent reports showing that En
are expressed in the adult hippocampus and hippocampal cells [18,23-25], and further showed
that the expression of Enl and En2 is subjected to a tight regulation during the development of
this structure. Particularly striking is the downregulation of En2 mRNA during the first post-
natal week, a period associated with a sudden increase in synaptogenesis in rodents [33]. A
similar downregulation of En2 at birth has been reported in the cerebellum [40]. This downre-
gulation is functionally important as maintenance of En2 overexpression postnatally in Pur-
kinje cells delays their differentiation [41], a phenomenon hypothesized to occur during ASD
[42]. Considering the ability of En2 to reduce excitatory synaptic contacts, the sharp downre-
gulation of En2 mRNA at PO-P5 may usefully prevent interference between En2 effects and
glutamatergic synaptogenesis. Differential expression of Enl and En2 during hippocampal
development suggests that these two genes have distinct activities in relation to neuronal dif-
ferentiation and maturation. Accordingly, we found that En2 increased GABAergic dendritic
complexity and reduced glutamatergic connectivity, while Enl did not. On the other hand,
Enl was more effective than En2 to increase spinogenesis on pyramidal neurons in vitro. This
functional partitioning is maintained in vivo in the adult hippocampus since En2 KO but not
Enl+/- mice display a loss of GABAergic neurons [15, 23], while spine density is reduced in
the hippocampus of adult Enl+/- but not in En2 KO mice (present results). Still, the functional
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Fig 5. Engrailed-2 reduces synaptic cluster area. (A-D) Frequency distribution of the area of vGlut1
(green) and PSD95 (red) (A, B) and vGlut1/PSD95 overlap (i.e. synaptic overlap, brown) (C, D) clusters
analyzed in Fig 4. Kolmogorov-Smirnov test on two samples (http://www.physics.csbsju.edu/stats/KS-test.
html): A, cont-PSD vs En1-PSD (D = 0.072, p = 0.178), cont-Vglut vs En1-Vglut (D = 0.084, p = 0.055); B,
cont-PSD vs En2-PSD (D = 0.183, ***p<0.0001), cont-Vglut vs En2-Vglut (D = 0.055, p = 0.568); C, cont-
overlap vs En1-overlap (D = 0.074, p = 0.208); D, cont-overlap vs En2-overlap, (D =0.112, *, p = 0.047).

https://doi.org/10.1371/journal.pone.0181350.g005
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Fig 6. Engrailed increases mTORC1 activity and protein synthesis in hippocampal cells. (A) De novo
protein synthesis in hippocampal neurons visualized with SUnSET. DIV18-20 neurons were analyzed without
treatment (cont) or after a 1-hr treatment with either En1 or En2. Shown are inverted grayscale images. (B)
Phosphorylation of S6 (Ser240/244) assayed by immunofluorescence in untreated hippocampal neurons
(cont) or in neurons treated as in A. (C) The SunSET signal was strictly dependent on the presence of
puromycin and strongly suppressed by anisomycin indicating that it was reporting de novo protein synthesis.
(D) Quantification of SUnSET images. (E) Quantification of phospho-S6 images. Values in D and E are the
mean (+/- s.e.m.) fluorescence intensity in neurons from N = 19-22 images from 2 independent experiments.
D and E, One-way ANOVA (**** p<0.0001) followed by a Tukey’s Multiple Comparison Test. C, Kruskal-
Wallis test (**** p< 0.0001) followed by Dunn’s Multiple Comparison Test. *, p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001. Detailed P-values are given in supplementary information. Bar in A and B, 20um.

https://doi.org/10.1371/journal.pone.0181350.g006

specificity of En proteins does not exclude some redundancy as evidenced by the finding that,
in vitro, both Enl and En2 promote dendritic complexity and spinogenesis in glutamatergic
cells.

The shape of the dendritic tree is a morphological hallmark of neuronal subtypes. There-
fore, by acting on glutamatergic and GABAergic dendritic branching, En1 and En2 may influ-
ence the formation of neuronal networks. However, given the very weak expression of En2 in
the hippocampus at birth, Enl may be the main active isoform at this developmental stage. In
line with this hypothesis, spine density was decreased in Enl+/- but not in En2 KO. In this
study, we addressed what may happen when the concentration of En2 is abnormally increased
in the neonate hippocampus. We found that moderately increasing the level of En2 (4nM) was
enough to significantly increase GABAergic dendritic complexity, and to reduce the number
of excitatory synaptic contacts on glutamatergic neurons, suggesting that these parameters are
very sensitive to altered levels of this homeoprotein. These results suggest that an excess of En2
signaling may alter the excitation/inhibition (E/I) balance as observed with several mouse
models of ASD “risk genes” [2, 43]. For instance, enhanced GABAergic innervation is found
in mice carrying the human R415C mutation in the gene encoding Neuroligin-3 [44], while
other ASD models exhibit a loss of GABAergic function [43]. The reduction of PSD95 in
En2-treated cells may contribute to changes in the E/I balance. Indeed, an increase in the E/I
synaptic current is observed in neurons overexpressing PSD95, whereas knockdown of PSD95
reduces the E/I ratio [45, 46]. Additional studies are needed to determine how the timing of
En2 overexpression may functionally affect the hippocampal network and the E/I balance in
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Table 1. Summary of the effects of En1 and En2 on hippocampal cells.

Comparative caracteristics of En1 and En2 En1 En2 En1SR En2SR
Expression level during synaptogenesis in low weak
hippocampus (qPCR)
Effect on:
complexity of glutamatergic dendrite increase increase low increase ns
complexity of GABAergic dendrite ns increase ns
density of dendritic spines increase increase ns
spine type density
stubby increase
thin increase
mushroom ns
branched increase
Synaptic clusters
presynaptic (Vglut) density ns ns
postsynaptic (PSD95) density ns ns
synapses (Vglut/PSD95 overlap) density ns decrease
presynaptic (Vglut) cluster area ns decrease
postsynaptic (PSD95)cluster area ns decrease
presynaptic (VIIAT) density low increase ns ns
Protein synthesis
PS6 signal increase increase
SUNSET signal increase increase

Table summarizing the different effects of En1 and En2 reported in the present work. Shaded boxes: non-
determined; in bold characters: effects specific for En2; ns: not significantly different from control.

https://doi.org/10.1371/journal.pone.0181350.t001
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Fig 7. Modelling of the effects of En1 and En2 on hippocampal cells. Coarse hypothetical scheme of the
Engrailed signaling pathway in the normal and autistic brain. Engrailed proteins are known to be mainly
expressed by GABA neuronal cells [23], and to signal between cells upon secretion (reviewed in [10]). In
normal conditions (black lines), low levels of endogenous secreted En1 (from GABA cell for instance) could
participate to dendritogenesis (1), spinogenesis (2) (insert), and mTOR signaling (3) in neighbor glutamatergic
neurons. In a pathological context, such as autism (red lines), a rise of En2 expression and secretion would
generate additional effects, i.e. the increase in dendritic complexity of GABA cells (4), a decrease of clustered
PSD95 (5), and the mispairing of glutamatergic synapses (6) (insert). Engrailed proteins require cellular
internalization to be active, but functional priming at the cell membrane through an uncharacterized protein
“R”is not excluded.

https://doi.org/10.1371/journal.pone.0181350.g007
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vivo. Noteworthy, previous studies have shown that other members of the homeoprotein fam-
ily, namely the homeobox proteins Cux1 and Cux2, modulate dendrite branching, spine devel-
opment and synapse formation in layer II-III neurons of the cerebral cortex [47].

The En-induced spinogenesis observed in this study resulted in an increase of immature
spines (thin and stubby) that were not associated to a net increase in the density of PSD95 clus-
ters and synapses. An apparent uncoupling between spines and PSD95 clusters formation
could in theory be explained by the integration of the newly formed spines into multi-synaptic
contacts, but we detected only few multi-synaptic contacts with no statistical differences
among experimental conditions (see S1 Appendix). Alternatively, the newly formed spines
may have low amounts of PSD95, or small clusters that remain below the selection threshold
(see Material and Methods and S1 Appendix). This is in indeed conceivable as our imaging
processing did not allow to quantify the spines having the smallest PSD95 cluster area (i.e.
with an apparent area less or equal to 0.1 um® or a real area below 0.04 um?, [48]) and because
low amounts of PSD95 are often correlated to less differentiated spines (i.e. stubby and thin;
[49-52]), precisely those enriched by Enl. Immature and plastic thin or stubby spines are
thought to represent the substrate of both experience-dependent wiring and rewiring of neuro-
nal circuits [53,54]. Therefore, by favoring the increase of stubby and thin spines over the
synaptogenesis period (i.e. two first postnatal weeks in mice) En may influence, either physio-
logically or pathologically, the mechanisms that fine tune the formation of the hippocampal
cell network. Consistent with this idea are our observations that En1+/- mice displayed
reduced levels of spines in the hippocampus, and that En increased the number of branched
spines in vitro. Branched spines increase when animals are put in an enriched environment
[55] or after long-term potentiation (LTP) [56], and have been proposed as a possible struc-
tural substrate of synaptic plasticity.

Protein synthesis is crucial for long term dendritic and synaptic plasticity, but excessive local
mRNA translation may also form the pathogenic core of ASD-linked diseases such as fragile-X
syndrome (FXS) and tuberous sclerosis (TSC) [5,57]. In line with the capacity of En to activate
mRNA translation in axonal growth cones [20,36] we discovered here that nanomolar concen-
trations of Enl increase mRNA translation in hippocampal cells. Translational signaling path-
ways, involving phosphorylation of the elongation factor eIF4E, the PI3K (phosphoinositide
3-kinase)/Akt/mTOR and ERK (extracellular signal-regulated kinase) cascades, are viewed as a
common endpoint in various ASD-linked gene mutations and copy number variations (CNVs)
[5]. We found here that Enl and En2 increase the activity of mTORCI, an effect that may
account for the observed increase in mRNA translation and spinogenesis.

Our data bring new elements to the discussion of the links between En2 and ASDs. First,
the increase in spine density observed upon En treatment is reminiscent of the increased spine
density found in samples of individuals with ASD [58,59]. Second, the decreased connectivity
observed upon En2 treatment, combined to increased spine density, suggests that En2 over sig-
naling could exaggerate the remodeling of synapses, a common phenotype across diverse ASD
mouse models [60]. Third, as several ASD-linked genes (e.g. FMR1, TSC, PTEN and NF1), En
upregulates mRNA translation, possibly the translation of a specific subset of mRNAs. Future
work will permit to identify the primary molecular translational targets of Enl and En2, and to
further characterize the En signaling pathway in dendrites in relation to both dendritic growth
and ASDs.

Supporting information

S1 Appendix. Supplementary information.
(PDF)
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S1 Fig. Validation of RT-qPCR experiments. (A, B), RT-qPCR experiments using Engrailed
primers validated in En1 and En2 KO ([27], primers #2) confirm the developmental time
course of Engrailed mRNA expression observed in the hippocampus by using primers #1 (see
Material & Methods). (C) Comparison of Engrailed Ct values and fold change in expression
levels (2A-AACT) obtained from hippocampal and cerebellar tissues. Hippocampal samples
are highlighted in grey. Note that there are no significant differences between values normal-
ized with HPRT or GAPDH or between values from male (M) or female (F). W, weeks, hipp,
hippocampus, Cb, cerebellum.

(TIF)

S2 Fig. Effect of Engrailed mutants on dendritic complexity. Additional analysis of dendritic
complexity of glutamatergic cells (A-C) or GABAergic cells (D-F) by using En proteins (as in
Fig 2) and En mutants (En1SR and En2SR) that have lost their cellular internalization capabil-
ity [34]. Values are the mean +/- s.e.m. of about 20 measures from one experiment. Kruskal-
Wallis test in A-C (****, p< 0.0001), and one-way ANOVA in D-F (****, p< 0.0001), followed
respectively by a Dunn’s Multiple Comparison Test and a Tukey’s Multiple Comparison Test.
*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Detailed P-values are given in Supplemen-
tary information.

(TTF)

S3 Fig. Enl control spine density in vivo. (A), examples of images obtained after Golgi stain-
ing of mice hippocampi. Shown are apical and basal dendrites of wild type (wt) and Enl*"
mature mice (see quantification in B). (B, C) comparison of spine density (per pm) in WT and
Enl1™" adult mice (B) or WT and En2 KO adult mice (C). In B, ****, p<0.0001 (t-test). In C,
“p = 0.0164, (Mann Whitney test). Values are the mean +/- s.e.m. of spine densities measured
from a total of about 25-50 dendritic segments imaged from 3 mice per genotype. Bar in A,
Sum.

(TIF)

S4 Fig. Engrailed increases the number of inhibitory synapses. (Top) examples of EGFP-
labelled pyramidal cell dendrites immunostained with VIAAT; cells were either untreated
(cont) or treated with either Enl or En2. (Bottom) quantification of the density of VIAAT-
immunofluorescent clusters along dendrites of pyramidal cells in absence of treatment (cont)
or after treatments with either Enl, En2 or En1SR. Kruskal-Wallis test (*, p = 0.02) followed by
Dunn’s Multiple Comparison Test: cont vs Enl, *p = 0.0117. Values are the mean +/- s.e.m. of
80 measures from 2 independent experiments. Bar, 5um.

(TIF)

S5 Fig. Image analysis. (A), Segmentation of synaptic area from confocal images of hippocam-
pal neurons double stained for vGlutl and PSD95. Sample of a maximal projection obtained
from a z stack, and (B) the same picture exhibiting the synaptic areas obtained after detection
and analysis of overlapping red and green objects. In blue, in B, is the user-defined selection
delimiting the region of interest corresponding to the dendritic area. (C), zoom-in view of the
area labelled by the white box in A, showing the synaptic density (Sd) analysis of the original
stack using the Imaris software. This Sd model permits an easy visualization of the contacts
between objects. (D), the same Sd representation as in C plus the outlines of synaptic areas
detected by our program in B. Note the accuracy of the detection. (E, F) Analysis of arborization
of hippocampal cells immunofluorescent for MAP2. In E, a glutamatergic neuron exhibiting
MAP2 labelling. Soma area was manually highlighted and smoothed before automated image
analysis. The picture shows original image and the vector detected objects (soma edge, red; mas-
ter segments, orange; junctions, red surrounded by blue; master junctions, blue surrounded by

PLOS ONE | https://doi.org/10.1371/journal.pone.0181350  August 15, 2017 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181350.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181350.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181350.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181350.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181350.s006
https://doi.org/10.1371/journal.pone.0181350

@° PLOS | ONE

Excess signalling by Engrailed promotes dendritic plasticity

red, and branches in green, see zoom inset in F. (F), Zoomed-in area coming from the selected
area in panel E exhibiting segments (magenta), junctions (blue), and branches (green). Panel
G shows residual structure after pruning the tree of panel F. The segments and junctions
detected in this residual tree are called master segments and master junctions (i.e. nodes). Bar
in A = 5um, bar applies to B; in C = 1 pm, bar applies to D.

(TIF)

Acknowledgments

We gratefully thank Alain Prochiantz for his permanent support and for providing us with the
EnI'" mice. We are also grateful to Rajiv Joshi and Alain Joliot for providing us En recombi-
nant proteins. We thank Dr Julia Fuchs (College de France), Dr Lydia Danglot (Université
Paris Diderot, France), and Nathanaél Larochette for their kind help. We acknowledge the
ImagoSeine core facility of the Institut Jacques Monod, member of the infrastructure France
BioImaging. This work was supported by France Alzheimer, Fondation Louis D. and the
Agence Nationale pour la Recherche (ANR-12-Polybex) (to F.D.) and grants from the Italian
Ministry of University and Research (PRIN 2010-2011 grant #2010N8PBAA_002 to Y.B.),
University of Trento (CIBIO start-up grant to Y.B.). E.D. is supported by Inserm. A.S. was sup-
ported by a fellowship from the French ministry of higher education and research.

Author Contributions

Conceptualization: Francois Darchen, Olivier Stettler.

Formal analysis: Gilles Carpentier, Francois Darchen, Olivier Stettler.
Funding acquisition: Fran¢ois Darchen.

Investigation: Asma Soltani, Soléne Lebrun, Giulia Zunino, Sandrine Chantepie, Claire Des-
nos, Olivier Stettler.

Methodology: Gilles Carpentier, Claire Desnos, Olivier Stettler.
Resources: Auriane Maiza, Yuri Bozzi.

Software: Gilles Carpentier.

Supervision: Frangois Darchen, Olivier Stettler.

Validation: Frangois Darchen, Olivier Stettler.

Writing - original draft: Francois Darchen, Olivier Stettler.

Writing - review & editing: Francois Darchen, Olivier Stettler.

References

1. Abrahams BS, Geschwind DH. Advances in autism genetics: on the threshold of a new neurobiology.
Nat Rev Genet. 2008; 9: 341-355. https://doi.org/10.1038/nrg2346 PMID: 18414403

2. LeBlanc JJ, and Fagiolini M. Autism: A « Critical Period » Disorder? Neural Plast. 2011; 2011: 1-17.

Penzes P, Cahill ME, Jones KA, VanLeeuwen J-E, Woolfrey KM. Dendritic spine pathology in neuropsy-
chiatric disorders. Nat Neurosci. 2011; 14: 285-293. https://doi.org/10.1038/nn.2741 PMID: 21346746

4. Bourgeron T. A synaptic trek to autism. Curr Opin Neurobiol. 2009; 19: 231-234. https://doi.org/10.
1016/j.conb.2009.06.003 PMID: 19545994

5. Ebert DH, and Greenberg ME. Activity-dependent neuronal signalling and autism spectrum disorder.
Nature 2013; 493: 327-337. https://doi.org/10.1038/nature11860 PMID: 23325215

PLOS ONE | https://doi.org/10.1371/journal.pone.0181350  August 15, 2017 17/20


https://doi.org/10.1038/nrg2346
http://www.ncbi.nlm.nih.gov/pubmed/18414403
https://doi.org/10.1038/nn.2741
http://www.ncbi.nlm.nih.gov/pubmed/21346746
https://doi.org/10.1016/j.conb.2009.06.003
https://doi.org/10.1016/j.conb.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19545994
https://doi.org/10.1038/nature11860
http://www.ncbi.nlm.nih.gov/pubmed/23325215
https://doi.org/10.1371/journal.pone.0181350

@° PLOS | ONE

Excess signalling by Engrailed promotes dendritic plasticity

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Benayed R, Gharani N, Rossman |, Mancuso V, Lazar G, Kamdar S, et al. Support for the
homeobox transcription factor gene ENGRAILED 2 as an autism spectrum disorder susceptibility locus.
Am J Hum Genet. 2005; 77: 851-868. https://doi.org/10.1086/497705 PMID: 16252243

Benayed R, Choi J, Matteson PG, Gharani N, Kamdar S, Brzustowicz LM, et al. Autism-associated hap-
lotype affects the regulation of the homeobox gene, ENGRAILED 2. Biol Psychiatry 2009; 66:911—
917. https://doi.org/10.1016/j.biopsych.2009.05.027 PMID: 19615670

James SJ, Shpyleva S, Melnyk S, Pavliv O, Pogribny IP. Elevated 5-hydroxymethylcytosine in the

Engrailed-2 (EN-2) promoter is associated with increased gene expression and decreased MeCP2
binding in autism cerebellum. Transl Psychiatry. 2014; 4:e460. https://doi.org/10.1038/tp.2014.87

PMID: 25290267

Choi J, Kamdar S, Rahman T, Mateson PG, and Millonic JH. ENGRAILED 2 (EN2) Genetic and Func-
tional Analysis. Chapter 1. In "Autism Spectrum Disorders—From Genes to Environment", edited by
Tim Williams, ISBN 978-953-307-558-7, 2011; pp3.

Spatazza J, Di Lullo E, Joliot A, Dupont E, Moya KL, and Prochiantz A. Homeoprotein Signaling in
Development, Health, and Disease: A Shaking of Dogmas Offers Challenges and Promises from Bench
to Bed. Pharmacol Rev. 2013; 65: 90—-104. https://doi.org/10.1124/pr.112.006577 PMID: 23300132

Brunet |, Di Nardo AA, Sonnier L, Beurdeley M, Prochiantz A. The topological role of homeoproteins in
the developing central nervous system. Trends Neurosci. 2007; 30: 260-267. https://doi.org/10.1016/j.
tins.2007.03.010 PMID: 17418905

Joyner AL. Engrailed, Wnt and Pax genes regulate midbrain-hindbrain development. Trends Genet
TIG. 1996; 12: 15-20. PMID: 8741855

Fox SR, and Deneris ES. Engrailed is required in maturing serotonin neurons to regulate the cytoarchi-
tecture and survival of the dorsal raphe nucleus. J Neurosci. 2012; 32: 7832-7842. https://doi.org/10.
1523/JNEUROSCI.5829-11.2012 PMID: 22674259

Simon HH, Scholz C, O’Leary DDM. Engrailed genes control developmental fate of serotonergic and
noradrenergic neurons in mid- and hindbrain in a gene dose-dependent manner. Mol Cell Neurosci.
2005; 28: 96—105. https://doi.org/10.1016/j.mcn.2004.08.016 PMID: 15607945

Sonnier L, Le Pen G, Hartmann A, Bizot J-C., F Trovero, M-O Krebs, et al. Progressive loss of dopami-
nergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1. J Neurosci. 2007; 27:
1063—-1071. https://doi.org/10.1523/JNEUROSCI.4583-06.2007 PMID: 17267560

Orvis GD, Hartzell AL, Smith JB, Barraza LH, Wilson SL, Szulc KU, et al. The engrailed

homeobox genes are required in multiple cell lineages to coordinate sequential formation of fissures
and growth of the cerebellum. Dev Biol. 2012; 367: 25-39. https://doi.org/10.1016/j.ydbio.2012.04.018
PMID: 22564796

Sillitoe RV, Vogel MW, Joyner AL. Engrailed homeobox genes regulate establishment of the cerebellar
afferent circuit map. J Neurosci. 2010; 30: 10015-10024. https://doi.org/10.1523/JNEUROSCI.0653-
10.2010 PMID: 20668186

Tripathi PP, Sgado P, Scali M, Viaggi C, Casarosa S, Simon HH, et al. Increased susceptibility to kainic
acid-induced seizures in Engrailed-2 knockout mice. Neuroscience 2009; 159: 842—-849. https://doi.
org/10.1016/j.neuroscience.2009.01.007 PMID: 19186208

Kuemerle B, Gulden F, Cherosky N, Williams E, and Herrup K. The mouse Engrailed genes: a window
into autism. Behav Brain Res. 2007; 176: 121—132. https://doi.org/10.1016/j.bbr.2006.09.009 PMID:
17055592

Stettler O, Joshi RL, Wizenmann A, Reingruber J, Holcman D, Bouillot C, et al. Engrailed homeoprotein
recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones. Develop-
ment 2012; 139: 215-224. https://doi.org/10.1242/dev.063875 PMID: 22147955

Wizenmann A, Brunet |, Lam JSY, Sonnier L, Beurdeley M, Zarbalis K, et al. Extracellular Engrailed par-
ticipates in the topographic guidance of retinal axons in vivo. Neuron 2009; 64: 355-366. https://doi.
org/10.1016/j.neuron.2009.09.018 PMID: 19914184

Alvarez-Fischer D, Fuchs J, Castagner F, Stettler O, Massiani-Beaudoin O, Moya KL, et al. Engrailed
protects mouse midbrain dopaminergic neurons against mitochondrial complex | insults. Nat Neurosci.
2011; 14: 1260-1266. https://doi.org/10.1038/nn.2916 PMID: 21892157

Sgado P, Genovesi S, Kalinovsky A, Zunino G, Macchi F, Allegra M, et al. Loss of GABAergic neurons
in the hippocampus and cerebral cortex of Engrailed-2 null mutant mice: implications for autism spec-
trum disorders. Exp Neurol. 2013; 247: 496-505. https://doi.org/10.1016/j.expneurol.2013.01.021
PMID: 23360806

Farias GG, Godoy JA, Hernandez F, Avila J, Fisher A, and Inestrosa NC. M1 muscarinic receptor acti-
vation protects neurons from beta-amyloid toxicity. A role for Wnt signaling pathway. Neurobiol Dis.
2004; 17: 337—-348. https://doi.org/10.1016/j.nbd.2004.07.016 PMID: 15474371

PLOS ONE | https://doi.org/10.1371/journal.pone.0181350  August 15, 2017 18/20


https://doi.org/10.1086/497705
http://www.ncbi.nlm.nih.gov/pubmed/16252243
https://doi.org/10.1016/j.biopsych.2009.05.027
http://www.ncbi.nlm.nih.gov/pubmed/19615670
https://doi.org/10.1038/tp.2014.87
http://www.ncbi.nlm.nih.gov/pubmed/25290267
https://doi.org/10.1124/pr.112.006577
http://www.ncbi.nlm.nih.gov/pubmed/23300132
https://doi.org/10.1016/j.tins.2007.03.010
https://doi.org/10.1016/j.tins.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17418905
http://www.ncbi.nlm.nih.gov/pubmed/8741855
https://doi.org/10.1523/JNEUROSCI.5829-11.2012
https://doi.org/10.1523/JNEUROSCI.5829-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22674259
https://doi.org/10.1016/j.mcn.2004.08.016
http://www.ncbi.nlm.nih.gov/pubmed/15607945
https://doi.org/10.1523/JNEUROSCI.4583-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17267560
https://doi.org/10.1016/j.ydbio.2012.04.018
http://www.ncbi.nlm.nih.gov/pubmed/22564796
https://doi.org/10.1523/JNEUROSCI.0653-10.2010
https://doi.org/10.1523/JNEUROSCI.0653-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20668186
https://doi.org/10.1016/j.neuroscience.2009.01.007
https://doi.org/10.1016/j.neuroscience.2009.01.007
http://www.ncbi.nlm.nih.gov/pubmed/19186208
https://doi.org/10.1016/j.bbr.2006.09.009
http://www.ncbi.nlm.nih.gov/pubmed/17055592
https://doi.org/10.1242/dev.063875
http://www.ncbi.nlm.nih.gov/pubmed/22147955
https://doi.org/10.1016/j.neuron.2009.09.018
https://doi.org/10.1016/j.neuron.2009.09.018
http://www.ncbi.nlm.nih.gov/pubmed/19914184
https://doi.org/10.1038/nn.2916
http://www.ncbi.nlm.nih.gov/pubmed/21892157
https://doi.org/10.1016/j.expneurol.2013.01.021
http://www.ncbi.nlm.nih.gov/pubmed/23360806
https://doi.org/10.1016/j.nbd.2004.07.016
http://www.ncbi.nlm.nih.gov/pubmed/15474371
https://doi.org/10.1371/journal.pone.0181350

@° PLOS | ONE

Excess signalling by Engrailed promotes dendritic plasticity

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Brielmaier J, Matteson PG, Silverman JL, Senerth JM, Kelly S, Genestine M, et al. Autism-relevant
social abnormalities and cognitive deficits in engrailed-2 knockout mice. PloS One 2012; 7: e40914.
https://doi.org/10.1371/journal.pone.0040914 PMID: 22829897

Kaech S, and Banker G. Culturing hippocampal neurons. Nat Protoc. 2006; 1: 2406—2415. https://doi.
org/10.1038/nprot.2006.356 PMID: 17406484

Fox SR, and Deneris ES. Engrailed is required in maturing serotonin neurons to regulate the cytoarchi-
tecture and survival of the dorsal raphe nucleus. J Neurosci. 2012; 32:7832—42. https://doi.org/10.
1523/JNEUROSCI.5829-11.2012 PMID: 22674259

Harris KM, and Stevens JK. Dendritic spines of CA 1 pyramidal cells in the rat hippocampus: serial elec-
tron microscopy with reference to their biophysical characteristics. J Neurosci. 1989; 9: 2982—2997.
PMID: 2769375

Griffa A, Garin N, and Sage D. “Comparison of Deconvolution Software in 3D Microscopy., A User
Point of View” Part | and Part Il. GIT Imaging & Microscopy 2010; 1: 43—45.

Vonesch C, and Unser M. A fast thresholded landweber algorithm for wavelet- regularized multidimen-
sional deconvolution. IEEE Trans Image Process. 2008; 17: 539-549. https://doi.org/10.1109/TIP.
2008.917103 PMID: 18390362

Schmidt EK, Clavarino G, Ceppi M, and Pierre P. SUnSET, a nonradioactive method to monitor protein
synthesis. Nat Methods 2009 6: 275-7. https://doi.org/10.1038/nmeth.1314 PMID: 19305406

Grove EA, and Tole S. Patterning events and specification signals in the developing hippocampus.
Cereb Cortex 1999; 9: 551-561. PMID: 10498273

Bury LAD, and Sabo SL. How It's Made: The Synapse. Mol Interv. 2010; 10: 282—-292. https://doi.org/
10.1124/mi.10.5.5 PMID: 21045242

Brunet |, Weinl C, Piper M, Trembleau A, Volovitch M, Harris W, et al. The transcription factor
Engrailed-2 guides retinal axons. Nature 2005 438: 94-8. https://doi.org/10.1038/nature04110 PMID:
16267555

Yoon BC, Jung H, Dwivedy A, O’'Hare CM, Zivraj KH, Holt CE. Local Translation of Extranuclear Lamin
B Promotes Axon Maintenance. Cell 2012; 148: 752—764. https://doi.org/10.1016/j.cell.2011.11.064
PMID: 22341447

Santini E, Huynh TN, MacAskill AF, Carter AG, Pierre P, Ruggero D, et al. Exaggerated translation
causes synaptic and behavioural aberrations associated with autism. Nature 2013; 493: 411—415.
https://doi.org/10.1038/nature11782 PMID: 23263185

Gkogkas CG, Khoutorsky A, Ran |, Rampakakis E, Nevarko T, Weatherill DB, et al. Autism-related defi-
cits via dysregulated elF4E-dependent translational control. Nature 2012; 493: 371-377. https://doi.
org/10.1038/nature 11628 PMID: 23172145

Santini E, and Klann E. Reciprocal signaling between translational control pathways and synaptic pro-
teins in autism spectrum disorders Sci Signal. 2014 7:re10. https://doi.org/10.1126/scisignal.2005832
PMID: 25351249

Konicek BW, Stephens JR, McNulty AM, Robichaud N, Peery RB, Dumstorf CA, et al. Therapeutic inhi-
bition of MAP kinase interacting kinase blocks eukaryotic initiation factor 4E phosphorylation and sup-
presses outgrowth of experimental lung metastases. Cancer Res. 2011 71:1849-57. https://doi.org/10.
1158/0008-5472.CAN-10-3298 PMID: 21233335

Jankowski J, Holst MI, Liebig C, Oberdick J, and Baader SL. Engrailed-2 negatively regulates the onset
of perinatal Purkinje cell differentiation. J Comp Neurol. 2004; 472: 87-99. https://doi.org/10.1002/cne.
20059 PMID: 15024754

Holst MI, Maercker C, Pintea B, Masseroli M, Liebig C, Jankowski J, et al. Engrailed-2 regulates genes
related to vesicle formation and transport in cerebellar Purkinje cells. Mol. Cell Neurosci. 2008; 38:
495-504. https://doi.org/10.1016/j.mcn.2008.04.010 PMID: 18562208

James SJ, Shpyleva S, Melnyk S, Pavliv O, and Pogribny IP. Complex epigenetic regulation of
Engrailed-2 (EN-2) homeobox gene in the autism cerebellum. Trans| Psychiatry 2013; 3: €232. https://
doi.org/10.1038/tp.2013.8 PMID: 23423141

Pizzarelli R., and Cherubini E. Alterations of GABAergic signaling in autism spectrum disorders. Neural
Plast. 2011; 2011:297153. https://doi.org/10.1155/2011/297153 PMID: 21766041

Tabuchi K., Blundell J, Etherton MR, Hammer RE, Liu X, Powell CM, et al. A neuroligin-3 mutation impli-
cated in autism increases inhibitory synaptic transmission in mice. Science 2007; 318:71-6. https://doi.
org/10.1126/science.1146221 PMID: 17823315

Prange O, Wong T. P., Gerrow K., Wang Y. T., and El-Husseini A. A balance between excitatory and
inhibitory synapses is controlled by PSD-95 and neuroligin. Proc Natl Acad Sci U.S.A. 2004;
101:13915-13920. https://doi.org/10.1073/pnas.0405939101 PMID: 15358863

PLOS ONE | https://doi.org/10.1371/journal.pone.0181350  August 15, 2017 19/20


https://doi.org/10.1371/journal.pone.0040914
http://www.ncbi.nlm.nih.gov/pubmed/22829897
https://doi.org/10.1038/nprot.2006.356
https://doi.org/10.1038/nprot.2006.356
http://www.ncbi.nlm.nih.gov/pubmed/17406484
https://doi.org/10.1523/JNEUROSCI.5829-11.2012
https://doi.org/10.1523/JNEUROSCI.5829-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22674259
http://www.ncbi.nlm.nih.gov/pubmed/2769375
https://doi.org/10.1109/TIP.2008.917103
https://doi.org/10.1109/TIP.2008.917103
http://www.ncbi.nlm.nih.gov/pubmed/18390362
https://doi.org/10.1038/nmeth.1314
http://www.ncbi.nlm.nih.gov/pubmed/19305406
http://www.ncbi.nlm.nih.gov/pubmed/10498273
https://doi.org/10.1124/mi.10.5.5
https://doi.org/10.1124/mi.10.5.5
http://www.ncbi.nlm.nih.gov/pubmed/21045242
https://doi.org/10.1038/nature04110
http://www.ncbi.nlm.nih.gov/pubmed/16267555
https://doi.org/10.1016/j.cell.2011.11.064
http://www.ncbi.nlm.nih.gov/pubmed/22341447
https://doi.org/10.1038/nature11782
http://www.ncbi.nlm.nih.gov/pubmed/23263185
https://doi.org/10.1038/nature11628
https://doi.org/10.1038/nature11628
http://www.ncbi.nlm.nih.gov/pubmed/23172145
https://doi.org/10.1126/scisignal.2005832
http://www.ncbi.nlm.nih.gov/pubmed/25351249
https://doi.org/10.1158/0008-5472.CAN-10-3298
https://doi.org/10.1158/0008-5472.CAN-10-3298
http://www.ncbi.nlm.nih.gov/pubmed/21233335
https://doi.org/10.1002/cne.20059
https://doi.org/10.1002/cne.20059
http://www.ncbi.nlm.nih.gov/pubmed/15024754
https://doi.org/10.1016/j.mcn.2008.04.010
http://www.ncbi.nlm.nih.gov/pubmed/18562208
https://doi.org/10.1038/tp.2013.8
https://doi.org/10.1038/tp.2013.8
http://www.ncbi.nlm.nih.gov/pubmed/23423141
https://doi.org/10.1155/2011/297153
http://www.ncbi.nlm.nih.gov/pubmed/21766041
https://doi.org/10.1126/science.1146221
https://doi.org/10.1126/science.1146221
http://www.ncbi.nlm.nih.gov/pubmed/17823315
https://doi.org/10.1073/pnas.0405939101
http://www.ncbi.nlm.nih.gov/pubmed/15358863
https://doi.org/10.1371/journal.pone.0181350

@° PLOS | ONE

Excess signalling by Engrailed promotes dendritic plasticity

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Keith D, and El-Husseini A. Excitation Control: Balancing PSD-95 Function at the Synapse. Front Mol
Neurosci. 2008; 1: 4. https://doi.org/10.3389/neuro.02.004.2008 PMID: 18946537

Cubelos B, Sebastian-Serrano A, Beccari L, Calcagnotto ME, Cisneros E, Kim S, et al. Cux1 and Cux2
regulate dendritic branching, spine morphology, and synapses of the upper layer neurons of the cortex.
Neuron 2010; 66: 523-535. https://doi.org/10.1016/j.neuron.2010.04.038 PMID: 20510857

MacGillavry HD, Song Y, Raghavachari S, and Blanpied TA. Nanoscale scaffolding domains within the
postsynaptic density concentrate synaptic AMPA receptors. Neuron. 2013 May 22; 78(4):615-22.
https://doi.org/10.1016/j.neuron.2013.03.009 PMID: 23719161

Cane M., Maco B., Knott G., and Holtmaat A. The relationship between PSD-95 clustering and spine
stability in vivo. J Neurosci. 2014; 34: 2075-86. https://doi.org/10.1523/JNEUROSCI.3353-13.2014
PMID: 24501349

Isshiki M, Tanaka S, Kuriu T, Tabuchi K, Takumi T, Okabe S. Enhanced synapse remodelling as a com-
mon phenotype in mouse models of autism. Nat Commun. 2014; 5:4742. https://doi.org/10.1038/
ncomms5742 PMID: 25144834

Meyer D, Bonhoeffer T, and Scheuss V. Balance and stability of synaptic structures during synaptic
plasticity. Neuron. 2014; 82:430—43. https://doi.org/10.1016/j.neuron.2014.02.031 PMID: 24742464

Ehrlich I, Klein M, Rumpel S, and Malinow R. PSD-95 is required for activity-driven synapse stabiliza-
tion. Proc Natl Acad Sci U S A. 2007; 104:4176-81. https://doi.org/10.1073/pnas.0609307104 PMID:
17360496

Sala C., and Segal M. Dendritic spines: the locus of structural and functional plasticity. Physiol Rev.
2014; 94:141-88. https://doi.org/10.1152/physrev.00012.2013 PMID: 24382885

Sebastian V., Estil J.B., Chen D., Schrott L.M., and Serrano P.A. Acute physiological stress promotes
clustering of synaptic markers and alters spine morphology in the hippocampus. PLoS One. 2013; 8:
€79077. https://doi.org/10.1371/journal.pone.0079077 PMID: 24205365

Johansson BB, and Belichenko PV. Neuronal plasticity and dendritic spines: effect of environmental
enrichment on intact and postischemic rat brain. J Cereb Blood Flow Metab. 2002; 22: 89-96. https://
doi.org/10.1097/00004647-200201000-00011 PMID: 11807398

Trommald M, Hulleberg G, and Andersen P. Long-term potentiation is associated with new excitatory
spine synapses on rat dentate granule cells. Learn Mem Cold Spring Harb. N. 1996; 3: 218-228.

Osterweil E., Krueger D., Reinhold K., and Bear M. Hypersensitivity to mglur5 and erk1/2 leads to
excessive protein synthesis in the hippocampus of a mouse model of fragile X syndrome. J Neurosci.
2010; 30: 15616—15627. https://doi.org/10.1523/JNEUROSCI.3888-10.2010 PMID: 21084617

Tang G, Gudsnuk K, Kuo SH, Cotrina ML, Rosoklija G, Sosunov A, et al. Loss of mMTOR-dependent
macroautophagy causes autistic-like synaptic pruning deficits. Neuron 2014; 83: 1131-43. hitps://doi.
org/10.1016/j.neuron.2014.07.040 PMID: 25155956

Hutsler JJ, and Zhang H. Increased dendritic spine densities on cortical projection neurons in autism
spectrum disorders. Brain Res. 2010; 1309: 83-94. https://doi.org/10.1016/j.brainres.2009.09.120
PMID: 19896929

Isshiki M, Tanaka S, Kuriu T, Tabuchi K, Takumi T, and Okabe S. Enhanced synapse remodelling as a
common phenotype in mouse models of autism. Nat Commun 2014; 5: 4742. https://doi.org/10.1038/
ncomms5742 PMID: 25144834

PLOS ONE | https://doi.org/10.1371/journal.pone.0181350  August 15, 2017 20/20


https://doi.org/10.3389/neuro.02.004.2008
http://www.ncbi.nlm.nih.gov/pubmed/18946537
https://doi.org/10.1016/j.neuron.2010.04.038
http://www.ncbi.nlm.nih.gov/pubmed/20510857
https://doi.org/10.1016/j.neuron.2013.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23719161
https://doi.org/10.1523/JNEUROSCI.3353-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24501349
https://doi.org/10.1038/ncomms5742
https://doi.org/10.1038/ncomms5742
http://www.ncbi.nlm.nih.gov/pubmed/25144834
https://doi.org/10.1016/j.neuron.2014.02.031
http://www.ncbi.nlm.nih.gov/pubmed/24742464
https://doi.org/10.1073/pnas.0609307104
http://www.ncbi.nlm.nih.gov/pubmed/17360496
https://doi.org/10.1152/physrev.00012.2013
http://www.ncbi.nlm.nih.gov/pubmed/24382885
https://doi.org/10.1371/journal.pone.0079077
http://www.ncbi.nlm.nih.gov/pubmed/24205365
https://doi.org/10.1097/00004647-200201000-00011
https://doi.org/10.1097/00004647-200201000-00011
http://www.ncbi.nlm.nih.gov/pubmed/11807398
https://doi.org/10.1523/JNEUROSCI.3888-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21084617
https://doi.org/10.1016/j.neuron.2014.07.040
https://doi.org/10.1016/j.neuron.2014.07.040
http://www.ncbi.nlm.nih.gov/pubmed/25155956
https://doi.org/10.1016/j.brainres.2009.09.120
http://www.ncbi.nlm.nih.gov/pubmed/19896929
https://doi.org/10.1038/ncomms5742
https://doi.org/10.1038/ncomms5742
http://www.ncbi.nlm.nih.gov/pubmed/25144834
https://doi.org/10.1371/journal.pone.0181350

