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Oligophrenin-1 (OPHN1) is a Rho GTPase activating proteinwhosemutations cause X-linked intellectual disabil-
ity (XLID). How loss of function of Ophn1 affects neuronal development is only partly understood. Here we have
exploited adult hippocampal neurogenesis to dissect the steps of neuronal differentiation that are affected by
Ophn1 deletion. We found that mice lacking Ophn1 display a reduction in the number of newborn neurons in
the dentate gyrus. A significant fraction of the Ophn1-deficient newly generated neurons failed to extend an
axon towards CA3, and showed an altered density of dendritic protrusions. Since Ophn1-deficient mice display
overactivation of Rho-associated protein kinase (ROCK) and protein kinase A (PKA) signaling, we administered
a clinically approved ROCK/PKA inhibitor (fasudil) to correct the neurogenesis defects. While administration of
fasudil was not effective in rescuing axon formation, the same treatment completely restored spine density to
control levels, and enhanced the long-term survival of adult-born neurons in mice lacking Ophn1. These results
identify specific neurodevelopmental steps that are impacted byOphn1deletion, and indicate that theymay be at
least partially corrected by pharmacological treatment.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Intellectual Disability (ID) is a complex disease of the central ner-
vous system (CNS) that results in impaired cognitive abilities (Chelly
et al., 2006; Van Bokhoven, 2011). A genetic contribution to the etiology
of ID iswell established and, among the genetic conditions, themost fre-
quent are the X-linked intellectual disabilities (XLIDs) forms caused by
single gene mutations on the X chromosome (Humeau et al., 2009;
Ropers and Hamel, 2005). Among the XLID genes, oligophrenin-1
(Ophn1) encodes a RhoGTPase-activating protein (Rho GAP) which is
expressed in the developing and adult nervous system (Billuart et al.,
1998; Fauchereau et al., 2003; Khelfaoui et al., 2007; Valnegri et al.,
2011). At the cellular level, the protein is present both in glial cells
and neurons where it colocalizes with F-actin, notably at the tip of
growing dendrites (Fauchereau et al., 2003). OPHN1 is detected on
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both sides of the synapse, indicating that it participates to synaptic func-
tion (Nadif Kasri et al., 2009; Nakano-Kobayashi et al., 2014; Khelfaoui
et al., 2009; Nakano-Kobayashi et al., 2009). Indeed, decreased or defec-
tive Ophn1 signaling prevents synapse maturation and causes loss of
synaptic structure, function and plasticity (Govek et al., 2004;
Khelfaoui et al., 2007; Powell et al., 2012; Powell et al., 2014). Ophn1
knock-out (KO) mice, the murine model of the disease, exhibit behav-
ioral impairments in spatial memory, and an immature phenotype of
dendritic spines in hippocampal pyramidal neurons associated with al-
tered synaptic plasticity (Khelfaoui et al., 2007; Khelfaoui et al., 2014).
However, how Ophn1 loss of function impacts on neuronal develop-
ment and circuit formation, leading to impaired information processing
remains still incompletely understood. This is mainly due to the techni-
cal difficulties to study embryonic/perinatal neurogenic processes (i.e.
proliferation, migration, morphological differentiation and functional
integration) that largely overlap in time.

Here, we have examined how lack of Ophn1 impacts on neuronal
maturation by following the process of adult neurogenesis - i.e. themor-
phological and functional development of new dentate granule neurons
that are normally and constantly added to hippocampus (Kempermann
et al., 2015; Braun and Jessberger, 2014; Christian et al., 2014). In
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mammals, newneurons are produced in two specific neurogenic niches,
the subventricular zone (SVZ) and the subgranular zone (SGZ) in the
dentate gyrus (DG) of the hippocampus. Adult hippocampal
neurogenesis recapitulates at least some neuronal developmental pro-
cesses including proliferation of progenitors, morphological differentia-
tion and integration of newborn neurons into brain networks
(Kempermann et al., 2015). In the SGZ, stem/progenitor cells proliferate
and give rise to neuroblasts that localize within the granule cell layer of
the DG, elaborate their dendritic arbor into the molecular layer and ex-
tend axons to innervate target cells in the CA3 region. Adult newborn
neurons finally receive functional excitatory and inhibitory synaptic
connections in order to be integrated in the existing hippocampal cir-
cuitry (Kempermann et al., 2015; Braun and Jessberger, 2014;
Christian et al., 2014; Toni and Schinder, 2016). Principal dentate gran-
ule cells are the only neuronal subtype that is generated, and newly gen-
erated neurons have enhanced synaptic plasticity properties that enable
them to contribute to specific forms of hippocampal-dependent learn-
ing and memory (Deng et al., 2010; Christian et al., 2014;
Schmidt-Hieber et al., 2004). Accordingly, impairments in adult hippo-
campal neurogenesis have been suggested as one of the processes un-
derlying learning and memory impairments in neurodevelopmental
disorders (Contestabile et al., 2013; Guo et al., 2011; Ishihara et al.,
2010; Giacomini et al., 2015; reviewed in Pons-Espinal et al., 2013a).

In this manuscript, we used Ophn1 KOmice to investigate how loss
of Ophn1 affects adult neurogenesis in the DG. We observed deficits in
newborn neuron survival, while proliferation of stem/progenitor cells
was not affected. We also found an altered morphological maturation
of newly generated cells with a robust impairment of axonal extension
and immature dendritic spines in mice lacking Ophn1. Moreover, we
also tested a rescue strategy based on inhibition of two kinases, Rho-as-
sociated protein kinase (ROCK) and protein kinase A (PKA), whose ac-
tivity is potently up-regulated by loss of Ophn1 (Khelfaoui et al.,
2014). In particular, we administered the ROCK/PKA inhibitor fasudil
to Ophn1 KO mice, and found that dendritic spine alterations and sur-
vival of newborn neurons in the granule cell layer of DG could be re-
stored upon this pharmacological treatment.

2. Materials and methods

2.1. Animals and treatment

All procedures conformed to the EUDirective 2010/63/EU for animal
experiments and to the ARRIVE guidelines. Experimental protocols
were approved by the Italian Ministry of Health. All analyses were per-
formed blind to genotype and treatment. Experiments were carried out
usingmale KO (Ophn-1−/y) and their controlWT littermates (Ophn-1+/

y) (Khelfaoui et al., 2007; Meziane et al., 2016). Mice were housed in a
room with a temperature of 21 °C, 12 h light/dark cycle, and food and
water available ad libitum. All animals were 2–3 months old at the be-
ginning of the experiments. No mice were excluded from the analyses.
Heterozygous females were bred with C57/Bl6 wild type mice to main-
tain the geneticallymodified colony. The animals were genotyped using
the polymerase chain reaction (PCR) with a set of 2 oligonucleotides
previously validated (Khelfaoui et al., 2007).

For the rescue experiments, KO and control littermate mice were
treated with the clinically approved ROCK and PKA inhibitor fasudil
for 7 weeks. At 2 months of age, mice were randomly assigned to the
treatment or control groups. The animals in the treatment group re-
ceived fasudil in the drinking water (0.65 mg/mL; Khelfaoui et al.,
2014), while the controls received only water. The fasudil experiments
always included a subset of naïve WT mice to be used for comparison.

2.2. BrdU injections

For evaluation of adult hippocampal neurogenesis in Ophn1 KO and
WT mice, BrdU (Sigma-Aldrich) was administered intraperitoneally at
50 mg/kg body weight. For the experiments on neuronal proliferation
(Fig. 1A, C),mice received 2 injections spaced by 2 h andwere sacrificed
after 24 h. For neuronal survival experiments, we performed 4 BrdU in-
jections every 2 h and animals were sacrificed at 15 or 50 dpi (Fig. 1D, E;
Kempermann et al., 2003). Because of the different doses of BrdU, and
since independent cohorts of WT and KO mice were analyzed at each
time point, the difference in BrdU-positive cells between genotypes
was assessed by pairwise comparisons at 1, 15 and 50 dpi.

2.3. Immunohistochemistry and stereological cell counting

Animals were anesthetized with chloral hydrate and perfused
through the heart with 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB), pH 7.4. Brains were post fixed for 2 h at 4 °C, and
cryoprotected in 30% sucrose in 0.1 M PB at 4 °C, and cut coronally at
40 μm with a freezing microtome. For each animal, serial sections (1
out of 6) spanning the entire rostro-caudal extension of hippocampus
were processed for different stainings. For BrdU detection, free-floating
sectionswere pretreated by denaturing DNAwith 2MHCl for 30min at
37 °C (Rossi et al., 2006; Kempermann et al., 2003). Slices were blocked
for 1 h at room temperature (RT) with 10% normal goat serum (NGS),
0.3% Triton X-100 in PBS, and then incubated overnight at 4 °C with a
rat monoclonal anti-BrdU antibody (1:200, Abcam, AB6326) diluted in
NGS 5% and Triton 0.1% in PBS. Signal was finally revealedwith 2 h incu-
bation at RT with Cy3 conjugated anti-rat IgG (1:500, Jackson Immuno
Research). We also performed a double labeling for BrdU and neuronal
nuclei (NeuN). Sections were incubated overnight with the rat anti-
BrdU antibody (1:200) and guinea pig polyclonal anti-NeuN (1:1000,
Millipore, ABN90P). Bound primary antibodies were revealed with
Cy3 anti-rat IgG (1:500) and AlexaFluor488 anti-guinea pig IgG
(1:400, Jackson Immuno Research). For Dcx staining, sections were
blocked for 1 h at RT with 10% rabbit serum (RS), 0.3% Triton X-100 in
PBS, and then incubated overnight at 4 °C with goat polyclonal anti-
Dcx primary antibody (1:1000, Santa Cruz, sc8066), 0.2% RS, and 0.1%
Triton X-100 in PBS. The primary antibody was revealed by incubation
for 2 h at RT with Rhodamine Red-X conjugated anti-goat IgG (1:500,
Jackson Immuno Research) diluted in 1% RS and 0.1% Triton in PBS. To
detect early neuronal cells expressing Dcx and NeuN, we performed a
double staining for both. Sections were incubated with the goat anti-
Dcx (1:1000) and guinea pig anti-NeuN (1:1000) overnight at 4 °C. Sig-
nals were revealed with Rhodamine Red-X anti-goat IgG (1:500) and
AlexaFluor488 anti-guinea pig IgG (1:400). All primary antibodies
used in this report have been validated by several previous studies on
hippocampal neurogenesis (Contestabile et al., 2013; Iggena et al.,
2015; Vannini et al., 2016).

2.3.1. Stereological counting
The number of BrdU, Dcx andDcx/NeuNpositive cells was estimated

in serial coronal sections covering the complete rostro-caudal extension
of the DGas previously described (Rossi et al., 2006). Cellswere counted
on a fluorescence microscope (Zeiss) using a 20× objective and the
analysis was performed using Stereo Investigator software
(Microbrightfield). All cells in the granule cell layer and subgranular
zone of every sixth section were counted, and the resulting number of
cells wasmultiplied by six to give an estimate of the total number of la-
beled cells.

To investigate the fate of the newly generated cells, we performed
the analysis of Dcx/NeuN and BrdU/NeuN double labeled neurons. For
Dcx/NeuN staining, fluorescence images were captured with a micro-
scope (Axio Imager. Z2, Zeiss) equipped with Apotome.2 (Zeiss) at res-
olutions of 1350 × 1024 pixels and a 63× EC-PLAN-NEOFLUAR oil
objective (0.75 NA). For each experimental animal, 4 sections were an-
alyzed, and for each section, z-stack images (1 μm z-step size) of 3 dif-
ferent regions of the dorsal granule cell layer were acquired with the
ZENpro software (Zeiss). For each animal, Dcx positive cells were ana-
lyzed for the colocalization with NeuN with the cell counter plug in



Fig. 1. Impaired adult hippocampal neurogenesis in Ophn1KOmice. A) Schematic of BrdU labeling experiments. To evaluate proliferation (i.e. number of BrdU-positive cells at 1 dpi), mice
received 2 BrdU injections spaced by 2 h and were sacrificed after 24 h. For the analyses at 15 and 50 dpi, we performed 4 BrdU injections every 2 h at day 0. B) Representative images of
BrdU labeling in the dentate gyrus ofWT andKOmice at 50 dpi. Dorsal is up andmedial is to the left. Scale bar: 100 μm;ml,molecular layer; gcl, granule cell layer; hl, hilus. C) Stereological
counting of BrdU-positive cells in theDGofWTandKOmice shows that proliferation is not affectedbyOphn1deficiency at 1 dpi (WT, 1517±40, n=4;KO, 1294±118, n=4; two-tailed
Student's t-test, P = 0.12). D) The quantification of BrdU positive cells at 15 dpi indicates that the early stage of neurogenesis is similar between the two groups (WT, 1281± 232, n= 4;
KO, 968 ± 205, n = 3; two-tailed Student's t-test, P = 0.37). E) Survival of newly generated cells is significantly reduced at 50 dpi (WT, 662 ± 38, n = 11; KO, 309 ± 18, n = 8; Mann-
Whitney rank sum test, P b 0.0001). F) Representative images of the granule cell layer (gcl) stained for both BrdU (red) and NeuN (green) at 50 dpi in the DG of WT mice (left) and KO
animals (right). Arrowheads indicate double stained cells. Dorsal is up andmedial is to the left. Scale bar: 20 μm.G) Stereological quantification of BrdU/NeuNdouble stained cells at 50 dpi
shows reduced numbers of mature neuronal cells in KO mice respect to the control group (WT, 601 ± 40, n = 4; KO, 224 ± 12, n = 4; Mann-Whitney rank sum test, P = 0.028).
Histograms represent mean ± SEM. Statistical significance, *P b 0.05; ***P b 0.001.
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(ImageJ) and in particular we evaluated the percentage of Dcx/NeuN
early neurons over the total number of Dcx-positive cells. To evaluate
BrdU/NeuN double staining, for each animal, 50 BrdU positive cells
were assessed for NeuNcolocalizationwith a 40× objective and analysis
was performed using Stereo Investigator software.

To quantify the effect of fasudil treatment on early neuronal cells, the
numbers of Dcx-positive and Dcx-NeuN double labeled cells of each
group (naïve KO, KO treated with fasudil, WT treated with fasudil)
were normalized to the mean of untreated WT mice of the same litter.
All experiments, data acquisition and quantificationwere performed
blind to the genotype and treatment. The representative images shown
in the Figures were obtained with a microscope (Axio Imager. Z2, Zeiss)
equipped with Apotome.2 (Zeiss), using either a 20× EC-PLAN-
NEOFLUAR objective or a 63× EC-PLAN-NEOFLUAR oil objective.

2.3.2. Stereological volume analysis
To determine the volume of the dentate gyrus and hilus, one-in-six

series of sections was stained with Hoechst dye. In each section, the
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DG and hilus areas were traced at 10× magnification. The total volume
was determined by summing the areas contoured in each section and
multiplying the result by the distance between sections sampled
(300 μm).
2.4. Stereotaxic injections of retroviral vectors

For virus delivery into dentate gyrus of the hippocampus, micewere
anesthetized and a total volume of 1 μl of retrovirus transducingmurine
Moloney leukemia virus (MoMulV)-based vector CAG-GFP (provided
by Prof. F.H. Gage) was infused into each hemisphere (coordinates
from Bregma: anteroposterior – 2 mm, lateral ±1.6 mm, ventral
+1.8 mm) through the insertion of capillary glasses (WPI) connected
to a manual syringe pump (Narishige). Mice were allowed to recover
and housed in standard cages until the day of sacrifice.
2.5. Analysis of newborn DG granule cells morphology

Confocal analysis was performed using a laser scanning motorized
confocal system (Nikon A1) equipped with an Eclipse Ti-E inverted
microscope.
2.5.1. Analysis of dendrites
Coronal brain sections from injected brains (120 μm thick) were ac-

quired with a 20× oil objective and digital 2 magnification. Z-series
stacks were acquired with an interval of 1 μm. Maximum intensity pro-
jectionswere produced using ImageJ software and tracing and quantifi-
cation of dendrites were obtained using NeuronJ Plugin ((http://
imagescience.bigr.nl/meijering/software/neuronj). Only neurons show-
ing intact dendritic arborization were analyzed. Sholl analysis was per-
formed by Sholl Analysis Plugin (Ghosh Lab Website, http://biology.
ucsd.edu/labs/ghosh/software/ShollAnalysis.class) using a 10 μm inter-
val between concentric circles.
2.5.2. Analysis of spine density
Spineswere visualized using a 60× oil objective and digital 4magni-

fication. Z-series stacks were acquired with an interval of 0.3 μm. The
area of analysis was set on dendritic segment located in the medial re-
gion of the molecular layer of the upper blade at approximately the
same distance from the cell body. The number of spines was counted
manually and density was calculated dividing the total number of
spines by the length of dendritic segment. Three dimensional recon-
struction was performed using Nis Element Software (Nikon).
2.5.3. Analysis of axons
To analyze axons of newborn neurons, cells were acquiredwith 60×

oil objectivewith a z-series stack of 0.5 μm. Cells were classified for their
orientation respect to the granular cell layer (horizontal or radial). Radi-
ally oriented cells were classified for presence of one single basal pro-
cess extending to the hilus for a distance of at least 50 μm (single
axon) or for the presence of multiple short basal processes terminating
within 20–30 μm from the cell body (no axon). Three dimensional (3D)
reconstructions of newborn neuronswere performed usingNis Element
Software (Nikon) by using pseudocolor z-depth coding. By knowing the
3D coordinates of any point on the reconstruction we were able to de-
termine the axon's profile including the axon's depth map, an image
that contains information relating to the ending distance of an axon in
respect to the cell body. To provide the distance information needed
to establish axogenesis we used pseudo-colors: surfaces closer to the
cell body are blue; surfaces further away from the cell body are red.

Mossy fibers labeled with GFP at CA3 region were quantified mea-
suring mean fluorescence intensity in regions of interest (ROIs).
2.6. Statistical analysis

Statistical analysis was performed with SigmaPlot 12.0 software.
Based on the preliminary analysis of statistical power, at least 3–6
mice were allocated to each experimental group. Pairwise comparisons
of quantitative phenotypes between mice of different groups were
assessed with a two-tailed Student's t-test when the observed treat-
ment effects were normally distributed, or with the Mann–Whitney
rank sum testwhen the sampleswere not drawn fromnormally distrib-
uted populationswith the same variances.Whenmore than two groups
were analyzed, oneway ANOVA followed by Holm-Sidak/Tukey/Dunn's
post hoc test were used. The number of intersections in the Sholl analy-
sis was examined with two-way repeated measures ANOVA, followed
by Holm-Sidak test. Normality of distributions was assessed with Kol-
mogorov–Smirnov test. Level of significance was P b 0.05.

3. Results

3.1. Ophn1 deletion impairs survival of newborn cells in the hippocampal
dentate gyrus (DG)

To investigate adult neurogenesis in Ophn1−/y mice, we performed
experiments of bromo-deoxyuridine (BrdU) incorporation. In particu-
lar,we dated frombirth (i.e.mitotic stage) thenewly generatedneurons
by systemic injections of the thymidine analogue BrdU and assessed the
total number of BrdU-positive cells 1, 15 and 50 days post-injection
(dpi; Fig. 1A, B). This protocol allows visualizing proliferating cells and
their progeny, i.e. those cells that incorporated the BrdU during the mi-
totic stage and then integrated in the DG circuitry.

The stereological analysis of adult hippocampal sections showed
that, at 1 day after BrdU administration, the total number of newborn
cells was similar in both groups, wild type (WT) and knock-out (KO)
mice (Fig. 1C; Student's t-test, P N 0.05). Next, we examined the survival
of newly generated cells until 15 and 50 dpi. While at 15 dpi there were
no significant differences between the two groups (Fig. 1D; t-test,
P N 0.05), we found a decrease of BrdU-positive cells at 50 dpi in KO
compared to WT littermates (Fig. 1B, E; Mann-Whitney test,
P b 0.0001). Double labeling for BrdU and the neuronal marker NeuN
was performed at 50 dpi to determine the phenotype of the BrdU-pos-
itive cells. We found a reduction of mature neuronal cells in KO mice
with respect to the control group (Fig. 1F, G; Mann-Whitney rank sum
test, P b 0.05), pointing to impaired addition of new neurons. These re-
sults indicate that loss of Ophn1 has no impact on cell proliferation
while affecting the survival/integration of the newborn neurons in the
DG hippocampal network.

Newly generated hippocampal cells committed to a neuronal fate
begin expressing doublecortin (Dcx), a microtubule-associated protein
that labels the newly generated neurons from the late precursor stage
(about 4 days after birth) up to 4 weeks (Christie and Cameron, 2006;
Fig. 2A). To quantify the total number of Dcx-positive cells, we per-
formed the stereological counts in one hemisphere of brain sections of
KO andWT animals andwe found a substantial decrease of Dcx-positive
newborn neurons in KO animals compared to controls (Fig. 2B, C; t-test,
P ≤ 0.001). Between 21 and 28 days after birth, Dcx-positive newborn
cells undergo a morphological and physiological development associat-
edwith the expression of neuronal nuclei (NeuN) upon finalmaturation
(Fig. 2A). We performed a double staining with Dcx and NeuN (Fig. 2D)
and we quantified the total number of early neuronal cells expressing
bothmarkers. The stereological results showed a significantly decreased
number of total Dcx/NeuN positive cells in KO mice with respect to WT
(Fig. 2E; t-test, P b 0.001).

Altogether, these data demonstrate that Ophn1 mainly affects the
late stages of adult neurogenesis, when a postmitotic cell, already com-
mitted to the neuronal fate, is becoming a dentate granule cell.

Since previous studies have highlighted brain wide alterations in
Opnh1 KO mice (Khelfaoui et al., 2007), we performed a
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Fig. 2. Reduced number of Dcx-positive cells in Ophn1 KO mice. A) Schematic of newborn cell maturation. Neural progenitors express Dcx from day (D) 4 to D28. Dcx-positive cells
undergo a morphological and physiological maturation with the expression of NeuN upon final maturation. B) Representative immunoreactivity for Dcx in the DG of WT (top) and KO
(bottom) mice. Dorsal is up and medial is to the right; ml, molecular layer; gcl, granule cell layer; hl, hilus. Scale bar: 100 μm (insets, 40 μm). C) Stereological counting of the total
number of Dcx-positive cells reveals a strong reduction in the DG of KO mice with respect to controls (WT, 7531 ± 428, n = 8; KO, 5144 ± 530, n = 7; two-tailed t-test, P = 0.001).
D) Representative immunolabeling for Dcx (red) and NeuN (green) in the hippocampus of WT and KO mice (arrowheads point to double stained cells). Scale bar = 20 μm. E)
Stereological quantification of early neuronal cells double labeled for both Dcx and NeuN in the hippocampal DG shows a significant reduction in KO (grey) mice in comparison to WT
(white) animals (WT, 1161 ± 44, n = 4; KO, 678 ± 26, n = 3; two-tailed t-test, P = 0.0003). Histograms represent mean ± SEM. Statistical significance, ***P ≤ 0.001.

79M. Allegra et al. / Neurobiology of Disease 100 (2017) 75–86
neuroanatomical, stereological analysis of the volume of the neurogenic
hippocampal niche. We found no differences in the volume of either
granule cell layer or the hilus between WT and KO mice (t-test,
P N 0.05; Suppl. Fig. 1).

3.2. Impaired morphological maturation of newborn neurons in Ophn1 KO
mice

The decrease of Dcx/NeuN double positive cells suggests an impair-
ment of neuron integration in the pre-existing circuits of the dentate
gyrus (DG) of Ophn1-deficient mice. Accordingly, we investigated axo-
nal and dendritic maturation of newly generated neurons in Ophn1 KO
mice and controls. Specifically, we injected WT and KO hippocampi
with retroviral vectors expressing GFP to label proliferating cells
(Bergami et al., 2008; Bergami et al., 2013; Zuccaro et al., 2014) and ex-
amined axonal formation at 21 and 28 dpi (Fig. 3A). We found that
while about 88% of the newborn cells in WT animals have extended
an axon at 21 days, this percentage is dramatically reduced in KO mice
(about 60%; Fig. 3B-E; t-test, P b 0.05). The majority of neurons from
KO mice extended multiple small processes ending at a short distance
from the cell body, as revealed by three-dimensional (3D) reconstruc-
tion images (Fig. 3C, D; right panels). Moreover, we quantified the pres-
ence of GFP-positive axons reaching the CA3 region by measuring
fluorescence intensity in defined areas (Fig. 3B–D). In contrast to control
mice, KO mice showed very little and thin axon fibers found in the CA3
region (Fig. 3C, D, F; t-test, P = 0.032). Impaired axogenesis was no
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longer significant at 28 dpi (Fig. 3G; t-test, P N 0.05). Thus, loss of Ophn1
impairs axon formation at a specific developmental stage in adult-gen-
erated neurons.

Prompted by the axonal phenotype, we reconstructed GFP-stained
neurons in the DG to examine the dendritic structure of newborn cells
at 21 dpi (Fig. 4A). We found that overall dendritic length was not im-
pacted by lack of Ophn1 (Fig. 4B; t-test, P N 0.05). Dendrite complexity
was examined by Sholl analysis. We found a slight increase in the num-
ber of intersections between dendrites and Sholl circles at a distance of
180–230 μm from the cell soma in the KO animals (two-way repeated
measures ANOVA followed by Holm-Sidak test, P b 0.0001; Fig. 4C).

We also examined density of spines on the dendrites of newborn DG
neurons. We found that Ophn1-deficient mice displayed an overall
greater density of dendritic protrusions at 21 dpi (Fig. 4D, E; t-test,
P b 0.001). In WT animals, density of dendritic spines was dramatically
increased from 21 to 28 dpi, while this rate of increase wasmuch less in
KO mice (Fig. 4E; t-test, P b 0.001).

Overall, the morphological analysis reveals robust alterations in the
structure of newborn neurons, in particular a reduction in the percent-
age of cells able to extend an axon towards CA3 and an alteration in the
spine density in Ophn1-deficient mice.
3.3. Rescue of adult hippocampal neurogenesis via systemic fasudil admin-
istration in Ophn1 KO mice

We next investigated whether the hyperactivation of the ROCK/PKA
cascade, set in motion by Ophn1 deficiency (Govek et al., 2004;
Khelfaoui et al., 2014), mediates the impairments of adult neurogenesis
in Ophn1−/y mice. We performed a rescue experiment by treatment
with the clinically approved ROCK/PKA inhibitor fasudil (Khelfaoui et
al., 2014;Meziane et al., 2016) and assessedwhether this pharmacolog-
ical strategy was able to restore the impairments in hippocampal
neurogenesis.

As shown in Fig. 5A, B, seven weeks of fasudil administration were
able to completely normalize the total number of Dcx-stained cells (t-
test, P b 0.01). The percentage of Dcx/NeuN double stained cells over
the total sample of Dcx-positive cells was also rescued by fasudil treat-
ment (Fig. 5C; t-test, P b 0.05).

We next evaluated the impact of fasudil delivery on themorphology
of adult-generated neurons, 21 days after birth (21 dpi; Fig. 6A). The ax-
onal phenotypewas not impacted by fasudil and indeedwe detected an
abnormally low proportion (about 60%) of granule cells with an axon
extending towards CA3. This proportion was not different in fasudil-
treated and untreated KO mice (t-test, P N 0.05; Fig. 6B). In contrast,
the spine alterations were rescued by fasudil treatment, with a signifi-
cant decrease of the density of dendritic protrusions (t-test, P b 0.05;
Fig. 6C).

To ascertain whether fasudil treatment could normalize the number
of mature newborn neurons, we evaluated the total number of BrdU-
positive cells in the hippocampal DG, 50 days after injection. The data
demonstrated that systemic fasudil administration partially rescues
the impairment found at 50 dpi (Fig. 6D, E). Fasudil-treated KO mice
displayed a higher number of BrdU-positive cells in comparison to the
KO vehicle animals (Mann-Whitney test, P b 0.05). Moreover, the quan-
tification of BrdU and NeuN double stained cells demonstrated that
Fig. 3.Ophn1 regulates axon formation in adult newbornneurons. A) Schematics of the experim
and KO animals, andmice perfused immediately before (21 dpi) and after (28 dpi) conversion f
adult-generated neurons transduced with GFP-retrovirus in the granule cell layer (gcl), extend
(hl) towards the CA3 area. Ventral is up and medial is to the right. Scale bar: 100 μm. C) Left p
mouse reaching the CA3 area (green box) at 21 dpi. Right panel shows confocal image (red b
KO mice as in C. Three dimensional reconstructions display axons exceeding z axes (WT) or s
E) Histogram depicts percentage of newborn neurons with single axon, no axon or horizonta
axon, 6.25 ± 4.7%, n = 3 mice; KO with axon, 59.8 ± 4.15% and KO without axon, 36 ± 3.9
depicts quantification of mean fluorescence intensity of fibers reaching CA3 area at 21 dpi (W
tailed t-test, P = 0.032). G) Histogram depicts percentage of newborn neurons with single a
4.1%, n = 4 mice; two-tailed t-test, P = 0.16). Histograms represent mean ± SEM. Statistical s
fasudil treatment is able to increase the number of mature newborn
neurons at 50 dpi in KO mice (Mann-Whitney rank sum test, P ≤ 0.01;
Fig. 6F, G). Overall, these data demonstrate that fasudil treatment for
7 weeks rescues a significant proportion of adult-generated neurons in
Opnh1 KO mice.

As a control, we also checked whether fasudil treatment per se in-
creases the neurogenic cellular population in the hippocampal DG of
WT animals. As shown in Fig. 7, control and fasudil-treated WT mice
displayed similar numbers of both Dcx-positive cells (Fig. 7A t-test,
P N 0.05) and BrdU-labeled mature newborn neurons at 50 dpi (Fig.
7B, t-test, P N 0.05). Thus, fasudil appears to restore impaired generation
of newborn cells in Ophn1-deficient mice but has no impact on basal
neurogenesis in healthy mice.

4. Discussion

Ophn1-dependent intellectual disability is a complex
neurodevelopmental disorder involving several pathophysiological pro-
cesses occurring in various brain areas. Studying adult hippocampal
neurogenesis may be useful to shed light on the alterations in neuronal
maturation that underlie cognitive impairment in XLID. Indeed, adult
neurogenesis recapitulates at least some of the aspects of brain develop-
ment and comprises a series of sequential events including proliferation
of stem/progenitor cells, morphological maturation and functional inte-
gration of newly generated neurons into hippocampal circuitry. These
steps have been characterized in detail (Kempermann et al., 2015;
Braun and Jessberger, 2014; Christian et al., 2014; Bergami et al.,
2015) and allow a window on brain development and hippocampal
function (Toni and Schinder, 2016; Deng et al., 2010; Akers et al.,
2014). Thus, adult neurogenesis represents an accessible model to dis-
sect abnormalities in neuronal maturation/wiring, and test novel treat-
ment options (Contestabile et al., 2013; Guo et al., 2011; Pons-Espinal et
al., 2013b; Giacomini et al., 2015). Importantly, hippocampal
neurogenesis deficitsmay contribute to the pathophysiology of intellec-
tual disabilities, such as Rett, Fragile X and Down syndrome (Guo et al.,
2011; Christian et al., 2014; Pons-Espinal et al., 2013a). The data pre-
sented here demonstrate that Ophn1 loss of function causes robust al-
terations in adult hippocampal neurogenesis, and suggest a possible
therapeutic strategy for counteracting the impairments in neuronal
maturation by inhibiting ROCK/PKA signaling pathways.

4.1. Impaired adult hippocampal neurogenesis in mice lacking Ophn1

The number of BrdU-labeled cells at 1dpi was superimposable in
Ophn-1+/y and Ophn-1−/y mice, indicating that proliferation of stem/
progenitor cells was not impacted by Ophn1 deficiency. Similar data
were obtained at 15 days. Analysis of Dcx-positive immature neurons,
however, revealed a significant deficit in Ophn1 KO animals. Dcx ex-
pression extends from 4 days post birth up to a phase of postmitotic
maturation lasting until about P28 (Christie and Cameron, 2006;
Kempermann et al., 2015). Taken together, these data indicate that
newly generated cells become particularly vulnerable to Ophn1 defi-
ciency in a phase comprised between the third and fourth week post
birth. Newborn neurons at 21 days also displayed significant alterations
in neurite extension, with reduced axon formation, a phenotype that
ental paradigm. Retroviral vectors expressingGFPwere injected in the dentate gyrus ofWT
rom immature tomature neurons. B) Coronal section of themouse hippocampus showing
ing dendrites in the molecular layer (ml) of the dentate gyrus and axons through the hilus
anel shows confocal image of mossy fibers from GFP-labeled newborn neuron from a WT
ox) of one axon extending from GFP-labeled newborn neurons. D) Confocal images from
hort processes not exceeding z axes (KO; z = 45 μm); pseudocolor measures z distance.
lly oriented at 21 dpi in WT and KO mice (WT with axon, 90.6 ± 4.1% and WT without
%, n = 4 mice; two-tailed t-test, P = 0.003 and P = 0.004, respectively). F) Histogram
T 12.18 ± 1.43, n = 6 slices from 3 mice; KO 8.05 ± 0.87, n = 6 slices from 3 mice; two-
xon or no axon at 28 dpi (WT with axon, 92.8 ± 5.3%, n = 3 mice; KO with axon, 82 ±
ignificance, *P b 0.05, **P b 0.01.



Fig. 4.Dendritic complexity and spinedensity are regulated byOphn1 in adult born neurons. A) Top, schematic of the experimental protocol. Bottom, representative confocal images depict
newborn neurons morphology from the two different genotypes (ml: molecular layer; gcl: granule cell layer; hl: hilus). Scale bar: 10 μm. B) Total dendritic length of newborn neurons is
similar for both groups (WT, 543.3 ± 39.2, n = 22 cells; KO, 611.4 ± 38.9, n = 31 cells; two-tailed t-test, P = 0.23). C) Sholl analysis of the dendritic arbors shows a slightly increased
complexity 180–230 μm from the cell soma in KO mice (WT, n = 20 cells; KO, n = 31 cells; Two-way RM ANOVA, P b 0.0001, followed by Holm-Sidak test, P b 0.05). D)
Representative images show 3D reconstruction of dendritic segments and protrusions of WT and KO newborn neurons at 21 dpi. Scale bar = 5 μm. E) Quantification of spine density
expressed as the number of protrusions per micrometer of dendritic segment length at 21 and 28 dpi in WT and KO mice (21 dpi: WT, 0.36 ± 0.02, n = 32 dendritic segments; KO,
0.53 ± 0.02, n = 35 dendritic segments; two-tailed t-test, P b 0.0001; 28 dpi: WT, 0.96 ± 0.03, n = 42; KO, 0.82 ± 0.03, n = 50; two-tailed t-test, P b 0.001). Graphs represent
mean ± SEM. Statistical significance, *P b 0.05, ***P ≤ 0.001.
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Fig. 5. Fasudil treatment rescues the population of Dcx-positive cells in Ophn1 KOmice. A) Representative images of hippocampal coronal sections (dorsal is up andmedial is to the right)
showing Dcx labeling in the DG of naïve KO mice (left) and KO animals treated with fasudil for 7 weeks (KO fas, right). Scale bar: 20 μm. B) Stereological counts show that fasudil
administration rescues the total number of Dcx positive cells in the DG of KO mice (percentage of WT: KO, 67.9 ± 6.9%, n = 7; KO + fasudil, 99.8 ± 3.8%, n = 5; two-tailed t-test,
P = 0.002). Data are expressed as percentage of the WT group (n = 13; the range values of WT mice is indicated by the dotted lines). C) Graph indicates the proportion of early
neuronal cells (Dcx-NeuN double labeled) over the total sample of Dcx-positive cells in KO naïve mice and upon fasudil treatment (KO, 79.3 ± 9.6%, n = 3; KO + fasudil, 116.6 ±
5.7%, n = 3; two-tailed t-test, P = 0.029). Data are expressed as percentage of the WT group (n = 8; the range values of WT mice is indicated by the dotted lines). Histograms
represent mean ± SEM. Statistical significance, *P b 0.05, **P b 0.01.
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was not observed at 28 days (see Fig. 3). One possible explanation for
this finding is a delay in axonal growth of neurons lacking Ophn1. It is
also possible that Ophn1-deficient neurons unable to extend their
axons towards CA3 undergo programmed cell death and are removed
from the hippocampal network at the time of their integration. This is
consistent with the robust drop of early neuronal cells (double labeled
for Dcx and NeuN, corresponding to the time window 21–28 days
post-birth) in the DG of Ophn1-deficient mice.

Maturation of newborn cells continues over the subsequent weeks
and there is consensus in the literature that after a period of 7–
8 weeks, the new neurons become indistinguishable from the resident
granule cells (Kempermann et al., 2015; Toni and Schinder, 2016). We
therefore assessed the number of mature, BrdU-labeled neurons at
50 dpi. We found a significant decline in the number of newborn cells
in the DG of Ophn1 KO mice. Thus, decreased new neuron production
and integration may contribute to dysfunction of the hippocampus in
Ophn1-dependent XLID (Khelfaoui et al., 2007; Meziane et al., 2016).
Specifically, recent data indicate that high levels of adult hippocampal
neurogenesis contribute to removal of context fear memory, in particu-
lar removal of context fear memory (Akers et al., 2014; Saxe et al.,
2006). Consistent with these data, Ophn-1−/y mice display a deficit in
fear extinction memory (Khelfaoui et al., 2014).
4.2.Morphological abnormalities of newly generated granule cells in the DG
of Ophn1 KO mice

To study the morphological maturation of adult-generated neurons
we injected a retroviral vector expressing GFP into the DG (Zuccaro et
al., 2014). We analyzed axon formation and dendritic structure by con-
focal microscopy. In the control mice, the vast majority (almost 90%) of
21-days-old neurons displayed one axon traveling through the hilus
and reaching the CA3 region. Conversely, loss of Ophn1 caused a signif-
icant decrease in the proportion of neurons forming an axon. This was
demonstrated by both the 3D analysis of axonal formation and by the
assessment of fluorescence intensity in CA3 region. However, it is diffi-
cult to establish whether these axon terminals form functional synaptic
boutons onto the target pyramidal neurons. A role for OPHN1 in axon
extension is supported by its localization at the tip of growing neurites
(Fauchereau et al., 2003). To our knowledge, this is thefirst report of ab-
errant axon formation in Ophn1-dependent XLID. It is likely that alter-
ations in long-range axonal extension may result in abnormal network
connectivity and consequent deficits in information processing in
XLID. Indeed disruptions in functional connectivity are a typical hall-
mark of neurodevelopmental disorders (Van Der Molen et al., 2014;
Plitt et al., 2015).



Fig. 6. Fasudil treatment rescues thedendritic phenotype andpromotes long-term survival of newly generated neurons inOphn1KOmice. A) Confocal image depicts a representative GFP-
labeled newborn neuron at 21 dpi, analyzed for axonal phenotype and spine density. B) Percentage of newborn neurons displaying an axon in vehicle- and fasudil-treated KO mice. No
difference is detectable between the two groups (KO, 59.8 ± 4.1%, n = 4 mice; KO + fasudil, 58.2 ± 4.6%, n = 3; two-tailed t-test, P = 0.808). C) Spine density of newborn neurons
(21 dpi) is significantly reduced by fasudil administration (KO, 0.53 ± 0.02, n = 35 dendritic segments; KO + fasudil, 0.29 ± 0.02, n = 15 dendritic segments; two-tailed t-test, P =
0.005). D) Representative low magnification images of hippocampal coronal sections stained for BrdU at 50 dpi in the DG of KO animals (left) and KO animals treated with fasudil (KO
fas, right). Dorsal is up and medial is to the left. Scale bar: 100 μm; gcl, granule cell layer; hl, hilus; ml, molecular layer. E) Stereological counts show that 7 weeks of fasudil treatment
significantly increases BrdU-positive newly generated cells in KO mice 50 dpi (KO, 309 ± 18, n = 8; KO + fasudil, 554 ± 77, n = 6; Mann-Whitney rank sum test, P = 0.029). F)
Representative images of the gcl stained for both BrdU (red) and NeuN (green) at 50 dpi in KO mice (left) and KO animals treated with fasudil for 7 weeks (KO fas, right). Arrowheads
indicate double stained cells. Dorsal is up and medial is to the left. Scale bar: 20 μm. G) The total number of BrdU/NeuN double labeled cells at 50 dpi is at least partially rescued in KO
mice upon fasudil treatment (KO, 224 ± 12, n = 4; KO fas, 485 ± 91, n = 5; Mann-Whitney rank sum test, P = 0.015). Histograms represent mean ± SEM and the dotted lines
indicate the range values of the WT group. Statistical significance, *P ≤ 0.05, **P ≤ 0.01.
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We also examined the structure of the dendritic arbor. Newly gener-
ated neurons start to extend dendritic processes into the molecular
layer at around7 days after birth (Zhao et al., 2006), and to form afferent
connections with the local neuronal network during the third week
after birth (Deng et al., 2010). In particular, adult-born neurons begin
to elaborate spines that form synapses with the afferent perforant fibers
from the entorhinal cortex, and this phase of synaptic integration is
characterized by increased synaptic plasticity (Ge et al., 2007; Ge et
al., 2008). We found that while total dendritic length was unaltered,
Ophn1 deficiency produced an enhancement of the density of spines
21 dpi. At this stage of maturation, most of the dendritic protrusions
had an immature appearance. Interestingly, the overall density of den-
dritic spines increases more robustly from 21 to 28 dpi in WT than in
KO animals. One possible explanation is that newly generated Ophn1
deficient neurons display an initial overproduction of immature spines
that is later followed by a reduced addition, ultimately resulting in a
lower density ofmature protrusions. These data are consistentwith pre-
viousfindings reporting a key role for Ophn1 in dendritic spinemorpho-
genesis. Indeed, inactivation of Ophn1 function increases the density
and proportion of immature spines in neuronal cultures and in vivo
(Khelfaoui et al., 2007; Govek et al., 2004; Redolfi et al., 2016). In the
Ophn1 KOmouse, mature dendritic spines are reduced and this is asso-
ciated with impairments of spatial learning and alterations of social be-
havior (Khelfaoui et al., 2007).

4.3. Restoration of adult hippocampal neurogenesis by inhibition of ROCK/
PKA signaling

One of the best known downstream target of OPHN1 is the Rho ki-
nase (ROCK) protein. Ophn1 loss of function results in persistent



Fig. 7. Fasudil treatment per se does not affect adult hippocampal neurogenesis in WT mice. A) Stereological counts in WT animals show that the percentage of Dcx-positive cells is
unaffected upon 7 weeks of fasudil treatment (WT, 100 ± 3.8, n = 5; WT + fasudil, 94.7 ± 8.4, n = 3; two-tailed t-test, P = 0.539). Data are expressed as percentage of the control
group (WT). B) Quantification of the total number of mature newborn neurons (50 dpi) shows that vehicle- and fasudil-treated WT mice display a similar range of BrdU-positive cells
(WT, 662 ± 38, n = 11; WT+ fasudil, 657 ± 72, n = 4; two-tailed t-test, P = 0.946). Histograms represent mean ± SEM.
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activation of RhoGTPases and consequent hyperstimulation of the
RhoA/ROCK pathway (Govek et al., 2004; Khelfaoui et al., 2009). In ad-
dition, lack of OPHN1 leads to high levels of PKA activity (Khelfaoui et
al., 2014). Presynaptic PKA-dependent LTP, and hippocampus- and
amygdala-related learning (in the fear conditioning test) are compro-
mised in Ophn1 KO animals. Some of the electrophysiological and be-
havioral deficits of Ophn1 KO mice can be rescued by treatment with
ROCK/PKA inhibitor fasudil (Khelfaoui et al., 2014; Meziane et al.,
2016), a drug already approved for clinical use in Japan and China.
Based on these premises, we tested whether chronic fasudil treatment
is effective in restoring adult hippocampal neurogenesis. We found
that fasudil normalized the number of Dcx-positive early neuronal
cells, indicating that pharmacological ROCK/PKA inhibition may over-
come the deficits caused by Ophn1mutation at an early stage of neuro-
nal maturation. At the morphological level, fasudil corrected the
dendritic spine deficit at 21 dpi. In contrast to the dendritic effects,
fasudil administration was unable to restore a normal proportion of
newborn neurons extending their axon towards CA3.

Altogether, the morphological analysis reveals two key processes
impacted by Ophn1 deficiency: axonal extension and dendritic spine
morphogenesis, both ofwhich are critical for proper integration of new-
born neurons (i.e. for establishing afferent and efferent connectivity).
The fasudil rescue experiments indicate that these two processes pro-
ceed via at least partly independent pathways: dendritic spine density
can be restored by downregulating abnormally high ROCK/PKA activity
in Ophn1 KOmice, while the same approach is not effective on aberrant
axonogenesis. Previous studies have shown that Ophn1 can act as a GAP
for all three Rho GTPases: RhoA, Rac1 and Cdc42 (Govek et al., 2004).
Thus, the unchecked activation of all these signaling cascades may po-
tentially explain the pathological consequences of OPHN1 deficiency.
Since the expression of constitutively active Rac1 in mouse Purkinje
neurons inhibits axonal outgrowth (Luo et al., 1996), an excessive
Rac1-mediated signaling (not counteracted by fasudil treatment, that
targets only the pathway downstream of RhoA)may explain the persis-
tence of impaired axon formation/extension in Ophn1-deficient new-
born neurons treated with fasudil.

Importantly, we found the total number of mature dentate granule
neurons at 50 dpi was significantly increased by fasudil administration
in Ophn1-deficientmice. Still, we observed a 20% reduction in the num-
ber of mature neurons as compared to WT, healthy mice (see Fig. 6E).
These data indicate that only a proportion of the newly generated cells
can be rescued by fasudil administration, and this is in linewith the per-
sistence of axonless newborn cells in fasudil-treated KO mice (see Fig.
6B). Obviously, adult-generated neurons unable to connect with their
natural targets in the CA3 regionwould be eliminated from the network
(despite the rescue of the dendritic spine phenotype), resulting in lower
numbers of mature neurons at 50 dpi.

Overall, the present findings allow a precise dissection of alterations
of neuronal maturation in XLID, and suggest a line alongwhich possible
therapeutic strategies for XLID may be developed. In particular, early
fasudil treatment (i.e. in embryonic or early postnatal period) might
be envisaged to correct neuronalmaturation and preventwiring deficits
and consequent network dysfunction in Ophn1-dependent XLID. Given
the complex pathology associated with XLID, it is likely that a combina-
tion of drugs aimed at downregulating Rho GTPase activity and admin-
istered during specific “critical periods” of brain development may be
needed to successfully treat this pathology.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2017.01.003.
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