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Abstract

Oligophrenin-1 (Ophn1) encodes a Rho GTPase activating protein whose mutations cause
X-linked intellectual disability (XLID) in humans. Loss of function of Ophn1 leads to
impairments in the maturation and function of excitatory and inhibitory synapses, causing
deficits in synaptic structure, function and plasticity. Epilepsy is a frequent co-morbidity in
patients with Ophn1-dependent XLID, but the cellular bases of hyperexcitability are poorly
understood. Here we report that male mice knock-out (KO) for Ophn1 display hippocampal
epileptiform alterations, which are associated with changes in parvalbumin-, somatostatin-
and neuropeptide Y-positive interneurons. Since loss of function of Ophn1 is related to
enhanced activity of Rho-associated protein kinase (ROCK) and protein kinase A (PKA), we
attempted to rescue Ophn1-dependent pathological phenotypes by treatment with the
ROCK/PKA inhibitor Fasudil. While acute administration of Fasudil had no impact on seizure
activity, seven weeks of treatment in adulthood were able to correct electrographic,
neuroanatomical and synaptic alterations of Ophn1 deficient mice. These data demonstrate
that hyperexcitability and the associated changes in GABAergic markers can be rescued at
the adult stage in Ophn1-dependent XLID through ROCK/PKA inhibition.
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Significance Statement: In this study we demonstrate enhanced seizure propensity and
impairments in hippocampal GABAergic circuitry in Ophn1 mouse model of XLID.
Importantly, the enhanced susceptibility to seizures, accompanied by an alteration of
GABAergic markers were rescued by ROCK/PKA inhibitor Fasudil, a drug already tested on
humans. Since seizures can significantly impact the quality of life of XLID patients, the
present data suggest a potential therapeutic pathway to correct alterations in GABAergic

networks and dampen pathological hyperexcitability in adults with XLID.

Introduction

Oligophrenin-1 (Ophn1) is a gene whose mutations cause X-linked intellectual disability
(XLID) in humans. Ophn1 encodes for a Rho GTPase activating protein (RhoGAP) which
negatively regulates Rac, RhoA and Cdc42 (Billuart et al., 1998; Fauchereau et al., 2003;
Khelfaoui et al., 2007). Ophn1 is expressed in several brain regions, including the cerebral
cortex and the hippocampus, where it contributes to synapse maturation and plasticity
(Govek et al., 2004; Khelfaoui et al., 2007; Powell et al., 2012; Powell et al., 2014). Ophn1
knock-out (KO) mice represent an excellent model of Ophn1 mutations in humans (Khelfaoui

et al., 2007). These mice exhibit impairments in spatial memory and social behavior,



alterations in adult neurogenesis, and defects in dendritic spines associated with altered
synaptic plasticity (Khelfaoui et al., 2013; Meziane et al., 2016; Redolfi et al., 2016; Allegra et
al., 2017; Zhang et al., 2017).

At the electrophysiological level, the loss of function of Ophn1 leads to alterations of both
excitatory and inhibitory synaptic transmission. Patch-clamp recordings from the
hippocampus of Ophn1 KO mice have shown reductions in evoked and spontaneous
excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs; Powell et al., 2012,
2014). By contrast, the Ophn1 deficiency leads to an increased spontaneous activity in the
medial prefrontal cortical (mPFC) neurons, where Zhang and coworkers (2017) found a
higher frequency of excitatory postsynaptic potentials (EPSPs). Synaptic deficits were
rapidly rescued by inhibition of ROCK/PKA, which are over-activated after loss of Ophn1
(Meziane et al., 2016; Compagnucci et al., 2016; Zhang et al., 2017). Gamma oscillations
were also found to be reduced in Ophn1 deficient hippocampal slices, pointing to deficits in
synaptic inhibition (Powell et al., 2014). However, a detailed analysis of inhibitory circuits in
Ophn1-dependent XLID is still lacking. A growing body of evidence has highlighted the
crucial role of GABAergic interneurons in the pathophysiology of XLID (Papale et al., 2017;
Zapata et al., 2017). In this context, distinct subsets of GABAergic interneurons such as
parvalbumin (PV)-positive basket cells, somatostatin (SOM)-positive cells and neuropeptide
Y-positive interneurons play distinct roles in fine-tuning and synchronization of the
hippocampal network (Pelkey et al., 2017).

Epilepsy is a frequent co-morbidity of Ophn1-dependent XLID and may significantly impact
quality of life in the patients (Bergmann et al., 2003). The electrographic analysis has
demonstrated seizure episodes as well as interictal epileptic activity in Ophn1-mutated
subjects (Bergmann et al., 2003; des Portes et al., 2004; Santos-Reboucas et al., 2014).
However, the mechanisms by which mutations in Ophn1 affect the balance between
excitation and inhibition, with consequent cognitive impairment and network hyperexcitability
remain still incompletely understood.

In subjects with refractory epilepsy and intellectual disability, the treatment of epileptic
symptoms is normally carried out by conventional anti-epileptic drugs (AEDs). However,
these treatments can lead to adverse events and, importantly, a proportion of the patients
remains pharmacoresistant (Jackson et al., 2015). This prompts the need for alternative
treatments to reduce seizure burden and epileptic activity in subjects with XLID.

Lack of Ophn1 leads to high level of ROCK/PKA activity, and several pathological deficits of
Ophn1 KO mice are at least partially rescued by treatment with ROCK/PKA inhibitor Fasudil
(Khelfaoui et al, 2013; Meziane et al., 2016; Redolfi et al., 2016; Allegra et al., 2017), an



isoquinoline derivative drug approved for use in humans in China and Japan, and currently

tested in multiple clinical trials in the United States and Europe.

In this manuscript, we have used recordings of local field potentials (LFPs) to describe the
electrographic alterations of Ophn1 KO mice and their association with alterations in
GABAergic hippocampal networks. We have also explored the possibility of rescuing the
pathological hyperexcitability and GABAergic network defects induced by loss of function of

Ophn1 via treatment with Fasudil in adulthood.

Materials and Methods

Animals and treatment

All experiments were performed in compliance with ARRIVE guidelines and the EU Council
Directive 2010/63/EU on the protection of animals used for scientific purposes and were
approved by the ltalian Ministry of Health. All experiments and analyses were performed
blind to the genotype and treatment. The animals used for all experiments were of the
C57BL/6-J strain. Mice were housed in cages in a controlled environment (21°C and 60% of

humidity) with 12 hour/12 hour light/dark cycle, with food and water available ad libitum. All

experiments were performed using Ophn1-¥ knock-out (KO) mice and Ophn1*¥ wild-type

(WT) littermates of two months of age, generated by breeding heterozygote females

(Ophn1+-) with WT males (Ophn1*Y). Since the Ophn1 gene is located on X chromosome,

only male mice were used for our experiments because they develop X-linked ID, while
females are not-affected carriers. The genotype was revealed through polymerase chain
reaction (PCR) analysis on small samples of tail tissue taken from pups at post-natale stage
P10, as described by Khelfaoui et al. (2007) and Allegra et al. (2017).

The rescue experiments were performed by using the clinically approved drug Fasudil, an
inhibitor of ROCK/PKA signaling (Khelfaoui et al., 2013; Compagnucci et al., 2016; Meziane
et al., 2016; Redolfi et al., 2016; Allegra et al., 2017). For chronic treatment, Fasudil was
administered for 7 weeks in drinking water (0.65mg/mL; Allegra et al., 2017) to WT (n=5)
and KO animals (n=8) at two months of age. Control animals received only water (WT, n=5;
KO, n=7). These animals were recorded at the end of the treatment, and their brains used
for countings of interneurons in the hilus. A second cohort of animals with chronic treatment
(WT+water, n=4; WT+fasudil, n=4; KO+water, n=4; KO+fasudil, n=4) were used for
interneuron counts in CA1 and for the analysis of synaptic boutons (see below). For acute

treatment, after a baseline recording of epileptiform activity, KO mice (n=7) were



intraperitoneally injected with saline as control and the following day with Fasudil (10 mg/kg).
After one week (time necessary for wash out), mice were injected with a higher Fasudil dose
(25 mg/kg). The same batch of Fasudil was proven to be effective in rescuing the

neuroanatomical synaptic impairments of Ophn1 KO mice.

Kainic acid injection and behavioral analysis of seizures

Seizures in adult male mice were evoked by intraperitoneal administration of kainic acid (KA)
(stock solution, 2 mg/ml in PBS; administered at 10 mg/kg; Coremans et al., 2010; Corradini
et al., 2014). We used a total of 15 mice for these experiments (WT, n=8; KO, n=7). Seizure
severity was quantified by an observer blind to the mouse genotype using the following
scale: stage 0, normal behavior; stage 1, immobility; stage 2, forelimb and/or tail extension,
rigid posture; stage 3, repetitive movements, head bobbing; stage 4, sporadic clonus of
forelimbs with rearing and falling (LMS, Limbic Motor Seizures); stage 5, continuous rearing
and falling (status epilepticus); stage 6, severe whole-body convulsions; and stage 7, death.
For each animal, behavior was scored every 10 min over a period of 2 hours after KA
administration. The maximum score reached by each animal over the entire observation

period was used to calculate the maximum seizure score for each treatment group.

Placement of electrodes for local field potential (LFP) recordings

For electrodes implants, mice were anesthetized by i.p. injection of avertin (20 ml/kg, 2,2,2-
tribromoethanol 1.25%; Sigma-Aldrich, USA) and mounted on a stereotaxic apparatus. A
burr hole was drilled at stereotaxic coordinates corresponding to the hippocampus
(anteroposterior -2.00 mm, mediolateral 1.50 mm to bregma). With the aid of a
micromanipulator, a twisted steel wire bipolar electrode was lowered to a depth of 1.70 mm
to reach the hippocampus. The wires were cut in order to have two end points with a
distance of 0.5 mm that allows to integrate the electrical signal coming from two nearby
regions of the hippocampus: the longer end from the dorsal blade of dentate gyrus while the
shorter from the CA1 region. The voltage difference between the two ends was measured
and compared with the ground electrode, i.e. a screw placed on the bone over the
cerebellum. The electrodes and the reference were soldered to an electrical connector and

the whole implant secured with dental acrylic cement.

LFP recordings

LFP recordings were carried out in freely moving mice for 2hr for three consecutive days
between 10 a.m. and 6 p.m. and care was taken to record each animal at the same time of
the day. The animals were placed in a recording chamber, where, after a one-hour

habituation, local field potential (LFP) recording sessions were performed. For the acute



treatment experiments, 2 daily sessions of 1h baseline recordings were performed to
habituate the animals to the recording chamber and to verify the stability of the signal. On
the third day, after another hour of baseline signal acquisition, all animals received saline
injection without being removed from the apparatus. Subsequent 2 hours of recordings were
acquired. The day after, after one hour of baseline recording, animals were injected with
Fasudil (10 mg/Kg in saline solution) and the effect was followed for 2 hours. Finally, we left
animals untreated for a week to allow drug washout and we repeated the same protocol with
a higher dose of Fasudil (25 mg/Kg in saline solution).

Signals were acquired by a miniature headstage (NPI, Germany) connected to an amplifier
(EXT-02F, NPI). Signals were amplified (10,000 fold), filtered (low pass, 100 Hz), digitized
(National Instruments Card) and conveyed to a computer for a storage and analysis.
Detection of seizures was performed with custom software written in LabView (Antonucci et
al., 2009; Mainardi et al., 2012; Cerri et al., 2016; Vannini et al., 2016). Data analysis was
performed blind to experimental condition. The program first identified epileptiform
alterations in the LFP using a voltage threshold. This voltage threshold was set to 4 times
the standard deviation of the signal. Every crossing of this threshold corresponded to a
“spike” and spikes were considered to be clustered when separated by less than 1 s.
Electrographic seizures were defined as repetitive spiking activity lasting for at least 4 s
(Antonucci et al., 2009; Cerri et al., 2016). Spike clusters lasting less than 4 s and isolated
spikes were considered as interictal events. Visual inspection revealed no obvious
behavioral abnormalities during the electrographic seizure activity. For each recording
session, we determined the frequency of electrographic seizures and interictal events, as
well as the total time spent in electrographic seizures (calculated by adding together the

duration of all paroxysmal episodes).

Immunohistochemistry

Animals were deeply anesthetized with an overdose of chloral hydrate (10.5%, in saline) and
then perfused through the heart with PBS, followed by paraformaldehyde (PFA) diluted at
4% in 0.1 M phosphate buffer, pH 7.4.

Brains were post-fixed for 2 hours (except for synaptic terminals analysis, in which post-
fixation was 30 minutes) and then cryoprotected in sucrose (30% in phosphate buffer). Brain
coronal sections (50 microns) were obtained using a freezing microtome. Sections were cut
in anteroposterior way, in a serial order, and kept in culture wells, in PBS solution at 4°C.
Serial sections (one out of six) were selected to perform immunohistochemical stainings.
Immunohistochemistry for counting of parvalbumin- (PV-) and neuropeptide Y- (NPY-)
positive cells was performed on the same slices. Free floating sections were blocked for 1h
at RT with 10% normal goat serum (NGS), 0.3% Triton and PBS. Slices were then incubated



overnight at 4°C with anti-PV and anti-NPY primary antibodies (respectively Guinea Pig,
1:1000, Synaptic Systems, #195004) and Rabbit, 1:1000, Peninsula Laboratories, #T-4070),
in a solution containing 2% NGS, 0.2% Triton and PBS. The primary antibodies were
revealed by incubation for 2h at RT with secondary antibodies (respectively anti-guinea pig
Alexa488, 1:500, Jackson Immunoresearch, #706545148 and anti-rabbit Rhodamine Red X,
1:500, Jackson Immunoresearch, #711025152) diluted in 1% NGS and 0.1% Triton and
PBS. Somatostatin (SOM) somas were counted in the slices labelled for presynaptic
terminals (see below).

For a further analysis of presynaptic terminals, double immunohistochemistry were
performed with SOM and the vesicular GABA Transporter (VGAT), or PV and
synaptotagmin-2 (SYNT2). Free-floating sections were first blocked for 2h at RT (room
temperature) with 10% donkey serum (DS), 0.3% Triton in PBS. Then sections were
incubated overnight at RT with primary antibodies (Guinea Pig anti-SOM, 1:500, Synaptic
System, #366004; Rabbit anti-VGAT, 1:500, Synaptic System, #131003; Guinea Pig anti-PV,
1:500, Synaptic System, #195004; Rabbit anti-SYT2, 1:500, Synaptic System, #105223), 1%
DS, 0.1% Triton and PBS. We then incubated the slices with the appropriate secondary
antibodies, i.e. anti-rabbit RhodamineRedX (1:500, Jackson Immunoresearch, catalog
number 711025152) and anti-guinea pig Alexa488, (1:500, Jackson Immunoresearch,
#706545148) with 1% DS, 0.1% Triton and PBS.

Postsynaptic terminals were analysed by performing double immunohistochemistry with
SOM or PV and gephyrin (Geph). For Geph labelling (Rabbit, 1:500, Synaptic System,
#147018), the slices were pre-incubated in a citrate solution (10 mM, pH = 6) at 80°C for 30
min for antigen retrieval. After cooling down and washing the slices with PBS,

immunohistochemistry was carried out as explained above.

Stereological and cell density quantification

Stereology was used to analyze the labeled cells in the hilus of dentate gyrus. As previously
described in Allegra et al. (2017), no difference between WT and KO was found in the
volume of the dentate gyrus. Cell countings were done blind to genotype and treatment. A
fluorescence microscope (Zeiss Axioskop) with a 20x objective (air, 0.50 NA) and
Stereoinvestigator software (MicroBrightField) were used to count the stained cells. For each
staining, the analysis was performed in serial sections (one out of six). All cells in the
hilus/dentate gyrus of every sixth section were counted, and the resulting number of cells
was multiplied by six to give an estimate of the total number of labeled cells. The analysis
was carried out in the same animals used for LFP recordings, in the hemisphere

contralateral to the electrode implant. Three KO animals (one treated with water and 2 with



Fasudil) were excluded from the neuroanatomical analyses due to poor histology which
precluded stereological quantification.

Cell density analysis was performed to identify possible differences between interneurons in
the hippocampal CA1 subregion. Cell countings were done blind to genotype and treatment.
Similarly to stereology, a fluorescence microscope (Zeiss Axioskop) with a 20x objective (air,
0.50 NA) and Stereoinvestigator software (MicroBrightField) were used to count the stained
cells. For each staining (PV, NPY, SOM), the analysis was performed in serial coronal
sections (one out of six) as follows. Cells were counted within defined regions of interest
(ROIs), drawn across the dorsal CA1 region (including the pyramidal layer, stratum oriens
and stratum radiatum). The area of each ROl was multiplied by the thickness of the slice
(~50 uym) to obtain its volume, and the density was then calculated as the total number of

positive cells divided by the volume of each ROI.

Analysis of synaptic boutons formed by parvalbumin- and somatostatin- positive
interneurons

Representative images of PV- and SOM-positive boutons within the dentate gyrus and CA1
region were acquired with an epifluorescence microscope (Axio Imager.Z2, Zeiss) equipped
with Apotome.2 (Zeiss), using a 63x objective (oil, 1.40 NA). For each experimental animal
(n=34 mice per treatment), 3-4 different sections were acquired with ZENpro software
(Zeiss). By using this software, 3-4 z-series spaced by 1 um intervals were imaged.
Synaptic boutons were counted using the program Punta Analyzer plugin and the Fiji ImageJ
software (Ippolito and Eroglu, 2010; Caleo et al., 2018), which allows the quantification of
positive puncta for each channel (red and green channels) and their colocalisation. Different
synaptic markers (VGAT, SYNT2, Geph) were used to identify the pre- and post-synaptic
component of PV- and SOM-positive synapses and the colocalisation between them was
analysed. Images from both channels were thresholded to remove background levels and
only the brightest puncta were retained. Threshold was set at 4 times the average
background signal (calculated in cell somas). Analyses were performed blind to the
experimental treatment. The size of the puncta to be analysed was set at 15-500 square
pixels. The number of double-labelled puncta was then calculated. The percentage of
colocalisation between the inhibitory synapse markers (green channel) and the pre- or post-
synaptic markers (red channel) was determined by calculating the ratio between the number

of the colocalised puncta and the total number of inhibitory synaptic boutons (green puncta).

Statistical analysis
Statistical analysis was performed using Sigmaplot 12.0 software (Systat Software Inc.,

Chicago, IL), setting the significance level at P < 0.05. We performed a pilot experiment to



quantify LFP alterations in an initial cohort of KO animals with respect to WT (Fig. 2). From
the data of Fig. 2C, we calculated an effect size of 1.22 and we used this value to
extrapolate the minimum number of animals required to detect an improvement in the
epileptiform alterations following Fasudil treatment. We found that that a number of 4
animals per group was enough to have a power of > 80% in Two-way ANOVA with 4
experimental groups and 3 degrees of freedom (df). We thus considered a minimum of 4
animals per group for electrophysiological characterization of the treatment. Power
calculations were performed with G Power Software (version 3.1.5). To compare two groups,
we used either Student’s t-test or Mann-Whitney Rank Sum test, depending on whether the
data were normally or not normally distributed and had or not equal variances. The
trajectories in behavioral seizure scores of WT and KO animals (Fig. 1A) were compared
using two way repeated measures ANOVA, with genotype and time after KA as relevant
factors. The same statistical test was also used to compare data obtained in the acute
Fasudil treatment (vehicle, Fasudil 10mg/kg and Fasudil 25mg/kg) (Fig.4). Two-way ANOVA
(followed by appropriate post-hoc tests) was used to compare electrographic and
neuroanatomical alterations in WT+water, WT+Fasudil, KO+water, KO+Fasudil groups. All
statistical analyses were performed on raw data (alpha value 0.05), if not differently

indicated. Graphs were obtained using GraphPad Prism6.

Results

Higher susceptibility to kainic acid-induced seizures in Ophn1 KO mice

We initially compared the susceptibility to evoked seizures in Ophn1” (KO) and Ophn1™Y
(WT) mice. Ophn1*”¥ and Ophn1™ animals were intraperitoneally injected with kainic acid
(KA), a glutamate agonist, at a dose (10mg/kg) that is normally not sufficient to induce
generalized convulsions in WT C57BI6 mice (Coremans et al., 2010; Corradini et al., 2014;
Testa et al., 2019). Mice behavior was observed for a period of 2 hours by an experimenter
blind to genotype. Both WT and KO mice showed pre-convulsive behaviors during the first
hour of observation, exhibiting immobility (stage 1), sharing and tail extension (stage 2),
repetitive movements and head bobbing (stage 3).

Seizure progression was significantly different in Ophn1 KO animals with respect to controls,
particularly during the second hour after KA. Indeed, five out of seven KO mice exhibited
limbic motor seizures with rearing and falling, forelimb clonus and praying posture (stage 4-
5). Overall, the trajectory of behavioral score was shifted upwards in KO mice (Fig. 1A; Two

way repeated measure ANOVA followed by Tukey test, p<0.0001).



The maximum seizure score reached by each animal during the 2 hours of observations
after KA administration is reported in Fig. 1B. Such scores were significantly higher in the
Ophn1 KO mice with respect to the control group, which showed only pre-convulsive
behaviors (stage 3) (Fig. 1B; Mann-Whitney Rank Sum test, p=0.02). Thus, Ophn1”

animals exhibit an enhanced propensity to KA-induced behavioral seizures.

Spontaneous epileptiform spiking in the hippocampus of Ophn1 KO mice
We next checked spontaneous epileptiform activity in Ophn1” and Ophn1*¥ mice. We
performed in vivo recordings of LFPs from the hippocampus of freely moving animals (WT,

n=6; KO, n=8), which were implanted with a chronic bipolar electrode. Representative

recordings are shown in Fig. 2A, and the power spectrogram for the LFP of the Ophn1-%

animal is reported in Fig. 2B. We found an overall alteration of hippocampal LFPs in KO
mice, which were characterized by high-amplitude spikes and sharp waves. Repetitive
spiking activity was classified as either electrographic seizures (> 4 s) or short interictal
discharges based on duration. The majority of KO animals displayed electrographic seizures
(Fig. 2C), whereas no seizures could be detected in control animals. The difference in
seizure frequency between WT and KO mice was highly significant (Fig. 2C; Mann-Whitney
Rank Sum Test, p=0.008). Similarly, Ophn1*¥ mice differed in the total time spent in
electrographic seizures (Fig. 2D; Mann-Whitney Rank Sum test, p=0.008). We also
analyzed the frequency of interictal events, and we found a higher frequency of interictal
discharges in KO mice with respect to WT (Fig. 2E; Mann-Whitney Rank Sum test,
p=0.003). Together with the higher susceptibility to KA-induced seizures, these findings

indicate an overall hippocampal hyperexcitability in Ophn1 KO mice.

Pharmacological rescue of hippocampal network hyperexcitability in Ophn1 KO mice
Previous data have shown that several alterations caused by Ophn1 deficiency can be
rescued by treatment with the ROCK/PKA inhibitor Fasudil (Powell et al., 2012, 2014;
Meziane et al., 2016; Compagnucci et al., 2016; Allegra et al., 2017). Based on these
findings, we tested whether treatment with Fasudil in drinking water for seven weeks can
rescue the pathological phenotypes of Ophn1 KO mice.

We examined four experimental groups of animals: WT mice treated with water (n=5), WT
mice treated with Fasudil (n=5), KO mice treated with water (n=7) and KO mice treated with
Fasudil (rescue group, n=8). Overall, we found that the epileptiform alterations were

substantially reduced by treating KO mice with Fasudil (Fig. 3A).
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Quantification of epileptiform activity is reported in Fig. 3B-D for the four groups of mice. The
results obtained in the KO+water group were statistically coherent with the data reported in
Fig.2 (t-test, p=0.124), confirming the reproducibility of the phenotype. We found that the
frequency of spontaneous electrographic seizures was significantly decreased in
KO+Fasudil animals in comparison to KO+water group (Fig. 3B; Two-Way ANOVA followed
by Tukey test p=0.004). A robust rescue effect of Fasudil was also detected for the total time
spent in seizures (Fig. 3C; Two-Way ANOVA followed by Tukey test, p=0.007). Fasudil
treatment also dampened the frequency of interictal events (Fig. 3D; Two-Way ANOVA
followed by Tukey test, p=0.008).

In the WT animals, Fasudil treatment had no significant impact on the electrophysiological
activity (Fig. 3B-D; WT+water vs WT+Fasudil, Two-Way ANOVA p>0.378 for all
parameters). Altogether these results indicate that a prolonged inhibition of ROCK/PKA
signaling via Fasudil administration is effective in counteracting the hippocampal

electrographic alterations caused by Ophn1 loss of function.

Acute Fasudil delivery has no impact on electrographic alterations

Previous reports (Powell et al., 2012, 2014), have found that brief treatment with a ROCK
inhibitor is effective in reversing electrophysiological deficits in hippocampal slices from
Ophn1 KO mice, suggesting a direct effect on synaptic transmission. We therefore wondered
whether seizure activity may be impacted by a single administration of Fasudil. To this aim,
we recorded hippocampal LFP in a subset of Ophn1 KO animals (n=7) before and after
acute delivery of either Fasudil or saline as control. Fasudil was administered by
intraperitoneal administration at two different doses (10 mg/kg and 25 mg/kg). Similar doses
have been previously shown to reverse behavioural deficits during working memory
(Swanson et al., 2017), and goal-directed decision making tasks (Zimmermann et al., 2017).
We found that acute Fasudil treatment was not effective to rescue the altered
electrophysiological phenotype (Fig. 4). Indeed, number of seizures, total time spent in
seizures and interictal activity were not different among the groups (Two-Way RM ANOVA
p>0.139 for all the parameters; the exact p-value is indicated in the legend). Overall, these
results underline the importance of a long-term Fasudil treatment to rescue the epileptiform

alterations.

Pharmacological rescue of the number of GABAergic hippocampal interneurons in
Ophn1 KO mice

Network hyperexcitability is typically associated with an alteration of the excitatory/inhibitory
balance (Casalia et al., 2017; Di Cristo et al., 2018). Therefore, we carried out a systematic

analysis of the major GABAergic interneuron populations in the dentate gyrus and CA1
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region, from which LFPs were sampled. We also assessed the impact of a prolonged Fasudil
treatment in both Ophn1” and Ophn1* mice. Counts of the total number of inhibitory
interneurons was conducted in the same groups of animals used for the LFP recordings (see
above), and the quantifications were performed within the hilus and CA1 region of the
hippocampus contralateral to the electrode implant.

First, we analyzed the stereological number of neuropeptide Y (NPY), somatostatin (SOM)
and parvalbumin (PV) positive cells in the hilus of dentate gyrus. For NPY, we found a
statistically consistent decrease in the number of NPY interneurons in the hilus of
KO+vehicle mice with respect to the control group (Fig.5A, B; Two-Way ANOVA, followed
by Tukey test, p=0.013). Notably, treatment with Fasudil was effective in normalizing
completely the total number of NPY-positive cells (Fig. 5A, B; KO+water vs KO+Fasudil:
Two-Way ANOVA followed by Tukey test, p=0.02). Treatment of WT mice with Fasudil had
no impact on the NPY-positive cell population (Fig. 5B; WT+water vs WT+Fasudil: Two-Way
ANOVA followed by Tukey test p=0.740).

We performed the same anatomical analysis on another class of hippocampal interneurons,
namely SOM-positive cells. The results of immunohistochemical labeling with anti-SOM
antibody demonstrated that the number of SOM-positive cells remained unaltered in both
WT and KO mice, treated either with water or Fasudil (Fig. 5C; Two-Way ANOVA, p=0.413
and p=0.084).

Next, we measured the density of PV-positive cells and the stereological counts revealed no
significant alterations in the total number of such interneurons, although there was a
tendency to reduction in Ophn1 KO mice (Fig. 5D; Two-Way ANOVA, p=0.127).

We next focused on the hippocampal CA1 subregion and we found a significant decrease of
PV interneurons in Ophn1? mice treated with water (Fig. 6A, B; WT+water vs KO+water:
Two-Way ANOVA followed by Tukey test p=0.01). Fasudil administration for seven weeks
was able to restore a normal density of PV-positive cells. Indeed, Fasudil-treated KO mice
displayed a significant enhanced number of PV-labeled interneurons, in comparison to the
KO mice treated with water (Fig. 6A, B; KO+water vs KO+Fasudil: Two-Way ANOVA
followed by Tukey test, p=0.007). Fasudil treatment in WT mice had no effect (Fig. 6A, B;
WT+water vs WT+Fasudil: Two-Way ANOVA followed by Tukey test, p=0.403).

Considering the other two classes of interneurons, we found that their density remained
unaltered in the CA1 region. In particular, the analysis of NPY cell density revealed no
significant differences between WT and KO animals treated with water (Fig. 6C; Two-Way
ANOVA followed by Tukey test, p=0.352). In the same way, Fasudil administration was
ineffective to determine any robust changes (Fig. 6C; Two-Way ANOVA followed by Tukey
test, p=0.238).
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Similarly, we demonstrated that SOM cells density in the CA1 region of the hippocampus
was not affected by either genotype or drug treatment (Fig. 6D; Two-Way ANOVA followed
by Tukey test, p=0.830).

Altogether, these data indicate that GABAergic interneurons display region-specific
alterations in Ophn1 deficient mice. In particular, lack of Ophn1 causes a significant
downregulation in NPY-positive cells in hippocampal hilus and a consistent decrease of PV-
positive cells in the CA1 region. The population of SOM interneurons was instead not
affected. Remarkably, administration of Fasudil rescues the neuroanatomical impairments in

GABAergic circuitry, normalizing the number of NPY- and PV-positive interneurons.

Pharmacological rescue of GABAergic synaptic impairments in Ophn1 KO mice

The anatomical alterations of GABAergic interneurons may be associated with impairments
in the synaptic function of the circuit, leading to the hippocampal hyperexcitability observed
in Ophn1 KO mice. Notably, rearrangements of inhibitory synapses have been demonstrated
in human samples and animal models of neurodevelopmental disorders, including
intellectual disability (Mircsof et al., 2015; Coghlan et al., 2012). To test this hypothesis in
Ophn1™, we dissected the pre- and post- synaptic sites of the GABAergic inputs to granule
and pyramidal cells in the dentate gyrus and CA1, respectively. In particular, we focused on
the SOM- and PV-positive boutons because of their powerful inhibitory control on the
excitatory neurons via dendritic (somatostatin) or perisomatic/axonal (parvalbumin)
synapses (Klausberger and Somogyi 2008).

We carried out an initial analysis of the postsynaptic compartment in the dentate gyrus and
CA1 of WT and Ophn1 KO mice, by co-staining for either PV or SOM and gephyrin (Geph),
a protein which anchors GABA receptors to the postsynaptic cytoskeleton (Schneider
Gasser et al., 2006). Representative images of co-localization between PV/Geph and
SOM/Geph in the dentate gyrus and CA1 region of hippocampus for both WT and KO mice
are shown in Fig. 7A and 7C. We found no significant differences in the colocalization of
both PV and SOM boutons with postsynaptic Geph clusters (Fig. 7B and 7D, t-test p>0.325;
the exact p-value is indicated in the legend), indicating no change at the post-synaptic level
in these synapses.

In contrast, robust changes were observed in the presynaptic compartment of both PV- and
SOM-positive inputs to principal cells. Brain coronal sections were co-stained with a
presynaptic marker to label the putative functional boutons. For PV, we used synaptotagmin
2 (SYNT2), a specific marker of PV terminals (Sommeijer and Levelt 2012; Cameron et al
2019) (Fig. 8A-B). We found an overall reduction of the double positive terminals in the

dentate gyrus of KO animals treated with water (Fig. 8C; Two-Way ANOVA, followed by
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Tukey test, p=0.002). The loss of PV boutons was completely counteracted by long-term
Fasudil treatment (Fig. 8C; Two-Way ANOVA, followed by Tukey test p<0.001). It is
noteworthy that the same rescue effects were detected in CA1 (Fig. 8D; Two-Way ANOVA,
followed by Tukey test, p<0.001). WT mice treated treated with Fasudil showed an
enhancement of the PV-SYNT2 puncta, only in the CA1 region of the hippocampus (Fig. 8D;
Two-Way ANOVA, followed by Tukey test, p=0.01).

We also co-stained for SOM and VGAT (i.e.,, the vesicular GABA transporter) and
surprisingly, we found that the density of SOM boutons was very significantly increased in
both DG and CA1 of KO mice treated with water (Fig. 9A, C, DG: Two-Way ANOVA,
followed by Tukey test, p<0.001; Fig. 9B, D, CA1: Two-Way ANOVA, followed by Tukey
test, p=0.008). Fasudil treatment was ineffective in WT but reduced to normal levels the
density of SOM terminals in KO (Fig. 9C, DG: Two-Way ANOVA, followed by Tukey test,
p<0.001; Fig. 9D, CA1: Two-Way ANOVA, followed by Tukey test, p<0.001).

In summary, Ophn1 deficiency leads to a bidirectional regulation of presynaptic inhibitory
terminals (i.e. a net loss of PV- and an increase in SOM-positive boutons) in the DG and

CA1 which is rescued by chronic interference with ROCK/PKA signalling.

Discussion

In this manuscript, we investigated how Ophn1 deficiency impacts on the function and
synaptic structure of the adult hippocampal circuit. In vivo LFP recordings from the
hippocampus revealed high-amplitude spiking activity and spontaneous electrographic
seizures in Ophn1” mice. Hyperexcitability was accompanied by alterations in specific
subtypes of GABAergic interneurons and their synaptic inputs onto excitatory cells, in both
the dentate gyrus and CA1 of Ophn1™ animals. To the best of our knowledge, this is the first
demonstration of circuit hyperexcitability in Ophn1-dependent XLID, highlighting its essential
role in maintaining a correct excitatory-inhibitory balance. Importantly, a prolonged
ROCK/PKA inhibition via Fasudil treatment was effective in rescuing the pathological
hyperexcitability and GABAergic network defects induced by loss of function of Ophn1,

indicating a therapeutic strategy applicable in adulthood.

Patients with Ophn1 mutations often display epileptiform discharges (Bergmann et al., 2003;
des Portes et al., 2004; Santos-Reboucas et al., 2014), but the underlying cellular and
molecular mechanisms remain still incompletely understood. In animal models, loss of
function of Ophn1 is known to lead to impairments in synaptic development and

transmission, which may result in alterations in the excitatory-inhibitory ratio and consequent
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hyperexcitability. In the olfactory bulb, Ophn1 deficiency perturbs maturation and
synaptogenesis of adult-born inhibitory granule cells acting via ROCK/PKA (Redolfi et al.,
2016). Ophn1 KO mice have disrupted dendritic spines (Khelfaoui et al., 2007; Allegra et al.,
2017), which may contribute to seizure propensity. The KO mice also display reduced
synaptic vesicle availability, consistent with a role for Ophn1 and its interaction with
endophilin A1 in clathrin-mediated endocytosis (Nakano-Kobayashi et al., 2009).

Here, we first showed a higher propensity to KA-induced seizures (Ben Ari, 1985; Ben Ari
and Cossart, 2000; Bozzi et al., 2000; Costantin et al., 2005), in Ophn1"y KO mice compared
to WT. Moreover, by LFP recordings, we also revealed hippocampal hyperexcitability in
Ophn1? mice, highlighted by the presence of high-amplitude spiking activity and
electrographic seizures (see Fig. 2). Quantification of electrographic seizures indicated
some variability in the epileptic phenotype. This may be due to the short periods of LFP
recordings that were analyzed (i.e. 1 hr per day, during the light period) which preclude a
complete description of the pathological phenotype. Despite this limitation, hippocampal
hyperexcitability was consistently detected in distinct cohorts of Ophn1-deficient mice (see
Fig. 2 and Fig. 3).

Only few electrophysiological reports are available concerning synaptic transmission in
slices from Ophn1'/y mice (Powell et al., 2012, 2014; Zhang et al., 2017). These data can be
useful to understand the possible causes underlying the epileptic phenotype. Using repetitive
high frequency stimuli, a facilitation of inhibitory currents has been observed in Ophn1*”
neurons but not Ophn1™ cells. The origin of this presynaptic malfunction results from a
difference in the readily releasable pool (RPP) of synaptic vesicles that is significantly
smaller in KO animals compared to WT, suggesting a possible causal mechanism to our
findings on epileptiform activity. Indeed the deficits in GABAergic synapses observed in
Ophn1™ slices may make more difficult to buffer the build-up of excitation during high-
frequency activity, thus leading to hyperexcitability and seizures. Interestingly, it has been
recently shown that the Ophn1 loss of function leads to a network hyperexcitability in other
brain regions. For instance, the mPFC neurons displayed a slightly more depolarized
membrane potential and an increase of spontaneous EPSP frequency, producing an
“‘increased synaptic noise” responsible for the spatial working memory deficits in Ophn1 KO
mice (Zhang et al., 2017).

Hippocampal hyperexcitability in Ophn1” mice was accompanied by an alteration of
GABAergic markers. GABAergic interneurons are strongly implicated in different forms of
intellectual disabilities and epilepsy (Marin, 2012; Ledri et al., 2014; Allegra et al., 2014;
Stamboulian-Platel et al., 2016). Indeed, structural and functional abnormalities of
GABAergic interneurons might represent the neuroanatomical substrate of an unbalanced

excitation/inhibition ratio leading to seizure onset (Avoli and de Curtis, 2011; Gu et al., 2017).
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Here, the neuroanatomical analysis demonstrated that the Ophn1 deficiency produces
region specific impairments. In particular, we observed a decrease in the total number of
NPY-positive interneurons in the hilus of the hippocampus and a reduction of PV cell density
in CA1 (Figs. 5 and 6). Such changes are likely due to protein downregulation, or phenotypic
changes (rather than interneuron cell death), as they can be fully rescued by Fasudil
administration. Specifically, the reduction of NPY expression may be causally related to
hippocampal hyperexcitability in Ophn1-deficient mice, as NPY is a powerful anti-convulsant
peptide. Its overexpression in the rat hippocampus results in significant reduction of seizures
(Noe et al., 2008). Decreased numbers of NPY-positive interneurons have been described in
different epilepsy models (e.g., Huusko et al., 2015).

We detected rearrangements at the level of GABAergic presynaptic inputs to excitatory cells
in both the DG and CA1, while no differences were found at the postsynaptic sites. Analysis
of distinct hippocampal subregions (DG and CA1) were consistent in indicating a differential
regulation of the PV- and SOM-positive boutons on granule and CA1 pyramidal neurons.
Specifically, the data were clear in indicating a reduction of the PV-SYNT2 double positive
terminals, while the increase of SOM-VGAT co-labelling may appear counterintuitive based
on the electrographic phenotype of Ophn1 KO mice. Synapses formed by SOM- and PV-
positive interneurons may be differentially regulated by Ophn1 deficiency because of their
different molecular composition (Horn and Nicoll 2018). Recent studies indicate a differential
regulation of dendritic and somatic inhibition in the hippocampus of a mouse model of Down
syndrome (Schulz et al.,, 2019). The loss of functional PV boutons may be crucial for
predisposing to spontaneous seizures, as fast-spiking interneurons contact the soma and
axon initial segment of pyramidal neurons, thus potently impacting on their firing frequency
(Contreras et al.,, 2019). In this context, an enhancement of the density of functional
synapses made by SOM interneurons on the dendrites might represent a compensatory
change in the inhibitory network designed to buffer baseline hyperexcitability.

Altogether, our findings concur with electrophysiological evidence showing no alterations of
the function of post-synaptic GABA receptors in Ophn1” mice (Powell et al., 2012),
strengthening the hypothesis that the structural and functional presynaptic deficits in Ophn1
KO mice play a key role in dysregulating the excitation-inhibition balance in the hippocampal
network.

ROCKI/PKA inhibitors such as Y-27632 and Fasudil have already been successfully used in
Ophn1-dependent form of intellectual disability (Meziane et al., 2016; Compagnucci et al.,
2016; Redolfi et al., 2016; Allegra et al., 2017). Moreover, these compounds have also
shown anticonvulsant effects in specific seizure models (Inan et al., 2008; Kourdougli et al.,
2015; Carcak et al., 2018), suggesting that they could be employed as an adjuvant or

alternative therapy for refractory epilepsy. Here, based on in vitro results (Powell et al.,
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2012), we first investigated whether a single pharmacological treatment could abolish the
enhanced excitability in Ophn1 KO mice in vivo, and we found that such treatment was not
effective (Fig. 4). This evidence prompted us to evaluate the effectiveness of a prolonged
Fasudil treatment administered in the drinking water, over the course of seven weeks
(Redolfi et al., 2016; Meziane et al., 2016; Allegra et al., 2017). Strikingly, all the quantitative
measures of epileptiform activity (electrographic seizure frequency, time spent in seizure and
frequency of interictal discharges), as well as the neuroanatomical and synaptic GABAergic
changes were completely normalized by this pharmacological treatment (Figs. 5-9;
summary in Table 1). The rescue of the aberrant phenotype in Ophn1 KO mice upon the
prolonged Fasudil administration (but not the single treatment) indicates that
hyperexcitability is likely due to structural rearrangements in interneurons which take place
across a well defined temporal window.

In this context, it remains to be determined whether the hyperexcitability phenotype is
developmental in origin, as we have not performed LFP recordings at an early
developmental stage. Precocious seizure onset may indeed alter hippocampal wiring during
“critical periods” (Zhou et al.,, 2009) and disturb cognitive development of the affected
individuals. Developmental defects lead to neuronal circuit alterations resulting in circuit
hyperexcitability and susceptibility to seizures (Bozzi et al., 2012). In the case of Ophn1 loss
of function, developmental changes may alter the contribution of various interneurons to the
control of the excitation/inhibition ratio. ROCK/PKA inhibitors such as Fasudil, which acts on
RhoGTPase signaling have a general plastic effect on cell cytoskeleton/morphology of
various cells, including neurons and astrocytes. The finding that Fasudil treatment in
adulthood reduces hyperexcitability is of hope in therapeutic terms, as it indicates that at
least some of the developmental changes can be reversed by drug therapy at a symptomatic
stage. In Meziane et al. (2016), ROCK/PKA inhibition could rescue some but not all of the
behavioural deficits, suggesting that an early therapeutic treatment may be more effective.

In summary, we have demonstrated hippocampal hyperexcitability and associated defects in
specific GABAergic networks in the Ophn1 mouse model of XLID. These alterations can be
significantly rescued by prolonged inhibition of ROCK/PKA signaling in adulthood. We
obtained this rescue with ROCK/PKA inhibitor Fasudil, a promising drug already tested on
humans. Since seizures can significantly impact the quality of life of XLID patients, the
present data suggest a potential therapeutic pathway to dampen pathological

hyperexcitability in adults with XLID.
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Figure legends

Figure 1: Behavioral analysis of seizures in KA-injected Ophn1*¥Y and Ophn1™ mice.
A) Progression of behavioral changes after systemic KA injection (10 mg/kg i.p.) in WT (n=8)
and KO mice (n=7) over a 2 h observation period. Data show an increased susceptibility to
KA-induced seizures in KO mice (Two Way repeated measures ANOVA, p<0.0001, followed
by Tukey test). All data are shown as mean seizure scores + SEM. B) Maximum seizure
score reached by each animal during 2 h of observation. Data show that there is a significant
difference between WT and KO (Ophn1*: 3.00 + 0; Ophn17™: 4.42 + 0.52; Mann-Whitney
Rank Sum test, p=0.02). Typical limbic motor convulsions (stages 4-5) are only detectable in

KO mice. Horizontal lines indicate the mean of the group. * p<0.05; ** p<0.01; *** p<0.001.

Figure 2: Electrographic alterations in the hippocampus of Ophn1 KO mice. A)
Representative LFP traces in WT and KO animals. Note high-amplitude spiking activity in
the KO mouse. B) Spectrogram showing the increase of LFP oscillatory activity in a wide
bandwidth during paroxysmal discharges in the KO mouse. The analysis has been
performed on the LFP trace shown in panel A (bottom). C) Number of seizures per 10 min of
recording in WT (n=6) and KO (n=8) animals. Seizure frequency is only detectable in KO
animals (Ophn1™: 0.05 + 0.03; Ophn1™: 0.92 + 0.29, Mann-Whitney Rank Sum test,
p=0.008). D) Time spent in ictal activity per 10 min of recording (Ophn1*¥: 0.23 + 0.12;
Ophn17™: 5.00 + 1.55, Mann-Whitney Rank Sum test, p=0.008). E) Number of interictal
events per 10 min of recording. Frequency of hippocampal short discharges (< 4 s) is
significantly higher in KO animals compared to WT (Ophn1*?: 16.09 + 1.77; Ophn17: 41.72
+ 7.82; Mann-Whitney Rank Sum test, p=0.003). Each point represents one animal.

Histograms indicate mean + SEM. ** p<0.01.

Figure 3: Chronic Fasudil treatment rescues hippocampal hyperexcitability in Ophn1
KO mice. Fasudil (FAS) was administered for seven weeks in drinking water. Control
animals received only water. At the end of this period, LFP recordings were performed. A)
Representative traces showing LFP recordings obtained from the hippocampus of KO mice
treated either with water (top) or fasudil (bottom). B) Number of seizures per 10 min of
recording in WT (n=5), WT with Fasudil (n=5), KO (n=7), KO with Fasudil (n=8) animals. The
presence of hippocampal discharges was consistently confirmed in this group of KO mice.
Importantly, Fasudil significantly reduced seizure frequency in KO animals (Ophn17 treated
with water: 1.91 + 0.29; Ophn1"y treated with Fasudil: 0.61 = 0.28; Two-Way ANOVA
followed by Tukey test, p=0.004). C) Time spent in ictal activity per 10 min of recording. KO

animals treated with Fasudil spent significantly less time in seizures than KO animals treated
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with water (Ophn17™ treated with water: 11.03 + 1.85; Ophn1™ treated with Fasudil: 3.40 +
1.73; Two-Way ANOVA followed by Tukey test, p=0.007). D) Number of interictal events per
10 min of recording. Interictal discharges are significantly prevented in KO animals
administered with Fasudil (Ophn17" treated with water: 26.22 + 2.59; Ophn17™" treated with
Fasudil: 15.91 £ 2.43; Two-Way ANOVA followed by Tukey test, p=0.008). Each point

represents one animal. Histograms indicate mean + SEM. ** p<0.01; *** p<0.001.

Figure 4: A single Fasudil administration is not effective in rescuing the
electrographic alterations in Ophn1 KO mice. Fasudil (FAS) was intraperitoneally
administered in a group of KO mice (n=7) at two different doses, 10 mg/kg and 25 mg/kg.
Intraperitoneal injection of vehicle (saline solution) was used as control. No significant
changes were found for the electrophysiological parameters: A) Number of seizures per 10
min of recording (Two-Way RM ANOVA, p=0.203), B) Time spent in ictal activity per 10 min
of recording (Two-Way RM ANOVA, p=0.139), and C) Number of interictal events per 10 min
of recording (Two-Way RM ANOVA, p=0.404). Data are normalized on their baseline value
(pre-treatment condition) which is indicated in the plot by the dotted line. Histograms indicate

mean + SEM.

Figure 5: Reduction of NPY-positive interneurons in KO mice and rescue by Fasudil
administration in the hilus of hippocampus. A) Representative images showing
examples of NPY labeling in the four group of animals in the hilus of hippocampus. Dotted
lines define the region where interneurons were counted. DG: dentate gyrus. Scale bar =
100 um. B) Number of NPY positive cells in WT (n=5), WT with Fasudil (n=5), KO (n=6), KO
with Fasudil (n=6) animals. The data show a significant impairment in the number of NPY
positive cells in KO mice compared to WT animals (Ophn1*”: 1408.80 + 108.95; Ophn1~™:
1000.00 + 99.46; Two-Way ANOVA, followed by Tukey test, p=0.013). This reduction was
counteracted by seven weeks of Fasudil treatment in KO mice (Ophn1™ treated with
Fasudil: 1361.67 + 99.46; Two-Way ANOVA, followed by Tukey test, p=0.02). All data are
shown as mean + SEM. C) Number of SOM positive cells in WT (n=5), WT with Fasudil
(n=5), KO (n=6) and KO with Fasudil (n=6). No significant difference was found between WT
and KO animals (Ophn1*?*: 1107.60 + 106.68; Ophn1™: 994.00 + 97.39; Two-Way ANOVA,
p=0.413). Seven weeks of Fasudil administration had no impact on the number of SOM
positive cells (Ophn17 treated with Fasudil: 1213.00 + 97.39; Two-Way ANOVA, p=0.084).
D) Number of PV positive cells in WT (n=5), WT with Fasudil (n=5), KO (n=6) and KO with
Fasudil (n=6). No significant difference was found between WT and KO groups of animals
but only a tendency to decrease in KO animals (Two-Way ANOVA, p=0.127). All data are

shown as mean + SEM.
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Figure 6: Decrease of PV-positive interneurons in KO mice and rescue by Fasudil
administration in the CA1 region of hippocampus. A) Representative images showing
examples of PV labeling in the four groups of animals in the hippocampal CA1 subregion.
Dotted lines define the region where cell counts were performed (s.o. refers to stratum
oriens; s.r. refers to stratum radiatum). Scale bar = 50 uym. B) Density of PV-positive
interneurons in WT (n=4), WT with Fasudil (n=4), KO (n=4) and KO with Fasudil (n=4)
(number of cells x mm?). A significant decrease of PV positive cells was found in KO animals
with respect to WT mice (Ophn1*: 1976.29 + 233.32; Ophn1™: 1344.02 + 46.06; Two-Way
ANOVA, followed by Tukey test, p=0.01). Fasudil treatment significantly enhanced the
density of PV-positive interneurons in KO animals (Ophn1™ treated with fasudil: 2014.89 +
116.62; Two-Way ANOVA, followed by Tukey test, p=0.007). All data are shown as mean *
SEM. C) Density of NPY interneurons in the different groups. No significant difference was
found between WT and KO animals (Ophn1*¥: 1969.76 + 185.30; Ophn1™: 2160.32 +
247.103; Two-Way ANOVA, p=0.352). Seven weeks of Fasudil administration had no impact
on the number of NPY positive cells (Ophn1~ treated with Fasudil: 1947.77 + 293.66; Two-
Way ANOVA p=0.238). D) Density of SOM interneurons in the different groups. No
significant difference was found between WT and KO groups of animals (Two-Way ANOVA,
p=0.830). All data are shown as mean + SEM.

Figure 7: Normal postsynaptic phenotype of PV- and SOM-positive clusters in the
dentate gyrus and CA1 of Ophn1 KO mice.

A) Representative images of PV (green)-Geph (red) immunolabeling in the dentate gyrus
(DG) and CA1 region of WT and KO animals. The dotted lines define the regions where
analyses have been performed (for DG, s.m. refers to stratum moleculare, g.c,l. to granule
cell layer, h. to hilus; for CA1, s.o. refers to stratum oriens; s.r. to stratum radiatum; p./. to
pyramidal layer). Scale bar = 25 ym. B) Colocalization between PV and Geph clusters in the
dentate gyrus and CA1. The analysis revealed no substantial changes in KO animals
compared to controls (DG, t-test, p=0.526; CA1, t-test, p=0.325). C) Representative images
of SOM (green)-Geph (red) immunolabeling in the dentate gyrus (DG) and CA1 region of WT
and KO animals. Abbreviations as above. Scale bar = 25 ym. D) Colocalization between
SOM and Geph in the dentate gyrus and CA1. No significant difference was found between
WT and KO animals (DG, t-test, p=0.893; CA1, t- test, p=0.776). All data are shown as mean
+ SEM.

Figure 8: Alterations in presynaptic terminals of PV interneurons are rescued after

seven weeks of Fasudil treatment.
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A, B) Representative images showing examples of PV (green)-SYNT2 (red) double labeling
in the four groups of animals in the dentate gyrus (DG, A) and CA1 (B) region of
hippocampus. Yellow puncta represent the sites of colocalization. The dotted lines define the
regions where analyses have been performed. Abbreviations as in Fig. 7. Scale bar = 25
pm. C) Percentage of colocalization between PV and SYNT2 in the four groups of animals in
the dentate gyrus of hippocampus. A robust decrease of double positive boutons (PV-
SYNT2) was observed in KO mice with respect to controls (Ophn1*": 48.85 + 1.66; Ophn1~™":
36.66 + 4.75; Two-Way ANOVA, followed by Tukey test, p=0.002). The data also indicated
that Fasudil treatment significantly rescued this impairment, by enhancing the percentage of
colocalization (Ophn17™ treated with Fasudil: 52.11 + 0.95; Two-Way ANOVA, followed by
Tukey test p<0.001). D) Percentage of colocalization between PV and Synt2 in the four
groups of animals in CA1. A consistent reduction of double positive PV-SYNT2 boutons was
also found in the CA1 region of KO animals compared to WT mice (Ophn1*¥: 53.30 + 1.99;
Ophn17": 46.27 + 3.73; Two-Way ANOVA, followed by Tukey test, p=0.038). Administration
of Fasudil recovered a normal PV-SYNT2 colocalization (Ophn1™ treated with Fasudil:
59.68 + 0.98; Two-Way ANOVA, followed by Tukey test, p<0.001). WT mice treated with
Fasudil also showed enhanced PV-SYNT2 double staining (62.04 £ 1.62; Two-Way ANOVA,
followed by Tukey test, p=0.01). All data are shown as mean + SEM.

Figure 9: Alterations in presynaptic terminals of SOM interneurons are rescued after
seven weeks of Fasudil treatment.

A, B) Representative images showing examples of SOM (green)-VGAT(red) double labeling
in the four groups of animals in the dentate gyrus (DG, A) and CA1 (B) region of
hippocampus. The yellow puncta represent the sites of colocalization. The dotted lines
define the regions where analyses have been performed. Abbreviations as in Fig. 7, 8. Scale
bar = 25 ym. C) Percentage of colocalization between SOM and VGAT in the four groups of
animals in the dentate gyrus of hippocampus. We observed a significant increase of SOM-
VGAT double positive boutons in KO animals compared to WT mice (Ophn1*”": 15.93 + 1.80;
Ophn17: 34.96 + 4.77; Two-Way ANOVA, followed by Tukey test, p<0.001). Seven weeks
of Fasudil treatment had a robust impact in reducing the percentage of SOM-VGAT positive
terminals (Ophn17™ treated with Fasudil: 17.54 + 0.79; Two-Way ANOVA, followed by Tukey
test, p<0.001). D) Percentage of colocalization between SOM and VGAT in the four groups
of animals in the CA1 region of hippocampus. KO animals showed an increased percentage
of SOM-VGAT colocalization compared to controls (Ophn1*¥: 28.93 + 3.85; Ophn17™": 42.14
*+ 5.14; Two-Way ANOVA, followed by Tukey test, p=0.008). This phenotype was recovered
after Fasudil treatment (Ophn1™ treated with Fasudil: 21.41 + 1.53; Two-Way ANOVA,
followed by Tukey test, p<0.001). All data are shown as mean + SEM.
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Table 1: Summary of neuroanatomical changes in interneuron populations in Ophn1

KO mice, which are rescued by chronic Fasudil treatment.
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Figure 9
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Ophn1 KO mice

Markers Region H-,O Fasudil
NPY-positive cells DG Decreased number Rescue
PV-positive cells CA1 Decreased number Rescue
PV-SYNT2 boutons DG, CA1 Decreased colocalization Rescue
SOM-VGAT boutons DG, CA1 Increased colocalization Rescue




