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S U M M A R Y   

Periventricular nodular heterotopia (PNH), the most common brain malformation diagnosed in adulthood, is 
characterized by the presence of neuronal nodules along the ventricular walls. PNH is mainly associated with 
mutations in the FLNA gene – encoding an actin-binding protein - and patients often develop epilepsy. However, 
the molecular mechanisms underlying the neuronal failure still remain elusive. It has been hypothesized that 
dysfunctional cortical circuitry, rather than ectopic neurons, may explain the clinical manifestations. To address 
this issue, we depleted FLNA from cortical pyramidal neurons of a conditional Flnaflox/flox mice by timed in utero 
electroporation of Cre recombinase. We found that FLNA regulates dendritogenesis and spinogenesis thus pro-
moting an appropriate excitatory/inhibitory inputs balance. We demonstrated that FLNA modulates RAC1 and 
cofilin activity through its interaction with the Rho-GTPase Activating Protein 24 (ARHGAP24). Collectively, we 
disclose an uncharacterized role of FLNA and provide strong support for neural circuit dysfunction being a 
consequence of FLNA mutations.   
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1. Introduction 

The cerebral cortex plays key roles in learning, memory, sensory and 
motor functions (Kandel and Squire, 2000). The proper execution of 
these tasks depends on stereotypically organized and functional neural 
networks. Neural circuit connectivity is the endpoint of a long process of 
embryonic and postnatal cortical development, which relies on the 
generation and specification of a multitude of neuronal subtypes, their 
migration to appropriate layers and the establishment of synaptic con-
nections between them (Ayala et al., 2007; Rakic, 2009; Kaas, 2013; 
Lodato and Arlotta, 2015). Alterations in any of these processes, due to 
genetic mutations or environmental insults (e.g. vascular injury, viral 
infection in utero), lead to malformations of cortical development 
(MCD). Although each individual MCD phenotype is considered rare, 
altogether MCDs represent a major cause of drug-resistant epilepsy, 
autism and intellectual disability (Guerrini and Dobyns, 2014; Guarnieri 
et al., 2018). 

The most frequent form of MCD, Periventricular Nodular Hetero-
topia (PNH), is characterized by the presence of ectopic neuronal nod-
ules lining the lateral ventricles. The majority of affected patients often 
have seizures and display average cognitive abilities despite the striking 
changes in grey matter architecture (Aghakhani et al., 2005; Parrini 
et al., 2006). Seizures occur most often in childhood, but the age of 
seizure onset varies from the neonatal period to adulthood (Parrini et al., 
2006). The severity of seizures may range from mild, with rare episodes 
and spontaneous remission without need of antiepileptic drugs, to 
untreatable (Dubeau et al., 1995). Mutations in the Filamin A (or FLNA) 
gene on Xq28 are the main cause of PNH (Parrini et al., 2006; Fox et al., 
1998). FLNA encodes a large (280 kDa) cytoplasmic dimeric actin- 
binding phospho-protein, which promotes cross-linking of F-actin fila-
ments into orthogonal networks, thus tuning the elastic properties of the 
cytoskeleton (Gardel et al., 2006; Sutherland-Smith, 2011). The FLNA 
protein integrates extracellular signaling and cell adhesion with cyto-
skeletal organization, and mediates cell reshaping and migration pre-
dominantly through actin effectors such as the Rho-GTPases 
(Sutherland-Smith, 2011; Nakamura et al., 2009; Sheen, 2014). The 
expression of FLNA is widespread in developing cortex, particularly in 
radial glial cells, and persists in the adult brain in neuroependymal cells 
and in pyramidal neurons throughout layers II to VI (Sheen et al., 2002; 
Carabalona et al., 2012; Lian et al., 2012; Noam et al., 2012). In excit-
atory neurons, FLNA has been detected in the somato-dendritic 
compartment, including in dendritic spines (Noam et al., 2012; Segura 
et al., 2016). In rodents, complete Flna depletion results in embryonic 
lethality due to severe cardiovascular defects (Feng et al., 2006; Hart 
et al., 2006). In contrast, in utero knockdown of Flna in neural pro-
genitors, leads to the formation of PNH lining the ventricular surface 
that results from disruption of both the polarized radial glial scaffold and 
the neuroepithelial lining (Carabalona et al., 2012). Interestingly, a 
similar phenotype was observed in brain biopsies from PNH patients 
carrying a FLNA mutation, which display clear discontinuity in the 
neuroepithelial lining (Carabalona et al., 2012; Ferland et al., 2009). 

Although the link between PNH and clinical manifestations has been 
well established, the functional relationships between ectopic neurons 
and cortical structures remain uncertain. Indeed, no correlation between 
the extent of PNH and epilepsy severity was found (Parrini et al., 2006; 
Solé et al., 2009), and only a very little percentage of interictal epilep-
tiform discharges are purely heterotopic in patients (6% of the cases) 
(Pizzo et al., 2017). Moreover, FLNA mutations in epileptic patients 
without PNH visible by brain imaging were reported (Wei et al., 2018; 
Hiromoto et al., 2020). These data support the hypothesis that cortical 
circuit dysfunction, rather than ectopic neurons, may explain the 
occurrence of seizures and cognitive impairment (Staley, 2015; Lee 
et al., 2017; Bozzi et al., 2018). However, the intrinsic role of FLNA in 
neural circuit formation and function still remains undetermined. 

To address this issue, we deleted Flna from a fraction of layer II-III 
pyramidal neurons by timed in utero electroporation of Cre 

recombinase into developing Flnaflox/flox mouse ventricular zone. Sparse 
depletion of Flna resulted in a marked increase in dendritic arborisation 
accompanied by modifications in spine morphology and distribution of 
mature excitatory synapses. We demonstrate that FLNA exerts its role in 
dendritogenesis by tuning RAC1 activation and cofilin phosphorylation 
through its interaction with the GTPase activating protein ARHGAP24 
(also named as FilGAP). In fact, we show that overexpression of either 
the non-phosphorylable cofilin S3A mutant or the dominant-negative 
form of RAC1 or ARHGAP24 rescues the dendritic overgrowth induced 
by loss of Flna. Overall, our findings demonstrate a cell-autonomous role 
for FLNA in dendritic morphogenesis and spinogenesis, which are crit-
ical processes in the establishment of functional neuronal connectivity, 
thus probably contributing to pathogenesis of FLNA-related PNH. 

2. Materials and methods 

2.1. Animals 

Breeding and experimental procedures were carried out in accor-
dance with European guidelines (directive 86/609/EEC) for animal 
research and in accordance with French national institutional animal 
care guidelines (Authorization APAFIS#29902). Flnaflox/flox (Flnatm1.1-

Caw) and Nestin-Cre (B6.Cg-Tg(Nes-cre)1Kln/J) mice were obtained 
from Jackson Laboratories (Flnatm1.1Caw: https://www.jax.org/strai 
n/010907; Nestin-Cre: https://www.jax.org/strain/003771). The ge-
netic background of both mice was C57BL/6. Mice were housed in 
ventilated, light-tight, sound-isolated chambers under standard 12:12 
light/dark cycle (light on at 07.00 PM and light off at 07.00 AM) with 
food and water available ad libitum. The study was conducted in Flnaflox/ 

flox mice of both sexes unless otherwise specified. 

2.2. In utero electoporation 

Timed pregnant female Flnaflox/flox mice at the E14 (E0 is counted as 
the morning on which the vaginal plug is detected) received buprenor-
phine (Buprecare, 0.045 mg/kg) and Carprofen (Rimadyl, 10 mg/kg) 
and were anaesthetized with sevoflurane (7.5% for induction and 3% for 
surgery). The uterine horns were exposed, and a lateral ventricle of each 
embryo was injected using pulled glass capillaries and a microinjector 
(PV 820 Pneumatic PicoPump; World Precision Instruments) with Fast 
Green (2 μg/ml; Sigma, USA) combined with the 1.5-3 μg of plasmid 
DNA constructs. Plasmids were further electroporated by delivering 30 
V voltage pulses with a BTX ECM 830 electroporator (BTX Harvard 
Apparatus). The voltage was discharged in five electrical pulses at 950- 
ms intervals via 5-mm electrodes placed on the head of the embryo 
across the uterine wall. 

2.3. Primary neuronal cultures and transfection 

Primary cortical neurons were prepared from E18 brains of Flnaflox/ 

flox mice as previously described (Falace et al., 2014). Embryonic 
cortices were dissected and incubated in 0.125% trypsin (Gibco) for 
25–30 min at 37 ◦C. Dissociated neurons were plated at low density (200 
cells/mm2), onto poly-L-lysine-coated 25 mm glass coverslips. Neurons 
were transfected with pCAG-GFP or pCAG-CRE and pCALNL-GFP at the 
day in vitro 3 by Lipofectamine 2000 (Thermo Fisher Scientific). Neurons 
were fixed 3 days post-transfection with 4% paraformaldehyde (PFA, 
Sigma-Aldrich) and 4% sucrose (Applichem) in 1× phosphate-buffered 
saline (PBS, Sigma Aldrich) at 37 ◦C for 15 min. 

2.4. Expression constructs 

ARHGAP24-full length; ARHGAPΔ648; RAC1T17N; RAC1-Q61L 
expression constructs were synthetised and cloned in the pCALNL-GFP 
using EcoRI and NotI restriction enzymes by Genescript (Piscataway, 
NJ). pEGFP-N1 human cofilin WT and pEGFP-N1 human cofilin S3A 
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were purchased from Addgene and subcloned into pCALNL-GFP con-
structs using EcoRI and NotI restriction enzymes. We performed Sanger 
sequencing of all constructs to confirm the correct insert orientation and 
validate their sequence. 

2.5. Morphological analysis 

2.5.1. Dendrites 
Mice brains were perfused (P6 and P15) transcardially with Phos-

phate Buffered Saline (PBS), followed by 4% PFA and sliced at 100 μm 
on a vibratome (Microm). For morphometric analysis, images of GFP 
fluorescence were acquired on Olympus FluoView 300 confocal micro-
scope. Images (50- to 70-μm-thick z-stacks) of isolated layer II/III py-
ramidal neurons and primary cortical neurons were acquired with a 40×
oil-immersion objective, and Z-series were projected to 2D representa-
tions and used to sketch the neurite arbor. Quantification of dendritic 
length was performed after neuronal reconstructions with the ImageJ 
plug-in NeuronJ 1.2 software. A minimum of 65 neurons from at least 5 
mice per condition were analysed and various parameters were evalu-
ated and compared. 

2.5.2. Spines 
Flnaflox/flox embryos were electroporated at E14.5 with either pCAG- 

EGFP or pCAG-Cre + pCALNL-GFP plasmids. Brains were collected at 
P15, sliced at 100 μm thickness with vibratome (Leica VT1000S) and 
imaged for GFP signal with confocal Olympus FluoviewFV500, 60×
objective and 3× zoom factor (Z-stacks acquired at 1 μm step-size). 
Spine density and morphology of a secondary apical dendrites and a 
primary basal dendrite were analysed with the Neuronstudio 0.9.92 
software (Rodriguez et al., 2008). Analyses were performed on maximal 
intensity projection images, not adjusted for brightness and contrast, 
and with default settings (X and Y voxel size set to 0.069 um). 5–10 
images were analysed for each animal and mean spine densities and 
median morphological parameters were extrapolated. 

2.5.3. Excitatory and inhibitory synapses 
Imaging of P15 Flnaflox/flox mice electoporated at E14.5 with FingR 

constructs (PSD95 or Gephyrin; 45) in combination either with pCALNL- 
dsRed and pCAG-CRE or pCAG-dsRed was done on Olympus FluoView 
300 confocal microscope, 60× objective (Z-stacks acquired at 1 μm step- 
size). 40–80 cells from 5 pups for each condition were analysed for 
excitatory synapses; 50–109 cells from 5 to 6 pups for each condition 
were analysed for inhibitory synapses. Images were manually thresh-
olded and PSD95 or Gephyrin puncta analysis was conducted in the 
selected dendritic region defined by dsRed fluorescence using ImageJ 
software. 

2.6. Immunostaining 

Electoporated P15 mice brains were perfused transcardially with 
Phosphate Buffered Saline (PBS), followed by 4% PFA and sliced at 100 
μm on a vibratome (Microm). Slices were blocked at room temperature 
(RT) for 1 h with 5% normal goat serum and 0.3% Triton X-100 in PBS 
and incubated overnight at 37 ◦C with Tbr1 (Abcam; 1/4000), CDP (M- 
222 Santa Cruz Biotechnology; 1/200), Neu-N (Millipore; 1/300). 

2.7. Active RAC1 pull-down assay 

The activity of RAC1 was determined by the Active RAC1 Pull-Down 
and Detection Kit (Cytoskeleton, catalog no. BK035) according to the 
manufacture’s procedure. The kit was used for the detection of RAC1 
small GTPase activation through a GST-fusion protein containing the 
p21-binding domain (PBD) of human p21-activated protein kinase 1 
(PAK1). Briefly, the total protein (at least 500 mg) extracted from 
cortical tissues of P15 FlnaNestin-Cre+/y hemizygote males and FlnaNestin- 

Cre− /y control males’ tissues and an aliquot of the clarified supernatant 

was taken to test the total input of RAC1. The remainder was incubated 
with 10 μg GST-PAK1 PBD fusion protein bound to Glutathione-coupled 
agarose beads for 1 h at 4 ◦C. Subsequently, the beads were washed three 
times in cold Lysis Buffer, and bound proteins were eluted in 2×
Laemmli reducing sample buffer. The eluted samples were heated for 5′, 
and then loaded onto SDS-PAGE gels for immunoblotting using mouse 
anti-RAC1 antibody (1:500; Cytoskeleton, #ARC03). 

2.8. Western blot 

Cortex tissues from mice were sonicated and lysed in RIPA buffer 
solution (Thermo Fisher Scientific) supplemented with protease and 
phosphatase inhibitor cocktails (Thermo Fisher Scientific). The protein 
concentration was determined using the BCA assay (Thermo Fisher 
Scientific). Proteins (100 μg) were run on a polyacrylamide gel (Blot 
4–12% Bis-Tris, Invitrogen by Thermo Fisher Scientific) and transferred 
to a nitrocellulose membrane (GE Healthcare Life Science). Primary 
antibodies were incubated overnight at 4 ◦C and were as follows: alpha- 
tubulin (1:4000, Thermo Fisher Scientific, #62204); Cofilin (1:1000, 
Santa Cruz Biotechnology, #sc376476); phospho-cofilin (1:1000, Santa 
Cruz Biotechnology, #sc271921); S6 Ribosomal protein (1:500, Cell 
Signaling #2217), Phospho-S6 Ribosomal protein (1:500, Cell Signaling 
#2211) and Anti ADF/Destrin (1:1500, Thermo Fisher # PA1–24937). 
Signals were detected using substrate HR Immobilon Western reagent 
(MerckMillipore) and bands were analysed with ImageJ. 

2.9. Statistical analysis 

All statistical tests are described in the figure legends. Statistical 
methods to predetermine sample size were not used; sample sizes were 
estimated based on previous studies using the techniques described. 
Data are given as means ±SEM for n sample size. The normal distribu-
tion of experimental data was assessed using D’Agostino–Pearson’s 
normality test. To compare two normally distributed sample groups, the 
two-tailed Student’s t-test was used; otherwise, the Mann-Whitney’s test 
was applied. To compare more than two normally distributed sample 
groups, one-way ANOVA, followed by Bonferroni’s post hoc test, was 
used. 

3. Results 

3.1. FLNA regulates dendritic development of pyramidal neurons in vivo 

To determine whether FLNA plays a specific role in dendritic 
complexity, we deleted Flna in a restricted population of neocortical 
neurons by timed in utero electroporation of Cre recombinase into 
developing conditional Flnaflox/flox mouse ventricular zone (Fig. 1A). 
Ubiquitous Cre expression plasmid (CAG-Cre) was co-electroporated 
with the conditional loxP-STOP-loxP-GFP reporter plasmid (pCALNL- 
GFP) in neuroprogenitor cells by IUE at E14.5 to specifically target layer 
II-III pyramidal neurons. In this model, removal of conditional Flna 
allele (FlnacKO) led to a migration delay in a highly restricted subset of 
developing neurons, whereas most of FlnacKO neurons were correctly 
located in the cortical plate at E18 (Fig. S1). Such a defect was 
completely abolished when the Cre recombinase was expressed under 
the control of NeuroD1 promoter (FlnacKO-ND1-Cre), which allows the 
selective removal of Flna in postmitotic neurons only (Aprea et al., 
2014), thus suggesting that loss of FLNA protein might be dispensable 
for proper neuronal locomotion (Fig. S1). At postnatal day 6 (P6), all 
electroporated FlnacKO neurons reached the cortical layer II/III (Fig. S2), 
leading us to investigate more deeply the consequence of FLNA loss at 
single cell level at this stage. Interestingly, FlnacKO pyramidal neurons 
displayed a marked increase in their dendritic outgrowth and branching 
when compared with control neurons expressing GFP only (CAG-GFP) 
(Fig. 1A-C). This increase involved particularly the arborisation of the 
basal component (Fig. 1B-C). A similar even more pronounced increase 
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in dendritic outgrowth was observed upon expression of Cre under the 
control of NeuroD1 promoter (FlnacKO-ND1-Cre), which allows removal of 
Flna selectively in post-migrating neurons. Moreover, dendritic over-
growth was also observed in Cre-transfected FlnacKO cortical cultured 
neurons (Fig. S3), further confirming the cell-autonomous function of 
FLNA in regulating dendritic complexity. 

At P15, we found that dendritic overgrowth is an established feature 
of FlnacKO neurons, clearly involving at this stage both apical and basal 
compartments (Fig. 2). In addition, FlnacKO neurons displayed more 
developed primary basal processes with longer and supernumerary 
secondary branches (Fig. 2D-E). 

3.2. Loss of FLNA affects dendritic spine distribution and morphology 

Dynamic remodeling of the actin cytoskeleton provides the driving 
force behind structural alterations underlying dendritic spine formation 
and morphological maturation, a process tightly associated with syn-
aptic strength, with larger spines – ranging from so-called mushroom to 

thin spines - representing stronger synapses, and short and wide 
immature spines (defined as “stubby”) typically appearing during early 
synaptogenesis (de Curtis, 2008; Penzes et al., 2008; Costa et al., 2020). 
In addition, FLNA protein levels have been shown to be critical for 
dendritic spine regression associated with hypoxia in vitro (Segura et al., 
2016). We wondered whether the loss of FLNA could affect the forma-
tion of dendritic spines in vivo. To address this question, we analysed 
dendritic spine density and morphology in apical and basal secondary 
dendritic branching of P15 FlnacKO cortical pyramidal neurons by using 
GFP as a morphology and transfection marker. The analysis revealed 
that the density of the spines was significatively reduced in both apical 
and basal secondary branches in P15 FlnacKO neurons compared to iso-
chronic Flnawt controls (Fig. 3A-C). Next, to determine whether loss of 
FLNA expression altered the distribution of spine type, we categorized 
spines into stubby, thin and mushroom, and determined the density, the 
length and the head diameter of each spine type per dendrite. We found 
that loss of FLNA strongly reduced the density of the mushroom spines in 
apical and basal dendrites whereas the density of stubby and thin spines 

Fig. 1. Dendritic morphological analysis in P6 FlnacKO neurons. 
A) Schematic diagram of the experiments. Cre dependent removal of Flna was performed at E14.5 by IUE and properties of FlnacKO neurons were analysed at postnatal 
stages P6 and P15. Concomitant GFP expression from pCALNL-GFP plasmid was used as Cre expression reporter. B) Higher panels, representative coronal sections of 
Flnafloxl/flox P6 mouse brains electroporatedat E14.5 with GFP (Flnawt) or pCALNL-GFP and pCAG-Cre (FlnacKO) or NeuroD1-Cre (FlnacKO-ND1-Cre) (scale bar, 100 μm). 
Lower panels, representative reconstructed layers II/III pyramidal neurons showing dendritic arborization patterns from the same experimental conditions shown in a. 
C–D) Quantification of total dendrite outgrowth (C) and number of processes (D) separated into apical and basal dendrites (n = 7 for Flnawt; 11–32 neurons were 
reconstructed for each animal; n = 8 for FlnacKO, 17–39 neurons were reconstructed for each animal; n = 9 for FlnacKO-ND1-Cre, 12–30 neurons were reconstructed for 
each embryo). Data are means ±SEM and were compared via one-way ANOVA for repeated measures, followed by the Bonferroni’s multiple comparison test. ***P <
0.001, **P < 0.01, *P < 0.05 vs Flnawt. 
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was unaffected (Fig. 3D and G). The head diameter of apical stubby 
spines and – to a lesser extent – mushroom spines of FlnacKO neurons 
were also decreased (Fig. 3E and H). Moreover, we observed that the 
spine length was barely reduced in mushroom type of apical dendrites as 
well as in thin spine type of basal dendrites (Fig. 3F and I). These data 
reveal that depletion of FLNA alters dendritic spine distribution and 
maturation along the dendritic arbours. Combined to the herein 
observed role of FLNA in dendritic outgrowth, these findings reveal the 
relevant role of FLNA in the dynamic processes that tightly coordinate 
morphological development and functional maturation of the cortical 
networks. 

3.3. Unbalance between excitatory and inhibitory synapses in FlnacKO 

neurons 

In rodents’ brains active synaptogenesis and synapse maturation 
peak around two weeks. At this developmental stage, neurons establish 
complex connectivity and form functional networks by balancing 

excitatory and inhibitory inputs. To investigate the role of FLNA in 
synaptogenesis, we assessed alterations of synapses in vivo using re-
combinant probes that allow the visualization of excitatory and inhibi-
tory synapses formed by developing neurons (Gross et al., 2013). For this 
purpose, we electroporated E14.5 FlnacKO embryos with pCALNL-dsRed 
and pCAG-CRE or pCAG-dsRed in combination with FingR-PSD95 or 
FingR-Gephyrin plasmids to label endogenous excitatory synapses and 
inhibitory contacts, respectively. Pyramidal neurons were then analysed 
at P15. At this stage, we found that the density of PSD95-positive 
excitatory contacts was reduced in both apical and basal compart-
ments of the FlnacKO neurons when compared to control neurons, 
accordingly and similarly to spine density reduction observed in iso-
chronic FlnacKO neurons (Fig. 4A-B). In contrast, the density of 
Gephyrin-positive inhibitory synaptic contacts in both apical and basal 
dendrites was not significantly different in FlnacKO and control P15 
neurons (Fig. 4C-D). These results unveil a prominent role of FLNA in 
excitatory synaptogenesis and suggest that loss of FLNA could finally 
lead to an unbalance between excitatory and inhibitory inputs in the 

Fig. 2. In vivo morphological analysis of FlnacKO cortical neurons at P15. A). Representative coronal sections of P15 mouse Flnaflox/flox brains transfected by IUE at 
E14.5 with GFP (Flnawt) or with pCALNL-GFP and pCAG-CRE (FlnacKO) (scale bar, 100 μm). B) higher panels, high magnification images of layer 2/3 cortical neurons 
from the same experimental condition shown in b (scale bar, 50 μm). Lower panels, “skeleton outline” of basal and apical arbours, separated into primary, secondary, 
and tertiary branches, of neurons shown in B. C–D) Quantification of dendrite outgrowth length (left panels) and number of processes (right panels) separated into 
apical/basal, primary/secondary/tertiary order branches. FlnacKO in vivo enhances both apical and basal arbours outgrowth, specifically driven by an increase in the 
complexity of primary and secondary order branches (n = 5 for Flnawt, 13–23 reconstructed neurons for each animal; n = 5 for FlnacKO, 12–21 reconstructed neurons 
for each animal). Data are means ±SEM and were analysed by unpaired two-tailed t-test (**P < 0.01, *P < 0.05). 
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cortical network. 

3.4. FLNA regulates dendritic growth by modulating cofilin activation 

FLNA has been shown to modulate actin dynamics by regulating the 
function of the small GTPase RAC1 (Ohta et al., 2006), which co-
ordinates several aspects of neuronal development including the estab-
lishment of neuronal polarity, neurite branching and synapse formation 
(de Curtis, 2008). Active GTP-bound RAC1 triggers a cascade resulting 
in the phosphorylation/inactivation of the actin-depolymerizing factor 
ADF/cofilin, thus leading to the stabilization of the actin cytoskeleton 
(Bokoch, 2003; Llano et al., 2015). Therefore, to assess whether cofilin 
activity dysregulation underlies the dendritic abnormalities observed in 
the FlnacKO model we tested the levels of phosphorylated, inactive, 
cofilin (p-cofilin) in cortical brain tissues lacking Flna. For this purpose, 
we crossed the FlnacKO female mice with a Nestin-Cre transgenic male 
mouse to drive selective Flna deletion in the central nervous system. 
Total levels of cofilin and p-cofilin were analysed by Western blot in 
FlnaNestin-Cre+/y hemizygote males and FlnaNestin-Cre− /y control males 
from the same litters. Total cofilin abundance did not differ significantly 
in FlnaNestin-Cre+/y mice versus controls, whereas phosphorylated cofilin 
was significatively increased in cortical lysates lacking Flna (Fig. 5A). 
Consistently, we assessed whether elevated cofilin phosphorylation may 

give rise to abnormal dendritic growth. For this purpose, we analysed 
the in vivo effect of constitutively active non-phosphorylatable form of 
cofilin (cofilinS3A) in Flna depleted neurons. As in vivo overexpression of 
CofilinS3A, under the CAG promoter, impairs neuronal migration (Chai 
et al., 2016; Fig. S4), we created a Cre-inducible CofilinS3A to express it 
by in utero electroporation selectively in postmitotic FlnacKO-ND1-Cre 

neurons (Fig. S4). At P6, we found that overexpression of CofilinS3A 
mutant in Flna knockout neurons restored dendritic outgrowth and 
complexity to physiological levels (Fig. 5B-D). Taken together, these 
results suggest that FLNA may play a pivotal role in modulating cofilin 
activity to promote dendritogenesis. 

3.5. FLNA modulates RAC1-cofilin activity through its interaction with 
ARHGAP24 

Modulation of cofilin phosphorylation mainly relies on RAC1 acti-
vation, (Yang et al., 1998; Edwards et al., 1999), we therefore assessed 
the endogenous levels of GTP-bound (active) Rac1 in Flna knockout 
brains. We found that Rac1-GTP was increased in the cortex of FlnaNestin- 

Cre+/y hemizygote males relative to FlnaNestin-Cre− /y control males, with 
little or no detectable difference in total Rac1 abundance (Fig. S5). Next, 
we wondered whether lowering the levels of active RAC1 in vivo pre-
vented the dendritic overgrowth observed in FlnacKO neurons. To 

Fig. 3. Dendritic spines density and morphology alterations in FlnacKO neurons. A) Representative image of a neuron electroporated at E14.5 and integrated in layer 
2/3 of the somatosensory cortex at P15 (scale bar, 50 μm). Apical oblique and basal dendrites were selected for the analysis as indicated in dashed boxes. B) High- 
magnification images of apical oblique and basal dendritic segments of Flnawt and FlnacKO neurons (scale bar, 5 μm). C) Quantitative analysis of total spine density in 
apical oblique and basal dendrites in Flnawt and FlnacKO neurons (n = 5 for Flnawt, n = 6 for FlnacKO, 5–10 apical and basal dendrites for each animal). D and G) 
Quantitative analysis of stubby, thin and mushroom subset spine density in apical oblique and basal dendrites in Flnawt and FlnacKO neurons (n = 5 for Flnawt, n = 6 
for FlnacKO, 5–10 apical and basal dendrites for each animal. E, F, H and I) Quantitative analysis of stubby, thin and mushroom morphological parameters (E and H 
head diameter; F and I spine length) in apical oblique and basal dendrites in Flnawt and FlnacKO neurons (n = 5 for Flnawt n = 6 for FlnacKO, 5–10 apical and basal 
dendrites for each animal. Data are expressed as mean ± SEM and were analysed by unpaired two-tailed t-test (***p < 0.001, **p < 0.01, *p < 0.05). 
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directly test this issue, we altered in vivo the activity of RAC1 in Flna 
depleted neurons by overexpressing the RAC1-GDP inactive form 
(RAC1-T17N) (Fig. 6A) (Chai et al., 2016). As RAC1 dysfunction has 
been reported to disrupt neuronal migration (Tahirovic et al., 2010) 
(Fig. S6), henceforth experiments were performed in FlnacKO-ND1-Cre 

neurons. We found that FlnacKO-ND1-Cre cells overexpressing the consti-
tutively inactive RAC1-T17N displayed a significant reduction in the size 
and number of both apical and basal dendrites when compared to 
FlnacKO-ND1-Cre neurons (Fig. 6B-D). In contrast, the overexpression of 
the constitutively active RAC1 (RAC1Q61L) enhanced dendritic over-
growth of FlnacKO-ND1-Cre neurons (Fig. S7), suggesting that FLNA protein 
controls cofilin phosphorylation by regulating levels of active RAC1 in 
vivo. In non-neuronal cells, FLNA interacts with ARHGAP24 (or FilGAP), 
a RAC1-GTPase-activating protein (GAP) and targets it to sites of 
membrane protrusion where it inactivates RAC1 signaling (Ohta et al., 
2006) (Fig. 6A). In addition, it has been shown that ARHGAP24 
decreased neurite outgrowth in cultured neurons (Nguyen et al., 2012). 
Accordingly, overexpression of ARHGAP24 in the developing cortex by 
IUE decreased neuronal dendritic outgrowth in vivo when compared to 
control isochronic neurons (Fig. S8). In contrast electroporation of the 
ARHGAP24Δ648 truncated form lacking the FLNA binding domain (14, 
36) did not impair dendritic outgrowth further suggesting that ARH-
GAP24 exerts its role on RAC1-GTP levels by interacting with the FLNA 
protein. 

Therefore, we wondered whether lowering the levels of active RAC1 
in vivo through ARHGAP24 overexpression prevented the dendritic 
overgrowth observed in Flna depleted neurons. Remarkably, in P6 
FlnacKO-ND1-Cre neurons overexpressing ARHGAP24, the length and 
arborization of apical and basal dendrites were strikingly reduced 
compared to FlnacKO-ND1-Cre neurons and did not significantly differ from 
isochronic Flnawt neurons (Fig. 6B-D), suggesting the FLNA/ARHGAP24 
binding is needed to maintain physiological levels of active RAC1 and, 
therefore, for a proper dendritogenesis in cortical neurons. 

4. Discussion 

In this study we demonstrated that loss of FLNA protein in devel-
oping cortical neurons resulted in a marked overgrowth of the dendritic 
tree accompanied by a profound reorganization of dendritic spines and 
synaptic contacts. 

A proper dendritic growth is critical for neuronal function, as the size 
and shape of the dendritic arborization define the neuron’s receptive 
field that is crucial for its functional connectivity. According to this, 
abnormal dendritic complexity is a shared feature of many neuro-
developmental disorders associated with neurological defects (Jan and 
Jan, 2010; Nestor and Hoffman, 2012; Nelson and Bender, 2021). In vivo 
cell autonomous FLNA depletion resulted in a hypertrophic dendritic 
tree in mouse cortical neurons compared to cells expressing normal 
FLNA protein levels. Such a defect was already visible in the first post-
natal stages of the dendritic development and became more evident at 
P15, suggesting that dendritic overgrowth is a feature of FlnacKO neu-
rons. Removal of Flna in cortical cultured neurons also promoted neurite 
overgrowth confirming the cell autonomous role for FLNA protein in 
neuronal dendritogenesis. Expression of FLNA protein peaks around 
birth in rodents’ brains (Sheen et al., 2002; Carabalona et al., 2012) but 
is maintained at postnatal stages when morpho-functional maturation of 
cortical neurons occurs (Noam et al., 2012), further suggesting a 
neurobiological role of FLNA in later neuronal development. 

It has been shown in wild-type olfactory bulb granule cells that both 
under- and over-expression of FLNA protein led to more complex den-
dritic arborization in vivo (Zhang et al., 2014). Increased FLNA levels in 
the Tsc1null mice due to MEK-ERK1/2 hyperactivation led to dendritic 
overgrowth and restoring appropriate levels of FLNA normalized den-
dritic growth and synaptic activity (Zhang et al., 2014). The TSC com-
plex represses the Ras homolog enriched in brain (Rheb) activity, the 
canonical activator of mTOR complex1 (mTORC1). Thus, Tsc1-loss leads 
to hyperactive mTORC1 and consequent phosphorylation of rpS6 in 

Fig. 4. Distribution of excitatory and inhibitory postsynaptic inputs in FlnacKO cortical pyramidal neurons. A and C) Representative image of layer 2/3 Flnaflox/flox 

neuron of the somatosensory cortex at P15 electroporated with pCAG-CRE, pCALNL-dsRed combined with FingR-PSD95 (A) or FingR-Gephyrin (C) constructs (scale 
bar, 80 μm). Flnaflox/flox electroporated with pCAG-dsRed combined with FingR-PSD95 or FingR-Gephyrin constructs were used as controls. High-magnification 
images on apical and basal dendritic tracts of Flnawt and FlnacKO P15 cortical neurons were shown on the right (scale bar, 5 μm). B and D) Quantitative analysis 
of the PSD95 (B) or Gephyrin (D) puncta density in apical and basal dendritic compartments. Individual data and means ±SEM are shown. (PSD95: 40–51 apical and 
basal dendrites from 4 animals for Flnawt; 68–80 apical and basal dendrites from 5 animals for FlnacKO. Gephyrin: 50–66 apical and basal dendrites from 5 animals for 
Flnawt; 65–109 apical and basal dendrites from 6 animals for FlnacKO; *P < 0.05 unpaired two-tailed t-test). 
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neurons (Zhang et al., 2014; Zhang et al., 2020). In FlnaNestin-Cre+/y 

mouse model cortical levels of phosphorylated rpS6 did not differ 
compared to control samples suggesting that FLNA acts downstream of 
the mTOR pathway (Fig. S9). Thus, modulation of FLNA activity could 
represent an ideal end target for the regulation of actin dynamics 
through RAC1-to-cofilin and different convergent pathways could 
impinge on FLNA. 

Previous findings suggested a role for FLNA protein at synaptic sites 
(Segura et al., 2016; Jobin et al., 2023). Accordingly, we reported that 
FLNA loss affects dendritic spine distribution and morphological matu-
ration in cortical FlnacKO neurons that migrate normally in normotopic 
cortex, and which represent the majority (90%) of Flna deficient neu-
rons. This defect was accompanied by a concomitant decrease in the 
excitatory synaptic contacts established by FlnacKO neurons whereas 
inhibitory synapse distribution was unchanged. Notably, putative total 
spines number per cell is not significatively changed in FlnacKO neurons 
compared to control neurons (Fig. S10). Spine density reduction in 
secondary branches of FlnacKO neurons could be either attributable to a 
direct role of FLNA in dendritic spine formation and stabilization, or it 
might represent an active feedback mechanism by which FlnacKO neu-
rons eventually compensate for dendritic overgrowth. Further studies 
are needed to assess the global consequences of FLNA-related defects on 
neuronal excitability and synaptic transmission in FlnacKO neuronal 
circuits. 

Our data demonstrate that the increased neuronal complexity in 
FlnacKO excitatory cortical neurons reflects a dysregulation of the ac-
tivity of the RAC1 GTPase, a key determinant in actin dynamics. In non- 
neuronal cells, ARHGAP24 GAP activity on RAC1 is modulated by 
phosphorylation and by binding to FLNA, which ultimately impacts the 

phosphorylation state of the actin severing enzyme cofilin (Ohta et al., 
2006; Nakamura, 2013). The fine tuning of RAC1 is essential to deter-
mine the rate and size of dendritic outgrowth (de Curtis, 2008). 
Accordingly, the expression of a dominant-negative RAC1 in wild-type 
cortical neurons caused a marked reduction in the number of primary 
dendrites. Conversely, the expression of constitutively active RAC1 led 
to an increase in the number of primary and basal dendrites in vitro (de 
Curtis, 2008; Threadgill et al., 1997). These new results are consistent 
with the observation that the genetic deletion of RAC1 regulatory pro-
teins results in neuritogenesis alterations and hyperphosphorylation of 
cofilin accompanied by dysregulation of PAK-LIMK pathway (Xiang 
et al., 2016; Zamboni et al., 2018). Accordingly, the expression of 
constitutively non-phosphorilable cofilin restores physiological levels of 
dendritic outgrowth in Flna depleted neurons and further corroborated 
the relevance of a FLNA-RAC1-Cofilin regulatory axis in 
dendritogenesis. 

In this study, we showed that FLNA modulates ARHGAP24 activity 
on RAC1 in cortical neurons in vivo. Overexpression of ARHGAP24 or of 
the dominant-negative form of RAC1 rescues the dendritic overgrowth 
induced by embryonic loss of Flna gene. In utero overexpression of 
ARHGAP24 alone in a wild-type cerebral cortex also resulted in 
abnormal dendritic outgrowth whereas removal of FLNA-binding 
domain (ARHGAP24Δ648) prevented this phenotype, thus demon-
strating that FLNA represents an upstream modulator of ARHGAP24- 
RAC1-cofilin pathway. However, we cannot exclude that FLNA may 
modulates cofilin activity also through mechanisms alternative to RAC1. 
Indeed, the interplay between RhoA and RAC1 is a major determinant of 
cofilin activation through PAK1. It has been shown that FLNA interact 
with RhoA in brain tissues (Lian et al., 2019), but the impact of FLNA- 

Fig. 5. Dysregualtion of Cofilin phosphorylation underlies dendritic overgrowth in FlnacKO-ND1-Cre cortical neurons. A) Representative western blot (top) and 
summary data (bottom) assessing the abundance of phosphorylated (p-) and total cofilin in brain lysates from P15 cortex of FlnaNestin-Cre+/y hemizygote males (Nes/ 
Cre+) and FlnaNestin-Cre− /y control males (Nes/Cre-). Data are means ±SEM and were analysed by paired two-tailed t-test. *P < 0.05. FlnaNestin-Cre− /y n = 7; FlnaNestin- 

Cre+/y n = 9. B) Higher panels, representative coronal sections of P6 Flnaflox/flox mouse brains electoporated at E14.5 with GFP (Flnawt) or pCALNL-GFP + NeuroD1- 
CRE (FlnacKO-ND1-Cre) alone (pCALNL-GFP) or in combination with pCALNL-CofilinS3A (CofilinS3A) (scale bar, 100 μm). Lower panels, representative reconstructed 
layers II/III pyramidal neurons showing dendritic arborization patterns from the same experimental conditions shown above. C–D) Quantification of total dendritic 
outgrowth (C) and number of processes (D) separated into apical and basal dendrites (n = 7 for Flnawt; 11–32 neurons were reconstructed for each animal;n = 9 for 
FlnacKO-ND1-Cre, 12–30 reconstructed neurons for each animal; n = 6 for FlnacKO-ND1-Cre 

+ Cofilin S3A, 6–9 reconstructed neurons for each animal). Data are means 
±SEM were compared via one-way ANOVA for repeated measures, followed by the Bonferroni’s multiple comparison test (***P < 0.001, **P < 0.01, vs Flnawt; ◦◦◦P 
< 0.001, ◦P < 0.05 vs FlnacKO-ND1-Cre; FlnacKO-ND1-Cre + Cofilin S3A). 
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RHOA in cofilin activity has not been investigated. Ours rescue experi-
ments on dendritogeneiss using constitutively inactive RAC1 or ARH-
GAP24, which displays a specific GAP activity toward RAC1, support a 
pivotal role of FLNA-RAC1 complex on cofinlin activity. 

Actin is the most abundant cytoskeletal protein in dendritic spines 
(Cingolani and Goda, 2008; Hotulainen and Hoogenraad, 2010), and 
modulation of actin polymerization/depolymerization balance de-
termines spine morphogenesis, synaptogenesis and synaptic plasticity 
(Minegishi et al., 2023). The actin-depolymerizing enzymes of the ADF/ 
cofilin family represents the endpoint factor that regulates dendritic 
spine dynamics, as severing of F-actin allows spine maturation. Upon 
phosphorylation mediated by PAK1 on specific residues (Bamburg et al., 

2021), cofilin turns into an inactive state leading to actin stabilization. 
Increased levels of cofilin phosphorylation in FlnaNestin-Cre+/y cortices 
indicate that p-cofilin/cofilin unbalance contribute to synaptic defects 
identified in the FlnacKO model (schematic diagram of the proposed 
molecular mechanism is shown in Fig. S11). In addition, in Flna 
knockout cortex total levels of ADF were unchanged (Fig. S12), sug-
gesting that increased cofilin phosphorylation may be not functionally 
compensated. Cofilin inactivation has been extensively shown to 
enhance spine maturation and stabilization (Bamburg et al., 2021; Rust, 
2015). In Flna depleted cells dendritic hypertrophy was accompanied by 
cofilin inactivation and altered distribution of spines. In addition, we 
found a reduction of the relative frequency of mushroom spines but no 

Fig. 6. In vivo lowering of RAC1-GTP or overexpression of ARHGAP24 in FlnacKO-ND1-Cre neurons prevents dendritic overgrowth. A) Schematic diagram of the FLNA/ 
ARHGAP24/RAC1 functional interaction. FLNA binding targets ARHGAP24 to sites of membrane protrusion, where it antagonizes RAC1, a small GTPase that cycles 
between inactive GDP-bound and active GTP-bound forms. ARHGAP24 accelerates GTP hydrolysis, thereby inactivating RAC1. B) Higher panels, representative 
coronal sections of P6 Flnaflox/flox mouse brains electoporated at E14.5 with GFP (Flnawt) or pCALNL-GFP + NeuroD1-CRE (FlnacKO) alone or in combination with 
pCALNL-RAC1T17N (FlnacKO-ND1-Cre + RAC1T17N) or pCALNL-ARHGAP24 (FlnacKO-ND1-Cre + ARHGAP24) (scale bar, 100 μm). Lower panels, representative 
reconstructed layers II/III pyramidal neurons showing dendritic arborization patterns from the same experimental conditions shown above. C, D) Quantification of 
total dendritic outgrowth (C) and number of processes (D) separated into apical and basal dendrites (n = 7 for Flnawt; 11–32 neurons were reconstructed for each 
animal;n = 9 for FlnacKO-ND1-Cre, 12–30 reconstructed neurons for each animal; n = 7 for FlnacKO-ND1-Cre + RAC1T17N, 18–28 reconstructed neurons for each animal; 
n = 9 for FlnacKO-ND1-Cre + ARHGAP24,17–27 reconstructed neurons for each animal). Data are means ±SEM were compared via one-way ANOVA for repeated 
measures (***P < 0.001, **P < 0.01, * FlnacKO-ND1-Cre). 
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changes in their putative total number (Fig. 3 and Fig. S10). A possible 
explanation for this discrepancy may engage the intrinsic role of FLNA 
on actin stability at spines. The spine head contains a dense network of 
branched F-actin filaments, which decrease in density toward the head- 
neck junction (Korobova and Svitkina, 2010; Bär et al., 2016). As FLNA 
is an essential F-actin-crosslinking protein, loss of Flna may hinder the 
formation of F-actin network at the spine head thus preventing the 
formation of mature mushroom spines. Indeed, tight regulation of FLNA 
levels is required for the proper dendritic spine formation in vitro 
(Segura et al., 2016), but the molecular mechanism remains unknown. 
Our findings indicate that loss of FLNA at the dendritic spines could 
hinder spine maturation independently from cofilin phosphorilation, 
suggesting a dual role of the FLNA-Cofilin interplay on actin network 
remodeling either at the dendrites and/or at spines. Additional studies at 
earlier and later developmental stages are required to provide a clearer 
picture on the FLNA function in spines development and function. 
Ideally, such analysis should combine live imaging of spines dynamics 
with single-cell electrophysiological recordings, which represents an 
essential readout to determine the maturation rate of dendritic spines. 

It is important to note that altered RAC1 activity in excitatory and 
inhibitory brain circuits results in excitability unbalance (Hotulainen 
and Hoogenraad, 2010), and dysfunctions in RAC1-to-cofilin signaling 
have been related to several brain diseases ranging from early-onset 
developmental disorders, psychiatric conditions (major depressive dis-
order) to neurodegenerative disorders. For instance, stress-induced de-
creases in RAC1 expression have been shown to impair spines 
maturation by promoting the selective increase of cofilin-positive 
immature stubby spines (Golden et al., 2013). Interestingly, restoring 
appropriate levels of RAC1-to-cofilin signaling represents a potential 
therapeutic option. Indeed, correction of aberrantly increased RAC1 
activity corrects aberrant spine defects in the somatosensory cortex of 
the X-fragile mouse model (Fmr1 KO) (Pyronneau et al., 2017) and 
rescues the social deficits in the Shank3B knockout mouse model of 
autism (Ma et al., 2022). De novo mutations in RAC1 have been identi-
fied in variable combinations of developmental delay, intellectual 
disability and brain anomalies such as polymicrogyria (Reijnders et al., 
2017; Banka et al., 2022). However, the direct contribution of down-
stream effects of RAC1 dysregulation on cofilin function has not been 
investigated in these patients. 

Neuropsychiatric presentations are an often-underestimated conse-
quence of FLNA-patients (Fry et al., 2013) and de novo variants in FLNA 
associated with autism have been found (Wegiel et al., 2010; Gilman 
et al., 2011). 

Morpho-functional maturation abnormalities associated with FLNA- 
loss in cortical pyramidal neurons strongly support the idea that a wide 
and extensive neural circuit dysfunction underlies FLNA mutations. Our 
findings corroborate the hypothesis that heterotopic nodules could 
represent a hallmark of a more global cortical network dysfunction in 
patients. Grey matter heterotopia may reflect early-stage dysfunction on 
neurodevelopmental steps whose real extent become evident later on 
cortical excitability. Accordingly, FLNA-patients develop seizures 
regardless of PNH presence (Wei et al., 2018; Hiromoto et al., 2020). In 
the in utero Flna-model we can appreciate transient and embryonic 
restricted neuronal migration defects. Such phenotype, which involved a 
low fraction of migrating neurons, was even less evident at postnatal 
stages. Interestingly, selective removal of Flna in postmitotic neurons 
did not affect cortical migration. Electrophysiological studies on CAG- 
CRE versus NeuroD1-CRE electoporated FlnacKO neurons will rule out 
whether the initial migration delay impacts on cortical network function 
or not. However, the absence of ectopic nodules also in the two Flna 
knockout mice strains that have been developed so far (Feng et al., 2006; 
Hart et al., 2006), suggest caution in considering the mouse brain 
lacking Flna as a faultless model for the study of the FLNA role in the 
human brain. 

Epileptic seizures represent the most common neurological mani-
festation in PNH patients harbouring FLNA mutations, but the epileptic 

foci could involve ectopic neurons, normotopic cortex or both (Pizzo 
et al., 2017). Further key evidence about FLNA involvement in epi-
leptogenesis came from Zhang and colleagues, who showed that 
downregulation of FLNA prevents seizures in a mouse model of focal 
cortical dysplasia (FCD) (Zhang et al., 2020). Indeed, the expression of 
FLNA was found to be increased in cortical foci resected from patients 
with FCD type II as well in rodent FCD models, and downregulating 
FLNA with either RNA interference or the small molecule PTI-125 
reduced seizure frequency (Zhang et al., 2020). However, the molecu-
lar mechanisms through which FLNA promotes neuronal hyperexcit-
ability still remain unknown. 

To conclude, our present data show the role of FLNA in the devel-
opment of cortical networks and have identified some of the molecular 
partners with which it influences dendritic maturation and synapto-
genesis. Our data indicate that FLNA loss of function, beyond PNH 
genesis, significantly disrupts the development of the normotopic cor-
tex. These changes could provide a pathophysiological substrate for the 
neuropathological disorders associated with FLNA mutations. 
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