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Abstract
Fragile X syndrome (FXS), the most common inherited cause of intellectual disability, 
results from silencing of the fragile X mental retardation gene 1 (FMR1). The analyses 
of FXS patients’ brain autopsies revealed an increased density of immature dendritic 
spines in cortical areas. We hypothesize that the small GTPase Arf6, an actin regula-
tor critical for the development of glutamatergic synapses and dendritic spines, is 
implicated in FXS. Here, we determined the fraction of active, GTP-bound Arf6 in 
cortical neuron cultures and synaptoneurosomes from Fmr1 knockout mice, meas-
ured actin polymerization in neurons expressing Arf6 mutants with variant GTP- or 
GDP-binding properties, and recorded hippocampal long-term depression induced 
by metabotropic glutamate receptors (mGluR-LTD) in acute brain slices. We detected 
a persistently elevated Arf6 activity, a loss of Arf6 sensitivity to synaptic stimula-
tion and an increased Arf6-dependent dendritic actin polymerization in mature Fmr1 
knockout neurons. Similar imbalances in Arf6-GTP levels and actin filament assembly 
were caused in wild-type neurons by RNAi-mediated depletion of the postsynaptic 
Arf6 guanylate exchange factors IQSEC1 (BRAG2) or IQSEC2 (BRAG1). Targeted de-
letion of Iqsec1 in hippocampal neurons of 3-week-old mice interfered with mGluR-
LTD in wild-type, but not in Fmr1 knockout mice. Collectively, these data suggest 
an aberrant Arf6 regulation in Fmr1 knockout neurons with consequences for the 
actin cytoskeleton, spine morphology, and synaptic plasticity. Moreover, FXS and 
syndromes caused by genetic variants in IQSEC1 and IQSEC2 share intellectual disa-
bilities and developmental delay as main symptoms. Therefore, dysregulation of Arf6 
may contribute to the cognitive impairment in FXS.
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1  | INTRODUC TION

FXS (Martin & Bell, 1943) is the most common form of inherited in-
tellectual disability (ID) with a frequency of 1 in 4,000 males and 1 in 
6,000 females (Bagni & Oostra, 2013). Comorbidities of FXS include 
epileptic seizures, sensory hypersensitivity, macroorchidism as well 
as frequent deficits in speech development and psychiatric features 
including autistic traits (Bassell & Warren, 2008; Bhakar et al., 2012; 
Budimirovic & Kaufmann, 2011). FXS is an X-chromosome-linked dis-
order caused by the inactivation of FMR1 through an expansion of a 
CGG repeat and the resultant loss of the RNA-binding fragile X men-
tal retardation protein (FMRP) (Verkerk et al., 1991). Morphological 
studies of brain autopsies from FXS patients revealed a higher over-
all density of dendritic spines as well as an increased fraction of long, 
thin spines in neocortical areas indicating a deficiency in spine mat-
uration (Hinton et al., 1991; Irwin et al., 2001; Rudelli et al., 1985). 
So far, clinical trials to treat FXS turned out unsuccessful; therefore, 
further insight into the pathways underlying the pathogenesis is 
demanded.

The most widely used animal model for FXS are Fmr1 knock-
out (KO) mice (Consortium 1994). They show a hypersensitivity to 
auditory stimuli, hyperactivity, deficits in select learning tasks and 
an elevated testicular weight (Bagni & Oostra, 2013). An excess of 
long, thin dendritic spines was found in the cortex of Fmr1 KO mice 
in line with the observations in FXS patients (Comery et al., 1997; 
Galvez & Greenough,  2005; Irwin et  al.,  2002; Nimchinsky 
et al., 2001). Changes in the structure of dendritic spines depend 
primarily on the actin cytoskeleton (Fischer et al., 1998) and the 
immature spine morphology in Fmr1 KO mice may result from 
altered actin dynamics (Chen et  al.,  2010; Michaelsen-Preusse 
et  al.,  2018). In Fmr1 KO mice, the stabilization of cortical den-
dritic spines was delayed (Cruz-Martin et al., 2010), and the turn-
over of spines was increased in both young and adult animals (Pan 
et al., 2010). The loss of FMRP interferes with synapse elimination 
(Pfeiffer et al., 2010; Tsai et al., 2012). Interestingly, impairments 
in the development of cortical circuits in Fmr1 KO mice occur tran-
siently, that is, changes are evident in young animals and disap-
pear later (Bureau et  al.,  2008; Harlow et  al.,  2010; Nimchinsky 
et al., 2001; Till et al., 2012). Some of the synaptic changes in Fmr1 
KO mice are related to imbalances of metabotropic glutamate 
receptor (mGluR) activity (Dolen et  al.,  2007). In addition, aber-
ant forms of mGluR-dependent long-term depression (LTD) were 
described in Fmr1 KO mice (Hou et al., 2006; Huber et al., 2002; 
Nosyreva & Huber, 2006).

FMRP is a translational regulator specifically enriched in the 
cytoplasm and dendrites of neurons in the central nervous sys-
tem (Devys et  al.,  1993). FMRP associates with translating ribo-
somes and generally represses the translation of target mRNAs 
(Darnell et  al.,  2011). However, it has been shown that the ex-
pression of some FMRP target transcripts is increased by FMRP 
(Bechara et al., 2009; Kwan et al., 2012). In addition, FMRP can in-
fluence activity-dependent dendritic mRNA transport (Dictenberg 
et al., 2008) and mRNA stability (De Rubeis & Bagni, 2010). Since 

FMRP binds to hundreds of different target mRNAs, among them 
many encoding synaptic proteins, the proteome of Fmr1 KO neu-
rons is strongly modified (Ascano et al., 2012; Brown et al., 2001; 
Darnell et  al.,  2011; Tang et  al.,  2015). The multitude of targets 
and their interdependence make it challenging to identify the 
molecules responsible for the pathophysiology of FXS (Bagni & 
Zukin, 2019; Richter et al., 2015).

FMRP targets include the mRNAs for the Arf6 guanine-nucleo-
tide exchange factors (Arf6-GEFs) IQSEC1 and IQSEC2 (BRAG2 and 
BRAG1, respectively) (Ascano et al., 2012; Darnell et al., 2011) and 
levels of both proteins were found to be transiently increased in cor-
tical membrane fractions from Fmr1 KO mice in a mass spectrometry 
screen (Tang et al., 2015). IQSEC1 and IQSEC2 are highly enriched 
in the post-synaptic density of glutamatergic synapses (Dosemeci 
et  al.,  2007; Lowenthal et  al.,  2015). They catalyze GDP/GTP ex-
change on members of the Arf family of small GTPases, which results 
in modifications of the lipid composition of membranes (Donaldson 
& Jackson,  2011). We have shown that ionotropic glutamate re-
ceptors can physically recruit IQSEC1 and IQSEC2 to activate Arf6 
(Elagabani et  al.,  2016; Scholz et  al.,  2010), and both IQSEC1 and 
IQSEC2 are critical for the maturation and plasticity of glutama-
tergic synapses (Brown et  al.,  2016; Elagabani et  al.,  2016; Myers 
et al., 2012; Scholz et al., 2010). Furthermore, Arf6 regulates the actin 
cytoskeleton at the plasma membrane (Donaldson & Jackson, 2011; 
Humphreys et al., 2013) and manipulations of the Arf6 activity level 
in cultured neurons had a strong impact on the maturation and sta-
bility of dendritic spines (Choi et  al.,  2006; Kim et  al.,  2015). The 
density and morphology of spines in neuronal cultures were shown 
to depend on the dosage of Iqsec2 (Hinze et al., 2017). In addition, 
we recently found an increased frequency of immature spines upon 
targeted depletion of IQSEC1 in cortical projection neurons of mice 
(Ansar et  al.,  2019). Finally, variants in the X-chromosomal human 
gene IQSEC2 (Kalscheuer et al., 2015; Shoubridge et al., 2010, 2019; 
Zerem et al., 2016) and biallelic variants in IQSEC1 (Ansar et al., 2019) 
and IQSEC3 (Monies et al., 2019) were identified in individuals and 
families with ID, developmental delay and in some cases with sei-
zures, aggressive, and autistic behaviors. We therefore set out to 
investigate the regulation of Arf6 in Fmr1 KO mice.

2  | MATERIAL S AND METHODS

2.1 | Study design

This study was not pre-registered. No randomization methods were 
used to allocate samples in the study and no blinding or sample size 
calculations were performed. The study was exploratory.

2.2 | DNA constructs and viral vectors

Plasmids for lentiviral vectors (Lois et al., 2002) and RNAi (Dittgen 
et al., 2004) were kindly provided by Carlos Lois and Pavel Osten. 
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Sequences encoding Arf6-HA and mutants thereof were inserted 
into pFUiGW, a derivative of pFUGW that contains an EGFP ex-
pression cassette downstream of an internal ribosomal entry 
site as described (Scholz et  al.,  2010). The constructs used for 
the expression of shRNAs to knockdown Iqsec1 or Iqsec2 and a 
scrambled control have been described and evaluated previously 
(Dittgen et al., 2004; Elagabani et al., 2016; Scholz et al., 2010). 
Lentiviruses were produced as described previously (Elagabani 
et  al.,  2016; Scholz et  al.,  2010). The adeno-associated virus ex-
pressing Cre recombinase was kindly provided by Martin K. 
Schwarz (Pilpel et al., 2009).

2.3 | Antibodies

Antibodies to Arf6 (Abcam Cat# ab49931, RRID:AB_867534), 
IQSEC2 (Santa Cruz Biotechnology Cat# sc-168198, RRID:AB_  
10841691; Sigma-Aldrich Cat# HPA003973, RRID:AB_22803  
43), FMR1 (Santa Cruz Biotechnology Cat# sc-28739, RRID:AB_210  
5557), GFP (Abcam Cat# ab13970, RRID:AB_300798), GluN2B 
(Santa Cruz Biotechnology Cat# sc-9057, RRID:AB_670232), HA 
(Covance Cat# MMS-101R-1000, RRID:AB_291262), pan Cadherin 
(Abcam Cat# ab6528, RRID:AB_305544), PSD-95 (Millipore 
Cat# MAB1596, RRID:AB_2092365), SAP102 (UC Davis/NIH 
NeuroMab Facility Cat# 75–058, RRID:AB_2261666), βIII-Tubulin 
(Covance Cat# MMS-435P, RRID:AB_2313773), and VGluT1 
(Synaptic Systems Cat# 135 304, RRID:AB_887878) were pur-
chased. The antibody to IQSEC1 was described previously (Scholz 
et al., 2010). Alexa Fluor 647 Phalloidin (Thermo Fisher Scientific, 
Cat# A22287, RRID:AB_2620155) was used to label filamentous 
actin (Lengsfeld et al., 1974).

2.4 | Animals

All animal procedures were in accordance with the European 
Union's Directive 86/609/EEC and the Regional Boards in 
Hamburg, Berlin (T-0269/11) and Karlsruhe (35-9185.81/G-
171/10, 35-9185.81/G-273/12). Fmr1 KO mice (IMSR Cat# 
JAX:003025, RRID:IMSR_JAX:003025) were bred on a C57BL/6J 
background.

To generate subjects for the comparison of protein expression 
during development, female Fmr1 heterozygous mice were crossed 
with male wild-type (WT) mice to yield male Fmr1 KO and WT litter-
mate offspring. Pairs of male WT and KO littermates were processed 
simultaneously and under identical conditions.

Embryos of Fmr1 KO and WT mice as well as Wistar rat embryos 
were used to generate neuronal cultures. Synaptoneurosomes were 
prepared from adult Fmr1 KO and WT mice.

Fmr1 KO mice and mice carrying a floxed Iqsec1 allele (MGI Cat# 
4,822,244, RRID:MGI:4822244) (Scholz et  al.,  2010) were bred to 
generate Fmr1-/y:Iqsec1fl/fl mice. Male Fmr1-/y:Iqsec1fl/fl and Iqsec1fl/fl 
mice were compared in LTD measurements.

2.5 | Cell culture

Primary cortical and hippocampal cultures were prepared from Fmr1 
WT and KO mice on day 16.5 of gestation (E16.5) and from Wistar 
rat embryos on E18. In order to directly compare WT and KO neu-
rons, murine cultures were always prepared in parallel.

Media and supplements were obtained from Life Technologies 
unless stated otherwise. Cortices and hippocampi were isolated in 
Hank's Balanced Salt Solution (HBSS) on ice. The tissue was dis-
sociated in 1  mg/ml trypsin (Worthington), for 15  min at 37°C, 
washed in Neurobasal medium containing 10% horse serum (GE 
Healthcare), and triturated with fire-polished Pasteur pipettes. 
The cell suspension was centrifuged for 5 min at 200 g in neuro-
nal growth medium comprised of Neurobasal medium containing 
B-27 serum-free supplement, penicillin (50 units/ml), streptomycin 
(50 μg/ml), and GlutaMAX (2 mM). Neurons were seeded on po-
ly-DL-ornithine hydrobromide-coated plates: 750,000 per well in 
6-well plates, 375,000 per well in 12-well plates, and 75,000 cells 
on 12 mm coverslips placed in 24-well plates. Half of the media 
were exchanged on day in vitro (DIV)3, DIV7, and then once a 
week.

2.6 | Arf6 activity measurement

Glutathione-S-transferase (GST)-GGA3 fusion protein was ex-
pressed in  E. coli BL21(DE3) (Stratagene) and purified on glu-
tathione sepharose beads (GE Healthcare). In order to evaluate the 
Arf6 activity level, an Arf6-GTP-specific pulldown assay (Santy & 
Casanova,  2001) was applied as described previously (Elagabani 
et al., 2016; Scholz et al., 2010). To determine the effects of drugs 
on Arf6 activity, Arf6-GTP/Arf6 (pull-down/total) ratios were de-
termined from treated and untreated samples in parallel. The pull-
down/total ratio of each drug-treated sample was normalized to the 
pull-down/total ratio of the respective control.

Fmr1 WT and KO mice cortical cultures were used at DIV21-
28 untreated or stimulated with 10  µM picrotoxin (Tocris) and/or 
treated with 100 μM D-AP5 (Tocris). DIV2-4-infected or uninfected 
neurons were treated early (DIV8) with 3 μM ifenprodil (+)-tartrate 
salt (Sigma-Aldrich) or D-AP5. In addition, rat cortical neurons were 
infected at DIV2, and mature cells (DIV21-28) were treated with 
D-AP5 and used for the pull-down.

Protein samples were analyzed by western blot and the amount 
of active Arf6 in each sample was evaluated as previously described 
(Elagabani et al., 2016).

2.7 | Synaptoneurosome preparation

The preparation and treatment of synaptoneurosomes (SNS) were 
done essentially as described before (Hollingsworth et al., 1985; 
Muddashetty et  al., 2007) with a few modifications. Briefly, dis-
sected mouse forebrains derived from Fmr1 WT and KO animals 
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were homogenized at 4°C in SNS buffer (140 mM NaCl, 1.3 mM 
CaCl2, 5.4 mM KCl, 25 mM HEPES, 33 mM glucose, pH 7.4) sup-
plemented with protease inhibitor cocktail (Roche), 40  U/µl 
RNaseOUT (Thermo Fisher) and 100 µM GTP. Homogenates were 
filtered sequentially through 100  µm nylon mesh (NY1H, Merck 
Millipore) followed by 10  µm polytetrafluoroethylene mem-
branes (Mitex LSWP, Merck Millipore). Washed filtrates (15  min 
at 1,000  g) were adjusted to 1  µg/µl total protein and pre-incu-
bated at 37°C for 15  min. Samples were stimulated with 50  µM 
(S)-3,5-Dihydroxyphenylglycine (DHPG, Tocris) for 15 min at 37°C 
and adjusted to 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate and 10% glycerol. After protein extrac-
tion for 1 hr at 4°C in a rotating wheel, samples were centrifuged 
at 100,000  g for 1  hr and cytosolic fractions analyzed for Arf6 
activity.

2.8 | Immunocytochemistry

Hippocampal mouse Fmr1 WT and KO neurons were infected at 
DIV15 with viruses over-expressing Arf6 or different Arf6 point 
mutants; rat neurons were infected at DIV2 with RNAi con-
structs. At DIV21–28, cells were fixed with 4% paraformalde-
hyde (AppliChem), permeabilized with 0.25% Triton X-100/PBS, 
and blocked in 1% BSA (AppliChem)/PBS. Primary antibodies to 
VGluT1 (1:1,000), PSD-95 (1:1,000), and GFP (1:1,000) were ap-
plied overnight at 4°C in 1% BSA. Alexa Fluor-conjugated second-
ary antibodies (1:1,000) together with Alexa 647 Phalloidin (1:100) 
were applied for 1 hr at 22°C in 1% BSA and mounted with Mowiol 
4–88 (Sigma). Images were taken on an SP8 confocal system 
(Leica). Maximal projections of Z-stacks were further analyzed in 
ImageJ (NIH). The average size and number of F-actin puncta and 
synapses (colocalized VGluT1 and PSD-95 puncta) were quantified 
per dendritic segment as described (Ippolito & Eroglu,  2010). In 
short, dendrite segments were marked as regions of interest (ROI). 
The signal intensity threshold was set in each experiment once 
and kept the same in all test groups. Puncta Analyzer outputted 
number and average size of the puncta in each ROI for individual 
channels and their colocalization.

2.9 | In vivo infection of hippocampal neurons and 
electrophysiology

The experiments were approved (see Animals) and performed as 
described before (Scholz et  al.,  2010). In brief, 3-week-old male 
mice were anesthetized with ketamine (65  mg/kg; i.p.) and xyla-
zine (16  mg/kg; i.p.). For pre- and post-surgery anti-inflammatory 
analgesia meloxicam was administered orally. After cutting the 
skin, local anesthesia (lidocaine) was applied to the skull. Holes 
were drilled in the skull above the hippocampus to inject adeno-
associated virus expressing Cre recombinase (coordinates, relative 
to bregma: caudal 2.6 and 2.9  mm, lateral 3.6  mm, and depth 3.7 

to 2.2 mm (every 300 µm about 130 nl virus)). After surgery, mice 
were singly housed and their health condition was monitored daily. 
At least 2 weeks later, mice were deeply anesthetized with isoflu-
rane and decapitated. Brains were removed and acute transverse 
hippocampal slices (250 µm) were prepared and perfused with ar-
tificial cerebrospinal fluid (125 mM NaCl, 25 mM NaHCO3, 2.5 mM 
KCl, 1.25  mM NaH2PO4, 1  mM MgCl2, 2  mM CaCl2, 25  mM glu-
cose, 10 µM bicuculline methiodide, bubbled with 95% O2/5% CO2). 
Excitatory post-synaptic currents (EPSCs), evoked by Schaffer col-
lateral stimulation every 10 s, were recorded in CA1 neurons in the 
whole-cell patch-clamp configuration at room temperature (22°C) 
at −70 mV (EPC9, HEKA Elektronik). Comparable amplitudes were 
obtained with the same range of stimulus intensities in cells with or 
without manipulation of the IQSEC1 level (WT, p = .18; KO, p = .31). 
The mGluR-LTD was induced chemically by (RS)-3,5-DHPG (10 min, 
100 µM, Biotrend). Patch pipettes had resistances of 4–6 MΩ when 
filled with internal solution (125  mM Cs-gluconate, 20  mM CsCl, 
10 mM NaCl, 10 mM HEPES, 0.2 mM EGTA, 4 mM MgATP, 0.3 mM 
Na3GTP, pH 7.3, 290–305  mOsm). The following exclusion crite-
ria were pre-determined: whole-cell recordings were discarded, if 
series resistances (15–30  MOhm) and/or input resistances (100–
300  MOhm) changed by more than 20%. Based on these criteria, 
from 11  Iqsec1fl/fl and 9 Fmr1-/y:Iqsec1fl/fl mice one mouse each was 
excluded. Statistical significance was evaluated in 10-min time pe-
riods, 10  min before DHPG perfusion as well as 30–40  min after 
LTD induction by unpaired two-tailed Student's t test between GFP-
positive and -negative cells, separately for WT and Fmr1 KO mice. 
Paired two-tailed Student's t test was used to check for LTD expres-
sion 30–40 min after LTD induction in comparison with 10 min be-
fore starting DHPG perfusion.

2.10 | Developmental protein expression  
analysis

Dissociated cortical neurons were cultivated in 6-well plates, and 
then harvested at different days in vitro. Cells were collected in lysis 
buffer (20 mM HEPES (Carl Roth) pH 7.5, 150 mM sodium chloride 
(Carl Roth), 10  mM magnesium chloride (Merck), 1% Triton X-100 
(Sigma), supplemented with 1x Complete protease inhibitor mix-
ture (Roche)), and protein concentration of the crude cell lysates 
was measured using a bicinchoninic acid Protein Assay Kit (Pierce). 
Samples were diluted to 2 µg/µl, mixed with sample buffer (120 mM 
Tris (Carl Roth) pH 6.8, 0.1% bromophenol blue (Carl Roth), 6.25% 
sodium dodecyl sulfate (Serva), 20% glycerol (Carl Roth)) and dena-
tured for 5 min at 95°C.

Male littermates of Fmr1 WT and KO mice were collected on 
different postnatal days (P2, 3, 4, 5, 6, 7, 10, 14, 17, 21, 28, and 
35). Hippocampi and cortices were isolated and homogenized at 
4°C in sucrose buffer (320 mM sucrose (Carl Roth), 4 mM HEPES 
(Carl Roth) pH 7.5, 2 mM EDTA (Carl Roth), supplemented with 1x 
Complete protease inhibitor mixture (Roche)). Lysates were cen-
trifuged at 1,000 g for 10 min, and the protein concentration of 
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the supernatants was measured using Roti-Quant kit (Carl Roth). 
Samples were adjusted to 2 µg/µl, mixed with sample buffer, de-
natured at 95°C for 5 min and 6 μg per sample separated on poly-
acrylamide gels. The developmental levels of IQSEC1, IQSEC2, 
SAP102, GluN2B, PSD-95, Cadherin, and Arf6 were determined 
using western blot. The density of each quantified band was nor-
malized to βIII-Tubulin and pairwise KO/WT ratios determined. 
The ratios were averaged throughout development and separated 
in P2-P10 and P14-P35 groups reflecting stages before and after 
synaptogenesis, respectively.

2.11 | Statistics

Data are shown as mean ± standard error (SE). All datasets were 
screened for outliers by the ROUT method (Q  =  1%, GraphPad 
Prism, Version 7); they were removed only from the datasets 

shown in Figure 3, where they altered the statistical outcome for 
two of the analyzed groups. All other datasets were unaffected 
by outliers and contain all individual datapoints. Overlay plots 
consisting of bar charts and scatter plots are shown for experi-
ments with small sample sizes (n < 20). Statistical analyses were 
performed using GraphPad Prism (Version 5 or higher). Normal 
distribution of data was assessed using a D’Agostino & Pearson 
omnibus test. Statistical significance of Arf6 activity, LTD, and 
protein level differences was evaluated by unpaired or paired 
two-tailed t-tests as indicated. Changes in the area and number 
of F-actin and synapses upon expression of Arf6 variants within 
a genotype were analyzed using a Kruskal–Wallis test followed by 
Dunn's multiple comparison test. Exact group definitions and de-
tails of statistical analysis are given in Tables S1–S3. A two-tailed 
Mann–Whitney test was used to compare selected, genotype-
spanning conditions. Differences were considered significant at p 
values of less than 0.05.

F I G U R E  1   Arf6 activity is persistently elevated in Fmr1 knockout neurons. (a) Mature primary cortical neurons (DIV 21–28) lacking 
FMRP have a basally elevated Arf6 activity. Picrotoxin (PTX) treatment (10 µM, 15 min) increased Arf6 activity in wild-type (WT) neurons, 
whereas it remained without effect in Fmr1 knockout (KO) neurons. Arf6 activity was determined using a GGA3 pull-down assay. Shown 
are representative immunoblots and bars that illustrate the Arf6 activity. Left graph: basal Arf6 activity in WT and KO neurons from seven 
independent preparations. Unpaired two-tailed t-test (*p < .05): WT (n = 21) versus KO (n = 22), *p = .016. Right graph: effect of PTX on WT 
and KO neurons from nine independent preparations. Paired two tailed t-test (*p < .05): WT (n = 25), *p = .0087; KO (n = 24), p = .50. (b) Left 
graph: Arf6 activity decreased after treatment with the NMDA receptor antagonist AP5 (100 µM, 35 min) in mature Fmr1 KO neurons. Bars 
show the effect of AP5 on Arf6 activity calculated from five independent preparations. Paired two tailed t-test (*p < .05): WT (n = 14), p = .23; 
KO (n = 12), *p = .03. (b) Right graph: AP5 pretreatment (100 µM, 20 min) rescued picrotoxin-induced Arf6 activation in mature neurons 
lacking FMRP. Bars illustrate the effect of picrotoxin in the presence of AP5 from four independent preparations. Paired two-tailed t-test 
(*p < .05): WT (n = 11), *p = .01; KO (n = 11), *p = .001. Bars represent mean ± SE; pd, pull-down; t, total
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3  | RESULTS

3.1 | Aberrant glutamate receptor-dependent Arf6 
activation in Fmr1 KO neurons

We previously identified signaling pathways activating Arf6 through 
metabotropic and ionotropic glutamate receptors (Elagabani 
et  al.,  2016; Scholz et  al.,  2010). To study the effect of glutamate 
receptors on Arf6 at synapses we treated 3- to 4-week-old primary 
neuronal cultures for 15 min with the γ-aminobutyric acid A receptor 
inhibitor picrotoxin to stimulate neuronal activity and neurotrans-
mitter release. This treatment robustly activated Arf6 in cultures 
from WT mouse cortices (Figure 1a). In parallel we cultured corti-
cal neurons from Fmr1 KO embryos. The steady-state Arf6 activity 
(GTP-bound fraction of Arf6) of Fmr1 KO cultures was increased as 
compared to WT controls and picrotoxin did not induce any further 
Arf6 activation (Figure  1a). The N-methyl-D-aspartate receptor 
(NMDAR) antagonist AP5 reduced Arf6 activity in Fmr1 KO neu-
rons but not in WT neurons (Figure 1b), suggesting a tonic NMDAR-
dependent Arf6 signaling in Fmr1 KO neurons. Furthermore, when 
NMDAR signaling was prevented by AP5, picrotoxin decreased the 
activity of Arf6 in WT neurons but triggered Arf6 activation in Fmr1 
KO neurons (Figure  1b), supporting the idea that the balance be-
tween NMDAR-dependent and -independent pathways is disturbed 
in Fmr1 KO neurons.

Given that mGluR-dependent signaling pathways are misregu-
lated in Fmr1 KO mice (Chuang et al., 2005; Hou et al., 2006; Huber 
et  al.,  2002; Nosyreva & Huber,  2006) and stimulation with the 
group I metabotropic glutamate receptor agonist DHPG triggered 
Arf6 activation in WT neuron cultures (Scholz et al., 2010), we pre-
pared synaptoneurosomes from adult Fmr1 WT and KO mice and 
stimulated them with DHPG. In WT preparations DHPG treatment 
increased the Arf6 activity by roughly 40% (Figure 2), similar to the 
DHPG effect on Arf6 in cultured neurons (Scholz et  al.,  2010). In 
marked contrast, DHPG stimulation of synaptoneurosome prepa-
rations from Fmr1 KO mice did not increase the Arf6 activity, indi-
cating that mGluR-induced signaling to Arf6 is changed upon loss 

of FMRP. The results obtained in two different experimental para-
digms suggest that the glutamate-dependent regulation of the small 
GTPase Arf6 is substantially altered in Fmr1 KO neurons.

3.2 | Excessive Arf6-dependent actin 
polymerization in Fmr1 KO neurons

Arf6 induces actin assembly at the plasma membrane (Humphreys 
et al., 2013) and affects the strength of synapses (Elagabani et al., 2016; 
Scholz et al., 2010). We therefore examined the effect of the loss of 
FMRP on actin filaments and on synaptic contacts by immunocyto-
chemistry of cultured neurons. Staining Fmr1 KO neuron cultures 
with fluorescent phalloidin revealed atypically large dendritic F-actin 
spots not found in WT cultures (Figure 3a and c). The dendritic F-actin 
puncta were on average nearly twice as large in Fmr1 KO neurons as in 

F I G U R E  2   Lack of mGluR-mediated Arf6 activation in 
synaptoneurosomes derived from Fmr1 knockout mice. 
Synaptoneurosomes were treated with (S)-3,5-DHPG (50 μM) 
for 15 min and the Arf6 activity determined by GGA3 pull-
down assays. Left: representative immunoblots to Arf6. Bars 
show the effect of DHPG in wild-type (WT) and Fmr1 KO (KO) 
synaptoneurosomes. Paired two-tailed t-test (*p < .05): WT (4 
mice, n = 8), *p = .009; KO (3 mice, n = 7), p = .09. Bars represent 
mean ± SE; pd, pull-down; t, total
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F I G U R E  3   Elevated Arf6 activity induces actin polymerization in dendrites of hippocampal Fmr1 knockout neurons in culture. (a, c and e) 
Dendritic segments stained with phalloidin to reveal F-actin in wild-type (WT) and Fmr1 KO (KO) neurons over-expressing Arf6 (Arf6WT) or 
variants to increase (Arf6Q67L and Arf6T157A) or decrease (Arf6T44N and Arf6T27N) Arf6 activity in comparison to endogenous Arf6 (Ctrl) 
activity (infection: DIV15, staining: DIV21). Fmr1 KO neurons displayed an increased number and unusually large F-actin puncta that were 
depleted upon expression of Arf6 variants T44N and T27N. Expression of Arf6 variants Q67L and T157A increased actin polymerization in 
WT but not in Fmr1 KO neurons. Shown are representative dendritic segments (a) and the quantification of size (c) and number (e) of F-actin 
puncta in 83–141 dendritic segments of Fmr1 WT and KO neurons (six independent experiments). Bars represent the effect of Arf6 variant 
over-expression on size or number of F-actin puncta normalized to the mean Fmr1 WT Ctrl (mock-infected) in each experiment. (b, d and 
f) Dendritic segments were stained with antibodies to VGluT1 and PSD-95 in Fmr1 WT and KO neurons expressing Arf6 variants as in (a), 
and the size and number of synapses calculated from overlapping signals. Synapse size was determined as the area outlined by colocalizing 
VGluT1 and PSD-95 signals. Representative images (b) are shown above the quantification (d and f) in 71–111 dendritic segments (six 
independent experiments). The size of synapses of Fmr1 KO neurons was indistinguishable from WT Ctrl neurons, but augmented by Arf6 
variant T44N. Arf6 variants Q67L and T157A reduced the size of synaptic contacts of WT, but not Fmr1 KO neurons. Statistical differences 
were evaluated after exclusion of outliers identified by the ROUT method using Kruskal–Wallis followed by Dunn's multiple comparison tests 
(Tables S1 and S2). Effects of Arf6 expression within a given genotype: *p < .05, comparison to WT Ctrl; #p < .05, comparison to KO Ctrl. 
Effect of genotype without Arf6 over-expression: WT Ctrl versus KO Ctrl, §p < .05. Bars show mean ± SE; scale bar is 10 µm



672  |     BRIŠEVAC et al.

WT controls (WT Ctrl (96 ± 5%) versus KO Ctrl (186 ± 12%), p < .001, 
Kruskal–Wallis test followed by Dunn's multiple comparison). Numerous 
links between FMRP and actin-regulating factors have been found 
(Bongmba et al., 2011; Castets et al., 2005; Hayashi et al., 2007; Nolze 
et al., 2013; Pyronneau et al., 2017), and may contribute to the unusual 
dendritic actin polymerization that we observed. In order to assess the 
relationship between Arf6 activity and F-actin spots more directly, we 

expressed Arf6 variants (Figure S1) mimicking different states of Arf6 
activity by lentiviral infection of mature cultures. In WT neurons, Arf6 
and the GTP-locked mutant Arf6-Q67L increased dendritic actin po-
lymerization, whereas the GDP-locked mutant Arf6-T44N remained 
without effect. In contrast, in Fmr1 KO neurons Arf6 and Arf6-Q67L 
did not have an effect, but Arf6-T44N reduced actin polymerization 
to the level of WT neurons (KO Arf6-T44N (103 ± 6%) versus KO Ctrl 
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(186  ±  12%), p  <  .0001; KO Arf6-T44N versus WT Ctrl (96  ±  5%), 
p =  .84, two-tailed Mann–Whitney test), thus rescuing the basally in-
creased actin polymerization (Figure 3a and c). Therefore, we conclude 
that the increased actin polymerization in Fmr1 KO neurons is a conse-
quence of their elevated Arf6 activity.

In spite of the differences in Arf6 activity and the emergence of 
F-actin puncta, the average sizes of synaptic contacts were similar in 
Fmr1 KO and WT control neurons (Figure 3b and d; WT Ctrl (97 ± 6%) 
versus KO Ctrl (88  ±  4%), p  >  .05, Kruskal-Wallis test followed by 
Dunn's multiple comparison). However, the expression of Arf6 vari-
ants had considerably different effects on the average synapse 
size in WT and Fmr1 KO neurons (Figure 3b and d). In accordance 
with our previous finding that an increased Arf6 activity causes a 
weakening of synapses (Elagabani et al., 2016; Scholz et al., 2010), 
the GTP-locked Arf6 mutant Q67L, but not the GDP-locked mutant 
T44N reduced the average synapse size in WT neurons. In contrast, 
in Fmr1 KO neurons Arf6-Q67L did not have any effect on the syn-
apse size, but Arf6-T44N increased it.

The nucleotide-free mutant Arf6-T27N had the same effect 
on the sizes of F-actin puncta as GDP-locked Arf6-T44N, and the 
fast-cycling mutant Arf6-T157A partially mimicked the effects of 
GTP-locked Arf6-Q67L (Figure 3a–d), corroborating that the results 
can be attributed to altered Arf6-GTP levels. The effects of the Arf6 
variants on the number of F-actin puncta were overall similar to 
the effects on the size of F-actin puncta (Figure 3e and c). Again, 
Arf6-T44N rescued the increased number of F-actin puncta in Fmr1 
KO neurons to WT levels (KO Arf6-T44N (90 ± 5%) versus KO Ctrl 
(124 ± 5%), p <  .0001; KO Arf6-T44N versus WT Ctrl (100 ± 5%), 
p = .093, two-tailed Mann–Whitney test). Synapses showed a general 
trend toward increased numbers in Fmr1 KO versus WT neurons, 
independent of the Arf6-GTP level (Figure 3b and f).

Taken together, Fmr1 KO neurons had high steady-state Arf6-
GTP levels that could not be increased further by synaptic activity 
and showed an excessive actin polymerization. Reduction of intrin-
sic Arf6-GTP levels reversed the actin phenotype and strength-
ened synapses, whereas the elevation of Arf6-GTP levels remained 
without pronounced effects in Fmr1 KO neurons. In contrast, in WT 
neurons the basal Arf6 activity was responsive to synaptic activity, 
and elevation of Arf6-GTP levels phenocopied the aberrant actin 
polymerization found in Fmr1 KO neurons and destabilized syn-
apses. These findings reveal abnormal actin polymerization based 
on steady-state Arf6 activity and a reversed response of synapses 
toward changes in Arf6 activity in Fmr1 KO neurons.

3.3 | Hippocampal mGluR-LTD is independent of 
IQSEC1 in Fmr1 KO mice

The synaptic activity of Arf6 is regulated by exchange factors and 
GTPase-activating proteins (GAPs) (Donaldson & Jackson,  2011; 
Jordan et al., 2004; Peng et al., 2004). IQSEC1 and IQSEC2 are GEFs 
regulated by glutamate receptors during neuronal development 
(Elagabani et  al.,  2016; Myers et  al.,  2012; Scholz et  al.,  2010) and 

IQSEC-mediated Arf6 activation is critical for long-term synaptic de-
pression (Brown et al., 2016; Scholz et al., 2010). Specifically, long-term 
depression of hippocampal Schaffer collateral synapses induced by 
the group-I mGluR agonist DHPG (mGluR-LTD) was prevented by ge-
netic or functional ablation of IQSEC1 (Scholz et al., 2010). Fmr1 KO 
mice show an altered mGluR-LTD as compared to WT animals, i.e. in 
Fmr1 KO animals it persists in the absence of protein synthesis (Hou 
et al., 2006; Nosyreva & Huber, 2006), is independent of ERK signaling 
(Hou et al., 2006) and appears amplified when isolated from NMDAR 
components (Huber et al., 2002; Toft et al., 2016). Given the lack of 
Arf6 activation by DHPG in synaptoneurosomes derived from Fmr1 KO 
mice (Figure 2), we asked whether IQSEC1 was critical for mGluR-LTD 
in Fmr1 KO mice. To this end, we generated male Fmr1 KO (Fmr1-/y) 
and WT (Fmr1+/y) mice homozygous for an Iqsec1 allele with loxP sites 
flanking exon 2 (Iqsec1fl/fl) (Scholz et al., 2010) and injected an adeno-
associated virus expressing Cre recombinase into the hippocampal area 
CA1 at P21. Two weeks later, mGluR-LTD was induced by DHPG in in-
fected and uninfected CA1 neurons. As expected (Scholz et al., 2010), 
LTD induction was prevented by Iqsec1 deletion in WT mice (Figure 4a). 
However, in Fmr1 KO mice we detected no difference in mGluR-LTD 
between Cre-virus-infected and uninfected CA1 neurons (Figure 4b). 
Thus, mGluR-LTD in Fmr1 KO mice is not only protein synthesis-inde-
pendent, but also independent of IQSEC1-triggered Arf6 activation.

3.4 | Transiently decreased IQSEC1 and IQSEC2 
levels in Fmr1 KO mice

The mRNAs for IQSEC1 and IQSEC2 are among the targets of FMRP 
that functions as a translational regulator (Ascano et al., 2012; Darnell 
et  al.,  2011; Tang et  al.,  2015). Therefore, we analyzed their protein 
expression levels in cortical and hippocampal samples of male WT 
and Fmr1 KO mice during the first 5 weeks of postnatal development 
using littermate pairs for each postnatal stage. Western blot detec-
tion of IQSEC1, IQSEC2, and selected other synaptic or non-synaptic 
proteins revealed differences between WT and Fmr1 KO mice con-
fined to distinct developmental stages. Except for IQSEC1, the levels 
of the proteins tested were slightly or significantly increased in Fmr1 
KO cortices in the phase between P14 and P35, in accordance with 
FMRP being a translational repressor. Interestingly, the protein levels of 
IQSEC1, IQSEC2, and GluN2B were decreased between P2 and P10 in 
the cortex of Fmr1 KO mice (Figure 5, Table S3). This is the time frame 
preceding an exponential increase in the expression of synaptic pro-
teins because of the peak in synaptogenesis in the mouse cortex after 
P10 (Aghajanian & Bloom, 1967; Li et al., 2010). In hippocampal samples 
from Fmr1 KO mice, we observed a trend toward a decrease in the ex-
pression of IQSEC1 and IQSEC2 during the first week after birth, too, 
whereas the expression of all other proteins tested, including GluN2B, 
remained unchanged (Figure S2, Table S3). In cortical cultures of Fmr1 
KO mice we observed a decrease in IQSEC1 and IQSEC2 levels at DIV8 
(Figure S3). Together, Fmr1 KO neurons and cortices showed reduced 
IQSEC1 and IQSEC2 levels confined to a critical postnatal period in 
neuronal development.
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3.5 | Impaired NMDA receptor signaling on IQSEC2 
in young Fmr1 KO neurons

We previously reported a tonic GluN2B-IQSEC2-dependent Arf6 activ-
ity in 1-week-old cortical cultures; in DIV7 neurons lacking IQSEC2, the 
GluN2B-selective antagonist ifenprodil robustly increased the Arf6 ac-
tivity (Elagabani et al., 2016). To get further insight into possible changes 

in Arf6 regulation in Fmr1 KO neurons, we applied NMDAR antagonists 
on cortical cultures at DIV8, a developmental stage at which the expres-
sion of Iqsec2 was reduced (Figure S3). Both the general NMDAR an-
tagonist AP5 and the GluN2B-selective NMDAR antagonist ifenprodil 
triggered a significant Arf6 activation in Fmr1 KO but not in WT corti-
cal neurons (Figure 6a). The ifenprodil-triggered Arf6 activation in Fmr1 
KO neurons was indistinguishable from the one in WT neurons infected 
for IQSEC2 knockdown (Figure  6b). Furthermore, the knockdown of 

F I G U R E  4   mGluR-LTD is independent of IQSEC1 in Fmr1 knockout mice. (a) Loss of IQSEC1 in single CA1 neurons reduced mGluR-LTD at 
hippocampal CA3-CA1 synapses. Adeno-associated virus expressing Cre recombinase was injected into male mice homozygous for a floxed 
Iqsec1 allele (Iqsec1fl/fl). Acute slices of in vivo-infected mice (surgery at P21; electrophysiology at least 2 weeks later) were treated with (RS)-
3,5-DHPG (100 µM) to induce mGluR-LTD. The average EPSCs of the last 10 min of the recordings (time period 3) were compared between 
non-infected (control, n = 10) and infected (ΔIQSEC1, n = 8) neurons (unpaired two-tailed t-test: *p = .03), recorded in 18 sections obtained 
from 10 mice. WT, wild-type. (b) Loss of IQSEC1 in single CA1 neurons did not affect mGluR-LTD at hippocampal CA3-CA1 synapses of Fmr1 
knockout (Fmr1 KO) mice. Experiments performed as described in (a), except that Fmr1-/y:Iqsec1fl/fl mice were used. The average EPSCs of the 
last 10 min of the recordings (time period 3) were compared between non-infected (control, n = 6) and infected (ΔIQSEC1, n = 8) neurons 
(unpaired two-tailed t-test: p = .28), recorded in 14 sections obtained from 8 mice. (a and b) All data points represent mean ± SE. Paired two-
tailed t-test: for each of the four groups (last 10 min, time period 3) versus respective 10 min before LTD induction (time period 1); p = .0456, 
.0002, .0208 and .0051 from top to bottom. Six consecutive traces were averaged at time points marked by numbers in the respective time 
course
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IQSEC2 in Fmr1 KO neurons did not change the effect of ifenprodil on 
the Arf6 activity. These data strongly suggest a lack of GluN2B-IQSEC2 
signaling at the early developmental stages of Fmr1 KO neurons.

3.6 | IQSEC1 and IQSEC2 depletion partially 
phenocopies Arf6 regulation in Fmr1 KO neurons

We next measured the Arf6 activity, size of filamentous actin 
puncta and synaptic area of mature neurons after RNAi-mediated 
down-regulation of Iqsec1 or Iqsec2 throughout in vitro develop-
ment. Interestingly, depletion of IQSEC1 and IQSEC2 resulted in 
an increased Arf6 activity (Figure  7a) and in large F-actin puncta 
(Figure 7b) in mature cultures (DIV 21), reminiscent of Fmr1 KO neu-
rons (Figure 1a and Figure 3a). In addition, the depletion of Iqsec1 

or Iqsec2 expression caused a decrease in synapse size (Figure 7b) 
as observed upon the expression of hyperactive Arf6 mutants 
(Figure 3b). In Fmr1 KO neurons the area of synapses was not altered 
compared to WT, but unlike in WT neurons, it was increased upon 
chronic reduction in the Arf6-GTP/GDP ratio (Figure 3b). Thus, the 
Arf6-dependent phenotypes observed in Fmr1 KO neurons may be 
related to a deficiency in Iqsec1 and/or Iqsec2 signaling.

Since IQSEC proteins function as GDP/GTP exchange factors 
on Arf proteins, a decreased protein expression appears to contra-
dict the increased basal Arf6 activity. However, we previously de-
scribed that RNAi-mediated down-regulation of IQSEC1 (BRAG2) 
starting at DIV15 resulted in a basally increased Arf6 activity in ma-
ture neuronal cultures through enduring GluN2B-IQSEC2-signaling 
(Elagabani et al., 2016). The knockdown of Iqsec2 expression from 
DIV15 onwards did not affect the Arf6 activity of mature cultures, 

F I G U R E  5   Protein expression of Iqsec1 and Iqsec2 is delayed in the cortex of Fmr1 knockout mice. Immunoblots show the protein levels 
of IQSEC1, IQSEC2, GluN2B, SAP102, PSD-95, Cadherin (Cdh), Arf6, FMRP, and beta-III Tubulin (ßIII-TUB) in Fmr1 WT and KO mouse 
cortices during postnatal development. Graphs depict the KO/WT ratio during early (P2-10, n = 7; PSD-95 signals below detection), late 
(P14-35, n = 5) and overall (P2-35, n = 12) brain development in 12 mice per genotype. Paired two-tailed t-test (*p < .05): KO versus WT 
(Table S3). Bars represent mean ± SE
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presumably because it occurred after the switch from synaptic 
IQSEC2 to IQSEC1 recruitment during synapse maturation (Elagabani 
et al., 2016). The increased basal Arf6 activity upon reduced Iqsec2 
expression throughout development presented here indicates that 
a lack of IQSEC2 at early stages after birth can have long-standing 
effects on synaptic Arf6 signaling. Thus, the transiently decreased 
IQSEC2 levels in Fmr1 KO neurons during the first postnatal week 
may contribute to their basally increased Arf6 activity later on in 
development as well. To determine whether the increased basal Arf6 
activity upon early depletion of IQSECs would be mediated by an 
NMDAR-dependent process similar to the increased basal Arf6 ac-
tivity in Fmr1 KO neurons (Figure 1b left), we applied the NMDAR 
antagonist AP5. Whereas the increased Arf6 activity upon Iqsec1 

knockdown was blocked by AP5 as expected, the increased Arf6 
activity upon RNAi to Iqsec2 was insensitive to NMDAR blockade 
(Figure 7a). These results suggest that a deficiency in Iqsec1 or Iqsec2 
expression during neuronal development has long-standing effects 
on Arf6 signaling at synapses based on differing molecular path-
ways. Collectively, our data imply a role of impaired IQSEC signaling 
underlying Arf6 dysregulation in Fmr1 KO neurons.

4  | DISCUSSION

This study revealed a disturbance in the regulation of the small 
GTPase Arf6 in Fmr1 KO neurons. The dysregulation includes both 

F I G U R E  6   GluN2B signaling on IQSEC2-Arf6 is abolished in young neurons lacking FMRP. (a) Blocking NMDA receptors with the 
GluN2B-selective antagonist ifenprodil (IFEN, 3 µM, 1 hr) or with AP5 (100 µM, 1 hr) elevated Arf6-GTP levels in Fmr1 KO but not in WT 
neurons at DIV8. Bars represent the effect of the antagonist on Arf6 activity from 4 to 6 independent preparations. Paired two-tailed t-test 
(*p < .05): WT IFEN (n = 15), p = .85; KO IFEN (n = 18), *p = .01; WT AP5 (n = 12), p = .63; KO AP5 (n = 15), *p = .03. (b) Young Fmr1 KO 
neurons exhibit functional loss of GluN2B-IQSEC2 signaling. Bars show the effect of ifenprodil treatment (3 µM, 1 hr) in WT and KO cultures 
infected at DIV2 with control shRNA (Ctrl) or Iqsec2 knock-down shRNA (IQSEC2-KD) from five independent preparations. Paired two-tailed 
t-test (*p < .05): WT Ctrl (n = 9), p = .23; WT IQSEC2-KD (n = 10), *p < .0001; KO Ctrl (n = 11), *p = .003; KO IQSEC2-KD (n = 13), *p = .003. 
Bars represent mean ± SE; pd, pull-down; t, total
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mGluR- and NMDAR-dependent pathways (Figures 1, 2, and 6). We 
show that an increased steady-state Arf6 activity induces high lev-
els of actin polymerization in neuronal dendrites of mature Fmr1 KO 
neurons (Figure 3). Thus, our results may explain some aspects of 
the imbalance in actin dynamics in neurons lacking FMRP, a key fac-
tor in FXS (Michaelsen-Preusse et al., 2018). Furthermore, pathways 
involving the synaptic Arf6 regulators IQSEC1 and IQSEC2 were im-
paired in Fmr1 KO neurons (Figures 4 and 6), opening the possibility 
that their ID-linked human orthologues IQSEC1 and IQSEC2 con-
tribute to the cognitive impairment in FXS.

4.1 | Arf6 dysregulation in Fmr1 KO neurons

The altered Arf6 regulation in Fmr1 KO neurons is most likely 
caused by changes in the signaling pathways upstream of Arf6. Small 
GTPases are known to be regulated by families of antagonistic GEFs 
and GAPs.

Altered expression levels of the Arf-GEFs Iqsec1 and Iqsec2 in 
Fmr1 KO neurons may be related to the persistent changes in syn-
aptic Arf6 activation. Accumulating evidence points to a direct role 
of FMRP in the regulation of Iqsec expression. HITS-CLIPs experi-
ments revealed that the mRNAs for IQSEC1 and IQSEC2 are targets 
of FMRP (Ascano et al., 2012; Darnell et al., 2011). FMRP was shown 
to stall ribosomal translocation on most of its target transcripts 
and a mass spectrometry approach revealed IQSEC1 and IQSEC2, 
among several hundred proteins, to be increased in synaptosomal 
fractions from P17 Fmr1 KO cortices as compared to WT controls 
(Tang et  al.,  2015). DHPG treatment of neuronal cultures induced 
Iqsec2 translation to a greater extent in Fmr1 KO than in WT mice 
(Tang et al., 2015), supporting that a higher translation rate causes 
the increased IQSEC2 levels observed in Fmr1 KO samples. Our 
analysis showed a trend to an increase in Iqsec2 protein expression 
in cortical lysates after P14, but a decrease in expression of Iqsec1 
and Iqsec2 in early postnatal Fmr1 KO mouse cortex samples and 
DIV8 cortical cultures (Figure 5 and Figure S3). It is unlikely that the 

F I G U R E  7   Increased basal Arf6 activity, larger F-actin spots, and smaller synapses in mature neuronal cultures lacking IQSEC1 or IQSEC2 
throughout development. (a) Arf6 activity was measured in mature neurons that were infected with control (Ctrl), Iqsec1 (IQSEC1 KD) or 
Iqsec2 (IQSEC2 KD) RNAi at DIV2 and treated with AP5 (100 µM, 35 min). Bars illustrate Arf6 activity (left graph) or the effect of AP5 on 
Arf6 activity (right graph) calculated from four independent preparations. Unpaired two-tailed t-test (*p < .05): effect of RNAi without AP5, 
Ctrl (n = 12) versus IQSEC2-KD (n = 14), *p = .02; Ctrl versus IQSEC1-KD (n = 14), *p = .02. The increased Arf6 activity observed upon 
knockdown of Iqsec1 and Iqsec2 was reduced by the NMDAR antagonist AP5 only in Iqsec1 knock-down neurons. Paired two-tailed t-test 
(*p < .05): effect of AP5 in Ctrl-RNAi (n = 11), p = .06; in IQSEC2-KD (n = 14), p = .09; in IQSEC1-KD (n = 13), *p = .02. pd, pull-down; t, 
total. (b) The sizes of F-actin puncta and synapses were measured in neurons infected for depletion of IQSEC1 or IQSEC2 throughout 
development as in (a). Shown are representative dendrite segments. Left: bars show the size of F-actin puncta stained by phalloidin from 
three independent experiments, normalized to the mean Ctrl value in each experiment. Two-tailed Mann-Whitney test (*p < .05): Ctrl (n = 36) 
versus IQSEC2-KD (n = 61), *p = .002; Ctrl versus IQSEC1-KD (n = 40), *p < .0001. Right: bars represent synapse size measured as an 
overlay between PSD-95 and VGluT1 from five independent experiments, normalized to the mean Ctrl value in each experiment. Two-tailed 
Mann–Whitney test (*p < .05): Ctrl (n = 87) versus IQSEC2-KD (n = 86), *p < .0001; Ctrl versus IQSEC1-KD (n = 84), *p < .0001. Scale bars are 
10 µm; bars represent mean ± SE
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reduced expression of Iqsec1 and Iqsec2 just reflects a general delay 
in cortical circuit formation in Fmr1 KO mice (Till et al., 2012) as the 
expression of other synaptic proteins was not affected when com-
pared with WT control. FMRP has been shown to not only regu-
late translation but also transport of select neuronal mRNAs (Antar 
et al., 2004), and the Iqsec2 transcript has been detected in dendrites 
(Sakagami et al., 2008). Therefore, an impaired dendritic transport of 
Iqsec2 mRNA may cause its reduced expression. The fact that Iqsec1 
expression is altered in a similar way as Iqsec2 expression suggests a 
common regulation.

While our Arf6 activity measurements indicate a complete ab-
sence of NMDA receptor-triggered IQSEC2 activation at DIV8 in 
Fmr1 KO neurons (Figure  6), significant amounts of IQSEC2 were 
detected in neuron cultures and cortical samples (Figure 5 and S3). It 
therefore appears unlikely that the reduction in IQSEC levels alone 
mediates the gross changes in Arf6 activity regulation in Fmr1 KO 
neurons. The interaction between glutamate receptors and IQSECs 
may be impaired by other means, for example, by a functional dis-
turbance as a consequence of altered mGluR5 dynamics and result-
ing changes in mGluR-NMDAR clusters in Fmr1 KO neurons (Aloisi 
et  al.,  2017). An NMDAR activity interfering with mGluR-LTD has 
been described in Fmr1 KO mice (Toft et al., 2016) and may form the 
basis of Arf6 dysregulation as well. Additional potential mechanisms 
include alterations in the balance between neuronal excitation and 
inhibition (Contractor et  al.,  2015; Paluszkiewicz et  al.,  2011) and 
the impairment of synapse elimination through proteasomal PSD-95 
degradation (Tsai et  al.,  2012). Changes in the levels of Arf-GAPs 
could also contribute to the aberrant Arf6 regulation. A specific iso-
form of PI3K enhancer (PIKE), PIKE-L/AGAP2, contains a GAP do-
main for Arf6. PIKE was reported to be up-regulated in Fmr1 KO 
mice (Gross et al., 2010; Sharma et al., 2010) and some of the pheno-
types of Fmr1 KO mice were rescued by a heterozygous PIKE dele-
tion (Gross, Chang, et al., 2015; Gross, Raj, et al., 2015). An increased 
local PIKE-L level may accelerate GTP hydrolysis on Arf6 in Fmr1 KO 
mice and thereby interfere with normal Arf6 regulation.

4.2 | Excessive Arf6-dependent actin 
polymerization in dendrites of Fmr1 KO neurons

We detected an increased actin polymerization in dendrites of 
Fmr1 KO neurons that was blocked by expression of a GDP-locked 
or a nucleotide-free mutant of Arf6 (Figure  3). It has been shown 
that Rac1 induces actin assembly through the WAVE complex and 
that this pathway plays a pivotal role in FXS (Boshans et al., 2000; 
Humphreys et  al.,  2013; Marchesin et  al.,  2015; Radhakrishna 
et al., 1999). Alterations in the regulation of Rac1 underlie actin rear-
rangements in Fmr1 KO cells, and inhibiting the Rac1 effector PAK1 
rescued phenotypic traits of Fmr1 KO mice (Bongmba et al., 2011; 
Chen et  al.,  2010; Dolan et  al.,  2013; Hayashi et  al.,  2007; Nolze 
et  al.,  2013). Aberrations in Rac1-cofilin signaling mediate defects 
in synaptic function and sensory perception in FXS (Pyronneau 
et al., 2017). Arf6 may be intimately involved in this pathway as it 

can coordinate WRC-dependent actin assembly at membranes 
through Arf1 and Rac1 (Humphreys et al., 2013). In addition to the 
cooperation of Arfs and Rac1 in cortical actin assembly, several 
lines of evidence have suggested an effect of Arf6 on Rac1 signal-
ing (D'Souza-Schorey & Chavrier, 2006) and the activity of the Rac1 
pathway is up-regulated in Fmr1 KO mice (Santini et al., 2017). The 
known effects of Arf6 on lipid metabolism that lead to an accumula-
tion in PI(4,5)P2 may contribute to the observed F-actin spots as well 
(D'Souza-Schorey & Chavrier, 2006).

Actin filaments regulate the formation and the morphology of 
dendritic spines (Bourne & Harris, 2008; Matus, 2000) and altered 
actin dynamics are thought to underlie dendritic spine phenotypes in 
FXS (Michaelsen-Preusse et al., 2018). Active Arf6 has been shown 
to influence the maturation and stability of dendritic spines and the 
spine-promoting effect of Arf6 was blocked by dominant-negative 
Rac1 (Choi et al., 2006; Kim et al., 2015) in line with the cooperation 
of Arfs and Rac1 in actin assembly at the membrane. The dysregu-
lated Arf6 activity and the excessive actin polymerization described 
here may contribute to the disturbances of dendritic spine develop-
ment in Fmr1 KO neurons. The role of Arf6 in dendritic spine forma-
tion and maintenance is bidirectional (Kim et al., 2015). Artificially 
increasing the Arf6 activity before the major dendritic spine devel-
opment resulted in accelerated dendritic spine maturation. However, 
if increased later in development Arf6 activity decreased the density 
of dendritic spines (Kim et al., 2015). Therefore, the basally high Arf6 
activity in mature Fmr1 KO neurons, normally observed in immature 
WT neurons, could lead to dendritic spine destabilization.

4.3 | Aberrant IQSEC-mediated Arf6 regulation as a 
potential link to ID in FXS

We previously found that a tonic Arf6 activity via IQSEC2 precedes 
activity-dependent Arf6 activation through IQSEC1 during the mat-
uration of glutamatergic synapses (Elagabani et al., 2016). Fmr1 KO 
neurons were impaired in both the IQSEC2-mediated Arf6 activa-
tion in young neuronal cultures as well as the IQSEC1-mediated Arf6 
activation in mature neuronal cultures (Figures 1a and 6). In accord, 
mGluR-triggered Arf6 activation in synaptoneurosomes from adult 
mice, a mechanism known to be regulated by IQSEC1, was disrupted 
in absence of FMRP (Figure  2). RNAi-mediated down-regulation 
of either Iqsec1 or Iqsec2 in WT cultures throughout development 
mimicked the increased tonic Arf6 activity and dendritic actin po-
lymerization observed in Fmr1 KO neurons (Figure  7). Moreover, 
depletion of IQSECs in Fmr1 KO neurons remained without effect 
in two assays: in DIV8 Fmr1 KO cultures, Iqsec2 RNAi did not affect 
Arf6 activation by NMDAR blockade (Figure 6b), and in acute brain 
slices of Fmr1 KO mice cre-mediated Iqsec1 ablation did not block 
mGluR-LTD (Figure 4b).

RNAi-mediated down-regulation of Iqsec2 during the first 
2  weeks after birth resulted in changes in the amplitude and fre-
quency of spontaneous α-amino-3-hydroxy-5-methyl-4-isoxaz-
olepropionic acid (AMPA) receptor currents in hippocampal CA1 
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pyramidal neurons (Elagabani et al., 2016) similar to findings in Fmr1 
KO mice (Pilpel, Kolleker, et  al.,  2009). Hemizygous male and het-
erozygous female Iqsec2 KO mice showed an increased Arf6 activ-
ity in cortical samples (Jackson et al., 2019) as observed here upon 
RNAi against Iqsec2 in WT neurons and untreated Fmr1 KO neurons 
(Figure  6b). Targeted depletion of IQSEC1 after P21 resulted in 
smaller NMDA/AMPA current ratios at Schaffer collateral synapses 
(Elagabani et al., 2016) and the same change has been observed in 
Fmr1 KO mice (Aloisi et  al.,  2017). In addition, targeted depletion 
of IQSEC1 throughout development in projection neurons of the 
cortex resulted in an increased density of dendritic spines and in a 
higher fraction of spines with small heads (Ansar et al., 2019), similar 
to the morphological abnormalities of dendritic spines observed in 
FXS patients and in Fmr1 KO mice (Irwin et al., 2001, 2002). These 
results collectively support a developmental stage-dependent loss 
of IQSEC1 and IQSEC2 recruitment in Fmr1 KO mice.

Our data are in agreement with the notion that the regulation of 
the Arf6 activity via IQSEC2 during early postnatal development is re-
duced or delayed in Fmr1 KO neurons and that the normally occurring 
subsequent decline in basal Arf6 activity and switch to activity-de-
pendent Arf6 activation via IQSEC1 is missing. This likely contrib-
utes to the dysregulated maturation of glutamatergic synapses with 
delayed unsilencing of synapses observed in Fmr1 KO mice (Harlow 
et al., 2010). The lack of IQSEC2-mediated Arf6 activation within a 
sensitive time window—typical for neurodevelopmental disorders 
(Meredith et al., 2012)—results in tonically active Arf6 later on.

The multitude of mRNAs bound by FMRP complicates the iden-
tification of disease-relevant targets. Instead of targeting individual 
signaling pathways, an effective FXS treatment may require a broad 
resetting of the translational homeostasis (Erickson et  al.,  2017; 
Richter et  al.,  2015). However, recently discovered variants in 
IQSEC genes in human individuals may provide insight into the role 
of imbalanced Arf6 regulation in ID. Numerous mutations in the 
X-chromosomal gene for IQSEC2 clustering in the Sec7 domain and 
in the regulatory IQ-like motif have been linked to ID of different 
severities, many of them missense variants with a compromised GEF 
activity (Shoubridge et  al.,  2010, 2019). IQSEC2 variants resulting 
in a complete loss of function cause severe ID and early-onset sei-
zures. Furthermore, autistic behavior is a frequent clinical feature 
of carriers of IQSEC2 variants (Shoubridge et al., 2010, Levy et al. 
2019, Mignot et al., 2019, Shoubridge et al., 2019). Loss-of-function 
variants in IQSEC1, and variants in IQSEC3 were recently found in 
families and individuals with ID as well (Ansar et al., 2019; Monies 
et al., 2019). Based on measurements in cortical samples of Iqsec2 
KO mice (Jackson et al., 2019) and on the consequences of depletion 
of IQSEC1 or IQSEC2 presented here, these variants likely lead to a 
chronic augmentation of the steady-state Arf6 activity. As ID is one 
of the cardinal symptoms in FXS, often associated with autistic traits 
(Budimirovic & Kaufmann, 2011; Hagerman et al., 1986), dysregula-
tion of Arf6 may contribute to the pathophysiology of FXS. In con-
clusion, we introduce altered Arf6 regulation as a plausible candidate 
upstream of actin cytoskeleton changes, dendritic spine phenotypes 
and ID in FXS.
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