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Abstract
Through their ability to modulate synaptic transmission, glial cells are key regulators of neuronal circuit formation and
activity. Kidins220/ARMS (kinase-D interacting substrate of 220 kDa/ankyrin repeat-rich membrane spanning) is one of the
key effectors of the neurotrophin pathways in neurons where it is required for differentiation, survival, and plasticity.
However, its role in glial cells remains largely unknown. Here, we show that ablation of Kidins220 in primary cultured
astrocytes induced defects in calcium (Ca2+) signaling that were linked to altered store-operated Ca2+ entry and strong
overexpression of the transient receptor potential channel TRPV4. Moreover, Kidins220−/− astrocytes were more sensitive
to genotoxic stress. We also show that Kidins220 expression in astrocytes is required for the establishment of proper
connectivity of cocultured wild-type neurons. Altogether, our data reveal a previously unidentified role for astrocyte-
expressed Kidins220 in the control of glial Ca2+ dynamics, survival/death pathways and astrocyte–neuron communication.

Introduction

Astrocytes are the most abundant glial cell type in the central
nervous system and play crucial roles in regulating brain
function and homeostasis, being involved in various processes
such as neurotransmitter clearance, neuronal migration,
synapse formation, and synaptic plasticity [1, 2]. They

express a wide variety of channels and neurotransmitter
receptors and are able to release numerous factors that allow
them to maintain a continuous bidirectional communication
with neurons [2–4]. Astrocytes are not electrically active and
elevation of intracellular calcium concentration ([Ca2+]i) is
one of the key regulators of signaling to neurons [5, 6].
Specifically, increase of [Ca2+]i drives the release of several
gliotransmitters in vitro and in situ, including glutamate and
ATP, which can act in autocrine fashion on the same astro-
cytes, and/or induce paracrine effects on neighboring neurons
[2, 7]. Fine-tuning of astrocytic [Ca2+]i is therefore essential
for modulating neuronal circuits and connectivity.

Besides shaping the connectivity and functionality of
neighboring neurons, astroglia [Ca2+]i dynamics have been
recently shown to play an important role in the physiolo-
gical processes leading to cognition and memory formation
[8], by coordinating and priming the activity of specific
neural circuits [9, 10]. Not surprisingly, dysfunctions in
astroglia [Ca2+]i signaling have been shown to play a causal
role in the neurodegenerative processes common to a
number of pathogenic conditions, such as those described in
aging and in Alzheimer’s disease [11], as well as in beha-
vioral alterations and disorders of cognition [12–14].
Because astroglial dysfunctions appear to be a common
hallmark of several neurologic disorders, astrocytes are also
endowed with increasing clinical relevance, as they may

Edited by L. Greene

* Fabrizia Cesca
fcesca@units.it

1 Center for Synaptic Neuroscience and Technology, Istituto Italiano
di Tecnologia, 16132 Genova, Italy

2 Department of Experimental Medicine, University of Genova,
16132 Genova, Italy

3 Department of Pharmacy and Biotechnology, University of
Bologna, 40126 Bologna, Italy

4 IRCCS Ospedale Policlinico San Martino, Genova, Italy
5 Department of Life Sciences, University of Trieste, 34127

Trieste, Italy
6 Present address: Department of Neuroscience, Tufts University

School of Medicine, Boston, MA, USA

Supplementary information The online version of this article (https://
doi.org/10.1038/s41418-019-0431-5) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0431-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0431-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0431-5&domain=pdf
http://orcid.org/0000-0001-7648-0977
http://orcid.org/0000-0001-7648-0977
http://orcid.org/0000-0001-7648-0977
http://orcid.org/0000-0001-7648-0977
http://orcid.org/0000-0001-7648-0977
http://orcid.org/0000-0002-0653-8368
http://orcid.org/0000-0002-0653-8368
http://orcid.org/0000-0002-0653-8368
http://orcid.org/0000-0002-0653-8368
http://orcid.org/0000-0002-0653-8368
http://orcid.org/0000-0003-2190-6314
http://orcid.org/0000-0003-2190-6314
http://orcid.org/0000-0003-2190-6314
http://orcid.org/0000-0003-2190-6314
http://orcid.org/0000-0003-2190-6314
mailto:fcesca@units.it
https://doi.org/10.1038/s41418-019-0431-5
https://doi.org/10.1038/s41418-019-0431-5


represent an alternative and easier target for drugs than
neurons [15]. In this view, any further contribution to the
understanding of the cellular substrates of glial [Ca2+]i
signaling is of potential interest for biomedical applications.

Kidins220 (Kinase-D interacting substrate of 220 kDa),
also known as ARMS (Ankyrin repeat-rich membrane
spanning) is a transmembrane protein preferentially
expressed in the nervous system [16, 17]. It mediates the
intracellular signaling cascades initiated by Trk and p75
neurotrophin (p75NTR) receptors upon neurotrophin binding
[18]. Kidins220 also interacts with other membrane recep-
tors, like vascular endothelial growth factor-, glutamate-,
and ephrin receptors [19–22], and it is thus a common
converging target of several trophic stimuli. Kidins220 has
been extensively studied in neurons, where it is required for
differentiation, survival, and synaptic plasticity [23, 24].
Studies in Kidins220 mutant mice revealed that the com-
plete ablation of Kidins220 leads to embryonic death
associated with apoptosis in the central and peripheral
nervous systems and cardiovascular abnormalities [22, 25].
Studies in adult mice showed that a partial reduction of
Kidins220 levels is sufficient to induce synaptic deficits and
affect higher cognitive functions such as learning and
memory [26–29]. While the role of Kidins220 in neurons
has been comprehensively addressed through in vitro and
in vivo studies, its function in astroglial cells is still com-
pletely unexplored. In this study, we investigated the role of
Kidins220 in astrocytes using primary cultures derived from
Kidins220−/− and wild-type embryo littermates, and post-
natal cultured astrocytes derived from Kidins220lox/lox mice
in which Kidins220 depletion was acutely induced by
lentivirus-expressed Cre recombinase. Our data show that
besides its well-established role in neurons, Kidins220 plays
an important role in astrocytes modulating intracellular
Ca2+ dynamics, survival and death pathways as well as
astrocyte–neuron communication.

Materials and methods

Animals

All embryos used in this study were obtained from crosses
of Kidins220+/− mice [22, 30] in the C57BL/6 background.
Mice were mated overnight and separated in the morning.
The development of the embryos was timed from the
detection of a vaginal plug, which was considered day 0.5.
Postnatal cultures were prepared from P0-P1 pups obtained
from crosses of Kidins220+/lox mice on the C57BL/6
background. All experiments were carried out in accordance
with the guidelines established by the European Community
Council (Directive 2010/63/EU of September 22, 2010) and
were approved by the Italian Ministry of Health.

Antibodies

The following primary antibodies were used: rabbit
polyclonal anti-Kidins220 (GSC16, #AB34790, Abcam,
Cambridge, UK), rabbit monoclonal anti-GAPDH
(14C10, #2118, Cell signaling, Leiden, The Nether-
lands), rabbit polyclonal anti-active caspase 3 (#AF835,
R&D Systems, Minneapolis, MN, USA), rabbit anti-β
tubulin III (#T2200, Sigma-Aldrich, Milan, Italy), guinea
pig polyclonal anti-vesicular glutamate transporter-1
(VGLUT1, #AB5905, Merck-Millipore, Darmstadt, Ger-
many), rabbit polyclonal anti-vesicular GABA transporter
(VGAT, #131003, Synaptic System, Goettingen, Ger-
many), mouse monoclonal anti-glial fibrillary acidic pro-
tein (GFAP, #G3893, Sigma-Aldrich), rabbit polyclonal
anti-TRPV4 (#ab39260, Abcam), mouse anti-neuronal
nuclei (NeuN, #MAB377, Merck-Millipore), chicken anti-
NeuN (#266006, Synaptic Systems), guinea pig anti-Iba1
(#234004, Synaptic Systems), and rabbit anti-Olig2
(#AB9610, Merck-Millipore).

Secondary antibodies for western blot analysis were ECL
Plex goat anti-rabbit IgG-Cy5 (PA45012, GE Healthcare,
Milan, Italy), ECL Plex goat anti-mouse IgG-Cy3
(PA43009, GE Healthcare), HRP-conjugated goat anti-
rabbit antibodies (#31460, Thermo Fisher Scientific, Wal-
tham, MA, USA), and HRP-conjugated goat anti-mouse
antibodies (#31430, Thermo Fisher Scientific). Fluores-
cently conjugated secondary antibodies for immunocy-
tochemistry were from molecular probes (Thermo Fisher
Scientific; Alexa Fluor 488, #A11029; Alexa Fluor 647,
#A21450 and #A32933; Alexa Fluor 568, #A11031 and
A11011; Alexa Fluor 405, #A31556). Hoechst (#B2261,
Sigma-Aldrich) was used to stain nuclei.

Primary astrocyte culture

E18.5 or P0-P1 cortices were dissected in ice-cold phos-
phate buffered saline (PBS), incubated with trypsin 0.25%
and 1 mg/ml DNase I for 30 min at 37 °C, and mechani-
cally dissociated. Cells were then resuspended and plated
on poly-D-lysine-coated flasks or glass coverslips, in
MEM medium containing 10% FBS, 2 mM glutamine, 33
mM glucose and antibiotics (astrocyte culture medium).
After 24 h, the medium was removed and replaced with
fresh culture medium. After 1 week, half of the medium
was replaced with fresh culture medium. The purity of the
culture was verified by immunostaining using anti-GFAP,
anti-NeuN/anti-β-tubulin III, anti-Olig2 and anti-Iba1
antibodies to identify astrocytes, neurons, oligoden-
drocytes, and microglia, respectively (Fig. S1). This
showed that embryonic and postnatal cultures were
composed of about 88% astrocytes and were totally
devoid of neurons.
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Lentivirus production and infection procedures

HEK293T (ATCC CRL-3216) cells were maintained in
Iscove’s Modified Dulbecco’s Medium supplemented with
10% FBS, 2 mM Glutamine, 100 U/ml penicillin, and 0.1
mg/ml streptomycin in a 5% CO2 humidified incubator at
37 °C. Cells were routinely tested for mycoplasma, and
resulted mycoplasma free. Cells were transfected with the
Δ8.9 encapsidation plasmid, the VSVG envelope plasmid
and the pLenti-PGK-Cre-EGFP or pLenti-PGK-ΔCre-
EGFP plasmids [31] using the calcium phosphate method.
The transfection medium was replaced by fresh medium
after 16 h. Supernatants were collected 36–48 h after
transfection, centrifuged to remove cell debris, passed
through a 0.45 µm filter, and ultracentrifuged 2 h at
20,000 × g at 4 °C. Viral pellets were resuspended in PBS,
aliquoted and stored at −80 °C until use.

Confluent postnatal cultures were trypsinized and seeded
on six-well plates or glass coverslips coated with poly-D-
lysine for subsequent experiments. Cells were infected 3 days
later with lentiviruses encoding catalytically dead (ΔCre) or
active Cre recombinase with the lowest infectious dose cap-
able of transducing ≥95% of cells (dilution range
1:500–1:800) and used for experiments ≥7 days after
transduction.

Astrocyte–neuron cocultures

Once the astrocytes reached confluence, they were trypsinized
and plated at the same relative density on glass coverslips that
had been coated with poly-D-lysine; cultures were then
maintained for 3 days in astrocyte culture medium. Twenty-
four hours before adding neurons, astrocytes cultures were
changed to Neurobasal medium containing B27 supplements,
glutamax, and antibiotics. Neurons were prepared from E18.5
mice as described previously [22, 30] and plated directly onto
established astrocyte cultures at 20,000 cells/coverslip. Cells
were then fixed in 4% PFA at 3, 5, 7, or 10 DIV and mor-
phological analysis was performed.

Calcium imaging

Astrocytes at 3 DIV or at 7–8 DIV after lentivirus infection
were loaded with 1 µg/ml Fura-2-AM (#F1221, Thermo
Fisher Scientific) in astrocyte culture medium for 30 min at
37 °C. Subsequently, cells were washed in recording buffer
(10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM KCl, 1 mM
MgCl2, 10 mM Glucose, and 2 mM CaCl2) 30 min at 37 °C
to allow hydrolysis of the esterified groups. Coverslips with
cells were mounted on the imaging chamber and loaded
with 0.45 ml of recording buffer. Fura-2-loaded cultures
were observed with an inverted Leica 6000 microscope
using a HCX PL APO lambda blue 63.0 × 1.40 oil-

immersion objective. For analyzing ATP-evoked [Ca2+]i
transients, 50 µl of ATP solution (final concentration 100
µM, #A2383, Sigma-Aldrich) was manually added to the
culture medium 15 s after the beginning of the recordings.
Where indicated, cells were preincubated with 10 µM
U73122 (PLCγ inhibitor, #U6756, Sigma-Aldrich) or
U73343 (inactive analog, #U6881, Sigma-Aldrich) for 10
min before the beginning of the recordings. Samples were
excited at 340 and 380 nm and images of fluorescence
emission at 510 nm were acquired using a Hamamatsu-
C9100–02-LNK00 camera. Calcium levels were estimated
from background subtracted ratio images (340/380 nm) of
Fura-2-loaded astrocytes at the cell body level according to
the equation of Grynkiewicz [32]

Ca2þ
� � ¼ Kd � R� Rmin

Rmax � R
� F380

max

F380
min

;

where R is the measured 340/380 nm ratio; Rmin and Rmax are
the ratios in the absence of Ca2+ or when Fura-2 is saturated
by Ca2+, and F380

max and F380
min are the fluorescence intensity of

380 nm excitation at 0 Ca2+ and at Ca2+ saturation. To
determine the Kd in our system, in situ calibration was
performed by using 1 µM of the Ca2+-ionophore ionomycin
in recording buffer containing an increasing concentration of
Ca2+, ranging from 1 to 10mM.

Biochemical techniques

Cells were washed once in ice-cold PBS and lysed in RIPA
buffer (50 mM Tris-HCl pH 7.4, 150mM NaCl, 2 mM
EDTA, 1% NP40, 0.1% SDS) plus protease and phosphatase
inhibitors [complete EDTA-free protease inhibitors, Roche
Diagnostic (Monza, Italy); serine/threonine phosphatase
inhibitor and tyrosine phosphatase inhibitor, Sigma-Aldrich].
After centrifugation at 16,000 × g for 15min at 4 °C, protein
concentration was quantified by using the BCA Protein Assay
kit (Thermo Fisher Scientific). SDS-PAGE and western
blotting were performed by using precast 4–12% NuPAGE
Novex Bis-Tris Gels (Invitrogen, Thermo Fisher Scientific).
After incubation with primary antibodies, membranes were
incubated with fluorescently conjugated secondary antibodies
and revealed by a Typhoon Variable Mode Imager (GE
Healthcare) or with HRP-conjugated secondary antibodies
and ECL Prime Western Blotting System (#RPN2106, GE
Healthcare) and imaged using a ChemiDoc imaging system
(Bio-Rad, Milan, Italy). Immunoreactive bands were quanti-
fied by using the ImageJ software.

Immunocytochemistry

Cells were fixed in PBS/4% PFA for 15 min, then washed in
PBS. Cells were subsequently permeabilized with PBS/
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0.2% Triton-X 100 for 10 min at room temperature (RT)
then incubated with primary antibodies diluted in PBS/1%
BSA overnight at 4 °C or 2 h at RT. After washes in PBS,
cells were incubated with fluorescent secondary antibodies
diluted in PBS/1% BSA. After washes, coverslips were
mounted with Mowiol.

Sholl analysis

Coverslips with cocultured neurons and astrocytes were
fixed at 3 DIV and stained with anti-β tubulin III antibodies.
Images were acquired with a Leica SP8 confocal micro-
scope with a HCX PL APO lambda blue 40.0 × 1.40 OIL
UV objective and the Sholl analysis was performed using
the Sholl plugin of ImageJ (starting radius 1 µm, radius step
size 5 µm). The total dendritic length was measured with the
NeuronJ plugin of ImageJ. At least 20 neurons per condi-
tion from five independent wild-type and Kidins220−/−

astrocytes cultures were analyzed and averaged.

Stress experiments

To challenge cells with different kinds of stress, culture
medium from coverslips with astrocytes at 14 DIV was
removed and kept at 37 °C. Cells were washed twice with
HBSS then exposed to 100 or 300 µM H2O2 for 30 min or
exposed to a 25 or 50 mJ/cm2 UVB radiation with a Bio-
Link Crosslinker BLX-E254. Cells were then washed with
HBSS, returned to the culture incubator in their culture
medium for 24 h of recovery at 37 °C and fixed in PBS/4%
PFA before staining with anti-active caspase 3 antibody to
quantify the percentage of apoptotic cells.

Measure of BDNF, glutamine, and ATP
concentration in culture supernatants

To measure BDNF, Glutamine and ATP secretion, culture
supernatants were removed from wild-type and Kidins220−/−

astrocytes at 15 DIV. BDNF protein concentration was
measured with the BDNF Emax® ImmunoAssay System
(Promega, Milan, Italy), glutamine concentration was mea-
sured with the Glutamine assay kit (Abnova, Taipei City,
Taiwan), and ATP concentration was measured with the
ATP determination kit (Thermo Fisher Scientific), all
according to the manufacturer’s instructions.

RNA extraction and RT-qPCR

Total RNA was extracted with the QIAzol lysis reagent
(Qiagen, Milan, Italy) from wild-type and Kidins220−/−

astrocyte cultures at 15 DIV. The corresponding cDNAs
were prepared by reverse transcription of 1 µg of RNA using
the SuperScript III First-Strand Synthesis System (Invitrogen,

Thermo Fisher Scientific) with an oligo-dT primer according
to the manufacturer’s instructions. The resulting cDNAs were
used as a template for RT-qPCR using a CFX96 Real-Time
PCR Detection System (Bio-Rad) with a SYBR Green
master mix (Qiagen). Thermal cycling parameters were 5 min
at 95 °C, followed by 40 cycles of 95 °C for 15 s, and 60 °C
for 45 s. The relative quantification in gene expression was
determined using the ΔΔCt method. To normalize expression
data, primers for ten commonly used housekeeping genes
were used, and the normalization factor was determined
using the geNorm software, as described [33]. This led to the
selection of the following internal control genes in our
assays: transferrin receptor protein 1, TATA-box-binding
protein, and Tubulin beta-2A. Sequences of the primers used
are listed in Supplementary Table 1.

Electrophysiological recordings

Wild-type and Kidins220−/− astrocyte cultures were used
for patch-clamp recordings. Experiments were performed
using an EPC-10 amplifier controlled by PatchMaster
software (HEKA Elektronik, Lambrecht/Pfalz, Germany)
and an inverted DMI6000 microscope (Leica Microsystems
GmbH, Wetzlar, Germany). Patch electrodes fabricated
from thick borosilicate glasses were pulled to a final resis-
tance of 4−5MΩ. Recordings with leak current > 100 pA
were discarded. The standard bath saline contained (in
mM): 140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 5
glucose, pH 7.4 with NaOH, and adjusted to 315 mOsm/l
with mannitol. The intracellular (pipette) solution was
composed of (in mM): 144 KCl, 2 MgCl2, 5 EGTA, 10
HEPES, pH 7.2 with KOH; 300 mOsm/l. Experiments were
carried out at RT (20–24 °C). All reagents were purchased
from Sigma-Aldrich.

For coculture experiments, primary neurons were recor-
ded by patch-clamp experiments after 14 DIV. Recordings
of evoked firing activity in current-clamp configuration
were performed in Tyrode’s extracellular solution in which
D-(−)-2-amino-5-phosphonopentanoic acid (AP5, 50 μM),
6-cyano-7 nitroquinoxaline-2,3-dione (CNQX, 10 μM),
bicuculline methiodide (BIC, 30 μM), and (2 S)-3-[[(1 S)-1-
(3,4-Dichlorophenyl)ethyl]amino-2-hydroxypropyl](phe-
nylmethyl) phosphinic acid hydrochloride (CGP, 5 μM)
were added to block NMDA, non-NMDA, GABAA, and
GABAB receptors, respectively. The internal solution was
composed of (in mM): 126 K-gluconate, 4 NaCl, 1 MgSO4,
0.02 CaCl2, 0.1 BAPTA, 15 glucose, 5 Hepes, 3 ATP, and
0.1 GTP, pH 7.3. Current-clamp recordings were performed
at a holding potential of −70 mV, and action potential (AP)
firing was induced by injecting current steps of 10 pA
lasting 500 ms. All parameters were analyzed using the
Fitmaster (HEKA Elektronik) and GraphPad Prism 6
(GraphPad Software, Inc.) software.
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Statistical analysis

Data are presented as means ± S.E.M. throughout the text.
The distribution of the data was assessed using the
D’Agostino–Pearson omnibus normality test. When com-
paring two groups unpaired two-sided Student’s t test and
one-sample t-test were used, and equality of variances tested
through the F test. When more than two groups were
compared, one-way ANOVA or repeated measures
ANOVA followed by the Bonferroni’s post hoc multiple
comparison test, or Kruskal–Wallis followed by the Dunn’s
multiple comparison test were performed to assess sig-
nificance as indicated in figure legends, and equality of
variances tested through the Brown–Forsythe’s and Bar-
tlett’s test. Alpha levels for all tests were 0.05% (95%
confidence intervals). No statistical methods were used to
predetermine sample sizes, however sample sizes in this
work (indicated in figure legends) are similar to those pre-
viously reported in the literature for similar experiments.
The ROUT method with Q= 1% was used to identify
outliers for exclusion from analysis. All statistical proce-
dures were performed using GraphPad Prism 6 software
(GraphPad Software, Inc).

Results

Kidins220 is required for spontaneous and stimulus-
induced calcium signaling in astrocytes

Spontaneous [Ca2+]i oscillations are essential for commu-
nication between astrocytes and neurons [34, 35] and par-
tially depend on IP3R-induced endoplasmic reticulum Ca2+

release [36]. By hydrolyzing phosphatidylinositol-4,5-
bisphosphate (PIP2) to produce inositol-1,4, 5-triphosphate
(IP3) and diacylglycerol (DAG), PLCγ is a major regulator
of [Ca2+]i signaling [37]. There is also evidence that Ca2+

permeable ion channels located at the astrocyte plasma
membrane are key regulators of [Ca2+]i dynamics [38]. Live
imaging with ratiometric Fura-2-AM was used to determine
whether Kidins220 is involved in the generation of spon-
taneous [Ca2+]i oscillations in astrocytes. Both wild-type
and Kidins220−/− embryonic astrocytes displayed sponta-
neous [Ca2+]i oscillations with various dynamics (Fig. 1a).
Interestingly, the percentage of cells showing activity was
strongly reduced in the absence of Kidins220 (Fig. 1b, left),
whereas the amplitude and frequency of [Ca2+]i transients
were comparable between Kidins220−/− and wild-type cells
(Fig. 1b, middle and right). The reduced number of cells
showing spontaneous oscillations could be ascribed to an
overall altered maturation of Kidins220−/− embryonic
astrocyte cultures. In order to address this point, we took
advantage of the conditional allele and prepared

primary astrocyte cultures from P0 to P1 pups from
Kidins220+/lox × Kidins220+/lox breeding couples, which
allowed us to have both Kidins220+/+ and Kidins220lox/lox

animals in the same litter. Primary Kidins220lox/lox cultures
were subsequently infected with lentiviruses expressing
either the active form of the Cre recombinase to induce
Kidins220 depletion, or a functionally inactive Cre (ΔCre)
as control ([31], Fig. S2A, B, see “Materials and methods”
section for details). We refer to these cultures as
“Kidins220-depleted” (Kidins220lox/lox−Cre) and “control”
(Kidins220lox/lox−ΔCre). We first compared spontaneous
[Ca2+]i oscillations in embryonic and postnatal wild-type
cultures, and observed about 50% of spontaneously oscil-
lating cells in both cultures (Fig. 1d, left, compared with
Fig. 1b, left). The frequency of oscillations was comparable
(Fig. 1d, middle, compared with Fig. 1b, middle) but,
interestingly, the average amplitude was strongly reduced in
postnatal, compared with embryonic, cultures (Fig. 1c
compared with Fig. 1a; Fig. 1d, right, compared with
Fig. 1b, right). Cre-induced Kidins220 depletion did not
affect any of the measured parameters of spontaneous
[Ca2+]i transients (Fig. 1c, d). Overall, these data suggest
that the chronic deletion of Kidins220 alters spontaneous
[Ca2+]i dynamics in embryonic astrocytes.

We subsequently investigated the role played by
Kidins220 in stimulus-induced [Ca2+]i signaling. We there-
fore monitored the response to ATP stimulation, since ATP is
a powerful signaling molecule that modulates [Ca2+]i
dynamics in cultured astrocytes [39]. Similarly to what
observed for spontaneous oscillations, in embryonic cultures
the percentage of cells displaying ATP-evoked [Ca2+]i ele-
vations was strongly reduced in the absence of Kidins220
(Fig. 1e), confirming the involvement of Kidins220 in [Ca2+]i
signaling. However, the kinetics and the peak amplitudes of
the ATP-induced [Ca2+]i rise in cells responding to the ATP
challenge were comparable in wild-type and Kidins220−/−

astrocytes (Fig. 1f, left, and g). Moreover, the chronic absence
of Kidins220 did not affect the dependence of the [Ca2+]i
rises upon PLCγ activation, as shown by the absence of ATP-
induced [Ca2+]i transients in the presence of the specific
PLCγ inhibitor U73122 (Fig. 1f, right). We next studied the
role of Kidins220 on ATP-induced [Ca2+]i transients in
postnatal cultures, and found that the responses were com-
parable to embryonic cultures in terms of percentage of
responding cells, kinetics and peak amplitudes, and, impor-
tantly, they were not affected by Kidins220 depletion
(Fig. 1h–j). As for embryonic cultures, ATP-induced [Ca2+]i
transients were dependent on PLCγ, as preincubation with the
U73122 PLCγ inhibitor completely prevented the response
(Fig. 1i, right).

Overall, our data show that Kidins220 affects [Ca2+]i
signaling in cultured astrocytes. However, the effects
induced by Kidins220 depletion are observed only in

Kidins220/ARMS controls astrocyte calcium signaling and neuron–astrocyte communication 1509



1510 F. Jaudon et al.



embryonic cultures from Kidins220−/− mice, suggesting
that chronic loss of Kidins220 causes developmental defects
in primary cultured astrocytes.

Kidins220 regulates the expression of plasma
membrane proteins involved in [Ca2+]i signaling

In the attempt to gain more mechanistic insights to explain
the differential [Ca2+]i responses observed in Kidins220−/−

astrocytes, we next addressed the possibility that Kidins220
ablation induces a derangement of the processes underlying
[Ca2+]i homeostasis. Whereas wild-type cells responding to
ATP were characterized by a lower basal [Ca2+]i con-
centration compared with not responding cells, this

difference was not observed in Kidins220−/− astrocytes, in
which basal [Ca2+]i levels were comparable between ATP-
responding and non-responding cells, and were not sig-
nificantly different from the wild-type groups (Fig. 2a). We
then addressed the mechanism of store-operated Ca2+ entry
(SOCE), which is a key determinant of [Ca2+]i dynamics.
Administration of thapsigargin, a specific inhibitor of the
sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), in the
absence of extracellular Ca2+, induces an increase of [Ca2+]i
proportional to the depletion of the internal Ca2+ stores.
Under these experimental conditions, [Ca2+]i rises were
lower in Kidins220−/− astrocytes compared with wild type,
strongly indicating that Kidins220−/− astrocytes have an
impairment of the Ca2+ release from intracellular stores.
When Ca2+ (2 mM) is added back to the extracellular
solution, the [Ca2+]i increase is mediated by plasma mem-
brane Ca2+ channels involved in store refilling via SOCE.
Our data indicate that upon Ca2+ readmission, the [Ca2+]i
rise was also markedly reduced in Kidins220−/− astrocytes
compared with wild-type cells (Fig. 2b). Altogether these
results indicate that Kidins220 is necessary for correct
[Ca2+]i signaling associated with SOCE in primary
embryonic astrocytes.

To better understand the mechanisms underlying the
observed dysregulation of spontaneous and evoked [Ca2+]i
oscillations in Kidins220−/− astrocytes, we performed
RT-qPCR on mRNAs extracted from wild-type and
Kidins220−/− cultured astrocytes and analyzed the expres-
sion profile of a panel of channels and receptors involved in
[Ca2+]i dynamics (Fig. 2c). It is well known that ATP
promotes an increase in [Ca2+]i signaling in astrocytes by
binding to purinergic receptors (P2) belonging to the ligand-
gated (P2X) and G-protein-coupled (P2Y) subtypes [40].
We therefore asked whether the decrease in the number of
ATP-responding cells was due, at least in part, to altered
expression of ATP receptors, and found downregulation of
the transcripts for P2Y1, P2Y2, and P2X1, and upregulation
of P2X5. Since our data showed a decrement in SOCE
efficiency in Kidins220−/− astrocytes, we next investigated
the expression levels of proteins known to be involved in
SOCE. No significant changes were observed in the tran-
script levels of SERCA2, of STIM1/2, the major endo-
plasmic proteins coupled to store refilling mechanisms at
the plasma membrane [41], and of the inositol-1,4,5-tri-
phosphate (IP3) receptor subtype 2 (IP3R2), which is spe-
cifically expressed in astrocytes [42, 43] and coupled to
purinergic receptor activity [44]. The expression of voltage-
gated Ca2+ channels in astrocytes has been reported in
cultured astrocytes and in situ at least at the molecular level
([40] and references therein). We found detectable expres-
sion of various subtypes of voltage-gated Ca2+ channels in
wild-type astrocytes, which were differentially affected by
the absence of Kidins220. Indeed, Kidins220−/− cells were

Fig. 1 Calcium signaling is impaired in Kidins220−/− embryo-derived
astrocytes. a, b Spontaneous [Ca2+]i transients in wild-type (+/+) and
Kidins220−/− embryonic astrocytes. a Representative spontaneous
[Ca2+]i oscillations recorded in wild-type (top panel, blue traces) and
Kidins220−/− (bottom panel, red traces) astrocytes. b Percentage of
spontaneously active cells (left), **p < 0.01, unpaired Student’s t test,
n= 6 for both wild-type and Kidins220−/− cultures; frequency (mid-
dle) and amplitude (right) of spontaneous [Ca2+]i oscillations in wild-
type and Kidins220−/− astrocyte cultures. p > 0.05, unpaired Student’s
t test, n= 16 for both wild-type and Kidins220−/− cells from six
independent cultures. c, d Spontaneous [Ca2+]i transients in wild-type
(+/+) and Kidins220lox/lox P0-P1 astrocyte cultures infected with
lentiviruses encoding catalytically dead (ΔCre) or active Cre recom-
binase. c Representative spontaneous [Ca2+]i oscillations recorded in
wild-type (top panel, light blue traces), Kidins220lox/lox−ΔCre (middle
panel, pink traces), and Kidins220lox/lox−Cre (bottom panel, dashed
traces) astrocytes. d Percentage of spontaneously active cells (left),
p > 0.05, one-way ANOVA followed by Bonferroni’s multiple com-
parison test (n= 4 and 6 for wild-type and Kidins220lox/lox cultures,
respectively); frequency (middle) and amplitude (right) of spontaneous
[Ca2+]i oscillations in wild-type and Kidins220lox/lox P0-P1 astrocyte
cultures. p > 0.05, one-way ANOVA followed by Bonferroni’s multiple
comparison test (n= 20, 25, and 24 for wild-type, Kidins220lox/lox−ΔCre,
and Kidins220lox/lox−Cre cells from 4 to 6 independent cultures, respec-
tively). e–g ATP-induced [Ca2+]i signals in wild-type and Kidins220

−/−

astrocytes. e Percentage of cells displaying Ca2+ transients in response
to ATP (100 μM) stimulation. *p < 0.05, unpaired Student’s t test, n= 6
for both wild-type and Kidins220−/− cultures. f Kinetics of ATP-evoked
[Ca2+]i dynamics in wild-type and Kidins220−/− astrocytes in the
absence (left) or presence (right) of U73122 (PLCγ inhibitor) or
U73343 (inactive analog). g Amplitude of ATP-evoked [Ca2+]i signal
in wild-type and Kidins220−/− astrocytes. p > 0.05, unpaired Student’s
t test, n= 19 wild-type and 18 Kidins220−/− cells from six indepen-
dent cultures. h–j ATP-induced [Ca2+]i transients in wild-type and
Kidins220lox/lox astrocytes. h Percentage of cells displaying [Ca2+]i rise
in response to ATP (100 µM) stimulation (n= 4 and 6 for wild-type
and Kidins220lox/lox cultures, respectively). i Kinetics of ATP-evoked
Ca2+ influx in wild-type and Kidins220lox/lox astrocytes in the absence
(left) or presence (right) of U73122 (PLCγ inhibitor) or U73343
(inactive analog). j Amplitude of ATP-evoked [Ca2+]i signal in wild-
type and Kidins220lox/lox astrocytes. p > 0.05, one-way ANOVA fol-
lowed by Bonferroni’s multiple comparison test (n= 16, 22, and 20
for wild-type, Kidins220lox/lox−ΔCre, and Kidins220lox/lox−Cre cells from
4 to 6 independent cultures, respectively). Values are expressed as
means ± S.E.M. in all panels
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characterized by decreased expression of Cav1.3, but not of
Cav1.2 (L-type Ca2+ channels) and of Cav3.1 (T-type Ca2+

channel). Astrocytes are also endowed with a variety of ion
channels that permeate Ca2+ and monovalent cations, called
transient receptor potential (TRP), which are involved in the
modulation of [Ca2+]i dynamics and play a role in SOCE

[40]. Some of those are involved in agonist-mediated [Ca2+]i
dynamics, or play a role in spontaneous [Ca2+]i oscillations
[45]. The transcript levels of TRPC1, TRPC3 and TRPA1,
were not significantly altered in Kidins220−/− astrocytes.
Notably TRPV4, which is expressed in cultured astrocytes
and mediates [Ca2+]i signaling [46], showed a remarkable
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six-fold increase in Kidins220−/− astrocytes, compared with
wild-type cells. We furthermore addressed whether tran-
scription of Ca2+-related proteins was altered also in post-
natal cultures, and confirmed the reduced P2Y1 and P2Y2
and the increased TRPV4 expression (Fig. S2C).

The large upregulation of TRPV4 expression was corro-
borated by western blot and immunostaining analyses
(Fig. 2d, e). Likewise stimulation of cultured astrocytes with
4αPDD, a specific TRPV4 agonist that was shown to increase
[Ca2+]i in astrocytes [47], caused higher [Ca2+]i responses in
Kidins220−/− astrocytes compared with wild-type cells
(Fig. 2f). Altogether these results indicate that the absence of
Kidins220 in astrocytes leads to alterations of [Ca2+]i sig-
naling through dysregulation of Ca2+-permeable proteins on
both the endoplasmic and plasma membranes. Since overall
the changes induced by Kidins220 depletion were more evi-
dent in the Kidins220−/− system, we proceeded by analyzing
the functional outcomes of the observed deficits on cell sur-
vival and astrocyte-to-neuron communication by performing
experiments on constitutively knocked out cells.

Kidins220−/− astrocytes are more sensitive to
genotoxic stress

Ca2+-dependent pathways are crucial to shape astrocyte
responsiveness to extracellular cues, ultimately determining
the activation of survival or death pathways [48]. We thus
asked whether the described alterations in the [Ca2+]i sys-
tem could have an impact on the viability of Kidins220−/−

cells. To this aim, the percentage of active caspase 3-
positive apoptotic cells was quantified after exposure to
either oxidative or genotoxic stress, triggered by H2O2 or
UVB exposure, respectively. While no differences in the
number of apoptotic cells were evident under basal condi-
tions, cells showed different sensitivity to stressing stimuli
in the absence of Kidins220. Oxidative stress-induced cell
death did not depend on the presence of Kidins220
(Fig. 3a), while the percentage of dying cells in cultures
exposed to UVB (25 mJ/cm2) was strongly increased in
Kidins220−/− astrocytes (Fig. 3b). No significant differ-
ences between wild-type and Kidins220−/− cells were
observed at a higher dose of UVB, suggesting the presence
of a ceiling effect in apoptosis induction irrespective of
genotype. Altogether, these results suggest that Kidins220
is involved in the regulation of astrocyte survival cap-
abilities under specific conditions.

Kidins220 expression in astrocytes is required for
proper neuronal development

To investigate the consequences of Kidins220 depletion in
astrocytes on neuronal development, wild-type neurons were
plated on wild-type or Kidins220−/− astrocytes and their
dendritic development was analyzed by Sholl analysis at 3
DIV. This analysis revealed that the complexity of the den-
dritic tree of the neurons grown on astrocytes depleted of
Kidins220 was reduced compared with neurons grown on
wild-type astrocytes, with reduction of branching and
decrease in the total dendritic length (Fig. 4a). We then asked
whether this morphological alteration was associated with
defective synaptic development, and analyzed the formation
of glutamatergic and GABAergic synaptic connections in
these neuron–astrocyte cocultures by quantifying the density
of VGLUT1 and VGAT boutons, respectively, at 5, 7, and 10
DIV. While the formation of glutamatergic synapses was
comparable across genotypes at all the developmental stages,
the density of VGAT boutons was delayed, being decreased
at the earliest stage analyzed (Fig. 4b, c).

To investigate whether the absence of Kidins220 in
astrocytes would also affect the functionality of a cocultured
neuronal network, we analyzed the excitability of neurons
in coculture with wild-type or Kidins220−/− cells by
recording AP firing in response to 500 ms stepwise injection

Fig. 2 Defects in SOCE and increased expression of the TRPV4 cal-
cium channel are detected in Kidins220−/− astrocytes. a Basal [Ca2+]i
concentration measured in wild-type and Kidins220−/− astrocytes
responding and non-responding to ATP. *p < 0.05, one-way ANOVA
followed by Bonferroni’s multiple comparison test (n= 34 wild-type
and 26 Kidins220−/− cells from six independent cultures). b
Thapsigargin-induced intracellular [Ca2+]i responses in wild-type and
Kidins220−/− astrocytes. Representative traces (left) and quantification
of fluorescence intensity (right) of thapsigargin (1 μM)-treated wild-
type or Kidins220−/− astrocytes, in the presence or absence of 2 mM
external Ca2+, as indicated. **p < 0.01, unpaired Student’s t test (n=
11 wild-type and Kidins220−/− cells from two independent cultures). c
mRNA expression profile of Ca2+ signaling proteins in Kidins220−/−

astrocyte cultures. mRNA expression of Kidins220−/− samples was
normalized to the values of wild-type samples within the same RT-
qPCR plate. *p < 0.05, ***p < 0.001, one-sample t-test (n= 5 for both
wild-type and Kidins220−/− cultures). d Protein extracts from wild-
type and Kidins220−/− astrocyte cultures at 15 DIV were analyzed by
western blotting using anti-Kidins220, anti-TRPV4, and anti-GFAP
antibodies. GAPDH was used as a loading control. A representative
immunoblot is shown on the left; quantification of TRPV4 and GFAP
expression levels is shown on the right. The intensity of the bands
from Kidins220−/− samples was normalized to the corresponding
bands from wild-type samples within the same nitrocellulose mem-
brane. *p < 0.05, one-sample t-test (n= 4 for both wild-type and
Kidins220−/− cultures). e Representative confocal images of wild-type
and Kidins220−/− astrocytes stained with anti-TRPV4 and anti-GFAP
antibodies, and with DAPI to visualize nuclei. Scale bars, 20 μm. f
4αPDD-induced intracellular Ca2+ influx in wild-type and
Kidins220−/− astrocytes. Representative traces (left) and quantification
of fluorescence intensity (right) of 4αPDD (5 μM)-treated wild-type
and Kidins220−/− astrocytes, in the presence or absence of 2 mM
external Ca2+, as indicated. Quantification was performed at the pla-
teau at 2 mM Ca2+, averaging values between 6 and 8 min. *p < 0.05,
unpaired Student’s t test (n= 13 wild-type and n= 12 Kidins220−/−

cells from three independent cultures). Values are expressed as means
± S.E.M. in all panels
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of current of increasing amplitude by whole cell patch-
clamp in the current-clamp configuration (Fig. 5a). These
experiments revealed a decrease in both evoked firing and
instantaneous firing frequency for wild-type neurons grown
on Kidins220−/− astrocytes, accompanied by a significantly
higher rheobase (Table S2), indicating a general reduction
of network excitability when Kidins220−/− astrocytes are
used as feeder layer. Overall, these data suggest that
Kidins220 expression in astrocytes is required for the
establishment of proper neuronal excitability.

To determine whether the observed defects in neuronal
development were contact-dependent or the consequence of
impaired secretion of gliotrophic factors, the same experi-
ments were performed on wild-type neurons cultured in
astrocyte-conditioned medium (ACM) derived from either
wild-type or Kidins220−/− cultures. In the absence of a
physical contact with astrocytes, neurons were overall less
excitable (rheobase 105.55 ± 22.42 versus 71.11 ± 11.60 pA
in the presence of astrocytes). However, the firing response to
current injection was still decreased when neurons were cul-
tured in the ACM from Kidins220−/− cells (Fig. 5b), sug-
gesting that the effect on neuronal development was
dependent on the paracrine action of gliotransmitters. In order
to identify the astrocyte-secreted factor(s) involved in this
process, the concentrations of BDNF, glutamine, and ATP
were measured by ELISA in culture supernatants from wild-
type and Kidins220−/− astrocytes (Fig. 5c). While both

BDNF and glutamine levels were not affected, a marked
reduction in ATP concentration in Kidins220−/− supernatants
was observed. Taken together, these data showed that
Kidins220 expression in astrocytes is required for the secre-
tion of gliotransmitters that are necessary for proper neuronal
development.

Discussion

With this work, we extended the knowledge about the
function of the scaffolding protein Kidins220, so far limited
to neurons [23, 24], to primary astrocytes. Kidins220−/−

embryos-derived cells display impaired [Ca2+]i dynamics
under basal conditions and upon ATP stimulation showing
that, in line with what was shown in the immune system
[49, 50], Kidins220 modulates [Ca2+]i responses in cultured
astrocytes. Although the precise mechanisms underlying
this [Ca2+]i alterations remain to be determined, our data
suggest that the [Ca2+]i signaling defects observed in the
absence of Kidins220 are the consequence of the altered
expression of several proteins involved in Ca2+ dynamics
such as purinergic receptors and voltage-gated Ca2+ chan-
nels. SOCE is an essential mechanisms to maintain [Ca2+]i
homeostasis in every cell type, including astrocytes [51],
where it controls the variations of [Ca2+]i that underlie Ca

2+

signaling and gliosecretion in response to extracellular

Fig. 3 Kidins220−/− astrocytes
are more sensitive to genotoxic
stress. Wild-type and
Kidins220−/− astrocyte cultures
at 15 DIV were treated with 100
or 300 µM H2O2 for 30 min (a)
or exposed to 25 or 50 mJ/cm2

UVB (b), fixed and stained with
anti-active caspase 3 antibodies.
Left: representative images of
treated cultures; arrows indicate
active caspase 3-positive
apoptotic cells. Scale bar,
50 µm. Right: quantification of
percentage of apoptotic cells
after H2O2 or UVB treatment.
*p < 0.05, unpaired Student’s
t test (n= 3 (a) and n= 4 (b)
for both wild-type and
Kidins220−/− cultures). Values
are expressed as means ± S.E.
M. in all panels
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stimuli [52, 53]. Kidins220−/− astrocytes are characterized
by altered expression of several genes involved in the reg-
ulation of Ca2+ influx from the intracellular stores and in
SOCE, and display a remarkable increase in the expression
of TRPV4, a member of the vanilloid subfamily of Ca2+

channels that is thermo-, osmo-, and mechano-sensitive
[54–56]. TRPV4 channels mediate Ca2+ influx in primary
astrocytes [46, 47] and promote Ca2+-dependent Ca2+

release [57]. In Kidins220−/− astrocytes, the increased
TRPV4 expression is associated with a decreased efficiency
of [Ca2+]i regulation and could, at least partially, compen-
sate for the defective [Ca2+]i homeostasis. Moreover, since
TRPV4 contributes to the astrocyte responses to various
pathological stimuli [47, 58], its increased levels could be
the expression of the astrocyte reaction to the stressing
environment generated by the lack of Kidins220. Notably,
[Ca2+]i deregulation in Kidins220−/− astrocytes was not
associated with a significant variation in other ionic para-
meters relevant to the homeostatic mechanisms of astroglial

cells, as shown by the observation that the plasma mem-
brane potassium (K+) conductance was not significantly
different between the wild-type and Kidins220−/− cells
(Fig. S3). This result adds support to the view that the
absence of Kidins220−/− in astrocytes specifically affects
only some of the signaling processes involved in the
functional capacity of astroglial cells. Interestingly,
Kidins220 depletion has different consequences on [Ca2+]i
homeostasis depending on the stage of the cells. Indeed,
Cre-induced depletion of Kidins220 in postnatal astrocytes
did not cause appreciable alterations of spontaneous and
stimulus-induced [Ca2+]i dynamics. Astrocytes undergo
important physiological changes from the embryonic
development to the postnatal period, accompanied by var-
iations in the expression pattern of several signaling pro-
teins [59]. The molecular underpinnings of such diverse
scenarios are currently under investigation.

[Ca2+]i oscillations also plays a fundamental role in
maintaining the tight balance between pro-survival and pro-

Fig. 4 Kidins220 expression in astrocytes is required for proper neu-
ronal development. a Wild-type neurons were plated on confluent
wild-type (+/+) or Kidins220−/− astrocyte cultures, fixed and stained
with anti-β tubulin III antibodies after 3 DIV to visualize, and quantify
network development. Left: representative images of neuron–astrocyte
cocultures. Scale bar, 25 µm. Middle: Sholl analysis of wild-type
neurons grown on either wild-type or Kidins220−/− astrocytes for 3
DIV. Genotype effect: p= 0.03; **p < 0.01, repeated measures
ANOVA followed by the Bonferroni’s multiple comparison test (n= 5
for both wild-type and Kidins220−/− cultures). Right: total dendritic
length of wild-type neurons grown on either wild-type or

Kidins220−/− astrocytes for 3 DIV. **p < 0.01, unpaired Student’s t
test (n= 22 wild-type and Kidins220−/− cells from five independent
cultures). Upper panels: representative images of wild-type neurons
plated on confluent wild-type or Kidins220−/− astrocyte cultures
stained with anti-VGLUT1 (b) or anti-VGAT (c) antibodies at 5, 7,
and 10 DIV. Scale bars, 5 µm. Lower panels: quantification of the
density of VGLUT1 and VGAT-positive boutons under the various
experimental conditions. *p < 0.05, unpaired Student’s t test (n= 20
wild-type and Kidins220−/− cells from five independent cul-
tures). Values are expressed as means ± S.E.M. in all panels
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apoptotic pathways [48]. Our results demonstrate that sur-
vival pathways are affected by the lack of Kidins220;
interestingly, this does not lead to a general decrease of cell
viability, but it rather selectively affects the sensitivity of
astrocytes to genotoxic stress. These results are consistent
with previous studies showing that depletion of Kidins220
facilitates UV irradiation-induced apoptotic death in mela-
noma cells [60], and suggest that Kidins220 is involved in
the modulation of cell survival only under specific stressing
conditions. Kidins220 has been identified as an oncogene,
affecting the ability of cells to survive, proliferate, and
migrate/metastasize in several cancer types, including mel-
anoma [60] and neuroblastoma [61–63]. On the basis of our
results, we hypothesize that alteration of Kidins220 levels is
a pathogenic event that can modify the physiological
equilibrium between survival and death pathways. The

relevance of defective [Ca2+]i dynamics in the observed
alteration in survival of Kidins220−/− astrocytes remains to
be established and warrants further investigation.

Astrocytic [Ca2+]i transients play a crucial role in the
bidirectional communication with neurons, and alterations
of [Ca2+]i-dependent intracellular signaling may have a
strong impact on neuronal survival and functionality
[5, 6, 64]. Indeed, wild-type neurons grown onto
Kidins220−/− astrocytes display neuronal development and
maturation defects compared with neurons grown on wild-
type glial cells, as illustrated by the reduced branching and
delay in the formation of inhibitory synapses; moreover
they are less excitable, as shown by the decrease in firing
frequency over a range of injected currents. Interestingly, a
similar reduction in excitability was observed when primary
neurons were cultured in Kidins220−/− astrocyte-derived

Fig. 5 Kidins220 expression in astrocytes is required for proper neu-
ronal maturation. a Firing properties of wild-type neurons grown on
either wild-type or Kidins220−/− astrocytes for 14 DIV. Left: repre-
sentative firing traces in response to current injection. Middle: number
of action potential versus injected current. Right: instantaneous fre-
quency calculated from the first interspike interval.
*p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test (n= 9
wild-type neurons on wild-type astrocytes, and n= 15 wild-type
neurons on Kidins220−/− astrocytes, from three independent prepara-
tions). b Firing properties of wild-type neurons grown for 14 DIV in
astrocyte-conditioned medium (ACM) from either wild-type (+/+) or

Kidins220−/− astrocytes. Left: representative firing traces in response
to current injections. Middle: number of action potential frequency
versus injected current. Right: instantaneous firing frequency of the
first action potential. *p < 0.05, **p < 0.01, unpaired Student’s t test
(n= 8 wild-type neurons on wild-type astrocytes, and n= 9 wild-type
neurons on Kidins220−/− astrocytes, from two independent cultures).
c Quantification of BDNF (left), glutamine (middle), and ATP
(right) concentrations in culture supernatants from wild-type and
Kidins220−/− astrocyte cultures at 15 DIV. *p < 0.05, unpaired Stu-
dent’s t test (n= 16 for both wild-type and Kidins220−/− cultures).
Values are expressed as means ± S.E.M. in all panels
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conditioned medium. Thus, even if we cannot exclude a
contact-dependent effect, our results indicate that the
observed neuronal deficits in the maturation of excitability
are mainly due to impaired paracrine communication
between astrocytes and neurons. Indeed, among various
potential candidates, we found a significant reduction in
ATP concentration in the culture medium conditioned by
Kidins220−/− astrocytes. ATP released from glia has
diverse modulatory roles in synaptic transmission, including
excitatory neurotransmission and depression of synaptic
release by activation of presynaptic A1 adenosine receptors
[65–67]. However, ATP, being released during Ca2+ wave
propagation, is also a dominant gliotransmitter involved in
astrocyte-to-astrocyte communication [7, 68]. Therefore,
the observed neuronal defects could be ascribable to a direct
action of ATP on neuronal physiology and/or to impaired
ATP-dependent secretion of other gliotransmitters still to be
identified.

In conclusion, our results deepen our understanding of how
astrocytes regulate neuronal circuit development and function
and identify Kidins220 as a novel modulator of astrocyte
physiology. Figure 6 offers a schematic representation of the
main results of our work: according to our data, Kidins220
acts by modulating Ca2+-mediated intracellular signaling
cascades. Such alterations are accompanied by changes in the
transcription profile of several components of the [Ca2+]i-
signaling network, including TRPV4 channels, and by altered
gliosecretion, which would impact on the physiology of
neighboring neurons. In summary, Kidins220 appears to
coordinate [Ca2+]i dynamics underlying both astrocyte

survival and astrocyte-to-neuron communication. In recent
years, nonsense mutations in the KIDINS220 gene have been
associated with the onset of severe neurological diseases in
humans [69, 70]. These pathologies have been described as
mostly neuronal conditions, however the contribution of
astrocytes to the onset and development of these diseases
should not be overlooked. In this light, our data provide the
basis for further investigations aimed at addressing the dif-
ferential contribution of Kidins220 mutant neurons and glial
cells to human pathologies.
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