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BACKGROUND AND PURPOSE
We have described a novel antidepressant peptide, spadin, that acts by blocking the TWIK-related-potassium channel, type 1
(TREK-1). Here, we examined possible mechanisms of action of spadin at both molecular and cellular levels.

EXPERIMENTAL APPROACHES
Effects of spadin were measured in primary cultures of neurons or tissues from mice injected i.v. with spadin. Western blots,
qPCR, histochemical and electrophysiological techniques were used.

KEY RESULTS
In vitro, spadin increased neuronal membrane potential and activated both the MAPK and PI3K signalling pathways, in a time-
and concentration-dependent manner. The latter pathway was involved in the protective effect of spadin against
staurosporine-induced apoptosis. Also, spadin enhanced both mRNA expression and protein of two markers of
synaptogenesis, the post-synaptic density protein of 95 kDalton (PSD-95) and synapsin. We confirmed these effects on
synaptogenesis by the observation that spadin treatment significantly increased the proportion of mature spines in cortical
neurons. Finally, in vivo injections of spadin led to a rapid increase in both mRNA expression and protein level of brain-derived
neurotrophic factor (BDNF) in the hippocampus, confirming the antidepressant action of the peptide. We argue for a new
role of spadin in synaptogenesis as both PSD-95 and synapsin mRNA expression and protein levels were further enhanced in
the hippocampus, following treatment in vivo with the peptide.

CONCLUSIONS AND IMPLICATIONS
These findings provide new mechanisms of action for the rapidly acting antidepressant peptide spadin by stimulating
expression of BDNF and synaptic proteins, both in vitro and in vivo.

Abbreviations
BDNF, brain-derived neurotrophic factor; LY294002, 2-morpholin-4-yl-8-phenylchromen-4-one; mTOR, mammalian
target of rapamycin; NTSR3, neurotensin receptor-3; PD98059, 2′-amino-3′-methoxyflavone; PSD-95, post-synaptic
density protein of 95 kDalton; TREK-1, TWIK-related-potassium channel, type 1
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Introduction
The origins and causes of depression are diverse, and there-
fore do not facilitate the diagnosis of the pathology. Mol-
ecules developed to treat depression include the tricyclic
antidepressants, inhibitors of MAO-A or 5-HT selective reup-
take inhibitors (see Berton and Nestler, 2006). Nevertheless,
many other atypical antidepressant drugs were also devel-
oped such as mianserine, tradozone (Boschmans et al., 1987;
Fagiolini et al., 2012), mirtazapine (Dolder et al., 2012), ago-
melatine (Srinivasan et al., 2012), tianeptine (McEwen and
Olie, 2005), scopolamine (Drevets et al., 2013), ketamine or
lanicemine (Zarate et al., 2006; Sanacora et al., 2014).

The antidepressant drugs do not provide a fully satisfac-
tory treatment, for several important reasons: (i) one-third of
patients are resistant to the drugs (Pacher and Kecskemeti,
2004); (ii) there is a delayed onset of antidepressant drug
action (Fava and Kendler, 2000; Nestler et al., 2002); and (iii)
antidepressant drug treatments have numerous deleterious
side effects (Sicouri and Antzelevitch, 2008; Thase and
Denko, 2008).

Taking into account the mental health of millions of
people worldwide and the associated economic burden, it is
now crucial to develop alternative strategies aimed at devel-
oping novel antidepressants that could potentially show
higher rates of efficacy and lower rates of side effects. We
previously reported that an endogenous peptide of 44 amino
acids (PE) released from the maturation of the neurotensin
receptor-3 (NTSR3) (Mazella et al., 1998; Munck Petersen et al.,
1999), also called sortilin (Petersen et al., 1997), displays
potent antidepressant effects in several tests performed in mice
(Mazella et al., 2010). We isolated an active sequence of 17
amino acids from this peptide, named spadin, which exerts its
antidepressant properties through the blockade of the TWIK-
related-potassium channel, type 1 (TREK-1) (K2P2.1; Mazella
et al., 2010). TREK-1 channels are activated by stretch, poly-
unsaturated fatty acids, warm temperatures, internal acidosis
and volatile anaesthetics (Honore, 2007). They are inhibited
by fluoxetine and blocked by phosphorylation processes.
Deletion of the TREK-1 gene (kcnk2) leads to mice that display

a depression-resistant phenotype, which mimics treatment
with antidepressants (Heurteaux et al., 2006b). Spadin binds
to TREK-1 with an affinity of 10 nM, blocks its activity and
induces its sequestration into cells. The interaction of spadin
with TREK-1 does not show any striking side effects and does
not interfere with any known TREK-1-controlled functions
(Moha Ou Maati et al., 2012). In vivo, spadin increases the
firing rate of serotonergic neurons from the dorsal raphe
nucleus and activates hippocampal neurogenesis (Mazella
et al., 2010). Moreover, NTSR3/sortilin directly interacts with
TREK-1 to regulate its plasma membrane localization (Mazella
et al., 2010). Both proteins are colocalized in neurons within
the dorsal raphe nucleus and have been previously shown to
be expressed in several brain areas known to be involved in
depression including the prefrontal cortex, amygdala, hip-
pocampus, nucleus accumbens, dorsal raphe and hypothala-
mus (Hervieu et al., 2001; Sarret et al., 2003).

Spadin exhibits antidepressant properties, when injected
in mice (Mazella et al., 2010), and induced a rapid hippocam-
pal neurogenesis after a 4 day treatment. However, its cellular
mechanisms of action as well as the demonstration that new
neurons are functional have not yet been characterized.
Moreover, the rapid onset of action of spadin, which can be
compared with the rapidly acting antidepressant ketamine (Li
et al., 2011; Dwyer and Duman, 2013), prompted us to evalu-
ate the effect of spadin on the induction of synaptogenesis
and spine maturation. The mechanisms of action of spadin
were determined in primary cultures of neurons from embry-
onic and post-natal mice. We performed electrophysiological
and biochemical experiments to study the membrane func-
tion and the intracellular signalling of the peptide followed
by qPCR and Western blot analyses of proteins involved in
synaptogenesis and whose expression is altered in mood dis-
orders such as post-synaptic density protein of 95 kDalton
(PSD-95), synapsin and brain-derived neurotrophic factor
(BDNF). Neuronal spine maturation has been visualized using
confocal imaging of GFP-transfected neurons. We confirmed
the effects we observed in vitro, on synaptic proteins by in vivo
injection of spadin followed by protein analysis in samples of
hippocampus and prefrontal cortex.

Tables of Links

TARGETS

Ion channela

TREK-1,. K2P2.1 channel

Enzymesb

Akt

Caspase-3

ERK1/2

mTOR

PI3K

LIGANDS

BDNF

Fluoxetine

Ketamine

LY294002

PD98059

Staurosporine

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).
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Methods

Animals
All animal care and experimental procedures complied with
the policies on the care and use of laboratory animals of
European Community legislation 2010/63/EU and were
approved by the local Ethics Committee (CIEPAL) (protocol
number 00893.02). All studies involving animals are reported
in accordance with the ARRIVE guidelines for reporting
experiments involving animals (Kilkenny et al., 2010;
McGrath et al., 2010). A total of 100 animals were used in the
experiments described here. We used C57Bl/6J male mice
(20–25 g) from Janvier Labs (St Berthevin, France).

Primary neuronal cultures
Mice were anaesthetized by inhalation of 2% isoflurane
mixed with 30% oxygen and 70% nitrous oxide and then
killed. Embryos (E14) were removed and brain cortices dis-
sected in PBS containing 1% glucose. Neurons were also pre-
pared from cerebral cortices of 3-day-old mice, as described
by Brewer and Torricelli (2007). Dissociated neurons were
plated on poly-L-lysine-treated dishes and cultured up to 18
days in neurobasal medium containing 2% B27 and
50 μg·mL−1 gentamycin at 37°C under 5% CO2.

Spadin iodination
Spadin (2 nmol) was iodinated with [125I]NaI (0.5 nmol) using
lactoperoxidase as oxidant. Monoiodinated spadin (on Tyr-0)
was purified by HPLC using a Waters apparatus equipped
with a RP18 Lichrosorb column (Macherey-Nagel, Düren,
Germany). Elution was carried out at a flow rate of
1 mL·min−1 with a linear gradient of increasing concentration
from 30 to 60% of acetonitrile in water containing 0.1% TFA
in 36 min. The iodinated peptide was eluted at 24 min.

Binding assays
Cultures of cortical neurons were incubated with 0.4 nM
[125I]-spadin (400 000 cpm in 250 μL). Incubations were per-
formed in Earle’s-Tris-HEPES buffer pH 7.4, containing
140 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 3.6 mM MgCl2 and
0.1% BSA in the presence of increasing concentrations of
non-radioactive spadin (from 10−10 to 10−5M). Incubations
were terminated by washing cells twice with 2 mL of Earle’s-
Tris-HEPES buffer. The radioactivity bound to neurons was
recovered with 1 M NaOH (1 mL) and counted with a
gamma-counter.

Electrophysiological experiments
Whole cell current recordings were performed on primary
cortical mouse neurons seeded at a density of 1 200 000 cells
per 35 mm dish 10 days before testing. Membrane potentials
were measured on cortical neurons after 1 h of incubation in
control conditions (water for the vehicle), in the presence of
1 μM of spadin. Cells were then patched and membrane
potentials immediately measured using the whole-cell, patch-
clamp configuration. All membrane potentials values are
expressed in mV as mean ± SEM. IV curves were realized for
each cell in control conditions and in the presence of 1 μM of
spadin. Global current was recorded using the whole-cell

configuration of the patch-clamp technique. Each current
was calculated using an RK 400 patch-clamp amplifier (Axon
Instrument, Sunnyvale, CA, USA), low-pass filtered at 3 kHz
and digitized at 10 kHz using a 12-bit analogue-to-digital
converter digidata (1322 series, Axon Instrument). The bath
solution contained (in mM) 150 NaCl, 5 KCl, 3 MgCl2, 1
CaCl2 and 10 HEPES adjusted to pH 7.4 with NaOH. The
pipette solution contained (in mM) 155 KCl, 3 MgCl2, 5 EGTA
and 10 HEPES adjusted to pH 7.2 with KOH. Stimulation
protocols and data acquisition were carried out at room tem-
perature using a microcomputer (Dell Pentium, Montpellier,
France) and the pClamp 8.2 commercial software (Molecular
Devices, Wokingham, UK). Cells were clamped at −80 mV
and voltage changes applied by step of 20 mV (from −100 to
+60 mV). Duration of depolarization pulses was 0.825 ms and
the pulse cycling rate was 5 s. Current amplitudes were cal-
culated at the end of stimulation pulses. Current amplitudes
were expressed in current densities.

Western blotting
Mouse cortical neurons treated with the indicated effectors for
various times were homogenized in Laemmli buffer and ana-
lysed using 10% SDS PAGE gels. Separated proteins were then
transferred from gels onto nitrocellulose membranes (VWR,
Fontenay-sous-Bois, France) and blocked either with 5% skim
milk or 5% BSA as indicated in PBS for 30 min at room
temperature. Membranes were incubated with antibodies
directed against PSD-95, synapsin or BDNF overnight at 4°C.
Tubulin contents were determined after stripping using a
1/1000 dilution anti-tubulin antibodies (Sigma-Aldrich, Saint-
Quentin Fallavier, France). After four washes in 0.1% Tween/
PBS, secondary anti-mouse or anti-rabbit HRP-conjugated
antibodies (Amersham Biosciences, Orsay, France; 1/10000)
were incubated for 1 h at room temperature. Proteins were
detected with the ECL plus detection reagents (Amersham
Biosciences) using an LAS-3000 imaging system (Fujifilm, Düs-
seldorf, Germany). Relative intensities of the labelled bands
were analysed by densitometric scanning using ImageJ soft-
ware (Wayne Rasband, National Institute of Health, Bethesda,
MD, USA). Protein activation was normalized using total
tubulin as indicated.

Caspase-3 activity measurements
Neurons were plated in 12-well dishes for 10–14 days before
experiments. Neurons were incubated for 2–4 h with 1 μM
staurosporine (Sigma-Aldrich) in the absence or in the pres-
ence of 1 μM spadin. Caspase-3 activity was measured using
Ac-DEVD-7-AMC (Sigma-Aldrich) as a substrate (Coppola
et al., 2008).

Primer design and real-time qPCR
Primers (Eurogentec, Angers, France), designed as previously
described (Dingemans et al., 2010), were specific for sequences
of PSD-95, synapsin, BDNF and GAPDH and CycloD as refer-
ence genes (Table 1). Real-time qPCR was performed on the
LightCyclerTM 480 (Roche, Meylan, France) using the LightCy-
clerTM 480 SYBR Green 1 Master mix (Roche). PCR reactions
were performed in 20 μL volume containing 16 ng cDNA,
10 μL 2× LightCyclerTM 480 SYBR Green 1 Master mix and 1 μL
of primer mix (10 μM forward primer, 10 μM reverse primer).
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The PCR profile was as follows: 5 min at 95°C, followed by 45
cycles of 10 s at 95°C, 10 s at 60°C and 10 s at 72°C.

The Ct value of each gene of interest was normalized
to the Ct of the reference genes: ΔCt = Ctgoi − Ctref with
Ctref = (CtGAPDH × CtCycloD)(1/2) with goi = gene of interest, and ref =
reference gene. ΔΔCT = ΔCT experimental condition − ΔCT
control condition. Values were expressed as 2−ΔΔCt normalized
using saline solution-injected animals as control. For experi-
ments performed from newborn cerebral cortex values are
expressed as 2−ΔCt.

Analysis of spine morphology
Primary cortical neurons were treated every day for 18 days
with spadin (2 μL; final concentrations 10 nM or 1 μM). Half
of the medium was changed every 3 days. Neurons were then
transduced with attenuated Sindbis virus (Martin et al., 2008)
expressing GFP for 22 h before use. For imaging experiments,
neurons were fixed at 19 days in vitro in PBS containing 3.7%
formaldehyde and 5% sucrose for 1 h at room temperature.
Fixed neurons were then rinsed twice with PBS at room tem-
perature and mounted in Mowiol (Sigma) before confocal
examination.

Sequential confocal images (1024 × 1024 pixels) were
acquired with a 63× oil-immersion lens with Numerical Aper-
ture, 1.4 on an inverted TCS-SP5 confocal microscope (Leica
Microsystems, Nanterre, France). Z-series of six to eight images
of randomly selected GFP-expressing dendrites were com-
pressed into two dimensions using the maximum projection
algorithm of the Leica software. We analysed ∼3500 spines per
condition from secondary dendrites (∼3 dendrites per neuron,
20 neurons per condition). At the time of acquisition, laser
power was adjusted so that all spines were below the threshold
of saturation. To analyse dendritic protrusions, projection
images were imported into Neuronstudio software (Rodriguez
et al., 2008), which allows for the automated detection of
dendrites, immature and mature spines. The length of indi-
vidual spines was automatically measured and data were
imported in GraphPad Prism software for statistical analysis.

In vivo injection of spadin
Prior to injection, 8- to 12-week-old male C57BL/6J were
warmed for 5–10 min with an overhead heat lamp to dilate the
veins. Then, they were placed in a constrained box and
injected in the caudal vein with 100 μL of either 1 μM spadin
or 0.9% NaCl solution. For mRNA expression and protein
content of PSD-95 and synapsin, mice were injected once a day
for 4 days, then groups of mice (six per group) were killed on

days 7, 14 and 21, after the first day of injection. The brain was
removed and the indicated cerebral regions were dissected and
analysed by qPCR or Western blotting, as described earlier.

Data analysis
Results are presented as means ± SEM from four to six deter-
minations. However, statistical significance was calculated
from median values obtained using the non-parametric
Kruskal–Wallis test. For spine morphogenesis experiments,
values represent means ± SEM. All experiments were repeated
at least three times. Statistical significance for group compari-
sons was analysed by ANOVA with a Newman–Keuls post-test.
Normality for all groups was verified using the Shapiro-Wilk
test. According to the Levene variance test, variances were
homogenous for the percentage of mature spines and for the
length of immature spines (F = 0.25; P = 0.77 and F = 0.42; P
= 0.65 respectively). Cumulative plot data were analysed by
the Kolmogorov–Smirnov test (K–S test). P < 0.05 was consid-
ered significant.

Materials
The peptide, spadin, with the following amino acid sequence:
Y-APLPRWSGPIGVSWGLR (GenBank NM_019972 for mouse)
was synthetized by Genecust (Dudelange, Luxemburg). Neu-
robasal medium and complementary medium B27 were from
Invitrogen (Fisher Scientific, Illkirch, France). Gentamycin,
1–10-phenanthroline, Bovine Serum Albumin (BSA), fluox-
etine, mammalian protease and phosphatase inhibitor cock-
tails were from Sigma France. Antibodies against the
phosphorylated or total forms of ERK 1/2 and Akt were from
Santa Cruz Laboratory, Inc. (Heidelberg, Germany). The anti-
bodies against phospho-Akt, PSD-95, phospho-mammalian
target of rapamycin (mTOR), BDNF and synapsin were from
Cell Signaling (Ozyme, Montigny-le-Bretonneux, France).

Results

Spadin binding to neurons leads to neuronal
depolarization
To characterize the cellular effects of the antidepressant spadin
on mouse cortical neurons, we first performed direct binding
experiments using a radiolabelled spadin peptide on living
cells (Figure 1A). Competition experiments between [125I]-
spadin and unlabelled spadin indicated that spadin bound
specifically to cortical neurons. The displacement curve

Table 1
Primers used in qPCR experiments

Forward Reverse

PSD-95 5′-CGCTACCAAGATGAAGACACG-3′ 5′-CAATCACAGGGGGAGAATTG-3′

Synapsin 5′-GGAAGGGATCACATTATTGAGG-3′ 5′-TGCTTGTCTTCATCCTGGTG-3′

BDNF 5′-AGTCTCCAGGACAGCAAAGC_3′ 5′-TGCAACCGAAGTATGAAATAACC_3′

Gapdh 5′-GAACATCATCCCTGCATCC-3′ 5′-CCAGTGAGCTTCCCGTTCA-3′

CycloD 5′-AAGGATGGCAAGGATTGAAA-3′ 5′-GCAATTCTGCCTGGATAGCTT-3′

BJPSynaptogenesis regulation by spadin
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revealed the existence of two binding sites with corresponding
IC50 values of 0.05 nM for the binding component represent-
ing 40% of the total binding, and of 100 nM for the 60%
remaining binding (Figure 1A). Electrophysiological record-
ings on whole cells confirmed that the binding of spadin to
neurons was functional. Indeed, I-V curves (Figure 1B) and
membrane potentials (Figure 1C) recorded on cortical neurons
1 h after spadin (1 μM) incubation indicated that the peptide
efficiently depolarized neurons, as expected from a blocking
action on TREK-1 channels. Consequently, spadin induced an
increase in the membrane potential with a ΔVm of 12.84 mV
± 2.28 (Figure 1C). We also confirmed that spadin dynamically
regulates the membrane levels of both TREK-1 and sortilin in
cortical neurons (Supporting Information Fig. S1).

To perform signalling and protein expression experiments
in vitro and in vivo, we first needed to know the half-life time
of the peptide when exposed to neuronal cultures, and
second, its ability to cross the blood–brain barrier and to
reach the brain following i.v. injection. The stability of spadin
was measured on reverse-phase HPLC after incubation for
various times with the cultured neuronal medium or mouse
serum (Supporting Information Fig. S2). After 60 min of incu-
bation on neurons, about half of the initial spadin remained
intact whereas almost all the peptide was degraded after
60 min in mouse serum indicating that spadin is more stable
at the vicinity of neurons than in serum. These results
allowed us to determine how frequently spadin should be
added to the primary neurons to maintain its activity.

To differentiate spadin recovered in the brain after i.v.
injection, from other endogenous peptides present in the brain,
we incorporated a fluorophore on the peptide (Atto 488 from
Atto-Tec GmbH, Siegen, Germany) exhibiting a high emax at
500 nm (9 × 104 M−1·cm−1). This allowed us to determine, using
HPLC, that about 1% of the labelled peptide was recovered in
the brain in its intact form 30 min after i.v. injection (Support-
ing Information Fig. S2). This observation is in line with our
initial finding that peripheral administration of spadin can
induce central antidepressant effects (Mazella et al., 2010).

Functional signalling of spadin in
cortical neurons
We investigated the intracellular signalling pathways acti-
vated by spadin in cultured neurons from embryos. Spadin
(100 nM) rapidly stimulated the phosphorylation of ERK1/2
and Akt, but not of mTOR (Figure 2A) whereas ketamine,
used as a positive control, induced phosphorylation of mTOR
(Figure 2A). The latter observation is in agreement with the
mTOR-dependent antidepressant effects of ketamine (Li et al.,
2010). We confirmed that spadin was able to activate the
same signalling pathways (i.e. ERK1/2 and Akt) in neurons
prepared from new-born mice (Figure 2B). Standardization
of signalling pathways using antibodies against non-
phosphorylated proteins indicated a twofold stimulation
from 15 to 60 min for phospho-ERK1/2 (Figure 2C), a two-
to threefold stimulation up to 60 min for phospho-Akt
(Figure 2D), and an absence of spadin effect on phospho-
mTOR (Figure 2E). ERK phosphorylation was maximum
for 100 nM spadin (Figure 2F). We confirmed that ERK1/2
activation in response to spadin was blocked in the presence
of the MAPK inhibitor PD98059 (Figure 2F). Similarly to
ERK phosphorylation, the concentration of spadin that
maximally increased Akt phosphorylation was 100 nM
(Figure 2G). As expected, when neurons were pretreated with
the PI3K inhibitor LY294002, the phosphorylation of Akt in
spadin-treated neurons was abolished (Figure 2G).

As the PI3K pathway is involved in cell survival, we inves-
tigated the effect of spadin on protection against
staurosporine-induced caspase-3 activation in neuronal cul-
tures. We found that a 4 h incubation of cortical neurons
with 1 μM staurosporine significantly increased caspase-3
activity (Figure 2H) and spadin inhibited 70% of the
staurosporine-induced caspase-3 activation (Figure 2I). This
effect was dependent on PI3K, as LY294002, a specific inhibi-
tor of this pathway, reversed the protective effect of spadin
but the MAPK inhibitor PD98059 was not effective
(Figure 2I). These results therefore demonstrated that spadin

Figure 1
Spadin binding to neurons in culture triggers neuronal depolarization and drives endocytosis. (A) Competition between 125I-spadin and unlabelled
spadin for binding to mouse cortical neurons. Each point represents the mean ± SEM of duplicate determinations from three independent
experiments. (B and C) I-V curves and membrane potentials on primary cortical embryonic mouse neurons recorded after 1 h incubation in control
conditions (vehicle) and in the presence of spadin 1 μM. (B) I-V curves obtained in control conditions and in the presence of spadin 1 μM.
(C) membrane potential mean values obtained in the two different conditions.
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was a potent protector of neurons against cytotoxicity,
through the activation of the PKB/Akt signalling pathway.

Spadin increases content of synaptic marker
proteins and promotes the maturation of
dendritic spines
We previously determined that a subchronic treatment with
spadin in mice resulted in a rapid (4 days) activation of
neurogenesis in the dentate gyrus through the phosphoryla-
tion of the transcription factor CREB (Mazella et al., 2010), a
factor known to be involved in neurogenesis (Carlezon et al.,
2005; Krishnan and Nestler, 2008). As synaptic alterations
have been observed in depression and could therefore be a
potential target for therapeutic intervention (Duman and
Aghajanian, 2012), we explored the role of spadin on synap-
togenesis. We first measured the effect of spadin on mRNA

expression levels and protein content of two protein markers
of synaptogenesis, PSD-95 and synapsin. Spadin transiently
increased the mRNA expression levels of both PSD-95 and
synapsin with a maximum expression observed 8 h after
exposure to spadin (Figure 3A and B). We also analysed the
mRNA expression of BDNF whose levels are known to be
down-regulated during depression and up-regulated by anti-
depressants (Airan et al., 2007). We observed a weak and
transient increase of its mRNA expression, 5 h after spadin
incubation (Figure 3C). At the protein levels, PSD-95 immu-
noreactivity was significantly increased 5 h post-treatment
while the increase in synapsin protein occurred 36 h post-
spadin treatment (Figure 3D and E). Despite the slight
increase in BDNF mRNA expression levels, we were not able
to detect any significant increase in the corresponding
protein level (Figure 3F).

Synaptic dysfunction is generally correlated with delete-
rious alterations of spine morphology, which play crucial
roles in major depressive disorders (Shansky et al., 2009; Lin
and Koleske, 2010; Duman and Aghajanian, 2012). Some
antidepressant drugs are able to restore the density of den-
dritic spines (Norrholm and Ouimet, 2001). The various
shapes of spines (thin, filopodia and mushroom) are associ-
ated with different stages of dendritic maturation, conse-
quent on functional neuronal circuits (McKinney, 2010).
Therefore, we tested the effect of spadin on the frequency and
the morphology of dendritic spines in cultured neurons. We
treated neurons in vitro for 18 days instead of only 4 days
during the last 4 days of neuronal differentiation, in order to
ensure assessments of the effects of spadin, over the whole

Figure 2
Effect of spadin on ERK1/2 and Akt phosphorylation in cortical
neurons. (A) Neurons prepared from 14-day-old embryos were incu-
bated with 10−7M spadin or 10 μM ketamine (1 μL of a 1000×
solution) for various times at 37°C. The phosphorylation of ERK, Akt
and mTOR was determined by immunoblotting using antibodies
directed against the phosphorylated active forms of both kinases. (B)
Neurons prepared from 3-day-old mice were stimulated with 10−7M
spadin for indicated times at 37°C. The phosphorylation of Erk, Akt
was determined by immunoblotting using antibodies directed
against the phosphorylated active forms of both kinases. (C–E) Data
were standardized from three to five different experiments using the
labelling obtained on the same blot with antibodies directed against
the total forms of ERK1/2, Akt and mTOR and expressed as means ±
SEM. **P < 0.05, significantly different as indicated. ns, non-
significant. (F and G) Neurons were incubated with various concen-
trations of spadin for 15 min at 37°C. Phosphorylation of ERK1/2 (F)
and Akt (G) was determined as described in A. PD98059 and
LY294002 are specific inhibitors of ERK and Akt kinases respectively.
(H) Effect of staurosporine on caspase-3 activity in cortical neurons.
Neurons were incubated for the indicated times with 1 μM stauro-
sporine. Samples were processed for capsase-3 activity as described.
Data are means ± SEM from three independent experiments and are
expressed in arbitrary units. **P < 0.05, significantly different as
indicated. (I) Effect of spadin on staurosporine-induced caspase-3
activity. Neurons were treated for 4 h with 1 μM staurosporine in the
absence or in the presence of 1 μM spadin with or without 24 μM
PD98059 or 50 μM LY294002. Caspase-3 activity was measured as
earlier. Data are means ± SEM from three experiments. **P < 0.05,
significantly different as indicated.
◀
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maturation period of neurons and not only the last 4 days,
when neurons are already matured. Moreover, this longer
treatment showed the lack of toxicity of the peptide when
compared with identical treatment with either ketamine
(10 μM) or fluoxetine (1 μM), which induced cell death after
1 week application (J. Mazella, unpubl. obs.). Figure 4A and B
show dendrites from GFP-expressing neurons treated for
18 days with vehicle (PBS) or with 10 nM or 1 μM spadin.
Spadin, at either concentration, did not affect the number of
protrusions (Figure 4C), with the same protrusion frequencies
of about 5 spines per 10 μm in all three conditions (control,
10nM or 1mM spadin). From these experiments, we meas-
ured the proportion of mature spines (mushroom and cup
shaped) and immature spines (thin and filopodia) (Figure 4B)

and observed that spadin significantly increased the propor-
tion of mature spines at either 10 nM or 1 μM, compared
with control conditions (Figure 4D). Concurrently, the
amount of immature spines was significantly decreased by
either concentration of spadin (Figure 4E).

Spadin incubation also decreased the immature spine
length, compared with that under control, untreated, condi-
tions (Figure 5A and B). We quantified the length of mature
spines and observed that spadin had no effect on this param-
eter (Figure 5C and D). However, analysis of mushroom head
sizes showed that spadin increased this parameter, compared
with control conditions (Figure 5E and F). These data indi-
cated that spadin promoted the maturation of dendritic
spines.

Figure 3
Spadin increases the expression of synaptic proteins in cortical neurons. (A–C) Neurons were incubated with 10−7M spadin for the indicated times
at 37°C. RNAs extracted from neurons were subjected to quantitative PCR. Bar graphs showing the mRNA expression of PSD-95 (A), synapsin (B)
and BDNF (C) were normalized with the control condition (0). Histograms are mean ± SEM from three independent determinations, *P < 0.05,
significantly different as indicated. (D–F) Neurons were incubated with 10−7M spadin for indicated times at 37°C. The amount of PSD-95, synapsin
and BDNF was determined by immunoblotting and using the labelling of the same blot with antibodies against β-tubulin. Immunoblots shown
are representative of a typical experiment. The representation of the amount of each protein was expressed as fold increase compared with control
conditions. Data are means ± SEM from three independent experiments. *P < 0.05, significantly different as indicated.
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Spadin promotes synaptogenesis in vivo
We also examined the effect of spadin in vivo and specifically
in cerebral areas involved in depression (i.e. prefrontal cortex
and hippocampus) following i.v. administration of the
peptide. We gave a daily i.v. injection of 100 μL of 1 μM
spadin for 4 days, to assess the effect of spadin in vivo on
synaptogenesis. Brain structures were dissected and analysed
7, 14 and 21 days after the first injection. Within the prefron-
tal cortex, spadin significantly increased the mRNA expres-
sion level of BDNF after 21 days, but not those of PSD-95 and
synapsin (Figure 6A). By contrast, analysis of mRNA levels of
PSD-95, synapsin and BDNF in the hippocampus revealed a
significant increase in both synaptic markers (PSD-95 and
synapsin; P < 0.05) and increased BDNF was more rapidly
detected 7 and 14 days after the first spadin injection (P <
0.05; Figure 6B). We also observed that the protein levels of
PSD-95 and synapsin were not modified within the prefrontal
cortex (Figure 6C), but were significantly increased in the
hippocampus 21 days after the first injection of spadin
(Figure 6D). Interestingly, the BDNF protein content was
enhanced from 7 to 21 days, but only in the hippocampus
(Figure 6D). To compare results obtained from in vitro and in
vivo studies, we performed qPCR experiments to determine
the expression levels of synaptic proteins and BDNF from
post-natal day 1 to adult mouse brain and observed that both
PSD-95 and synapsin were expressed in all stages analysed,

with a slight increase of their expression from days 1 to 15
(Supporting Information Fig. S3). By contrast, the level of
BDNF was weak between days 1 and 6 and reached its peak
expression at day 15. These results indicated that synaptic
proteins and BDNF are expressed during embryonic and post-
natal development, as well as in adult mice.

Altogether, our data confirmed that spadin was able to
cross the blood–brain barrier and to trigger effects in the CNS,
after injection in the periphery. These effects were correlated
with a significant activation of synaptogenesis and an
increase in BDNF content by spadin, particularly in the
hippocampus.

Figure 4
Spadin promotes spine maturation. (A) Representative images of
dendrites from eGFP-transduced mouse cortical neurons either
untreated (control) or treated with spadin 10 nM or 1 μM for 18
days. Scale bar, 2 μm. (B) Examples of mature and immature spines
used in the analyses. (C) Histograms show quantification of protru-
sion frequency indicating that spadin does not affect spine density.
(D and E) Bars show the percentage of mature or immature spines
from dendrites of neurons revealing that spadin treatments signifi-
cantly increase spine maturation. *P < 0.05, **P < 0.01, significantly
different from control.

Figure 5
Spadin modifies spine length and mushroom head diameter. (A and
B) Analysis of immature spine length. Graphs show quantification of
immature spine length on neurons treated with 10 nM or 1 μM
spadin. *P < 0.01, **P < 0.001, significantly different from control,
K–S test. (C and D) Histograms show quantification of mature spine
length and indicate that spadin did not affect spine density. Analysis
of mature spine length. Graphs show quantification of mature spine
length on neurons treated with 10 nM or 1 μM spadin. (E and F)
Spine head diameter is increased in spadin-treated neurons. Graphs
show quantification of mushroom type head diameter on neurons
treated with 10 nM or 1 μM spadin for 18 days. *P < 0.05, signifi-
cantly different from control, K–S test.
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Discussion and conclusions
Here we have investigated the in vitro and in vivo actions of
spadin, a new type of antidepressant compound, at both
molecular and cellular levels. Spadin binding to neurons
caused neuronal depolarization and to the activation of MAP
and PI3K signalling pathways. The latter pathway was
involved in the protective effect of spadin against

staurosporine-induced neuronal apoptosis. Furthermore,
spadin treatment increased the expression of the synaptic
markers PSD-95 and synapsin and led to dendritic spine
maturation. Injection (i.v.) of spadin for 4 days increased
PSD-95 and synapsin protein levels in the hippocampus
sampled after 21 days whereas increased BDNF expression
was apparent only after 7 days. Our results suggested two
phases to spadin action. The first rapid antidepressant effect is

Figure 6
In vivo effects of spadin on synaptic proteins. Males C57BL/6J mice were injected in the caudal vein with 100 μL of 1 μM spadin once daily, for
four days, then groups of mice were killed on days 7, 14 and 21 after the first injection. The brain was removed and prefrontal cortices and
hippocampi were dissected and analysed by qPCR (A and B) and Western blotting (C and F). (A and B) RNA extracted from the prefrontal cortex
(A) or the hippocampus (B) at the indicated day was subjected to quantitative PCR. Bar graphs showing the mRNA expression of PSD-95, synapsin
and BDNF were normalized with the control condition (0) and compared with mice treated for 21 days with fluoxetine. Histograms are mean ±
SEM from five independent determinations. *P < 0.05, significantly different from control (day 0). (C and D) Proteins extracted from the prefrontal
cortex (C) or the hippocampus (D) recovered at the indicated day were subjected to Western blot analysis. Immunoblots shown are from a typical
experiment. The amount of PSD-95, synapsin and BDNF expressed in the prefrontal cortex (C) and in the hippocampus (D) was represented as
fold increase compared with control conditions. Data are means ± SEM from five independent experiments. *P < 0.05, **P < 0.01, significantly
different from control (day 0).
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triggered by the increase of BDNF and associated with the
release of 5-HT from the dorsal raphe and with hippocampal
neurogenesis (Mazella et al., 2010). The second phase is likely
to correspond to the maturation of new neurons identified by
the increase of synaptic markers as well as an increase in
spinogenesis (the present study).

The efficacy of spadin as an antidepressant derives from
its biological characteristics as well as its mode of action.
Indeed, the peptide sequence of spadin is part of the endog-
enous peptide of 44 amino acids (PE) released from the pre-
cursor form of the NTSR3/sortilin receptor (Munck Petersen
et al., 1999). The antidepressant action of spadin is observed
after an acute injection and its action on neurogenesis
appears only after a 4 day treatment (Mazella et al., 2010)
whereas existing antidepressant drugs need 21 days to induce
neurogenesis. The antidepressant properties of spadin are due
to its ability to block the K+ channel TREK-1 (Mazella et al.,
2010) without any detectable side effect related to this
channel (Moha Ou Maati et al., 2012). Although we had
already identified the potent antidepressant action of spadin
associated with hippocampal neurogenesis, its pharmacologi-
cal, molecular and cellular modes of action remained
unknown.

Functional interaction of spadin with neurons
The biochemical and electrophysiological properties of
spadin were initially characterized using heterologous trans-
fected cells (Mazella et al., 2010; Moha ou Maati et al., 2011).
Here, we used a more physiologically relevant system to
investigate the molecular and cellular mechanisms of action
of spadin. In neurons, spadin clearly binds to two binding
components with affinities of 0.05 and 100 nM respectively.
Taking into account the concentration of PE detected in the
brain (about 10 nM), spadin is likely to triggers cellular effects
through its high-affinity binding site. We previously identi-
fied two targets of spadin, one of them is NTSR3/sortilin, the
protein from which the peptide is released after maturation,
and the second one is TREK-1 (Mazella et al., 2010). The
binding of spadin to TREK-1 blocks the related K+ current and
induces cell-membrane depolarization (Figure 1C). This
process is compatible with the inhibition of TREK-1 channels
(Fink et al., 1996) (Hughes et al., 2006). Moreover, we
observed that spadin affects the plasma membrane distribu-
tion of TREK-1 and sortilin as it binds and induces their
internalization (Supporting Information Fig. S1). One known
function of NTSR3/sortilin is the sorting of proteins, this
observation strongly suggests that sortilin not only targets
TREK-1 channels to the plasma membrane (Mazella et al.,
2010), but also participates in their concomitant internaliza-
tion. Spadin totally inactivates TREK-1 by blocking and inter-
nalizing the channel, a process crucial for the antidepressant
effect in mice (Heurteaux et al., 2006b).

Spadin protects neurons from apoptosis by a
mechanism dependent on PI3K pathway
Spadin stimulates both ERK1/2 and PI3K signalling pathways
in a time- and concentration-dependent manner (Figure 2).
The level of phospho-Akt remains surprisingly high after
60 min. Usually, by that time, the level returns to the basal
value. This finding could explain the prolonged effects of

spadin in vivo on synaptic proteins and for the mTOR-
independent Akt stimulation induced by the peptide. The
ERK1/2 and PI3K pathways are known to be involved in cell
growth and cell survival respectively. The expression of
TREK-1 is known to be protective against ischaemia
(Heurteaux et al., 2004) (Buckler and Honore, 2005) and
potent TREK-1 openers protect brain from ischaemia in
rodents (Duprat et al., 2000) (Blondeau et al., 2002)
(Heurteaux et al., 2006a). In this scheme, spadin, which
blocks TREK-1 activity, should decrease the protective action
of the channel. We observed that spadin efficiently protected
neurons from cell death by reversing staurosporine-induced
caspase-3 activation (Figure 2H). This effect was mediated
through a PI3K signalling pathway, but not via the MAPK
pathway as only the PI3K inhibitor LY294002 reversed the
protective action of spadin (Figure 2H). The involvement of
the PI3K pathway in neuronal protection has already been
reported in several studies including neuroprotection
induced by nicotine against colchicine-induced apoptosis
(Huang et al., 2012) and the protective action of extracellular
progranulin against toxic insults (Xu et al., 2011).

Our finding that spadin acted as a protective agent on
cortical neurons suggests that this regulatory system is not so
simple. The membrane components responsible for the
spadin-induced anti-apoptotic effects remain to be identified.
One candidate is NTSR3/sortilin and further experiments per-
formed on neurons prepared from sortilin-KO mice are
required to verify this hypothesis.

In vitro and in vivo effects of spadin on
synaptogenesis
Spadin has been described to initiate hippocampal neurogen-
esis, probably through the activation of CREB (Mazella et al.,
2010). This action, which was also observed with fluoxetine
(Ohira et al., 2013), does not indicate that new neurons gen-
erated by the treatment are functional. The modulation of
neurogenesis in the aetiology of depression is still a matter of
debate. Indeed, although it is well known that antidepressant
drugs induce hippocampal and cortical neurogenesis, block-
ing neurogenesis does not alter the improving actions of
antidepressant drugs on mood (Bessa et al., 2009). Thus, the
role of neurogenesis could be to buffer stress response and
depressive behaviour (Snyder et al., 2011). Our observation
that spadin increases the ratio of mushroom spine types
suggests a beneficial adjustment of synaptic function, which
could lead a significant action of the peptide on neuron
maturation and consequently on synaptic plasticity.

In vitro, we observed a rapid increase in the mRNA and
protein expression levels of two synaptic markers; PSD-95
and synapsin, but not of BDNF upon incubation with spadin
(Figure 3). The lack of spadin effect on BDNF protein expres-
sion is likely to be due to the low number of neuronal cells
expressing the neurotrophic factor in our cultures. Acute
exposure of neurons to spadin enhances the proportion of
mature dendritic spines (mushrooms) without significant
changes in the total number of spines (Figure 4). We analysed
synaptic proteins up to 21 days because this time should be
enough to show effects, taking into account that we showed
that a 4 day treatment with spadin was enough to increase
the phosphorylation of CREB in the hippocampus. Phospho-
CREB is known to be crucial for full maturation of new
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neurons (Fujioka et al., 2004). When phospho-CREB is meas-
ured where immature new neurons are observed, the expres-
sion of phospho-CREB, correlated with maturation, is
increased up to 14 days after proliferation. We therefore
assumed that 21 days was enough time to observe variations.
However, our observations were in agreement with the initial
observation that overexpression of PSD-95 is involved in the
maturation of spines (El-Husseini et al., 2000). The regulation
of spine morphology is generally correlated with changes in
neuronal activity (Yuste and Bonhoeffer, 2001). Indeed, based
on the structure–stability–function relationships, dendritic
spines are classified in two categories, small and large (Kasai
et al., 2003). Small spines are usually unstable and non-
functional whereas large spines (i.e. mushrooms) are much
more stable and maintain strong synaptic connections.
Moreover, increasing the proportion of large long-lasting
spines in hippocampal neurons is likely to facilitate long-
term memory (Lippman and Dunaevsky, 2005). Although
dendritic spines are dynamic structures (Lippman and
Dunaevsky, 2005), the change in morphology together with
the up-regulation of synaptic markers strongly suggest that
spadin is a potent up-regulator of neuronal functions.

We also analysed the effect of the peptide on the expres-
sion of the two synaptic proteins and BDNF in two cerebral
regions involved in the regulation of mood disorders: the
prefrontal cortex and the hippocampus (Figure 6). A 4 day
treatment with spadin significantly increased the hippocam-
pal expression of both PSD-95 and synapsin, 21 days after the
first spadin injection, but not in the prefrontal cortex
(Figure 6). These results confirmed the action of spadin on
cultured neurons and indicated that the hippocampus is
likely to be one of its main cerebral targets. Note that a 21 day
administration of the 5-HT reuptake inhibitor fluoxetine was
without any effect on synaptic protein mRNA expression
levels (not shown). However, experiments carried out using
intrahippocampal infusion of fluoxetine did increase PSD-95
expression and synaptogenesis (Mogha et al., 2012). This dis-
crepancy is probably due to the difference in the mode of
administration. Interestingly, the same spadin treatment
increased BDNF expression in the hippocampus more rapidly
(after 7 days) than expression of PSD-95 and synapsin (after
21 days). This effect is compatible with our previous obser-
vation that a 4 day treatment with spadin induced a potent
antidepressive action and a marked neurogenesis in the hip-
pocampus (Mazella et al., 2010). This result is also in agree-
ment with the observation that a hippocampus-specific
increase in BDNF activity is involved in the improvement of
cognitive symptoms of depression and in the facilitation of
hippocampal neurogenesis (Airan et al., 2007).

To date, antidepressants that are able to reverse synaptic
dysfunctions have a limited efficacy and a delayed response
ranging from several weeks to months. The recent discovery
that ketamine, a non-competitive NMDA receptor antago-
nist, rapidly enhanced synaptogenesis and reversed synaptic
deficits (Duman and Aghajanian, 2012), as well as the discov-
ery of the peptide spadin which bears key properties of a
potent antidepressant, may open new fields for treatment of
mood disorders. However, in contrast to ketamine, which
activates the mTOR pathway through ERK and PI3K pathways
(Licznerski and Duman, 2013), the spadin action appears
independent of mTOR signalling. This is in agreement with

the antidepressant effect of extracts of Radix polygalae (the
dried root of Polygala tenuifolia) on the modulation of gluta-
matergic synapses, independently of mTOR activation (Shin
et al., 2014). Akt is usually placed downstream of mTORC2
and upstream of mTORC1 (Bhaskar and Hay, 2007). However,
after deletion of mTORC2 activity, the phosphorylation of
Akt was still observed suggesting that mTORC2 is not placed
uptstream of Akt (Shiota et al., 2006). In this case, Akt can
phosphorylate other substrates than mTORC1, such as NF-κB
or GSK3β that are involved in cell protection or cell cycle (Liu
et al., 2009). Further studies are necessary to identify the
downstream pathways involved in spadin-induced neuronal
activation.

The increase in the expression of synaptic proteins upon
spadin treatment both in vitro and in vivo is a key property
that could have considerable effects on therapy of depression.
In addition to its ability to cross the blood–brain barrier and
to stimulate neurogenesis, spadin appears to be a molecule
able to potentiate dendritic spine maturation and synapse
formation and, consequently, reinforces our concept that
spadin is a novel potent antidepressant.
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Figure S1 Immunoprecipitation of NTSR3/sortilin or
TREK-1 with their corresponding antibodies from cortical
neurons pretreated with Sulfo-NHS-biotin before incubation
with spadin (1 μM) for the indicated times. Immuno-
precipitated internalized proteins were revealed using
HRP-streptavidin.
Figure S2 Degradation of spadin and analysis of blood–brain
barrier transit. (A) Time course of disappearance of spadin
after incubation with cortical neurons (open symbols) or
mouse serum (closed symbols) for the indicated times. Incu-
bations were terminated by acidification (HCl 1N) and the
peptide contents were analysed by reverse-phase HPLC.
Values represent the amount of intact spadin recovered after
HPLC and expressed as the percentage of the initial amount
of incubated peptide. Values are means ± SEM of three inde-
pendent determinations obtained from three different
neurons preparations or sera samples. (B) Fluorescent
Atto488-spadin crosses the blood–brain barrier. HPLC profile
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of Atto488- spadin recovered in the brain 30 min after i.v.
injection. The brain was subjected to acidic extraction and
the extracted peptide content was analysed by reverse-phase
HPLC. The retention time for spadin-Atto488 is indicated by
the arrow.
Figure S3 Expression of PSD-95, synapsin and BDNF during
mouse brain development. The brain (from mice; ages as

indicated) was removed and cortical cortices were dissected
and analysed in qPCR experiments. Bar graphs showing the
mRNA expression of PSD-95, synapsin and BDNF from 1
(D1), 3 (D3), 6 (D6) and 15-day-old (D15) mice were com-
pared with the expression levels of adult (Adt) mice.
Histograms are mean ± SEM from three independent
determinations.
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