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Regulation of AMPA receptor surface trafficking and synaptic
plasticity by a cognitive enhancer and antidepressant molecule

H Zhang'?, L-A Etherington®, A-S Hafner'?, D Belelli®, F Coussen'?, P Delagrange®, F Chaouloff>, M Spedding®, JJ Lambert®,

D Choquet'? and L Groc'?

The plasticity of excitatory synapses is an essential brain process involved in cognitive functions, and dysfunctions of such
adaptations have been linked to psychiatric disorders such as depression. Although the intracellular cascades that are altered
in models of depression and stress-related disorders have been under considerable scrutiny, the molecular interplay between
antidepressants and glutamatergic signaling remains elusive. Using a combination of electrophysiological and single nanoparticle
tracking approaches, we here report that the cognitive enhancer and antidepressant tianeptine (S 1574, [3-chloro-6-methyl-5,
5-dioxo-6,11-dihydro-(c,f)-dibenzo-(1,2-thiazepine)-11-yl) amino]-7 heptanoic acid, sodium salt) favors synaptic plasticity in
hippocampal neurons both under basal conditions and after acute stress. Strikingly, tianeptine rapidly reduces the surface
diffusion of AMPA receptor (AMPAR) through a Ca® " /calmodulin-dependent protein kinase Il (CaMKIl)-dependent mechanism
that enhances the binding of AMPAR auxiliary subunit stargazin with PSD-95. This prevents corticosterone-induced AMPAR
surface dispersal and restores long-term potentiation of acutely stressed mice. Collectively, these data provide the first evidence
that a therapeutically used drug targets the surface diffusion of AMPAR through a CaMKIll-stargazin—PSD-95 pathway, to

promote long-term synaptic plasticity.
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INTRODUCTION

The ability of neuronal circuits and associated connections to
adapt their activity in response to salient environmental stimuli
is a vital process for most organisms. Recently, it has become
evident that psychiatric pathologies, such as depression, are
accompanied by a compromised neuroplasticity, which refers to
the ability of an adult brain to adapt functionally and structurally
to internal and external stimuli, in important regions such as the
hippocampus, amygdala and prefrontal cortex.! Although the
monoaminergic neurotransmitters are undoubtedly involved in
depression, recent investigations have highlighted the role of an
imbalance between fast neurotransmitters, such as glutamate, and
neuromodulators.? Glutamatergic transmission has an important
function in the plasticity of neuronal connections and circuits and
is implicated in learning and memory processes in the brain
structures such as the hippocampus. In glutamatergic synapses,
the ionotropic AMPA receptor (AMPAR) mediates the majority of
fast transmission and changes in its trafficking have been pro-
posed to be a core mechanism for synaptic plasticity. Functional
imaging and histological studies revealed deficits in glutamatergic
signaling in patients with depression.® Treatment with antide-
pressants, such as the selective serotonin reuptake inhibitor
fluoxetine, or the mononamine reuptake inhibitor imipramine,
increases the phosphorylation of AMPAR, a molecular process
observed during synaptic plasticity, suggesting that these gluta-
mate receptors are linked to the therapeutic impact of the
antidepressants.*> Thus, although the action of most antidepressants

is to increase the availability of biogenic amines (for example,
serotonin, noradrenaline), it is likely that their therapeutic benefits
result from an interplay between monoaminergic and glutama-
tergic signaling that leads to neuronal adaptations and increased
excitatory synapse plasticity.®®

Serving as the basis of several animal models of depression,®™""
the molecular, cellular and behavioral effects of acute and chronic
stress in the brain are complex. Indeed, severe stressors reduce
neuroplasticity such as synaptic long-term plasticity and the
dendritic structure in brain areas involved in important cognitive
functions (for example, hippocampus and prefrontal cortex).'*™'
A single exposure to an elevated platform (that is, acute stress) can
cause a long-lasting alteration of synaptic plasticity.'®'® Among
the cellular consequences of such a stress is the phosphorylation
status of proteins involved in glutamatergic signaling, such as
AMPAR, NMDAR and Ca” " /calmodulin-dependent protein kinase
Il (CaMKIl). Consistently, acute stress or response to stress hor-
mones (for example, noradrenaline, corticosterone) alters the
trafficking of AMPAR, modifying the plastic range of glutamate
synapses'®'® and memory encoding processes.'®'” In basal
conditions, AMPAR are trafficked to/from the plasma membrane
of neurons in extrasynaptic/perisynaptic area from which they
laterally diffuse to the postsynaptic area.'® ** It recently emerged
that corticosterone exposure increases GluA1- and GluA2-AMPAR
synaptic content through an increase in lateral diffusion.**** Thus,
corticosterone appears to modulate the plastic range of glutama-
tergic synapses through changes in AMPAR surface trafficking,
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which thus emerges as a potential primary target for antidepres-
sants and future depression-related therapeutic strategies.

Tianeptine (S 1574, [3-chloro-6-methyl-5,5-dioxo-6,11-dihydro-
(c,N-dibenzo-(1,2-thiazepine)-11-yl) aminol-7 heptanoic acid,
sodium salt) is a drug known to act as a memory enhancer as
its administration increases long-term memory in rodents.?®~%®
In addition, tianeptine acts as an antidepressant with structural
similarities to the tricyclic antidepressant agents, but with different
pharmacological properties.?**° Indeed, the monoaminergic
hypothesis of antidepressant action cannot account for all the
properties of this drug, which is presently classified as a gluta-
matergic antidepressant. Tianeptine does not bind to adrenergic,
dopaminergic or serotoninergic receptors or transporters,®' but,
through still unknown mechanisms, it reverses synaptic plasticity,
dendritic atrophy, memory impairment and neuronal loss in stress
conditions.®**73* Thus, tianeptine triggers cellular cascades that
favor neuronal adaptations and plasticity, which likely sustain
antidepressant efficacy. Tianeptine alters glutamatergic transmis-
sion, increasing for instance the phosphorylation of GluA1l
subunits,*® and counteracts stress-induced changes in excitatory
synaptic transmission in the hippocampus through altered protein
phosphorylation in the postsynaptic compartment.?” In addition,
tianeptine potentiates AMPA receptors by activating CaMKIl and
protein kinase A via the p38, p42/44 MAPK and JNK pathways.*®
Because AMPAR surface dynamics recently emerged as an
important cellular process for glutamate synapse plasticity under
basal and stress conditions, here we used tianeptine to dissect out
the surface glutamatergic pathway activated by this memory
enhancer and antidepressant. We uncovered that tianeptine is a
potent modulator of AMPAR surface diffusion, preventing the altered
surface trafficking changes induced by the stress hormone
corticosterone and restoring plasticity in hippocampal synapses
previously compromised by acute stress or corticosterone. At the
molecular level, tianeptine modulates the surface diffusion of AMPAR
through a CaMKIl-dependent mechanism that favors the binding of
the AMPAR auxiliary subunit stargazin to PDZ scaffold proteins.

MATERIALS AND METHODS
Primary neuronal cultures, transfection and drugs

Cultures of hippocampal neurons were prepared from E18 Sprague—
Dawley rats following a previously described method.3*™*" Briefly, cells
were plated at a density of 100-200 x 10% cells per 60 mm dish on poly-
lysine pre-coated coverslips. Cultures were maintained in serum-free
neurobasal medium (Invitrogen, Paris, France) and kept at 37 °C in 5% CO,
for 20 days in vitro (DIV) at maximum. Cells were transfected with
appropriate plasmids using Effectene (Qiagen, Paris, France). For live cell
imaging, cells were transfected at DIV 7 and 8 and imaged at DIV 15-17;
for a single nanoparticle (quantum dot (QD)), tracking cells were
transfected at DIV 9 and 10 and imaged at DIV 11 and 12; for Forster
resonance energy transfer (FRET)/fluorescence lifetime imaging micro-
scopy (FLIM) imaging, cells were transfected at DIV 7 and 8 and imaged at
DIV 9 and 10. Tianeptine was a gift from Servier (Suresne, France); KN93
was from Calbiochem (Paris, France).

Plasmid construct

Homerlc::GFP and homeric::DsRed were generated by subcloning
homer1c cDNA into the eukaryotic expression vector pcDNA3 (Invitrogen);
either eGFP or DsRed was inserted at the N terminus of the homerlc
sequence. GIuA1::SEP was generated by subcloning GIuA1 cDNA into
eukaryotic expression vector prK5; SEP was inserted at the N terminus of
the GIuA1 sequence. Wild-type (WT) stargazin:: GFP and mutant stargazin
AC::GFP were generated by inserting eGFP into WT stargazin and
stargazin AC constructs. Stargazin AC was generated by deleting the final
four amino acids of stargazin constructs corresponding to the PDZ binding
site. Inducible WT stargazin and stargazin S9A (StA) were generated by
subcloning WT stargazin and StA cDNA (nine serines at the putative
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CaMKII/PKC phosphorylation sites were mutated to alanines) into the
eukaryotic expression vector pBI tet-on GFP. Doxycycline (2pugml~") was
used to induce protein expression during a 16—-24 h period. Stargazin::te-
tracysteine (Stg::4cys) was generated by inserting tetracysteine tag into
WT stargazin at position 302 (—21 position) (mouse, UniProtKB/Swiss-Prot
088602) using directed mutagenesis (QuickChange Il XL Site-Directed
Mutagenesis Kit; Stratagene, Amsterdam, The Netherlands). WT stargazin
cDNA was in the eukaryotic expression vector pcDNA. Tetracysteine_5F,
5/-GTCAGTACCGGTTTTCTGAACTGCTGCCCAGGTTGCTGCATGGAGCCAGCTA
GCGTCAGT-3’ and tetracysteine_6R, 5-ACTGACGCTAGCTGGCTCCATGCAG
CAACCTGGGCAGCAGTTCAGAAAACCGGTACTGAC-3' were used as sense
and antisense primers. WT PSD-95::eGFP was generated by subcloning
PSD-95 cDNA into the eukaryotic expression vector pcDNA; eGFP was
inserted at position 253 on PSD-95.

Live cell and fluorescence recovery after photobleaching imagin

Live cell imaging was used to visualize the intensity of surface GluA1-
AMPARSs; hippocampal neurons were co-transfected with GluA1::SEP and
homerlc::DsRed and imaged at DIV 15-17. Then, a spinning-disk micro-
scope Leica DMI6000 (Leica Microsystems, Wetzlar, Germany) equipped
with a confocal Scanner Unit CSU22 (Yokogawa Electric Corporation,
Tokyo, Japan) and with an HCX PL Apo x 63 oil NA 1.4 objective and a
Quantem camera (Photometrics, Tucson, AZ, USA) was used to image
surface GIuA1-AMPARs. The diode lasers used were at 473 and 532 nm. The
z stacks were done with a piezo P721.LLQ (Physik Instrumente (PI),
Karlsruhe, Germany). The motorized stage used is a Scan IM (Marzhauser,
Wetzlar, Germany). The 37 °C atmosphere was created with an incubator
box and an air heating system (Life Imaging Services, Basel, Switzerland).
Acquisitions were carried out on the MetaMorph software (Molecular
Devices, Sunnyvale, CA, USA). Fluorescence recovery after photobleaching
(FRAP) of GIuA1::SEP was used to measure ensemble AMPAR mobility.
Hippocampal neurons were co-transfected with GIuA1::SEP and home-
ric::DsRed and imaged at DIV 15-17. The FRAP experiments were carried
out with a 100 mW Saphire laser at 488 nm (Coherent Laser Group, Santa
Clara, CA, USA) or a 50mW 405nm laser scanner FRAP system (Roper
Scientific, Evry, France) and a Quantem camera (Photometrics). The
objective used was an HCX PL Apo x 63 oil NA 1.4. Diffraction-limited
regions expressing GluA1::SEP were photobleached for 5ms. Recovery
from photobleach was monitored by 150s consecutive acquisitions at
0.5Hz and normalized to the fluorescence measured before the pho-
tobleach. The images were corrected for background noise and continuous
photobleaching using the MetaMorph software. Recovery curves were
normalized to the fluorescence measured before the bleach and residual
fluorescence right after the bleach was set to zero.

Single nanoparticle (QD) tracking and surface diffusion calculation

For endogenous GluA2 QD tracking, hippocampal neurons were either
incubated with monoclonal antibody against N-terminal extracellular
domain GluA2 subunit (MAB397; Millipore, Paris, France) for 10min,
followed by 5min incubation with QD 655 goat F(ab’)2 anti-mouse IgG
(Invitrogen), or neurons were incubated for 10 min with the premix of QD
655 goat anti-mouse IgG and monoclonal antibody Fab fragment against
N-terminal extracellular domain of GIuA2 subunit (kind gift from K
Keindnen, University of Helsinki, Helsinki, Finland). Nonspecific binding was
blocked by additional casein (Vector Laboratories, Eagleville, PA, USA) to
the QD 15 min before use. QDs were detected by using a mercury lamp
and appropriate excitation/emission filters. Images were obtained with an
interval of 50ms and up to 1000 consecutive frames. Signals were
detected using a CCD camera (Quantem; Roper Scientific). QDs were
followed on randomly selected dendritic regions for up to 20 min. QD
recording sessions were processed with the Metamorph software
(Universal Imaging Corp, Sunnyvale, CA, USA). The instantaneous diffusion
coefficient, D, was calculated for each trajectory, from linear fits of the first
4 points of the mean square displacement vs time function using
MSD(t) = <r*>(t) =4Dt. The two-dimensional trajectories of single
molecules in the plane of focus were constructed by correlation analysis
between consecutive images using a Vogel algorithm. QD-based
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trajectories were considered synaptic if colocalized with homer1c dendritic
clusters for at least five frames.

Fluorescence internalization assays

Translocation of AMPARs from cell surface to intracellular compartments
was visualized and quantified by an ‘antibody feeding’ immunofluores-
cence internalization assay in hippocampal neurons cultured at DIV 15-17
as described with minor modification. Neurons were labeled for 8 min at
37 °C with an antibody directed against the extracellular region of GluA2
subunit (kind gift from E Gouaux, HHMI, NY, USA). After brief washing,
neurons were incubated at 37 °C in conditioned growth medium contain-
ing vehicle or pharmacological agents. Neurons were fixed for 5min at
room temperature in 4% paraformaldehyde/4% sucrose without permea-
bilization, and stained with fluorescein isothiocyanate-conjugated second-
ary antibodies for 1 h at room temperature, to visualize pre-labeled surface
receptors. Neurons were then permeabilized for 5 min 0.1% Triton X-100 at
room temperature and stained with Cy3-conjugated secondary antibodies
for 1 h at room temperature, to visualize pre-labeled internalized receptors.
Red fluorescence intensities indicative of internalization were divided by
total (red + green) fluorescence intensities. Units of internalization were
measured as red/total fluorescence normalized to controls.

ReAsH labeling

ReAsH is commercially available from Invitrogen as TC-ReAsH. Hippocam-
pal culture neurons expressing PSD-95::eGFP (donor) and HA::stargazin
(HA::Stg) or Stg::4cys constructs for 30h were incubated with ReAsH
2.5um (acceptor) in OPTI-MEM (Gibco, Paris, France) for 30 min at 37 °C
with 5% CO,. To reduce signal-to-noise ratio, cells were then washed twice
in OPTI-MEM containing 100 x BAL wash buffer for 5min.

FLIM experiments

FLIM experiments were performed at 37 °C using an incubator box with an
air heater system (Life Imaging Services) installed on an inverted Leica
DMI6000B (Leica Microsystem) spinning disk microscope and using the
LIFA frequency domain lifetime attachment (Lambert Instruments, Roden,
The Netherlands) and the LI-FLIM software. Cells were imaged with an HCX
PL Apo x 100 oil NA 1.4 objective using an appropriate GFP filter set. Cells
were excited using a sinusoidally modulated 1-W 477 nm LED (light-
emitting diode) at 40 MHz under wild-field illumination. Emission was
collected using an intensified CCD LI2CAM camera (FAICM; Lambert
Instruments). The phase and modulation were determined from a set of 12
phase settings using the manufacturer’s LI-FLIM software. Lifetimes were
referenced to a 1 mm solution of fluorescein in saline (pH 10) that was set
at 4.00 ns lifetime. Lifetime values are a mean of 12 synaptic regions and 6
dendritic regions per neuron. Following FLIM measurements, cells were
excited using a 100 mW 491 nm DPSS laser (Calypso; Cobolt, Stockholm,
Sweden) for GFP imaging and a 100 mW 561 nm DPSS lasers (Jive; Cobolt)
for ReAsH imaging, and imaged with an HCX PL Apo CS x 63 oil NA 1.4
objective. Signals were recorded with a back-illuminated Evolve EMCCD
camera (Photometrics). Acquisitions were carried out on the software
MetaMorph (Molecular Devices).

Mouse hippocampal slice preparation

Hippocampal slices were obtained from 2- to 4-month-old male C57/BL6
mice. Such mice were killed by cervical dislocation. Note all procedures
involving mice were performed in accordance with Schedule 1 of the UK
Government Animals (Scientific Procedures) Act 1986 and under the
auspices of the approved Home Office project license. Following
decapitation, the brain was rapidly dissected, with incisions made at the
cerebellum and frontal lobes, and then placed in an incubation chamber
containing artificial cerebrospinal fluid (aCSF) of the following composition
(in mm): NaCl, 124; KCl, 3; CaCly, 2; NaHCOs, 26; NaH,PO,, 1.25; p-glucose,
10; MgSOy, 1; pH 7.4 with 95% 0,/5% CO,. The temporal aspects of the
brain were trimmed, bisected and then glued to a metal plate, such that
the mid-line was uppermost and horizontal. In this orientation, the brain
was submerged in oxygenated (95% O,/5% CO,) aCSF and a Vibratome
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(IntraCel, Royston, Herts, UK) was used to cut 400-um-thick brain slices.
Saggital hippocampal brain slices were cut from each bisected hemi-
sphere, which were then placed on a submerged nylon mesh in an
incubation chamber, filled with circulating oxygenated aCSF, at room
temperature, for at least 1h before use.

Ex vivo extracellular recording from hippocampal CA1 pyramidal

neurons

A hippocampal slice was transferred to a submersion recording chamber
(Scientific Systems Design, Paris, France) and continuously perfused
at 4-6mimin~" with aCSF utilizing a peristaltic pump (Gilson Minipuls
Evolution, Paris, France). The perfusion medium was gassed with 95%
0,/5% CO, and maintained at 31°C. For the accurate positioning by
micromanipulators of the stimulating and recording electrodes, the
hippocampal slice was viewed via a microscope (Olympus SZ30). To
induce and monitor basal synaptic transmission, a Teflon-coated tungsten
bipolar stimulating electrode (~100pum in diameter) was positioned in
stratum radiatum, allowing the afferent Schaffer collateral-commissural
pathway from the CA3 area to the CA1 region to be stimulated. A Digitimer
stimulator was utilized to excite this pathway at 30s intervals (that is,
0.033 Hz, 100 uS duration). The glass (King Precision Glass; ID: 1.00 + 0.05; OD:
1.55+0.05) extracellular recording microelectrode was filled with aCSF
(<5MQ) and positioned in the stratum radiatum of area CA1. This
microelectrode was carefully lowered into the dendritic region of CA1 until
clear field excitatory postsynaptic potentials (fEPSPs) were observed. Such
fEPSPs were simultaneously displayed on an oscilloscope (Tektronix 2201
digital storage oscilloscope) and via an A to D converter (National
Instruments, Paris, France; BNC-2090) on a computer screen. The slope of
each fEPSP (mVms~') was calculated online and the stimulus adjusted to
produce a response 40% of the maximum. For LTP experiments, maximal
or submaximal LTP was induced by a theta-burst stimulation (TBS) protocol
(4 or 3 pulses, respectively, delivered at 100 Hz, repeated 10 times, at an
interval of 200ms). The stimulus parameters, the acquisition and the
analysis of fEPSPs were under the control of LTP software (courtesy of Dr
Anderson and Professor Collingridge, Bristol University, UK; http://www.ltp-
program.com). The electrical signals were acquired at 10 kHz and filtered at
10Hz-3 kHz. Statistical analysis of LTP was performed using the SPSS
statistical software and comparisons of the magnitude of LTP were
measured by means of repeated measures linear regression analysis at 50—
60 min after the TBS.

Drugs and application protocol

Tianeptine and KN93 were prepared as a stock solution of 10 mm in milli-Q
water and dimethylsulfoxide, respectively, and subsequently diluted into
the perfusion saline to the desired final bath concentration. For all studies,
stable baseline recordings of fEPSPs (0.033 Hz monitored as the slope of
the fEPSP on line) were obtained for a minimum of 10min before
experimentation. To determine the impact of tianeptine, or KN93, on basal
excitatory neurotransmission, the drug was perfused onto the brain slice
for 20 min and the slope of the fEPSP monitored throughout the experi-
mental period. To assess whether KN93 influenced the effect of tianeptine
on the basal fEPSP, the tissue was pre-incubated with KN93 for 20 min,
before co-application with tianeptine for a further 20 min. To investigate
whether tianeptine influenced LTP, it was again applied for 20min
(allowing for any effects of the drug on basal excitatory neurotransmission
to reach equilibrium), before delivering the TBS. The drug was then
continually perfused throughout the remainder of the LTP experiment
(a further 60 min). For the experiments on corticosterone, the steroid was
pre-incubated with the tissue for 20 min. Subsequently, fEPSPs (pre—post
the TBS protocol) were recorded in the continued presence of cortico-
sterone. The influence of tianeptine on the effect of corticosterone on LTP
was assessed by co-incubating tianeptine with corticosterone for a further
20 min before delivery of the 4-pulse TBS.

Acute stress protocol

The behavioral stress protocol was adapted from Rocher et al.' Briefly,
acute stress exposure involved placing the mice on an open elevated
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platform for 45 min, immediately following this challenge the mice were
killed by cervical dislocation and hippocampal brain slices were prepared
as described above.

Statistics

For imaging data, statistical values are given as meanz*s.em. or
medians + interquartile range) defined as the interval between 25 to 75%
percentile. Statistical significances were tested using Prism 4.0 (GraphPad,
San Diego, CA, USA). Normally distributed data sets were compared using
the paired Student’s t-test and unpaired Student’s t-test. Statistical
significance between more than two normally distributed data sets was
tested by one-way analysis of variance test, followed by a Newman-Keuls
test to compare individual pairs of data. Non-Gaussian data sets were tested
by non-parametric Mann-Whitney test. Indications of significance corre-
spond to P-values <0.05 (¥), P<0.01 (**) and P<0.001 (***).

RESULTS
Tianeptine decreases GIuA1- and GIuA2-AMPAR surface diffusion
but not endocytosis
AMPARs are heteromeric proteins composed of different combi-
nations of subunits drawn from a repertoire of GluA1, GIuA2,
GIUA3 or GluA4 subunits.*? The trafficking of AMPAR in neurons
has been thoroughly investigated over the past two decades,
primarily because the regulation of the AMPAR synaptic content
has emerged as an important mechanism for glutamatergic
synaptic plasticity.?® It is now accepted that AMPARSs are trafficked
to/from the synapses through lateral diffusion in the plasma
membrane and exocytosis/endocytosis.*****” To investigate the
effect of the antidepressant tianeptine on AMPAR signaling, we
first tested whether the drug modified the surface diffusion of
GluA2-AMPAR (the vast majority of surface AMPAR) in hippocam-
pal neurons. To this aim, we used the single nanoparticle tracking
approach in which a QD is coupled to an antibody specific for the
extracellular domain of the endogenous GIuA2 subunit*®
(Figure 1a). Surface GluA2-AMPARs were tracked in both extra-
synaptic and synaptic compartments of DIV 11 and 12 cultured
hippocampal neurons. In the basal condition, endogenous
GluA2-AMPARs were rather diffusive, exploring large areas of
the dendritic tree*®**™ (Figure 1b, left panel). Incubation with
tianeptine (10 or 100 um, 10-30 min) significantly decreased the
surface diffusion of extrasynaptic GluA2-AMPAR (Figures 1b and c).
In the synapse, GIuA2-AMPAR surface diffusion was further
decreased by tianeptine (Figures 1b and d). These changes in
surface diffusion were partially due to an increased fraction of
immobile GluA2-AMPAR (surface diffusion <0.005 um?s~"): from
20% after vehicle to 31% after 100 um tianeptine (Figure 1d, right
panel; the first point of the distribution corresponds to the fraction
of immobile receptors). It should be noted that a shorter incuba-
tion time with tianeptine (5min incubation + 10 min withdrawal)
was sufficient to significantly reduce GIuA2-AMPAR surface
diffusion (Supplementary Figure 1). As reported previously,*' an
increased endocytosis of AMPAR is accompanied by a marked
decrease in receptor surface diffusion. To test whether tianeptine
also acted on the AMPAR internalization rate, we measured the
GIuA2 subunit internalization rate in the presence of tianeptine
(10 or 100 um). In basal conditions, GIuA2-AMPAR constitutively
internalized at a rate of approximately 40%/30 min (Supplementary
Figure 2), confirming previous observations.*® The presence of 10
and 100 pm tianeptine did not affect the internalization rate of GluA2-
AMPAR. Collectively, these data indicate that tianeptine greatly
decreased the surface diffusion of AMPAR, particularly in synapses,
thereby stabilizing the receptors within the postsynaptic area.
Because the single particle approach only informs on the
behavior of a single receptor and because AMPAR composed of
different subunits can be differentially trafficked,”® we investi-
gated whether tianeptine affected the surface trafficking of the
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GIuA1-AMPAR population. To do so, we used FRAP in hippocam-
pal neurons co-transfected with GluA1::SEP and homer1c::DsRed
(postsynaptic density marker of glutamatergic synapses)
(Figure 2a). SEP is a pH-sensitive variant of enhanced GFP that
exhibits bright fluorescence when exposed to neutral pH (for
example, extracellular environment), but that has relatively little
fluorescence when exposed to low pH (for example, internal
acidified vesicles).** Thus, the fluorescence observed in neurons
transfected with GIuA1::SEP mainly originates from surface
GIuA1-AMPAR. Compared to vehicle, tianeptine (10 and 100 pum)
decreased the amount of GIuA1-SEP fluorescence recovery in
the extrasynaptic and synaptic compartments (Figure 2b). We
quantified the mobile fraction of each group, which is considered
as the relative fluorescence recovery at the end of FRAP (elapse
time 150s). In accordance with the above GIluA2-QD data,
tianeptine at 10 and 100 um decreased the ensemble mobility of
GIuA1-AMPAR. Moreover, the reduction in surface diffusion was
higher in the synaptic area (Figures 2b and c). Taken together,
these data demonstrate that tianeptine, at physiologically relevant
concentrations,*® greatly reduced the surface diffusion of AMPAR
at both single molecule and ensemble levels.

Tianeptine’s effects on AMPAR surface diffusion require CaMKIl
activity

CaMKll is critically required for the synaptic recruitment of AMPAR
during plasticity as well as development.*®* Among the various
intracellular cascades activated bg/ tianeptine, phosphorylation of
the GIuA1 subunit is essential.>*°° In addition, tianeptine activates
CaMKIl and protein kinase A via the p38, p42/44 MAPK and JNK
pathways.>® Because CaMKIl is a potent regulator of AMPAR
subunit phosphorylation,®' and because acute stress models alter
the phosphorylation status of CaMKII,>> here we investigated
whether tianeptine’s effects on AMPAR surface diffusion required
CaMKIl activity. The CaMKIl inhibitor, KN93 (10 um), was co-applied
with tianeptine (10 or 100 um), and the consequences of these
treatments on GIuA2-AMPAR surface diffusion were assessed
using both single particle tracking (Figure 3a) and FRAP of the
GIuA1-SEP subunit (Figures 3b and c). Remarkably, the presence of
KN93 (10 um) fully rescued the decrease in GluA2-AMPAR surface
diffusion induced by tianeptine at 10 um (Figure 3a, left panel) and
at 100 um (Figure 3a, right panel) in the synaptic compartments.
We observed a similar trend for the extrasynaptic compartment
(data not shown). This result was further confirmed using the FRAP
approach on neurons transfected with GIuA1::SEP. Indeed, the
effects of tianeptine (10 or 100 um) on GIuA1-AMPAR fluorescence
recovery were prevented by the presence of KN93 (Figures 3b and c).
In line with the results shown in Figure 3a, KN93 also fully
rescued the decreased ensemble mobility of AMPAR observed
after tianeptine (Figures 3b and c). Taken together, these data
demonstrate that tianeptine acts on GIuA-AMPAR surface traffick-
ing through a CaMKIl-dependent pathway.

Phosphorylation of stargazin and its binding to PSD-95 mediates
tianeptine’s effects on AMPAR surface diffusion

The CaMKIl-induced AMPAR immobilization requires both phos-
phorylation of the AMPAR auxiliary subunit stargazin and its
binding to scaffold proteins of the postsynaptic density, such as
PSD-95.%® In addition, previous studies have shown that synaptic
recruitment of AMPAR can be triggered by phosphorylation of the
stargazin C terminus domain.>>>* To further explore the molecular
cascade downstream of CaMKII activation in tianeptine’s regula-
tion of AMPAR surface diffusion, we expressed various stargazin
mutants in neurons and tested their impact on tianeptine’s effects.
First, we expressed the dephosphorylated stargazin S9A mutant
(StA), for which nine serines at the putative CaMKII/PKC phospho-
rylation sites are mutated to alanines. The expression of StA but
not WT stargazin prevented the tianeptine-induced decrease in
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Figure 1.

GIluA2-AMPAR surface diffusion is rapidly decreased by tianeptine (TIA) application. (a) Experimental scheme showing that 12 min

after the incubation of TIA, surface GluA2-AMPARs were tracked for 20 min in the extrasynaptic and synaptic compartments of days in vitro
(DIV) 11-12 cultured hippocampal neurons using quantum dot (QD) coupled to the antibody specific for the extracellular domain of
endogenous GIuA2 subunit. (b) Typical QD trajectory (yellow) in neurons treated with vehicle (left panel), TIA (10 um) (middle panel) and TIA
(100 pm) (right panel). (Lower panels) Enlarged single GluA2-AMPAR-QD trajectories. The arrows represent homeric cluster, that is, synapses.
Scale bar=10pum. (c) Diffusion coefficients (median £ 25-75% interquartile range (IQR)) of extrasynaptic GluA2-AMPARs was decreased in
neurons incubated with TIA (10 and 100pum) compared to vehicle-treated neurons (vehicle=0.11+0.022-0.24 um2 s, n=753; TIA
(10 um) = 0.087 + 0.025-0.20 um?s~', n=446; TIA (100 um) = 0.055 + 0.007-0.142 um?>s ™", n=255; ***P<0.001). (d) Synaptic GluA2-AMPAR
diffusion coefficient was also decreased after TIA incubation (10 and 100pum) (vehicle=0.08 +0.03-0.18um?s~ ', n=281; TIA
(10 uM) =0.04 £ 0.01-0.11 pm?s~", n=245; TIA (100 um) = 0.03 £ 0.007-0.09 um?s ™', n = 214; ***P<0.001). (Right panel) Cumulative distribu-
tions of diffusion coefficients of neurons treated with vehicle or TIA (10 and 100 um). Note the shift toward the left in the presence of TIA,

indicating a reduced GIuA2-AMPAR surface diffusion immobilized at synapses.

AMPAR surface diffusion (Figure 4a). This finding indicates that the
phosphorylation of stargazin is essential for tianeptine-induced
AMPAR stabilization. Because the phosphorylation of stargazin
enhances the interaction between stargazin and PSD-95, which in
turn immobilizes AMPAR,*® we next examined the role of the
interaction between stargazin and PSD-95 in mediating tianep-
tine’s effects. To this aim, hippocampal neurons were transfected
with either WT stargazin or a mutant stargazin (AC Stg) in which
the last four C terminus amino acids corresponding to the PDZ
binding site of PSD-95 were deleted.** In AC Stg- but not in
WT stargazin-expressing neurons, tianeptine failed to reduce

© 2013 Macmillan Publishers Limited

GluA2-AMPAR surface diffusion (Figure 4b), suggesting that the
interaction between stargazin and PSD-95 is essential for the
tianeptine-induced stabilization of surface AMPAR.

Tianeptine increases the interaction between stargazin and
PSD-95 through CaMKIl activation

To ensure the tianeptine’s effects on AMPAR lateral mobility are a
result of stargazin interaction with PSD-95, we monitored this
interaction by FRET— FLIM in living hippocampal culture neurons
(9 DIV). For this, neurons were transfected with PSD-95:: GFP and
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Tianeptine (TIA) reduces the surface diffusion of GIUAT-AMPAR. (a) Typical time-lapse images during fluorescence recovery

after photobleaching (FRAP) in hippocampal neurons co-transfected with homeric::DsRed and GluA1::SEP. Homeric::DsRed image
(very left panel) was recorded 5s before photobleaching. The rest were GIuA1::SEP images 5s before photobleaching (t_s), at

photobleaching (tys) and 40, 80, 120's after photobleaching (t ;405 t 1805 t+1205)- White arrows indicate a typical synaptic area. (b) Quantified
relative fluorescence intensity recovery during 150s at extrasynaptic (left panel) and synaptic (right panel) compartments. Compared to
vehicle, TIA (10 and 100 um) slowed down GIuA1-SEP fluorescence recovery in the extrasynaptic and synaptic compartments. (c) Quantified
GIuA1-AMPARs mobile fraction at extrasynaptic (left panel) and synaptic (right panel) compartments. The mobile fraction was considered as

the percentage of fluorescence recovery at the end of FRAP (elapse time 150 s) (vehicle =78 + 3.5%, n=24; TIA (10 um) =
(100 pm): 55 +4.9%, n = 21; right panel, vehicle =60 + 2.5%, n = 44; TIA (10 pm)

***¥P <0.001).

stargazinStg::4cys (Figure 5a). GFP is used as a donor fluorophore
able to transfer its energy to ReAsH, a red fluorophore that binds
specifically to tetracysteine tags® (Figure 5a). A reduction in GFP
lifetime indicates that GFP efficiently transfers its energy to ReAsH
and that two proteins directly interact. The degree of FRET is
estimated as a function of GFP lifetime decrease. After ReAsH
incubation, PSD-95::GFP lifetime was significantly decreased in
neurons co-expressing PSD-95::GFP and Stg::4cys compared to
neurons co-expressing PSD-95:: GFP and HA:: Stg while it is similar
between cells expressing PSD::GFP alone or with HA::Stg
(Figure 5c¢), suggesting that ReAsH specifically FRET when bound
to Stg::4cys and so that PSD-95::GFP interacts directly with
Stg::4cys. We then examined effects of tianeptine on Stg::4cys's
binding to PSD-95:: GFP in synaptic (Figure 5d) and extrasynaptic
(Figure 5e) compartments. Notably, PSD-95::GFP lifetime in the
absence of drug was much lower in synapses (Figure 5d)
compared to extrasynaptic compartments (Figure 5e), indicating
that Stg::4cys in basal condition binds PSD-95::eGFP in extra-
synaptic areas, but the interaction is mainly synaptic. Tianeptine
dramatically decreased PSD-95::GFP lifetime in both synaptic
and extrasynaptic compartments, indicating that tianeptine
increased the interaction between Stg::4cys and PSD-95::GFP
(Figures 5d and e). Consistent with single and ensemble tracking
experiments (Figure 3), KN93 (10um) rescued tianeptine’s
effect on PSD-95::GFP lifetime, partially in synapses (69% of the
initial lifetime was rescued) (Figure 5d) and fully in extrasynaptic
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66 +4.4%, n=21; TIA
=40+ 2.8%, n=30; TIA (100 pm) =38 £ 1.9%, n = 20; **P<0.01;

compartments (Figure 5e), implying that the interaction
of PSD-95 and stargazin was downstream of CaMKIl. Interestingly,
KN93 alone had no effect extrasynaptically (Figures 5d and e)
but reduced stargazin-PSD-95 interaction in synapses (Figures 5e
and d), which was consistent with a previous report that KN93
alone increased GIuA2-AMPAR lateral mobility in synapses.*® All
together, our FRET-FLIM data prove that tianeptine increases the
interaction between PSD-95 and stargazin both synaptically and
extrasynaptically in a CaMKIl-dependent manner.

Tianeptine enhances field EPSPs and AMPAR synaptic content in
hippocampal neurons

The above data strongly suggest that tianeptine can impact on
AMPAR synaptic signaling through changes in AMPAR surface
trafficking. Indeed, tianeptine has previously been reported to
increase the amplitude of AMPA-mediated signaling in CA3
hippocampal neurons.?’28 To dissect the mechanisms involved
in such processes, the effect of 3-50 um tianeptine on submaximal
fEPSPs (elicited at 0.033 Hz) recorded from mouse hippocampal
CA1 neurons was first determined. Tianeptine (10 and 50 pm)
increase the fEPSP slope (40 £ 9% increase, n=4 and 69+ 13%
increase, n =3), when measured at equilibrium (~8 and 20 min,
respectively, after bath perfusion) (Figures 6a and b). It was noted
that a lower concentration of tianeptine (3 pum) was ineffective
(1.2 £ 1% increase, n=6) in this respect. Interestingly, 10 um KN93
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fully prevented the tianeptine (10 pm)-induced increase in the
fEPSP (4+£4% increase, n=>5; Figure 6b), indicating that the
activation of CaMKIl is a necessary step in this process.

To test whether changes in glutamate receptor synaptic content
could explain the tianeptine-induced increase in fEPSP, we
measured the content of GIuA1 subunit content in the extra-
synaptic and synaptic membrane compartments of living
neurons. Cultured hippocampal neurons were co-transfected with
GIluA1 :: SEP (Super Ecliptic pHIuorin at extracellular N termini) and
homeric::DsRed and imaged at DIV 15-17 (Figure 6¢). A 30-min
incubation with vehicle did not significantly affect the content of
surface GIuA1-AMPAR at synapses (colocalization with homer1c)
or at extrasynaptic compartments (Figures 6¢ and d). In contrast,
incubation of neurons with tianeptine (10 pum, 30 min) significantly
increased the GIuAT-AMPAR intensity in synapses (Figures 6¢c and
d). The extrasynaptic content was not significantly altered,
although a tendency towards an increased content was noted
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(P=0.06; Figure 6d). Increasing the concentration of tianeptine
(100 um) upregulated the surface content of GIuA1-AMPAR both in
the synaptic (O min: 50+ 2.5 arbitrary unit (a.u.), n=6; 30 min:
62+5au, n=6; P<0.05) and in the extrasynaptic (0min:
105+ 8a.u, n=6; 30min: 132+ 14a.u, n=6; P<0.05) compart-
ments. Taken together, these data indicate that tianeptine
increased the synaptic, with little or no effect on the extrasynaptic
content of GIuAT-AMPAR, supporting a model in which tianeptine
dynamically modulates glutamate transmission in the hippocam-
pus through changes in AMPAR content.

Acute stress or corticosterone suppresses hippocampal CA1 LTP
in vitro, a deficit reversed by tianeptine

Because AMPAR surface trafficking is highly involved in glutamate
synaptic adaptations,***4>4” the possibility that tianeptine not
only modulates the basal surface trafficking of AMPAR and
consequently synaptic excitatory transmission, but also alters the
plastic range of glutamate synapses in stress is of interest. In
support, tianeptine has been reported to enhance hippocampal
LTP in vivo.">*° To explore the in vitro effect of tianeptine on long-
term plasticity and to identify whether tianeptine increases the
magnitude of LTP, or the stimulus threshold at which LTP is
induced, we measured fEPSPs in acute hippocampal slices
(Figure 7a). Delivery of a 4-pulse TBS protocol to the CA1 region
of hippocampal slices induced a robust form of LTP determined
50min post-TBS (Figure 7b). A 3-pulse TBS protocol was
significantly less effective in this respect (Figures 7a and b). The
influence of tianeptine (10 um) on submaximal LTP induced by a 3-
pulse TBS was determined after the effect of this drug on the
control fEPSP (Figures 7a and b) had reached equilibrium (that is,
20min drug incubation before tetanus). This concentration of
tianeptine greatly increased submaximal LTP, but had no
significant effect (P>0.05) on LTP induced by the 4-pulse
TBS (Figure 7b). Note, 3pum tianeptine, a concentration that
had no effect on the slope of control fEPSPs, similarly greatly
enhanced submaximal (3-pulse TBS) LTP (control =20 + 6%, n=6;
tianeptine =87 £ 19%, n=6; P<0.05). Collectively, these data
indicate that tianeptine facilitates LTP in hippocampal CA1 circuits,
probably by reducing the threshold for its induction.

<

Figure 3. Tianeptine (TIA)-induced GIuA-AMPA receptor (AMPAR)
surface diffusion decrease is a Ca® " /calmodulin-dependent protein
kinase Il (CaMKIl)-dependent mechanism. (a) Surface GluA2-AMPARs
were tracked in the synaptic compartments of days in vitro (DIV) 11—
12 cultured hippocampal neurons in the presence/absence of TIA
(10 pum) (left panel) and of 100 um TIA (right panel) with or without
CaMKIl inhibitor, KN93 (10 pum) (median £ 25-75% interquartile range
(IQR); vehicle=0.06 +0.01-0.15um?s™', n=276; TIA (10pum)+
DMSO =0.04 +0.01-0.1um?s™', n=210; TIA (10um)+KN93 =
0.08 £ 0.02-0.17 pm?s ™", n = 244; ***P <0.001; right panel: vehicle =
0.09+0.03-0.19um?s™", n=198; TIA (100um)+DMSO=0.04+
0.01-0.13pum?s™", n=155 TIA (100 um)+ KN93 = 0.08 £ 0.03—
0.19um?s™', n=173; ***P<0.001). (b) Ensemble AMPAR mobility
was assessed by fluorescence after photobleaching (FRAP) at sy-
naptic compartments in the presence/absence of TIA (10 um) (left
panel) and of TIA (100 pum) (right panel) with or without CaMKII in-
hibitor, KN93 (10 um). The decreased GIuA1-AMPAR fluorescence
recovery induced by TIA (10 or 100um) was fully restored in
the presence of KN93. (c) Quantified GluA1-AMPARs mobile
fraction at synaptic compartments in vehicle, TIA and TIA + KN93
conditions. The mobile fraction was considered as the percentage
of fluorescence recovery at the end of FRAP (elapse time 1505s)
(left panel: vehicle=6414.7%, n=26; TIA (10um)=40%3.2%,
n=21; TIA (10 um) + KN93 =57 £ 3%, n=32; right panel: vehicle
=6414.7%, n=26; TIA (100 um) =31+ 3.6%, n=24; TIA (100 um)
+KN93=55+4.4%, n=18; *P<0.01; ***P<0.001). DMSO, di-
methylsulfoxide.
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Figure 4. The phosphorylation of stargazin and its PDZ binding site are required to mediate tianeptine’s (TIA's) effects on AMPA receptor
(AMPAR) surface diffusion. (a) Global (extrasynaptic and synaptic) surface GluA2-AMPAR were tracked in days in vitro (DIV) 11-12 cultured
hippocampal neurons transfected with wild-type stargazin (WT Stg) and dephosphorylated stargazin S9A mutant (StA) from which nine
serines at the putative Ca®?"/calmodulin-dependent protein kinase Il/protein kinase C (CaMKII/PKC) phosphorylatlon sites were mutated to
alanines. In WT Stg-expressing cells, TIA (10 pum) significantly decreased the GluA2-AMPAR lateral diffusion, while in StA expressmg cells this

effect was fully blocked (right panel) (median £ 25-75% interquartile range (IQR); WT St? -vehicle =0.10 + 0.04—
n=2365; StA-vehicle=0.110.05-0.20 um?s
n=563; ***P<0.001). The left panel shows typical quantum dot (QD) trajectories in the four groups. (b) Global surface GluA2-

TIA (10jm) =

0.05+0.01-0.15 um?s ™'
0.20 um?s ™',

0.21 pm?s~", n=454; WT Stg-

n=424; StA-TIA (10um) medlan7011+004—

AMPAR were tracked in DIV 11-12 cultured hippocampal neurons transfected with WT Stg or a mutant stargazin (AC Stg) in which the last

four C terminus amino acids corresponding to the PDZ binding site of PSD-95 were deleted. In AC Stg- but not WT Stg
TIA failed to reduce GluA2- AMPAR surface diffusion (median  25-75% IQR; WT Stg-vehicle = 0.186 + 0.08-0.32 um?s
0.09 £ 0.02-0.21 pum?s ™", n=241; AC Stg-vehicle =0.22 + 0.10-0.39 um?s ™', n=173; AC Stg-TIA (10 um) =

(10 um) =
n=132; ***P<0.001).

The clinical benefits of tianeptine in depression and anxiety
disorders have been paralleled to the positive effects of the drug
on the neuroadaptative properties of neurons in animal stress
models.>*3° For instance, tianeptine can elicit in vivo an LTP that
was previously suppressed by an episode of acute stress.'® Thus,
because tianeptine is a known modulator of stress-related
dysfunctions,'>3%*%>7 we tested whether tianeptine can modulate
in vitro the synaptic plasticity of a mouse subjected previously to
acute stress. Acute stress was induced by exposing the mouse to
an elevated platform for 45min before being killed.” This
protocol produced a significant reduction in the in vitro LTP
induced by the 4-pulse TBS protocol (control =94 £ 10% increase,
n=29; ‘stressed'=36 £ 7% increase, n=12; P<0.05) (Figures 7c
and d). Note that these recordings were made 2-5h after the
termination of the stressful challenge and the subsequent
preparation of the hippocampal brain slices, suggesting the
perturbation of synaptic plasticity induced by this paradigm is
robust and well-maintained in vitro. Before investigating the effect
of tianeptine on this compromised LTP, we determined its
influence on the slope of the fEPSP. In common with control
recordings, 3 um tianeptine had no effect on the fEPSP (2.7 £ 2.0%
increase, n =6), whereas again 10 um produced an increase of the
fEPSP (31 £ 9.4%, n=8), that was not significantly different from
control recordings (Figure 6). Although tianeptine (10 um) had no
significant effect on the LTP induced by the 4-pulse TBS in control
mice (Figure 7b), now both 3 and 10um tianeptine 3um=
741+ 17% increase, n=6; 10umMm=74113% increase, n=~6)
significantly (P<0.05) enhanced LTP if ‘stressed’ mice were used
(Figure 7), suggesting that tianeptine positively modulates the
plastic range of glutamate synapses under basal conditions and
in the acute stress model. Finally, we tested the direct role of
the corticosterone, which is released during stress events, on the
same plasticity paradigms. Incubation of the hippocampal slices
with corticosterone (10 um) produced a significant reduction in
LTP induced by the 4-pulse TBS protocol (control=94 % 10%
increase, n =9; corticosterone =51 t 14% increase, n =4; P<0.05;
Figure 7d), to an extent similar to that observed in stressed mice.
Furthermore, 3 um tianeptine significantly enhanced LTP in the
presence of corticosterone (91+6% increase, n=4, P<0.05;
Figure 7d), strengthening the view that tianeptine positively
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expressing neurons,
, n=189; WT Stg-TIA
020+0.11 -0.32um?s ",

modulates the plastic range of glutamate synapses in acute stress
conditions.

Tianeptine prevents corticosterone-induced GluA2-AMPAR surface
diffusion changes

Previous studies have shown that the stress hormone corticoster-
one increases the surface trafficking of AMPAR a few hours after
exposure,*** a cellular process thought to be crucial for the
corticosterone-induced increase in glutamatergic synaptic trans-
mission.>* We tested the hypothesis that tianeptine restored basal
AMPAR trafficking in neurons exposed to corticosterone. To this
aim, neurons were incubated with corticosterone or vehicle
(phosphate-buffered saline) for 20 min,** washed, incubated with
tianeptine (10 um) for 90 min and then imaged using surface
GIuA2-QD tracking (Figure 8a). Consistent with previous reports of
hippocampal neurons,>*% corticosterone increased the surface
diffusion of GluA2-AMPAR (Figures 8b and c). As exemplified in the
trajectories (Figure 8b), GIuA2-AMPAR-QDs were more diffusive
after corticosterone exposure, exploring larger areas of the
dendritic fragment. Strikingly, the application of tianeptine, after
corticosterone exposure, fully blocked the corticosterone-induced
GluA2-AMPAR surface diffusion increase, both in the extrasynaptic
and synaptic compartments (Figure 8c). These data thus indicate
that tianeptine stabilizes surface AMPAR in neurons previously
exposed to the stress hormone corticosterone. This regulatory
mechanism likely prevents the corticosterone-induced accumula-
tion of AMPAR in synapses, which requires a surface translocation
of AMPAR from extrasynaptic to synaptic compartments.>* Thus,
tianeptine restores the adaptative potential of glutamate synapses
by modulating AMPAR surface diffusion.

DISCUSSION

The molecular and cellular pathways by which antidepressants
favor neuroplasticity have been under considerable scrutiny over
the past decades.'® Using a combination of electrophysiological
and single nanoparticle tracking approaches here, we report that
the antidepressant tianeptine favors synaptic plasticity in CA1
hippocampal neurons both under basal conditions and after an
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Figure 5. Tianeptine (TIA) enhances stargazin to PSD-95 binding in a Ca®"/calmodulin-dependent protein kinase Il (CaMKIl)-dependent
process. The interaction between stargazin and PSD-95 was studied by Forster resonance energy transfer (FRET)- fluorescence lifetime
imaging microscopy (FLIM) in synaptic and extrasynaptic compartments in days in vitro (DIV) 9 cultured hippocampal neurons with or without
TIA treatments. (a) Experimental schemes showing that neurons were transfected with PSD-95:: GFP and stargazin :: tetracysteine (Stg::4cys).
The site that ReAsH binds to 4cys tags is on the C terminus domain of stargazin 17 amino acids away from the PDZ binding domain. The
interaction between stargazin and PSD-95 was monitored by FRET/FLIM, indicated by a decrease in GFP lifetime. (b) Sample images of
neurons expressing Stg::4cys and PSD-95:: GFP with vehicle (left panels) or with TIA treatment (right panels). ReAsH labeling was diffused
(top panels). PSD-95::GFP was present in soma, dendrites and clustered in synapses (middle panels). Short lifetime was indicated by blue
areas where PSD-95::GFP binds to ReAsH-labeled Stg::4cys (bottom panels). Scale bar =10 pm. (c) Synaptic measurements of PSD-95:: GFP
lifetime in the presence of ReAsH. GFP lifetime was significantly decreased only in neurons co-expressing Stg::4cys and PSD-95, but
not in neurons expressing PSD-95 alone or with HA::stargazin (HA::Stg) (PSD-95::GFP=2.182%0.013ns, n=14; PSD-95::GFP/
HA::Stg=2.191+0.015ns, n=14; PSD-95::GFP/Stg::4cys =1.839+0.011 ns, n=24; ***P<0.0001). (d) Synaptic analysis of PSD-95::GFP
lifetime after ReAsH labeling in PSD-95:: GFP/Stg::4cys expressing neurons with vehicle or TIA treatment. TIA (10 pum) significantly decreased
PSD-95::GFP lifetime (vehicle=1.839+£0.011ns, n=25; +TIA=1.607£0.012ns, n=18; **P<0.0001). Its synaptic effect was partially
blocked by KN93 (10 um) (TIA +KN93 =1.767 £0.013 ns, n=20; ***P<0.0001). And 10 um of KN93 alone increased PSD-95::GFP lifetime
(KN93 =2.084 £ 0.021 ns, n=4; ***P<0.0001). (e) Extrasynaptic analysis of PSD-95::GFP lifetime after ReAsH labeling in PSD-95::GFP/
Stg::4cys expressing neurons with vehicle or TIA treatment. TIA (10um) significantly decreased PSD-95::GFP lifetime (vehicle=
2.2241£0.013ns, n=25;, +TIA=2.062+£0.021ns, n=18; ***P<0.0001). Its extrasynaptic effect was fully block by KN93 (10um)
(TIA +KN93 =2.200 £ 0.020 ns, n=20; ***P<0.0001). And 10 um of KN93 had no effect on PSD-95::GFP lifetime (KN93 =2.251 £0.027 ns,
n=4; ***P<0.0001). GFP, green fluorescent protein.

acute stress. By measuring the trafficking of single AMPAR, we
found that tianeptine greatly stabilizes surface AMPAR. This effect
was achieved by reducing their surface diffusion through a
CaMKIl-dependent mechanism that favors the binding of the
AMPAR auxiliary subunit stargazin with PSD-95. This effect
prevented corticosterone-induced AMPAR surface dispersal and
restored LTP in the hippocampus of acutely stressed mice
(Figure 8d). Hence, these data provide the first evidence that
the antidepressant tianeptine strongly reduces the surface
diffusion of AMPAR through a CaMKIl-stargazin-PSD-95 pathway,

© 2013 Macmillan Publishers Limited

which favors long-term synaptic plasticity in basal conditions as
well as after either acute stress or after acute incubation with the
stress hormone corticosterone.

AMPAR are composed of a combination of GluA1, GIuA2, GIuA3
and/or GluA4 subunits, which provide different activation and
signaling properties.”® Most AMPARSs in hippocampal neurons are
heterodimers composed of either GIuA1/GIuA2 or GluA2/GIuA3
subunit combinations.®® Activity-induced changes in glutamater-
gic signaling represent the core cellular substrate for experience-
driven neuronal adaptations during learning and memory

Molecular Psychiatry (2013), 471-484

479



Antidepressant controls AMPA receptor surface trafficking
@ H Zhang et al

480
a *
100 -
*
Basal TIA g 804
(CA1 area) (10 uM) 2 E
o = 60 4
o 3
s
£2 %97
5
"]‘\/"-N Z 204
O.ZWV\L 0 e
N o )
1ons S & Fe
BT @ G5 S
SRS R
QAF R RS

c Synaptic Extrasynaptic
3 S ynaptic ynap
s S
£ o < 60 100 Sg
= = E 40
& = f—
- 3 20 —— 50
o
0 0
80 *%x 200
3 $ 3 60| g———s 150
= M
g €2 40| =— 100 ZZ
o = =
o]
0 0 B -
L, & & & &
Basal (0 min) TIA (10 pM) 30 min 2 5 © L

Figure 6. Tianeptine increases excitatory transmission and AMPA receptor (AMPAR) synaptic content. (a) Control field excitatory postsynaptic
potentials (fEPSPs) were generated by stimulation (0.033 Hz) of the afferent Schaffer collateral-commissural pathway from the CA3 area to the
CA1 region. lllustrated is a representative trace of an fEPSP before (black) and after (red) tianeptine (10um; 30 min). (b) A histogram
demonstrating the increase of the slope of the fEPSP (% of the control fEPSP) produced by 10 and bl/ 50 um tianeptine. Note that the increase
of the fEPSP produced by tianeptine (10 um) is completely prevented by pre-treatment with the Ca? " /calmodulin-dependent protein kinase I
(CaMKIl) inhibitor KN93 (10 um). Each bar represents the mean * s.e.m. of 3—4 independent experiments. (c) Sample live fluorescence images of
neurites coexpressing homeric::DsRed (top panels) as postsynaptic density marker of glutamatergic synapses and GluA1::SEP (middle
panels) indicating surface AMPARs before (left panels) and 30 min after (right panels) tianeptine application. The bottom panels were
GIuA1::SEP images in pseudocolor. Scale bar, 10 um. (d) Quantified GluA1::SEP intensity at synaptic (colocalization with the postsynaptic
protein, homer1c) and extrasynaptic compartments from paired experiments. Each point represents the mean of GIuA1:: SEP intensity from 10
to 12 regions before (‘0 min’; left points) or 30 min after (right points) tianeptine/vehicle application. The 30-min incubation with vehicle (H,0)
(top panels) did not significantly affect GIuA1::SEP intensity at synapses (0 min: 44 £ 5.9 arbitrary unit (a.u.), n=5; 30 min=36+ 5a.u, n=>5) or
in the extrasynaptic compartment (0 min: 89+ 10.3a.u, n=5; 30min=89+ 10a.u, n=>5). Incubation of neurons with tianeptine (10 um,
30min) (bottom panels) significantly increased GIuA1::SEP intensity at synapses (Omin: 41+5.7.u, n=5; 30min=48+t6.5a.u, n=>5;
**P<0.01). The extrasynaptic content was not significantly altered, but a tendency toward an increase content was clearly noted
(Omin=101%10a.u, n=5; 30min=123+13a.u, n=5; P=0.06). a.u., arbitrary unit.

processes.”® During plasticity, changes in the content of AMPAR on CA1 pyramidal cells increased glutamatergic synaptic transmis-
have been well documented.?®?**® The AMPAR constitutively sion (that is, the amplitude of miniature excitatory postsynaptic
cycle in and out of the postsynaptic membrane at rapid, albeit currents) and prevented the induction of LTP.%*%* In fact, corti-

different, rates and changes to this cycling would mediate activity- costerone exposure gradually increased the plasma membrane
dependent perturbations of glutamate signaling during plasti- delivery of AMPAR, mostly at extrasynaptic sites, and the con-
city?® The content of surface AMPAR mostly depends on sequent fast surface diffusion facilitates the synaptic accumulation
endocytosis/exocytosis processes, which internalize or insert, of these receptors, occluding LTP. Our current data indicate that
respectively, AMPAR to extra-perisynaptic sites.”® Once in the after corticosterone exposure, the increase in AMPAR surface

plasma membrane, AMPAR diffuse freely, explore large areas of trafficking can be pharmacologically modulated by tianeptine in a
dendrites and exchange between extrasynaptic and synaptic CaMKIl- and PSD-95/stargazin-dependent mechanism. Although
locations with a rather rapid turnover.***4/61.52 Fynctionally, the tianeptine (10 um) itself slightly increases the synaptic content of
surface diffusion of synaptic AMPAR tunes the plastic range of GluA1 (Figure 6d), an effect that may underlie the increase in the
synapses.' %> Recent work shows that the majority of AMPARs basal fEPSP, it does not affect the magnitude of maximal LTP
incorporated into synapses during LTP is from surface diffusion (induced by 4-pulse TBS), but does enhance submaximal LTP
while exocytosed receptors likely serve to replenish the extra- (induced by 3-pulse TBS) (Figure 7), implying that tianeptine
synaptic pool available for subsequent bouts of plasticity.* may enhance the recruitment of AMPAR to synapses during LTP.
Among the physiological adaptations for which this process is Because the synaptic delivery of AMPAR involved an intracellular
required, we recently uncovered that corticosteroids (for example, trafficking, an insertion/internalization to the plasma membrane,
corticosterone in rodents) affect synaptic plasticity through changes and a lateral diffusion at the neuronal surface,? it is likely that
in surface AMPAR diffusion.'®'” The application of corticosterone tianeptine acts on the last step of the AMPAR cellular journey to
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Figure 7. Tianeptine enhances hippocampal CA1 long-term potentiation (LTP) and rescues the suppression of LTP induced by acute stress, or
by corticosterone. (a) The slope of the field excitatory postsynaptic potentials (fEPSP) (% of the control fEPSP) is plotted as a function of time
before and after delivery of a 3-pulse theta burst stimulation (TBS; at t = 10 min). The stimulus is designed to induce a submaximal form of LTP
(black). Tianeptine (10 um) greatly enhanced this submaximal LTP (red). Each time point (one every 30s) represents the mean * s.e.m. of 6-12
independent experiments. (b) The histogram compares the magnitude of LTP (% increase from control of the slope of the fEPSP) determined
at 50 min post-TBS and illustrates that a 3-pulse TBS protocol (black) is far less effective in producing LTP than a 4-pulse TBS (white). However,
tianeptine (10 um) greatly increased the magnitude of LTP induced by a 3-pulse TBS to a level similar to that produced by the 4-pulse TBS
protocol (red). In contrast to the effect of tianeptine (10 um) on 3-pulse TBS, this concentration of the drug has no effect on maximal LTP
induced by the 4-pulse TBS protocol (gray). Each bar represents the mean + s.e.m. of six independent experiments (*P <0.05). (c) The slope of
the fEPSP (% of the control fEPSP) is plotted as a function of time after delivery of a 4-pulse TBS (at t =10 min) for control (black squares),
‘stressed’ (open squares) and stressed plus 10 um tianeptine (gray triangles). Note that pre-exposure to acute stress greatly decreased the
magnitude of LTP, when compared to that achieved with control neurons. Tianeptine (10 um) reversed this stress-induced deficit of LTP. Each
time point (one every 30 s) represents the mean * s.e.m. of 6—12 independent experiments. (d) The histogram compares the magnitude of LTP
determined at 50 min post 4-pulse TBS. Acute stress and corticosterone (10 pm) result in a clear reduction in the extent of LTP when compared
to control, which are fully rescued by (10 and 3 pm) tianeptine. Each bar represents the mean * s.e.m. of 6-12 independent experiments

(*P<0.05).

the synapse, that is, the dynamic retention of surface AMPAR in
the synapse. Thus, our study provides thus the first evidence
that the plastic range of glutamatergic synapses can be preserved
by reducing the surface diffusion of AMPAR. It should be noted
that tianeptine was more efficient in reducing the diffusion of
GIuA-AMPAR in synapses than in the extrasynaptic area, consistent
with the higher content of PSD-95 in synapses.®®> However, it
cannot be excluded that PSD-95 or other scaffold proteins, which
have been detected in extrasynaptic areas, provide an additional
efficient PDZ domain-containing interactor in the extrasynaptic
compartment.?°

Although the detailed mechanism by which tianeptine favors
synaptic plasticity is not fully understood, this and former studies
strengthen the view that glutamatergic signaling is the primary
target.’*3° Tianeptine differs from other antidepressants in its
pharmacological and neurochemical properties®’ as the drug
shows no affinity for known neurotransmitter receptors and does
not inhibit the uptake of serotonin or noradrenaline in the central
nervous system.>® Tianeptine increases the phosphorylation of the
CaMKII-PKC site (Ser831) of GluA1 subunit in the hippocampus
and frontal cortex of mice.3**° Consistent with the fact that
AMPAR phosphorylation status influence the receptor func-
tion,%%%” tianeptine could increase the AMPAR-mediated EPSC at

© 2013 Macmillan Publishers Limited

the CA3 commissural associational®’ and CA3-CA1 synapses
by altering the receptor phosphorylation state. Our data indicate
that tianeptine regulates the trafficking and synaptic content
of AMPAR through a CaMKII- and stargazin-dependent mechanism
that requires the phosphorylation of stargazin and the interaction
of the AMPAR/stargazin complex with PDZ scaffold proteins
such as PSD-95. It is likely that both processes, that is, change
in the single-channel conductance and/or receptor anchoring
(this study), occur in parallel and contribute to the increased
AMPAR signaling in the presence of tianeptine. Understanding
the specific role of each molecular event in tianeptine’s effects is
of great importance for future therapeutic strategies, but
this opportunity remains to be explored. Molecules that appear
to favor enhancing AMPAR-mediated current, for example,
AMPAKkines, have been proven to have antidepressant effects in
animal models®®® and regulate AMPAR surface diffusion (data
not shown), indicating that the glutamate receptor membrane
trafficking and the regulatory mechanisms may provide new
therapeutic benefits.

Depression is a complex disorder and the cellular mechanisms
underlying its pathogenesis have been under considerable scrutiny
during the past decades. Chronic stress exposure can favor the
appearance of depressive episodes in humans.”®~"? Consequently,
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Figure 8. Tianeptine (TIA) prevents corticosterone-induced GluA2- AMPA receptor (AMPAR) surface diffusion increase. Surface GluA2-AMPARs
were tracked in the extrasynaptic and synaptic compartments of days in vitro (DIV) 11-12 cultured hippocampal neurons after vehicle/vehicle,
corticosterone (Cort)/vehicle or Cort/TIA application. (a) Experimental scheme showing that neurons were incubated with Cort/vehicle
(phosphate-buffered saline (PBS)) for 20 min, washed, incubated with TIA (10 um)/vehicle (H,O) for 90 min, washed and then tracked for 15—
30 min. (b) Representative trajectories (20-40s) of single surface GIuA2-AMPAR in vehicle/vehicle, Cort/vehicle and Cort/TIA conditions. The
first point of the trajectory is represented by an arrowhead and the last point by a filled circle. (c) The diffusion coefficients (median £+ 25-75%
interquartile range (IQR)) of extrasynaptic and synaptic GluA2-AMPAR were increased in neurons incubated with Cort compared to vehicle-
treated neurons. These increases were fully prevented by 10um TIA (extrasynaptic: vehicle + vehicle =0.16 + 0.08-0.29 um?s™', n=153;
Cort +vehicle=0.24+0.11-044pum?s~', n=350; Cort+TIA (10um)=0.11+0.05-0.26um?s~', n=214;, P<0.001; synaptic:
vehicle 4 vehicle = 0.05 + 0.025-0.16 um”s~', n=101; Cort+ vehicle=0.09 +0.05-0.17 um?s~', n=210; Cort+TIA (10um)=0.04+0.02—-

0.08um?s™', n=165; ***P<0.001). (d) Schematic representation
potentiation (LTP).

certain stress paradigms have served as the basis of several animal
models of depression in which some long-term alterations of
cellular and molecular mechanisms were identified. Although this
study only investigated the effect of an antidepressant in an acute
situation and on the acute effects of corticosterone, it clearly
revealed that tianeptine rapidly modulates the surface glutama-
tergic signaling through intracellular changes in the phosphoryla-
tion of receptor anchoring machinery, further strengthening the
observation that the dynamics of AMPAR surface is a primary
target of stress hormones.'® Furthermore, there is increasing
evidence that the ability to modify synaptic plasticity is a crucial
feature of clinically effective antidepressants.’® Because glutama-
tergic signaling is a key system in many forms of adaptive cellular
plasticity and cognitive functions, it certainly represents a viable
downstream target for antidepressant drugs. Conceptually, it
emerges that antidepressants can either target first the mono-
amine systems, which will subsequently modulate glutamatergic
signaling, or directly target glutamatergic signaling. In this respect,
tianeptine and the research associated with this compound have
pioneered this view since the monoaminergic hypothesis of
depression, for example, a serotonergic deficit, cannot explain the
antidepressant activity of this drug. Its ability to restore normal

Molecular Psychiatry (2013), 471 -484

of TIA’s effects on AMPAR surface diffusion and synaptic long-term

neuroplasticity in limbic brain regions'>*® and plasticity at

glutamatergic synapses opens numerous novel therapeutic per-
spectives to target specifically regulatory elements of glutamater-
gic signaling. This study clearly emphasizes the positive role of a
drug that impacts on AMPAR trafficking. Counteracting the effect
of corticosterone on glutamate receptor trafficking in synapses
such as after stress events, tianeptine preserves the plastic range
of excitatory connections and probably constitutes a cellular
substrate to improve the cognitive functions that are altered in
stress and depression.
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