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Differential Control of Thrombospondin over Synaptic
Glycine and AMPA Receptors in Spinal Cord Neurons
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Thrombospondin-1 (TSP-1) is a large extracellular matrix protein secreted by astrocytes during development and inflammation. In the
developing CNS, TSP-1 is involved in neuronal migration and adhesion, neurite outgrowth, and synaptogenesis. We investigated the
effects of TSP-1 on neurons with mature synapses using immunocytochemistry, single-particle tracking, surface biotinylation, and
calcium imaging. We show that in cultured rat spinal cord neurons TSP-1 decreased neuronal excitability by reducing the accumulation
of excitatory AMPA receptors (AMPARs) and increasing that of inhibitory glycine receptors (GlyRs) in synapses. The effects of TSP-1 on
GlyRs were dependent on the activation of excitatory receptors. These changes were abolished by blocking 81-integrins and mimicked by
blocking 33-integrins. In the presence of TSP-1, AMPARs were less stabilized at synapses, increasing their lateral diffusion and endocy-
tosis. Interestingly, TSP-1 counteracted the increased neuronal excitability and neuronal death induced by TNFc. These results suggest
arole of TSP-1 in controlling the balance between excitation and inhibition which could help the recovery of normal synaptic activity after

injury responses.

Introduction

Thrombospondins (TSPs) are large secreted multimeric glyco-
proteins that play important roles in cell attachment, cell migra-
tion, cytoskeletal dynamics, and angiogenesis (Bornstein et al.,
2004). TSPs have cell type-specific effects related to their interac-
tions with different extracellular matrix (ECM) molecules, cyto-
kines, and integrins (Murphy-Ullrich and Iozzo, 2012).
Thrombospondin-1 (TSP-1) and TSP-2 are expressed by glial
cells in the developing CNS, where they participate in neuronal
migration and adhesion (Blake et al., 2008), neurite outgrowth
(DeFreitas et al., 1995), and synaptogenesis (Christopherson et
al., 2005; Eroglu et al., 2009; Xu et al., 2010; Risher and Eroglu,
2012). TSP expression is low in the adult CNS, but its secretion by
astrocytes can be induced by purinergic signaling (Tran and
Neary, 2006). Indeed, the expression levels of TSP-1 and TSP-2
are upregulated in the case of inflammation or injury (Risher and
Eroglu, 2012). TSPs are necessary for synaptic and functional
recovery after stroke (Liauw et al., 2008), and play a role in reac-
tive synaptogenesis after nerve injury (Lo et al., 2011). Postinjury
inflammatory responses are also characterized by abnormally
high levels of the cytokine tumor necrosis factor-o (TNFa),
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which is implicated in the synaptic plasticity phenomenon asso-
ciated with inflammation and pain (Beattie et al., 2010; Choi et
al., 2010). TNF« affects the balance between excitatory and in-
hibitory synaptic transmission in the hippocampus by increasing
the insertion of GluAl-containing AMPARs and reducing the
surface amount of GABA receptors (Stellwagen et al., 2005;
Beattie et al., 2010).

We investigated the effect of TSP-1 on the distribution and
dynamics of both AMPARs and glycine receptors (GlyRs). In
mature cultured spinal cord neurons TSP-1 increases glycinergic
transmission via 31-integrins (Charrier et al., 2010). In contrast,
we found that TSP-1 reduced the stabilization of synaptic
AMPARs. In consequence, unlike TNFa, TSP-1 reduced neuro-
nal excitability. Furthermore, TSP-1 was able to reverse TNFa-
induced changes on synaptic receptors. These results hint ata role
of TSP-1 in controlling the balance between excitation and inhi-
bition and highlight a novel case of regulation of neuronal excit-
ability by glial cells.

Materials and Methods

Cell cultures. Primary cultures of spinal cord neurons were prepared from
Sprague Dawley rats embryos (either sex) as previously described (Char-
rier et al., 2010). Pure neuron cultures were maintained in neurobasal
medium (Invitrogen) conditioned by astrocyte cultures and supple-
mented with AraC (5 uMm). Astrocyte cultures were prepared from spinal
cords of 14-d-old Sprague Dawley rat embryos and maintained in MEM
supplemented with fetal bovine serum (10%), Na-pyruvate (1 mm) and
glutamine (2 mm). Once confluent, astrocyte cultures were treated with
AraC (5 um).

Reagents and antibodies. Purified human platelet TSP-1 (Hematologic
Technologies) was used at 8 nm (Charrier et al., 2010) unless indicated.
Dynasore, TTX, CNQX, p-AP5, gabapentin, and 4-AP were from Tocris
Bioscience. Jasplakinolide (Sigma Aldrich) was used at 100 nm (Rust et
al., 2010) and applied for 30 min in total (20 min before the addition of
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TSP-1 and 10 min in presence of TSP-1). Recombinant rat TNFa (Pep-
roTech) was used at 60 nm (Stellwagen et al., 2005). Monoclonal
function-blocking antibodies against integrins (25 ug/ml) were hamster
anti-rat 31 monoclonal antibody (abl, clone Ha2/5, BD PharMingen)
and mouse anti-rat (33 monoclonal antibody (ab3, clone F11, BD
PharMingen). Immunodetection was performed using anti-a-GlyR
(mAb4a or mAb2b, Synaptic Systems), anti-al-GlyR (Charrier et al.,
2010), anti-GluA1 (Alomone), anti-GluA2 (BD PharMingen or Synaptic
Systems), anti-gephyrin (mAb7a, Synaptic Systems), anti-PSD95 (6G6—
1C9, Abcam), anti-Piccolo (kindly provided by E.D. Gundelfinger,
Magdeburg, Germany), anti-synapsin (Synaptic Systems), anti-TSP
(A4.1, Abcam), Cy3-conjugated goat anti-mouse, Cy5-conjugated don-
key anti-guinea pig (Jackson ImmunoResearch) or Alexa 488-conjugated
goat anti-rabbit (Invitrogen) antibodies. F-actin was labeled with Alexa
488-phalloidin (Invitrogen).

Immunocytochemistry. The immunolabeling was done as previously
described (Charrier et al., 2010). Alternatively, cells were fixed and per-
meabilized by incubation with methanol at —20°C (10 min). Imaging
was performed on a spinning disk confocal microscope (Leica DM5000B,
Leica Microsystems; spinning disk head CSU10, Yokogawa; Photomet-
rics 63X immersion objective) equipped with a CCD camera (Coolsnap,
Princeton Instruments) driven by MetaMorph software (Molecular De-
vices). Colocalization between synaptic and receptor labeling was deter-
mined using the synaptic image as a mask. Quantification of the
integrated intensity of colocalized puncta was done using homemade
software in MatLab (MathWorks). The intensity of fluorescent spots was
averaged for each cell. Percentages of apoptotic nuclei were determined
by DAPI (diamidino-2-phenylindole) staining and examining nuclei
morphology (Doonan and Cotter, 2008).

Cell surface biotinylation. After 1 h treatment with TSP-1, cells were
washed three times with ice-cold Dulbecco’s PBS supplemented with 0.8
mwm CaCl, and 0.5 mm MgCl,, pH 7.4. They were then incubated with
biotinylation reagent (1 mg/ml NHS-SS-biotin, Pierce) for 25 min with
gentle shaking on ice. After washing and quenching of unbound biotin,
cell extracts were collected as described by Charrier et al. (2010). We kept
30% of the sample as the total receptor fraction. The remaining 70% was
mixed with neutravidin beads (Pierce) for 2 h at 4°C to purify the biotin-
ylated surface proteins. Samples were analyzed by SDS-PAGE followed
by immunoblotting and visualized with enhanced chemiluminescence
(ECL+, GE Healthcare). The level of surface receptor was normalized to
the corresponding level of total receptor.

Single-particle tracking. After the treatment with TSP-1, cells were
rinsed and incubated with the corresponding antibodies and quantum
dots for the labeling of single molecules (Charrier et al., 2006). The track-
ing was performed using homemade software (SPTrack v4) in MatLab
(MathWorks). Given our pointing accuracy, trajectories with a diffusion
coefficient D < 10 ~* um?/s were classified as immobile.

Calcium imaging. Neurons were incubated before the experiment with
TSP-1 (1 h), with TNFa (30 min) or with both applying them sequen-
tially. Neurons were loaded with 1 um Fluo-4 AM for 5 min at 37°C and
incubated for an additional 5 min before imaging. The imaging was
performed at 37°C under an inverted spinning disk confocal microscope
(Nikon Eclipse Ti; spinning disk head CSUX1-A1, Yokogawa; Leica 63 X
immersion objective) equipped with an EMCCD camera (Evolve, Pho-
tometrics) driven by MetaMorph software (Molecular Devices). The to-
tal fluorescence intensity was measured on one region per cell, in a
dendrite close to the cell body. The ratio of the fluorescence intensities in
comparison with the initial values (F/F,) was calculated after subtraction
of the background fluorescence.

Statistics. Statistical analyses were performed with Prism software
(GraphPad) or R software (http://cran.r-project.org/). The normality of
the distributions was assessed using one-sample Kolmogorov—Smirnov
test. Data obtained by immunocytochemistry were compared using the
unpaired Student’s ¢ test (f test) for one-dimensional data and the Ho-
telling’s T-squared test for two-dimensional data. One-factor ANOVA
was used for the comparison of several time points with Tukey or linear
trend post hoc tests. Diffusion data were analyzed using Kruskall-Wallis
test (KW) and Dunn test for post hoc comparisons. Multitemporal data
analysis in calcium imaging experiments was performed using a two-
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factor ANOVA (time/treatment). Differences of proportion between two
populations were analyzed with a x? test. A test was considered signifi-
cant when p < 0.05. All experiments were performed in 2—4 independent
neuron cultures.

Results

Opposite effects of TSP-1 on the amount of excitatory and
inhibitory receptors at synapses

Mixed cultures (neurons and glial cells) were incubated with pu-
rified human TSP-1 (8 nM unless indicated, for 10 or 60 min).
Synaptic GluA2- or GluA1l-containing AMPAR or GlyR immu-
noreactivity (IR) was quantified by coimmunodetecting the re-
ceptors with their corresponding scaffolding proteins PSD95 and
gephyrin (Fig. 1A). As previously shown (Charrier et al., 2010),
TSP-1 application for 60 min increased GlyR IR (35 % 5% after
60 min; Fig. 1B). This effect was smaller but significant after a
shorter treatment (17 = 4% after 10 min; Fig. 1B). In contrast,
synaptic GluA2 and GluAl IR were reduced (19 = 3% and 12 *
4%, respectively after 10 min) with no further decrease after 60
min of treatment (Fig. 1B). The effects of TSP-1 were dose-
dependent. GlyR IR was monotonically augmented (ANOVA
and linear trend p < 0.0001, n = 40) and AMPARs IR were
progressively reduced (GluAl: p = 0.009; GluA2: p = 0.015; n =
20—40) with increased concentrations of TSP-1 (between 2 and 8
nM). TSP-1 did not modify the PSD95 IR (ANOVA and Tukey
post test; 10 min, not significant; 60 min, not significant), but as
previously described (Charrier et al., 2010) gephyrin IR was in-
creased to 119 * 4% of the control after 60 min of treatment (10
min, not significant; 60 min p < 0.001). The treatment with
TSP-1 did not change the number of synapses per micrometer of
dendrite (¢ test, p > 0.07).

We next investigated whether the TSP-1 effect was dependent
or not on synaptic activity. Cells were treated with TSP-1 (60
min) in presence of either TTX (1 um), CNQX (10 M), or D-AP5
(25 um). Under TTX, the reduction of synaptic AMPARs after
TSP treatment still occurred, but the effect on GlyRs was abol-
ished (Fig. 1C). Furthermore, the increase of GlyR-IR was abol-
ished in the presence of CNQX, a competitive AMPAR
antagonist, or D-AP5, a competitive antagonist of NMDA recep-
tors (Fig. 1D). However, these drugs did not impede the reduc-
tion of AMPAR-IR by TSP-1 (t test, p < 0.0001). Therefore,
the effect of TSP-1 on inhibitory receptors needed excitatory
receptor activation.

TSP-1 binds to integrins containing 1- and B3-subunits
(Carlson et al., 2008), which have opposite effects on GlyR dy-
namics and accumulation at synapses (Charrier et al., 2010).
Neurons were incubated for a short period (10 min) with anti-
bodies that specifically block integrins by stabilizing their inactive
form (Hynes, 2002) before the application of TSP-1 for 10 min.
The incubation with anti- 81 antibody had no effect when applied
alone but prevented the effect of TSP-1 on GluA2-AMPARs (Fig.
1E), GluA1-AMPARs (data not shown), and GlyRs (Fig. 1F). In
contrast, anti-B3 antibody alone reduced AMPARs and increased
GlyRs occluding the TSP-1 effect (Fig. 1 E, F). Thus, TSP-1 could
act via the activation of 1-integrins and/or the inactivation of
33-integrins.

Integrins link the ECM to the cytoskeleton and participate in
the remodeling of F-actin in synapses (McGeachie et al., 2011).
We quantified the amount of F-actin at synapses in triple labeling
experiments using fluorescent phalloidin and antibodies against
PSD95 and gephyrin (Fig. 1 G1-2). At excitatory synapses TSP-1
transiently decreased phalloidin staining (TSP 10 min: —13.2%
of control; TSP 60 min: —3.1%, Fig. 1 G1). No changes were
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Figure 1.  Differential effects of TSP-1 on the amount of excitatory and inhibitory receptors at synapses. 4, Receptor IR in control conditions (top) or after 1 h TSP-1 treatment (bottom). Double
immunodetection of receptors (green) and their corresponding scaffolding molecules (red): GluA2-AMPAR and PSD95 (left), GluAT-AMPAR and PSD95 (center) or o 1-GlyR and gephyrin (right). Scale
bar, 5 pm. B—F, Quantification of the fluorescence associated with the indicated receptors. B, Variation of receptor IR (% of control) after 10 or 60 min of TSP-1 treatment (n = 60, ANOVA and Tukey
test). C, Variation of the indicated receptor IR (% of control) after application of TSP-1 (60 min) in the presence of TTX (n = 40— 60, ¢ test). D, Variation of the GlyR-IR after application of TSP-1 (60
min) alone (T) or in the presence of CNQX (T -+ CNQX) or 0-AP5 (T-+D-AP5). Drugs were added 10 min before TSP-1 (n = 40— 60, t test). E, F, Normalized IR associated with synaptic GluA2 (E) and
GlyR (F) in control conditions (Ctr) or after incubation with TSP-1 (T), anti- 31 integrin antibody (B1), anti-31 antibody before TSP-1 (B1+T), anti- 33 integrin antibody (B3) or anti- 33 antibody
before TSP-1 (B3+T). Treatments lasted 10 min in each case (n = 15-31, t test). G7, G2, Normalized fluorescence of phalloidin colocalized with PSD-95-IR (G7) or gephyrin-IR (G2) in control
conditions (control) or after incubation with TSP-1 for the indicated times (n = 86 —181, ANOVA and Tukey test). H7, H2, Quantification of IR associated with synaptic GluA1 (H7) or GluA2 (H2) in
control conditions or after treatment with TSP-1 (TSP, 10 min), jasplakinolide (Jas), or jasplakinolide and TSP-1 (Jas+TSP) (n = 20 —47, t test). All values are the mean = SEM. Ns, not significant;
#) < 0.05; **p < 0.01; ***p < 0.001).

observed at inhibitory synapses (Fig. 1 G2). Actin depolymeriza-
tion was necessary as the stabilization of actin filaments with
jasplakinolide abolished the reduction of GluA1 IR and GluA2 IR
(Fig. 1 HI,H2).

In retinal ganglion cells, TSP-induced excitatory synapse for-
mation (Eroglu et al., 2009) by binding to a261 calcium channel
regulatory subunit. Gabapentin antagonizes TSP binding to a261
inhibiting TSP-induced excitatory synapse formation (Eroglu et
al., 2009). We applied gabapentin (10 M, 60 min) to our cultures
to see whether it could block TSP effect on postsynaptic recep-
tors. However, gabapentin alone modified the accumulation of
receptors and scaffolding molecules in a different way than
TSP-1, precluding its utilization as a blocker of TSP-a2481 inter-
action. After gabapentin treatment, GluA1 IR was not modified (¢
test, p = 0.76) but GluA2 IR and PSD95 IR were increased (1.55-
fold, p < 0.0001 and 1.19-fold, p = 0.003; respectively). At inhib-

itory synapses, gabapentin did not affect gephyrin-IR (p = 0.98)
but it increased GlyR IR (1.27-fold, p < 0.0001).

TSP also interacts with neuroligins (Xu et al., 2010). We pro-
pose that TSP could help the clustering of neuroligin and this
could mediate the acceleration of synapse formation. Neuroligins
could target TSP to synapses; however we did not observe a par-
ticular enrichment of TSP at synapses of our mature spinal cord
neurons (45.68 * 2.45% of TSP-IR colocalized with synapsin IR).

In the hippocampus, the pharmacological perturbation of in-
tegrins leads to a reduction of AMPAR synaptic currents medi-
ated by the enhanced internalization of GluA2 (Cingolani et al.,
2008). We investigated receptor endocytosis by cell surface bioti-
nylation. After 60 min of TSP-1 treatment, we observed reduced
surface AMPARs and increased surface GlyRs levels (Fig.
2A1,A2). In the presence of the dynamin inhibitor dynasore (80
uM added 10 min before TSP-1 application), which prevents the



Hennekinne et al. @ Thrombospondin Regulation of AMPAR and GlyR

A1l input biotin A2

Ctr TSP-1 Ctr TSP-1

GluA2

|
|
biotin/input

GluA1

GIyR

B GIuA2  GluA1

ns

GIuA2

-
[$)]
1

150 4

*%

-
1
1
1
1
1
1
1
1
fl

100 4

biotin/input

o
[$)]
1

Synaptic IR (%)
an
o

0 - 04
Dyn + + + + + + Dyn +
TSP-1 - + -+ -+ TSP-1 -+

Figure 2.

(mean == SEM; **p << 0.01, ***p < 0.001, ttest; n = 40).

internalization of endocytic vesicles (Macia et al., 2006), these
changes were abolished (Fig. 2B). When endocytosis was pre-
vented by dynasore, the changes in the amount of receptors at
synapses were still observed (Fig. 2C). Therefore, within the time
course of this experiment, the modifications observed at synapses
were independent of the endocytosis of receptors. This result
suggested that instead TSP-1 modified the capacity of synapses to
capture and retain receptors. Indeed the facilitation of AMPAR
diffusion of synapses increases their availability for endocytosis
(Zhou et al., 2001; Anggono and Huganir, 2012).

The dynamics of synaptic AMPARs and GlyRs are modified
by TSP-1
As receptors enter and exit synapses by lateral diffusion, the number
of receptors at synapses results from an equilibrium between the
synaptic and the extrasynaptic population (Triller and Choquet,
2008). We analyzed the diffusion of AMPARs and GlyRs using quan-
tum dot single-particle tracking (SPT). Quantum dots were detected
with a pointing accuracy of 10-20 nm and tracked at 13 Hz. Syn-
apses were labeled with FM4-64, and the portions of trajectories
overlapping FM4-64 stains were defined as synaptic. The mean
square displacement (MSD) as a function of time interval was used
to extract the diffusion coefficient (D) as previously described
(Charrier etal., 2010). TSP-1 was applied for the indicated times (10,
30, or 60 min) before the labeling for SPT.

The diffusion of extrasynaptic GluA2 or GluA1 did not change
(KW and Dunn test, p > 0.05), whereas extrasynaptic GlyR was

1,5 1

The TSP-1-induced regulations of synaptic glycine and AMPAR amounts are endocytosis-independent. A7, Repre-
sentative Western blot of receptors. Neurons were treated (TSP-1, 60 min) or not (Ctr) with TSP-1 before cell-surface biotinylation
(input, total amount of protein; biotin, biotinylated receptors at the cell surface). A2, Mean ratio of surface to total receptor levels
in TSP-1 conditions, normalized by the control ratio (mean == SEM; *p << 0.05, **p << 0.01, ***p << 0.007; ¢ test). B, Normalized
mean ratio of surface receptor/total receptor level in cells treated only with dynasore (white) or with dynasore and TSP-1 (gray,
dynasore added 10 min before TSP-1) (mean == SEM; ns, not significant, ¢ test). €, Normalized fluorescence intensity associated
with synaptic GluA2, GluA1, and GlyR after inhibition of endocytosis by dynasore as in B. Cells were treated or not with TSP-1
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slowed after 30 and 60 min of treatment
* (p < 0.0001 for both, no significant
changes after 10 min). Regarding synaptic
receptors, synaptic AMPARs diffused
faster when cultures were treated with
TSP-1 for only 10 min (Fig. 3A1). These
effects were still observed when the treat-
ment lasted 60 min in the case of synaptic
GluA2-AMPARs (median D in 1077
wm?/s % ctr, 3.40; TSP 10 min, 6.69; TSP
30 min, 4.24; TSP 60 min, 5.16; Fig. 3A1)
but not in the case of GluAl (median of
synaptic D in 103 p,mz/s_l; ctr, 1.39;
TSP 10 min, 2.39; TSP 30 min, 2.12; TSP
60 min, 0.87; Fig. 3A2). The time course of
the changes in GlyR mobility in synapses
was different. It was not significantly
o modified after 10 min of TSP-1 treatment,
but it was progressively slowed down after
longer incubation times (median of syn-
apticDin 10 7 um?/s ~ ' ctr, 1.92; TSP 10
min, 1.86; TSP 30 min, 0.77; TSP 60 min,
0.48; Fig. 3A3), confirming our previous
results (Charrier et al., 2010). GluA2-
AMPARs significantly reduced their dwell
time following incubation with TSP-1
(Fig. 3BI1). GluAl showed a tendency to-
ward a decrease after 10 min but an in-
crease after longer (60 min) treatments
(but these changes were not significant,
Fig. 3B2). Under the same experimental
conditions, GlyR did not modify their
dwell time (Fig. 3B3).

Together, these data indicated that
TSP-1 rapidly destabilized AMPARs lead-
ing to the reduction of receptor number at
synapses. In contrast, GlyRs were progressively captured leading
to their gradual accumulation at synapses. Synaptic GluAl-
AMPARs were only transiently accelerated. Together with the
increased endocytosis, these results suggest that for these recep-
tors a new equilibrium was rapidly reached after the internaliza-
tion of the fast diffusing receptors.

’ N
A

GIluA1 GIyR

* %k

HH

+ o+ -

TSP-1 reverses the TNFa-induced changes in

synaptic receptors

In hippocampal neurons, TNFa modifies excitatory and inhibi-
tory synaptic transmission by increasing the insertion of GluA1-
containing AMPARs and reducing the surface amount of GABA
receptors (Stellwagen et al., 2005). Therefore, we compared the
IR of synaptic GluA1-AMPARs and GlyRs after TNFa (60 nM, 30
min) or TSP-1 (8 nM, 60 min) treatment in triple immunolabel-
ing experiments (synapses were identified by the presynaptic pro-
tein Piccolo; Fig. 4A1). In this aim, the 2D-isodensity contours of
GluA1 and GlyR IR obtained after TSP-1 and TNFa treatment
were superimposed (Fig. 4A2). TNFa had the opposite effect to
TSP-1 and induced an increase in GluAl IR and a decrease in
GIlyRIR. These data were confirmed in experiments where GluA1
and GlyR were codetected with their corresponding scaffolding
proteins PSD95 and gephyrin, respectively (Fig. 4B). TNFa had
no effect on synaptic GluA2 IR (p = 0.16, Fig. 4B). Lower con-
centrations of TNFa (0.6 and 6 nm) also significantly reduced
GlyR (ANOVA and Tukey test, p < 0.05) but did not significantly
modify GluAl (p > 0.05).
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Figure3. Reverse effects of TSP-1on synaptic AMPAR and GlyR dynamics. A7-A3, Distribution of diffusion coefficients for synaptic GluA2 (A1), GluA1 (42) or GlyR (43) in control conditions (Ctr)

or after the indicated durations of TSP-1 treatment (median, 25 and 75% IQR; ns, not significant; *p << 0.05, ***p << 0.001, KW and Dunn test; n = 97—477). B1-B3, Cumulative frequency
distribution of dwell times of the receptors in A (KW and Dunn test; ns, not significant; **p << 0.01, ***p < 0.001).

To investigate whether TSP-1 could reverse the changes in-
duced by TNFa, cultures were treated with TNFa for 30 min,
rinsed, and subsequently incubated (60 min) in their original
medium with or without TSP-1. The recovery after TSP-1 treat-
ment was TSP-1 dose-dependent, with significant changes when
applying TSP-1 at 8 nm (data not shown). Neurons treated with
TNFa« alone had increased GluAl (+33 =+ 6%) and decreased
GlyR IR (—20 * 4%), whereas those treated with TNFa« followed
by TSP-1 (8 nM) containing medium returned to control levels
(Fig. 4B). TSP-1 still decreased GluA2 in cells treated with TNFa
(—23 = 4%; Fig. 4B). These results have also been seen on pure
neuronal cultures (data not shown), indicating that the presence
of glial cells was not necessary for this reversion.

Changes in intracellular Ca** (Ca;*™"), reflecting global neu-
ronal activity, were monitored using the calcium indicator Fluo-4
AM. 4-Aminopyridine (4-AP, 50 uM), a potassium channel
blocker, was applied to increase neuronal and synaptic activities
to check whether the global network excitability was modified. As
expected, the addition of 4-AP increased Fluo-4 AM intensity
(Fig. 4C). Pretreatment by TSP-1 (60 min) lowered the 4-AP-
dependent Fluo-4 AM fluorescence increase, whereas incubation
with TNFa alone (60 nM, 30 min) enhanced this effect (Fig. 4C).
Thus, the changes in the amount of synaptic receptors due to
TSP-1 or TNFa treatments were correlated with changes in the
overall excitability of neurons. In contrast, when TNFa treat-
ment was followed by TSP-1, the intensity level of Fluo-4 AM
remained similar to that seen in control conditions (Fig. 4C). A
similar result was obtained when neurons were first treated with

TSP-1 subsequently incubated with TNFa at the same concen-
trations (data not shown).

TNFa-driven increased AMPAR activity potentiates excito-
toxicity in spinal cord (Ferguson et al., 2008) and in hippocampal
neurons (Leonoudakis et al., 2008). Thus, cellular death was
quantified in cultured spinal cord neurons exposed to TNFa (150
min) with or without addition of TSP-1 (120 min, added 30 min
after TNF«). The DAPI-stained nuclei were classified as normal
or apoptotic nuclei depending on their morphology (Doonan
and Cotter, 2008). The proportion of apoptotic nuclei was in-
creased by TNFa (+15% vs control situation, p < 0.001, x* test)
but this TNFa-related proapoptotic effect was reverted by TSP-1
(—10% vs control situation, p < 0.001). Together, our results
show that TSP-1 counteracted TNFa-induced changes in synap-
tic transmission and neuronal vulnerability.

Discussion

We report that TSP-1 regulates the amount of synaptic inhibitory
and excitatory receptors in mature cultured spinal cord neurons.
Our results suggest that in addition to its role in developmental or
injury-induced synaptogenesis (Liauw et al., 2008; Lo et al., 2011;
for review, see Risher and Eroglu, 2012), TSP may tune the bal-
ance between excitation and inhibition in the adult CNS via in-
tegrin signaling.

Integrins are bidirectional, allosteric signaling molecules me-
diating the interaction between the ECM and the cytoskeleton
(Hynes, 2002). In addition to their well established roles in cell
survival and cell motility, integrins participate in the adjust-
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Figure 4.  TSP-1 reverses TNFa-induced modifications of synaptic receptors. A7, Overlay image of the triple immunodetection of GIyR (red), GluA1 (green), and Piccolo (blue) staining. Right,

higher-magnification. A2, Iso-density contours of the normalized fluorescence intensity of GluA1 (x-axis) and GIyR ( y-axis) clusters at synapses under TSP-1 (red), or TNFex (green) conditions. The
intensity of fluorescence (arbitrary units) of GluA1 and GlyR clusters was averaged in each dendrite and normalized to control values. The distributions of fluorescence intensity are presented as
density plots from a Kernel density estimation (performed in R software). The contours represented iso-density curves for densities 0.2, 0.4, 0.6, and 0.8 from outside to inside (p << 0.001, I
Hotelling test, nTSP-1 = 328, nTNFa = 331). B, Normalized fluorescence intensity associated with synaptic GluA1, GluA2, and GlyR in control conditions, after TSP-1, TNFex, or TNFx followed by
TSP-1 application (mean == SEM; ns, not significant; *p << 0.05; **p < 0.01; ***p < 0.001; t test, n = 60). C, Intracellular Ca2* monitored by fluorescence intensity of Fluo4AM (F/F,; mean =
SEM) on neurons before and after 4-AP (50 wum) application (gray bar) in control conditions (n = 86), or after TSP-1(n = 84, p << 0.001 ANOVA), TNFx (n = 80, p < 0.001), or TNFex plus TSP-1

(n = 91, not significant) treatment.

ment of synaptic strength via actin cytoskeleton remodeling
(McGeachieetal., 2011). Integrins signal to cytoskeleton either to
induce the polymerization or to control the depolymerization of
actin. B1-containing integrins were proposed to participate in the
stabilization of LTP through the consecutive disassembly and
reassembly of adhesive and cytoskeletal elements (McGeachie et
al., 2011). Actually, actin depolymerization increases the diffu-
sion of receptors in and out synapses (Charrier et al., 2006; Rust et
al., 2010). In our experiments, we observed a transient decrease in
the level of F-actin at excitatory synapses and concomitantly AM-
PAR diffused more. This decrease in F-actin likely contributed to
the escape of AMPARs because the stabilization of actin filaments
prevented the loss of synaptic receptors. Therefore actin depoly-
merization helped the diffusion of AMPARs out of synapses
where they became available to the endocytotic machinery and
were internalized (Zhou et al., 2001).

Blocking B1-integrins prevented the modification of synaptic
receptor numbers by TSP-1 for both GlyRs (Charrier et al., 2010)
and AMPARs (this work). However, anti-3 antibodies mim-
icked and occluded the loss of AMPARs due to TSP-1. Thus the
results presented here are also compatible with an inactivation of

B3-integrins signaling or the disruption of their interactions with
other ligands (Pozo et al., 2012). Indeed B3 integrins stabilize
AMPARSs at the postsynaptic membrane and these receptors are
selectively endocytosed upon disruption of B3-ECM interactions
(Cingolani et al., 2008; Pozo et al., 2012). Therefore B1- and
B3-integrins are involved in the downregulation of synaptic re-
ceptors by TSP-1.

In neurons, the o261 calcium channel regulatory subunit and
neuroligins are ligands for TSP mediating its synaptogenic activ-
ity (Eroglu et al., 2009; Xu et al., 2010). Gabapentin has been used
to antagonize TSP binding to «261 in retinal ganglion cells (Ero-
glu et al., 2009). However, we observed significant effects of this
drug applied alone precluding its utilization in our cultures. Be-
side the fact that other type of neurons was used in previous
studies, neurons could respond differently during and after syn-
aptogenesis. Indeed, the interaction of TSP and neuroligins ac-
celerates synapse formation in hippocampal neurons only during
a short time window (between 5 and 8 d after plating) (Xu et al.,
2010).

The number of receptors at synapses depends on the number
of receptors at the cell surface and their diffusion and their cap-
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ture at synaptic loci, the latter being regulated by the number of
binding sites (i.e., of scaffolding molecules) and the affinity of the
receptor-scaffold interaction (Renner et al., 2008; Triller and
Choquet, 2008). In the case of GlyR, its surface level increased,
together with the amount of synaptic receptors and gephyrin.
Therefore, GlyRs were progressively recruited thanks to the in-
creased number of gephyrin scaffolding sites. In the case of
AMPARSs, TSP-1 decreased the amount of receptors at the cell
surface and at synapses. Furthermore, GluA2-AMPARs spent less
time at the synapse with no change in PSD95 IR. This suggests
that TSP-1 destabilized AMPARSs by modifying their interaction
with PSD95 and/or with proteins, such as TARPs (Bats et al.,
2007).

The differences observed between inhibitory and excitatory
synapses are noteworthy. In case of excitatory synapses, no syn-
aptic activity was needed, there was a transient depolymerization
of F-actin cytoskeleton, and the PSD 95 IR did not change. At
inhibitory synapses, the glutamatergic activity was needed, the
actin cytoskeleton was not modified, and gephyrin IR increased.
The excitatory activity could be required for the signaling of 81
integrins through CaMKII, which modulates the amount of GlyR
at synapses by increasing the amount of gephyrin (Charrier et al.,
2010). Increased excitatory transmission results in the rapid ho-
meostatic regulation of the inhibitory transmission (Lévi et al.,
2008). Our results reveal that TSP-1 shifted the level of the ho-
meostatic regulation toward a reduced excitability by modifying
in parallel excitatory and inhibitory receptors.

GluAl and GluA2-containing AMPARs where not always
modulated in parallel. TSP-1 decreased the synaptic amount of
both but had a stronger effect on GluA2 (~19% in case of GluA2,
~12% for GluA1). Asboth GluA1 and GluA2 can be assembled in
the same receptor, TSP-1 could target exclusively GluA2-
AMPARs. Indeed, TSP-1 significantly decreased the dwell time of
GluA2-AMPARs, suggesting a modification of the interaction
between this subunit and the scaffold (Renner et al., 2012). The
effect on GluAl is then likely to depend on the relative ratio of
GluA1l to GluA2 in the plasma-membrane. In cells treated with
TNFa (which only increased GluAl), TSP-1 reduced GluA2
AMPARs and GluAl in similar proportions (~23% and ~20%,
respectively).

Diffusion analysis also pointed out differences between GluA1l
and GluA2. Synaptic GluA1-AMPARs were only transiently ac-
celerated. Together with the increased endocytosis, this result
suggests that for these receptors a new equilibrium was rapidly
reached. As endocytosis occurs exclusively out of the PSD (Ang-
gono and Huganir, 2012), the internalization selectively reduces
the amount of mobile receptors. GluA2-containing AMPAR were
more mobile than GluA1 ones; thus the mobile fraction of GluA2
was more important. Our results show that mobile GluA2 were
still abundant even after the endocytosis of part of them. In case
of GluAl, the increased endocytosis due to TSP treatment was
enough to deplete the mobile fraction. This was translated into a
general reduction of mobility at 60 min, because the mobile frac-
tion was reduced and the receptors remaining at synapses were
the ones which were still trapped by the scaffold.

In the adult CNS, TSP-1 is expressed following inflammation
orinjury (Risher and Eroglu, 2012), which also results in a TNFa-
mediated increase of neuronal excitability and ultimately to an
enhanced neuronal vulnerability to excitotoxicity (Beattie et al.,
2010). Although TNFa acts rapidly after an insult (less than an
hour) (Ferguson et al., 2008), TSP is expressed 4—6 h later (Lin et
al., 2003; Tran and Neary, 2006). This may have protective con-
sequences because TSP-1 counteracted TNFa-induced modifica-
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tions of synaptic receptors leading to the recovery of excitability
to a control level.
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