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Glutamate Controls tPA Recycling by Astrocytes, Which in
Turn Influences Glutamatergic Signals
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Tissue-type plasminogen activator (tPA) regulates physiological processes in the brain, such as learning and memory, and plays a critical
role in neuronal survival and neuroinflammation in pathological conditions. Here we demonstrate, by combining mouse in vitro and in
vivo data, that tPA is an important element of the cross talk between neurons and astrocytes. The data show that tPA released by neurons
is constitutively endocytosed by astrocytes via the low-density lipoprotein-related protein receptor, and is then exocytosed in a regulated
manner. The exocytotic recycling of tPA by astrocytes is inhibited in the presence of extracellular glutamate. Kainate receptors of
astrocytes act as sensors of extracellular glutamate and, via a signaling pathway involving protein kinase C, modulate the exocytosis of
tPA. Further, by thus capturing extracellular tPA, astrocytes serve to reduce NMDA-mediated responses potentiated by tPA. Overall, this
work provides the first demonstration that the neuromodulator, tPA, may also be considered as a gliotransmitter.

Introduction

In the last two decades, a number of key advances in the understand-
ing of the physiology of astrocytes demonstrated their role in mod-
ulating synaptic transmission, synapse formation and plasticity,
integrity of the blood—brain barrier, neurotoxicity, and nervous sys-
tem repair (Haydon and Carmignoto, 2006). All these functions are
in part related to their ability to regulate the concentration of neu-
rotransmitters and neuromodulators in the extracellular space. For
instance, astrocytes were shown to uptake and/or release glutamate
(Araque et al., 1998; 2000), GABA (Bender and Norenberget, 2000),
D-serine (Mothet et al., 2005), and ATP (Coco et al., 2003) Astro-
cytic release of glutamate and ATP occurs in response to calcium rise
through vesicular exocytosis mediated by soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) (Volterra and
Meldolesi, 2005; Galli and Haucke, 2004). Although uptake and re-
lease of small molecules, termed gliotransmitters, from astrocytes,
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are largely described, fewer data support trafficking of larger mole-
cules, such as proteins.

Tissue-type plasminogen activator (tPA) belongs to the family
of serine proteases. Historically, tPA was first shown to be pro-
duced and released in circulation by endothelial cells, where it
plays critical roles in inflammation, clotting, and fibrinolysis.

In the brain parenchyma, tPA is widely expressed in neurons
and astrocytes. It is involved in cell migration, neuronal plasticity,
integrity of the blood—brain barrier, inflammation, and proneu-
rotoxicity (Tsirka et al., 1997; Baranes et al., 1998; Wang et al.,
1998; Nicole et al., 2001). When released into the extracellular
space, tPA mediates generation of plasmin, which regulates the
degradation of the extracellular matrix (Tsirka et al., 1997) and
the conversion of growth-factor and chemokine precursors into
their active forms (Sheehan et al., 2007, Su et al., 2008).

Additional substrates, binding proteins, or receptors for tPA
include the NMDAR, the low-density lipoprotein receptor-
related protein (LRP), and annexin-II (Siao and Tsirka, 2002;
Samson et al., 2008; Zhang et al., 2009). For instance, tPA regu-
lates NMDAR signaling, leading to neuronal cell death in patho-
logical conditions, such as stroke (Nicole et al., 2001).

In view of all such functions of tPA in the CNS, this serine pro-
tease is now referred to as a neuromodulator (Fernandez-Monreal et
al., 2004; Samsom and Medcalf, 2006). Consequently, mechanisms
that govern the availability of tPA in the extracellular space strongly
influence tPA-modulated processes. The present study examines
whether tPA acts as a gliotransmitter and, in particular, whether
astrocytes are able to control the amount of tPA in the extracellular
compartment and, if so, by which mechanism.

The results indicate that (1) astrocytes rapidly take up
neuron-derived tPA through constitutive LRP-mediated,
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Figure 1.  tPAis constitutively endocytosed by astrocytes via a clathrin-dependent and dynamin-dependent process. A, Zymography assay (representative image out of triplicate) for
proteolytic activity of intracellular tPA in protein extracts from cell monolayer of astrocytes exposed to exogenously added rhtPA (from 7.5-300 nw, as indicated) for 15 min. B, Graph
shows mean = SEM (n = 4) of quantification (enzymatic assay) of intracellular tPA proteolytic activity calculated as percentage of intracellular tPA activity at 300 nm exogenous rhtPA
in protein extracts from cell monolayer of astrocytes treated asin A.*, Significantly (p << 0.05) different from control. €, Astrocyte cultures were exposed to rhtPA (75 nm) for 15—-120 min.
Graph shows mean == SEM (n = 3) of quantification (enzymatic assay) of intracellular tPA proteolytic activity calculated as percentage of activity at 120 min. *, Significantly (p < 0.05)
different from control. D, Astrocyte cultures were exposed to tPA 555 (75 nw) for 15-120 min, as indicated. Photomicrographs (representative image of n = 3) show tPA 355 staining (left,
red) and merged image with GFAP immunoreactivity (middle, red and green). Right, Magnification of selected regions defined by inserts. E, Graph shows mean = SEM (n = 3)
quantification of sctPA *** fluorescence in SDS-PAGE cell monolayer of astrocytes normalized to bound plus internalized tPA *** in single-cycle endocytosis experiment (see Materials and
Methods). *, Significantly (p < 0.05) different from beginning of the experiment. E, Astrocyte cultures were exposed for 15 min to tPA >>, at 4°C or 37°C, or to albumin *>* (75 nw) at 37°C,
asindicated. F, Graph shows mean = SEM (n = 3) of the quantification of the fluorescence of Alexa*** per 100 wm 2. *, Significantly (p << 0.05) different from control. G, Astrocytes
were exposed for 15 min to tPA %", at 4°Cor 37°C, or to albumin 7 at 37°C. Graph (representative image of n = 3) shows the flow cytometry analysis of fluorescence intensity of Alexa *
in astrocytes. H, Astrocyte cultures were exposed for 15 min to tPA >>°, Photomicrographs show (representative image of triplicate) tPA >>° staining (top, red) and immunocolocalization
(bottom) with AP-2 (green). I, Astrocyte cultures were exposed to rhtPA (75 nm) with or without DCV (from 0.1-0.75 mw, as indicated) for 15 min. Graph shows mean = SEM (n = 3)
of quantification (enzymatic assay) of intracellular tPA proteolytic activity calculated as percentage of activity in the absence of DCV. *, Significantly (p << 0.05) different from control.
J, Astrocyte cultures were exposed to rhtPA (75 nm) for 15 min after preincubation with or without dynasore (from 50 —250 wm, as indicated) for 30 min. K, Graph shows mean = SEM
(n = 3) of quantification (enzymatic assay) of intracellular tPA proteolytic activity calculated as percentage of activity in the absence of dynasore. *, #, Significantly (p << 0.05) different
from control or dynasore conditions (50 and 150 wm). ns, not significant. Scale bars, 30 wm.

clathrin-dependent, and dynamin-dependent endocytosis; (2) ~ Materials and Methods

astrocytes are able to release tPA; (3) extracellular glutamate  praserials

inhibits the release of tPA by astrocytes; and (4) this inhibitory  Recombinant human tPA (thtPA; Actilyse) was purchased from Boehringer
action of glutamate is mediated by kainate receptor-induced  Ingelheim. Receptor associated-protein (RAP) was provided from Gentaur.
protein kinase C (PKC) signaling. Finally, this study demon-  DMEM, poly-p-lysine, laminin, glutamine, cytosine 3-p-arabinoside, albumin,
strates the role played by astrocytes in regulating the levels of  r-glutamic acid monosodium, AMPA, kainic acid monohydrate, 6-cyano-7-
extracellular tPA. nitroquinoxaline-2,3-dione (CNQX), mono-dansyl-cadaverine (DCV), dyna-



5188 - J. Neurosci., April 11,2012 - 32(15):5186 5199

sore, human a-2-macroglobulin, and PBS were purchased from Sigma-Aldrich.
NMDA, MK-801, bisindolymaleimide I (bis), 2,3-dihydroxy-6-nitro-7-
sulfonyl-benzo[f]quinoxaline (NBQX), (RS)-1-amino-5-phospho-
noindan-1-carboxylic acid (APICA), (RS)-1-aminoindan-1,5-dicarboxylic
acid (AIDA), (RS)-a-cyclopropyl-4-phosphonophenylglycine (CPPG), and
(aS)-a-Amino-3-[(4-carboxyphenyl)methyl]-3,4-dihydro-5-iodo-2,4-dioxo-
1(2 H)-pyrimidinepropanoic acid (UBP 301) were purchased from Tocris Bio-
science. Alexa fluor 555 and 647 carboxylic acid, succinimidyl ester, LysoTracker,
fetal bovine serum (FBS), and horse serum (HS) were purchased from
Invitrogen.

Animals and surgery

Mice were housed in a temperature-controlled room on a 12 h light/dark
cycle with food and water ad libitum. Experiments were performed in
accordance with French ethical laws (Act No. 87-848, Ministere de
I’Agriculture et de la Forét) and European Communities Council Direc-
tives of November 24, 1986 (86/609/EEC), guidelines for the care and use
of laboratory animals.

Plasmid constructions and production of recombinant proteins
Plasmids. pEGFP-tetanus neurotoxin-insensitive vesicle-associated
membrane protein (TI-VAMP), pEGFP-TI-VAMP, and pEGFP-
VAMP-3 (Martinez-Arca et al., 2000); pCMV5-TeNT ~ and pCMV5-
TeNT " (McMahon et al., 1993); pEGFP-Rab5 and pRab5, (kind gift
from Letizia Lanzetti, University of Turin, Turin); pEGFP-CD63 (kind
gift from John Paul Luzio, Cambridge University, Cambridge); and
pEGFP-VAMP-4 were previously described (Mallard et al., 2002).

pSynapsin fluorescent tPA. Coding region of tPA, including its signal
peptide, was cloned in pET-161 plasmid vector (Invitrogen) to introduce
a fluorescent tag, lumio, at the C-terminal end. Fluorescent tPA (tPA-
lumio) was then transferred to pSynapsin (pSyn) plasmid vector (a kind
gift from Dr. Streamson C. Chua, Columbia University, NY) to form
pSyn-tPA-lumio.

Production of recombinant mutants of tPA and of inactive tPA. The
wt-tPA and AEGF-tPA recombinant proteins were obtained as previ-
ously described from the Rattus norvegicus tPA cDNA (Swiss-Prot acces-
sion P19637). The AF-tPA, with a deletion of the finger domain, was
generated following the same method, by using the upstream primer 5'-
CCGGGATCCCCCGTCCGAAGTTGC-3' and the downstream primer
5'-GGCAAGCTTTTGCTTCATGTTGTCTTGAATCCAGTT-3', thus
amplifying a sequence corresponding to tPA lacking the finger domain.
For obtaining inactive tPA, purified rhtPA was mixed with the irrevers-
ible inhibitor glu-gly-arg-chloromethyl ketone (GGACK, Calbiochem)
for 4 h at 4°C with continuous stirring. The resulting solution was dia-
lyzed (Slide-A-Lyser 10 KDa, Thermo Fisher Scientific) in bicarbonate
buffer (0.1 M NaHCO; and Tween 80 (0.1%), pH 8.4,overnight at 4°C to
remove free GGACK. The inactive tPA was labeled with Alexa®” as
described below.

Labeling of tPA, albumin and a-2-macroglobulin with Alexa”>
and Alexa®”

Arginine content in Actilyse was removed by dialysis at 4°C overnight
(see above). Then, purified rhtPA was mixed with the N-succinimidyl
ester of Alexa”> or Alexa®* for 4 h at 4°C with continuous stirring. The
resulting solution was dialyzed in bicarbonate buffer overnight at 4°C to
remove unbound dyes. Afterward, tPA-Alexa 535 (tPA°°®) or tPA-
Alexa®” (tPA®*”) were frozen and stored at —80°C until further use. The
same procedure was performed with albumin and «-2-macroglobulin.

Antibodies

Primary antibodies used were as follows: for immunocytochemistry,
mouse polyclonal anti-GFAP, mouse monoclonal anti-adaptor protein 2
(anti-AP-2) antibodies (1:1000 and 1:500 dilution, respectively; Abcam),
and rabbit monoclonal anti-LRP1 antibodies directed against the C ter-
minus of LRP1 (1:500; a kind gift from Professor Dudley K. Strickland,
University of Maryland School of Medicine, Baltimore, MD); for immuno-
blots, goat polyclonal anti-tPA antibodies (1:1000, Santa Cruz Biotechnol-
ogy). Secondary antibodies were as follows: for immunocytochemistry,
F(ab’)2 fragments of donkey anti-mouse IgG linked to FITC or Alexa®*,
and F(ab')2 fragments of donkey anti-rabbit linked to FITC (1:300, Jackson
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tPAS55 | GFAP

Figure 2.  Astrocytes uptake tPA in vivo. Mice were injected stereotaxically into the cortex
with 1 ug of tPA %>, Confocal photomicrographs show three representative merged images of
brain sections with tPA>* staining and GFAP immunoreactivity (left, red and green). Right,
Magpnification of selected regions defined by insert. Photomicrographs correspond to a trans-
versal plan (0.5 um) of the all stackimages (10 m) acquired with a confocal microscope. Scale
bars, 30 um. Arrows indicate staining for tPA>> in GFAP * astrocytes.

ImmunoResearch); for Western blots, anti-goat peroxidase-conjugated
(Sigma-Aldrich).

Primary neuronal cultures, primary astrocyte cultures and mixed
cultures of neurons and astrocytes

Primary neuronal cultures, primary astrocyte cultures and mixed cul-
tures of neurons and astrocytes were obtained as previously described
(Nicole et al., 2001). For immunocytochemistry, cells were cultured on
glass-bottom Petri dishes (MatTek) coated with poly-p-lysine (0.1 mg/
ml) and laminin (0.02 mg/ml). Neuronal cultures after 14 d in vitro
(DIV) were used for toxicity experiments and at 12 DIV for neuronal
tPA-lumio recording experiments.

Neuronal toxicity assay

Slowly triggered excitotoxicity was induced at 37°C by a 24 h exposure to
NMDA (12.5 um) in serum-free DMEM supplemented with glycine (10
uM, MS-glycine). Neuronal death was assessed by phase-contrast mi-
croscopy and quantified by measurement of the activity of lactate dehy-
drogenase (LDH) released by damaged cells into the bathing medium
with a cytotoxicity detection kit (Roche Diagnostics). The maximum
neuronal death was determined in sister wells exposed to NMDA (500
M) for 24 h in MS-glycine. Background LDH levels were determined in
sister wells subjected to control washes and subtracted from experimen-
tal values to yield the signal specific to experimentally induced injury.

Transfections

Plasmids were transfected in cultures of astrocytes by using Lipo-
fectamine 2000 (2 pg, Invitrogen), in HEPES and bicarbonate buffered
saline solution (HBBSS) containing the following (in mm): 116 NaCl, 5.4
KCl, 1.8 CaCl2, 0.8 MgSO,, 1.3 NaH,PO,, 12 HEPES, 5.5 glucose, 25
bicarbonate, and 10 uMm glycine, pH 7.45, at 37°C. After 36 h, cultures
were washed in HBBSS at 37°C and treated with tPA-Alexa >>° for differ-
ent amounts of times. Then, cells were washed in PBS (0.1 M) and fixed in
paraformaldehyde (PFA, 4%) dissolved in PBS (0.1 M) for 30 min at 4°C.
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Figure 3.  Endocytosis of tPA by astrocytes is mediated by LRP1. A, Quantitative PCR for relative levels of LRP mRNA (mean = SEM, n = 3) in astrocyte cultures, computed by calculating the
2~ AA% The housekeeping gene expression (cyclophilin), used for normalization, was not influenced by the stages in vitro. B, Astrocyte cultures were exposed for 15 min to tPA>*° (75 nu).
Photomicrographs (representative image of n = 4) show staining forimmunocolocalization of LRP1 (green) and tPA > (red) viewed individually and as a merged image, as indicated (right, green
andred). C, Astrocyte cultures were exposed for 15 min to tPA °** (75 nm) alone or with RAP (0.5 um). Photomicrographs (representative image of n = 4) show tPA *** (left, red) viewed individually,
or as a merged image with immunostaining for astrocytes marker, GFAP (right, red and green). D, Cultured astrocytes were exposed or not to tPA (75 nm) for 15 min and their intracellular protein
extract was allowed to react with anti-LRP1 antiserum. The LRP1-immunoprecipitated proteins were analyzed with anti-tPA antiserum (WBactPA) (representative image of n = 3). A control with
no anti-LRP1 antiserum addition was included (NoAb). E, Astrocyte cultures were exposed to tPA>>* (7.5 nw) or a-2-macroglobulin > (2M %, 7.5 nu) for 1 60 min. SDS-PAGE (representative
of n = 5) analysis of intracellular protein extracts shows tPA*** and c-2-macroglobulin > in cell monolayer of astrocytes. sc-tPA and tc-tPA were detectable. F, Graph shows mean + SEM (n =
5) quantification of total tPA > (sc-tPA plus tc-tPA, solid line) and c-2-macroglobulin ***(dotted line) fluorescence in SDS-PAGE cell monolayer of astrocytes treated in E. *, #, Significantly (p <<
0.05) different from the beginning of the experiment, for tPA °** and a2M ***, respectively. . Astrocytes were transfected with negative control (mock) siRNA against LRP1, LRP4, or LRP1and LRP4.
Graph shows mean = SEM (n = 3) of relative expression of mRNA levels of LRP1 and LRP4. ¥, Significantly different (p << 0.05) from mock condition. H, Astrocyte cultures transfected with mock
siRNA against LRP1, LRP4, or LRPT and LRP4 were exposed for 15 min to rhtPA (75 nm). Graph shows mean == SEM (n = 4) of quantification (enzymatic assay) of proteolytic activity of intracellular
tPA calculated as percentage of mock condition. ¥, Significantly different (p << 0.05) from mock condition. ns: not significant. I, Astrocyte cultures were exposed for 15 min to tPA®>* (75 nm).
Photomicrographs (representative image of n = 3) show LRPTimmunoreactivity (green), tPA 359 staining (middle, red), AP-2 immunoreactivity (middle, blue), and merged image (right, green, red
and blue). Arrows show immunocolocalization of LRP1, AP-2, and tPA *>* (inserts show magnification of the selected regions). Scale bars, 20 m.
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After final rinses in PBS (0.1 M), cells were vi- A
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Figure 4.

Fluorescence-activated cell sorting

Cells were washed with PBS (0.1 M) and detached with trypsin (0.5%).
The cell suspension was washed with DMEM containing FBS (10%), HS
(10%), and glutamine (1%) to neutralize trypsin, and then with PBS.
Cells were fixed in PFA for 10 min on ice and washed with PBS (0.1 m).
Using fluorescence-activated cell sorting (FACS), cellular fluorescence
was measured immediately after fixation with a FACSCanto II flow ctyo-
meter (Becton Dickinson). Alexa®"” was identified by using a 660 nm
bandpass filter and the background level was estimated with untreated
cells. A primary gate based on physical parameters (forward and side light
scatter) was set to exclude dead cells or cell debris. Analyses were per-
formed in FACS Diva Software (Becton Dickinson).

Protein extractions

Cells were lysed at 4°C in Tris-HCI 50 mm, pH 7.4, NaCl 150 mm, and
0.5% Triton X-100 (TNT buffer) for 1 h. To clear lysates, samples were
centrifuged for 15 min (12,000 g) at 4°C. Proteins were quantified by
using BCA protein assay (Pierce).

tPA activity measurement
Enzymatic assay. Fluorogenic substrate (5 uM, Spectrozyme XF444,
American Diagnostica) was incubated with proteins (15 ug). Measure-
ments were performed at 37°C using a multiplate reader (Chameleon,
Hidex).

Casein-plasminogen zymography assay. Zymography was per-
formed as previously described (Fernandez et al., 2004).

Immunoblotting

Immunoblotting was performed following a standard procedure. Af-
ter incubation with the secondary antibodies, proteins were visual-
ized with an enhanced chemiluminescence using ImageQuant LAS
4000 camera (GE Healthcare).

tPA finger domain is critical for astrocytic endocytosis. A, Schematic representation of the recombinant wt tPA,
GGACK, and tPA deleted of its EGF-like (AEGF tPA) or finger (AF tPA) domains. B, Astrocyte cultures were exposed for 15 min to
active or inactive tPA *** (75 nw). Graph shows mean = SEM (n = 3) of quantification of fluorescence intensity of tPA*** per 100
wm?, ns: not significant. €, Zymography analysis (representative of triplicate) of intracellular tPA proteolytic activity of proteins
extract from cell monolayer of astrocytes exposed for 15 min, to rhtPA, wt rat tPA, AEGF tPA, or AF tPA (75 nm). D, Graph shows
mean = SEM (n = 3) of quantification (enzymatic assay) of intracellular tPA proteolytic activity (percentage of rhtPA condition).
* Significantly (p << 0.05) different from rhtPA condition. ns: not significant.

Immunoprecipitation

Proteins were immunoprecipitated at 4°C overnight using anti-LRP1.
The immunoprecipitated complexes were incubated for 1 h at 4°C with
Dynabead ProteinG (Invitrogen). After collection, the beads were col-
lected on magnetic separator and washed three times with TNT. The
immunoprecipitated proteins were analyzed by immunoblotting.

Extraction of total RNA
Total RNAs were extracted from cultured cells by using the NucleoSpin RNA II
kit (Macherey-Nagel) according to the manufacturer’s instructions.

Quantitative real-time PCR

Total RNAs (1 ug) from each sample were reverse-transcribed using the
iScript Select cDNA Synthesis Kit (Bio-Rad). Primers were designed for each
gene using the Beacon Designer software (Bio-Rad). Primer alignments were
performed with the BLAST database to ensure the specificity of primers.
PCR reagents were prepared with RNase-free water-containing primers and
IQ SYBR Green Supermix (Biorad). For PCR amplification, mix (20 ul) was
added to reverse transcription reaction (5 ul) previously diluted (1:20). Two
negative controls were performed during each quantitative PCR (qPCR)
experiment: reactions without reverse transcription to confirm absence of
genomic DNA contamination, and samples with no added cDNA template
to prove the absence of primer dimers. Assays were run in triplicate on the
Chromo 4 Real-Time PCR detector (Bio-Rad). Amplification conditions
were as follows: Hot Goldstar enzyme activation, 95°C for 3 min; 50 cycles of
PCR (denaturation: 95°C, 15 s, and hybridation/extension 60°C, 1 min).
Cyclophilin A was used as a housekeeping gene. The levels of expres-
sion of gene of interest were computed as follows: relative mRNA
expression =) —(Ctof gene of interest — Ct of gene of cylophikin A)) where Ctis the thresh-
old cycle value.

Sequence and protocol of silencing mRNA

Six stealth siRNA duplex oligoribonucleotides against LRP1 and LRP4
receptors were tested (Invitrogen). The sequences were as follows:
LRP1_01 sense UGGCUGACGGGAAACUUCUACUUUG LRP1_01
antisense CAAAGUAGAAGUUUCCCGUCAGCCA, LRP1_02 sense
CACACCCAUUUGCCGUGACACUGUA LRP1_021 antisense UA-
CAGUGUCACGGCAAAUGGGUGUG, LRPI_03 sense CCAAGGU
GUGAGGUGAACAAGUGUA LRP1_03 antisense UACACUUGUUCA
CCUCACACCUUGG,LRP4_01sense ACGGGUGAGGAGAACUGCAA
UGUUA LRP4 01 antisense UAACAUUGCAGUUCUCCUCACCCGU,
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LRP4_02 sense CCACAGGUAUCAACCUGCUACGAGA LRP4_02 antisense
UCUCGUAGCAGGUUGAUACCUGUGG, LRP4_03 sense CAGCCGUGUA
UAAUCAGCUGUGCUA LRP4_03 antisense UAGCACAGCUGAUUAUAC
ACGGCUG.

Stealth siRNA oligoribonucleotides (40 nm) were transfected into pri-
mary cultures of astrocytes by using Lipofectamine 2000 (2 ug, Invitro-
gen). The Stealth RNA negative Control Duplex (Invitrogen) was used as
a mock condition. Cultures were replaced with MS-glycine after the
transfection and astrocytes were treated 48 h later. After characterization
by qPCR, we selected from among the six stealth siRNA oligo duplexes
against LRP1 and LRP4 receptors, the one that showed the most signifi-
cant knockdown effect (>60% of reduction of mRNA expression).

Neuronal tPA lumio recording

Plasmid pSyn-tPA-lumio was transfected in mixed cultures of neurons
and astrocytes (12 DIV) by using Lipofectamine 2000 (2 ug, Invitrogen),
in HBBSS at 37°C. After 36 h, mixed cultures were washed in HBBSS at

37°C and incubated with lumio green reagent (Lumio Green In-Cell
Detection Kit, Invitrogen) for 5 min. Then, cells were washed in HBBSS
and incubated with Disperse Blue 3, according to the manufacturer’s
protocol. Observations were performed with the Nikon confocal micro-
scope. Time-lapse acquisitions were performed each minute for 3 h. At
t = 0 (30 min after the beginning of the acquisition), bicuculline (50 um)
and 4-amino-pyrimidine (4-AP, 2.5 mm) or vehicle were introduced in
the Petri dish. In some experiments, CNQX (10 um) was added at t = 60
min. Quantification of fluorescence was performed using the Nikon
EZ-Cl1 software.

tPA follow-up assay

First, astrocytes cultures were exposed for 1 h to tPA 555 (300 nm), or
albumin >>> (“loading”). Then, cells were washed three times in PBS (0.1
M) at 37°C and medium was replaced by MS-glycine (“release”). Finally,
bathing media and protein extracts from cell monolayers were collected
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and subjected to electrophoresis in a SDS-PAGE (10%). tPA > was vi-
sualized using ImageQuant LAS 4000 camera.

Intracortical injections of tPA°>

Intracortical injections were performed in male Swiss mice. One micro-
gram of tPA *°® in a total volume of 1 ul was injected with a microinjec-
tion pipette (internal diameter 0.32 mm and calibrated at 15 mm/ul;
Hecht Assistent) into the left or right cortex at coordinates 0.5 mm pos-
terior, =3 mm lateral, and —0.8 mm ventral to the bregma. The needle
was removed 5 min later. After 4 h, mice were deeply anesthetized and
perfused transcardially with 20 ml of cold heparinized NaCl 0.9%, fol-
lowed by 2% paraformaldehyde and 0.2% picric acid in 150 ml of 0.1 M
sodium phosphate buffer, pH 7.4. Brains were removed, washed in Ve-
ronal buffer containing 20% sucrose, and frozen in Tissue-Tek (Miles
Scientific). Coronal sections measuring 10 wm each were incubated over-

night at room temperature with a primary antibody mouse polyclonal
anti-GFAP.

Statistical analysis

Results are expressed as mean * SEM. Statistical analyses were per-
formed by the Kruskall-Wallis test, followed by post hoc comparisons
with the Mann—Whitney test.

Results

Astrocytes drive constitutive LRP-mediated endocytosis

of tPA

Astrocytes have been shown to endocytose and recycle synaptic
glutamate. We wondered whether astrocytes may similarly regu-
late the amount of tPA. Uptake and accumulation of proteolyti-
cally active rhtPA was measured in cortical astrocyte monolayers
by zymography (Figs. 1 A—C) and the total amount of tPA protein
was estimated by immunodetection using a specific anti-rhtPA-
antiserum (data not shown). The uptake occurred in a dose-
dependent (30-300 nMm, Fig. 1A,B) and time-dependent (from
5-120 min, Fig. 1C) manner. This astrocytic uptake of tPA was

confirmed by observing the density of Alexa**>-labeled tPA flu-
orescent staining in GFAP-positive astrocytes (Fig. 1D, H). This
uptake was a rapid process, with >80% of total tPA internalized
after 2 min (Fig. 1 E). These observations were further verified by
flow cytometry analysis (Fig. 1 F) for Alexa>>*-tPA-positive astro-
cytes. Altogether, these different approaches revealed a rapid up-
take of exogenous tPA by astrocytes, occurring within the first
minutes of exposure, with a rate of uptake of ~11.3 = 1.1 pg of
tPA per minute per milligram of protein. Interestingly, after up-
take, intracellular tPA remained proteolytically active (Fig. 1 A—
C). Uptake of tPA did not occur at 4°C (Fig. 1 F-H), indicating
that itis an active process. As a control, astrocytes failed to uptake
Alexa®>°-labeled albumin added at the same concentration (75
nM, Fig. 1 F-H).

As a first proof of endocytosis-mediated uptake of exogenous
tPA, we investigated whether intracellular Alexa”>*-labeled tPA co-
localizes with AP-2, a marker of clathrin-associated endocytotic ves-
icles (Schmid and McMahon, 2007) (Fig. 11). Pretreatment of cells
in the presence of DCV, to promote disassembly of clathrin cages, or
dynasore, an inhibitor of dynamin, reduced the endocytosis of exog-
enous tPA, measured in terms of proteolytically active tPA in the cell
monolayer (—51.7 * 10.2% and —90.5 * 2.4%, respectively) (Fig.
1J,K) and by the density of Alexa>*-tPA staining in GFAP-positive
astrocytes (data not shown).

To investigate whether the uptake of tPA could also occur in vivo,
we performed intracortical injections of Alexa>>>-tPA in mice. Brain
sections were analyzed by confocal microscopy. In agreement with
our in vitro observations, injected Alexa®>>-tPA was found inside
GFAP-positive astrocytes (Fig. 2). These results show that astrocytes
can uptake extracellular tPA in vivo.

LRP receptors, especially LRP1, are well known binding pro-
teins for tPA (Zhangetal., 2009) involved in the hepatic clearance
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and in the blood—brain barrier passage of circulating tPA (Kuiper
Jetal., 1995; Benchenane etal., 2005). To investigate the potential
role of LRP in the receptor-mediated endocytosis of tPA, we first
assessed the expression of the isoforms of LRP receptors in astro-
cytes (LRP1, LRP1B, LRP2, and LRP4) by quantitative RT-PCR
(Fig. 3A). LRP1 and LRP4 appeared to be the major isoforms
expressed in astrocytes. In agreement with the colocalization of
intracellular Alexa®>>-tPA with immunostaining for LRP1 (Fig.
3B), RAP, an LRP receptor antagonist, reduced the astrocytic
endocytosis of tPA (Fig. 3C). Interaction of tPA with LRPI in
astrocytes was confirmed by LRP1 coimmunoprecipitation of
tPA (Fig. 3D). The rate of tPA uptake was comparable to that
observed with the other LRP ligand, a2-macroglobulin (Fig.
3E,F). To further study whether LRP1 and LRP4 could mediate
tPA endocytosis, the expression of these receptors was knocked
down using Stealth RNAi siRNA assay (Invitrogen) (Fig. 3G,H).
Silencing of LRP1 or dual silencing of LRP1 and LRP4 (Fig. 3G)
significantly reduced tPA endocytosis (—66.2 % 5.1% and
—55.3 * 7.1%, respectively, Fig. 3H ), whereas silencing of LRP4
alone had no effect. These observations were confirmed by im-
munocytochemistry revealing an intracellular colocalization of
Alexa>>*-tPA with LRP1 and AP-2 (Fig. 3I).

Altogether, these data indicate that the endocytosis of tPA by
astrocytes mainly occurs via a receptor-mediated endocytosis in-
volving at least LRP1.

To confirm the role of LRP in tPA endocytosis, we measured
the endocytosis of a set of mutant forms of tPA to determine
which domain or domains of tPA are essential for its uptake by

astrocytes (Fig. 4A). Both single-chain tPA (sc-tPA) and two-
chain tPA (tc-tPA) were endocytosed by astrocytes (data not
shown). Proteolytically inactive tPA (tPA-GGACK) (Fig. 4 B) and
tPA deleted for its epidermal growth factor-like domain (AEGF-
tPA, Figs. 4C,D) were endocytosed by astrocytes similar to wild-
type tPA. In contrast, tPA deleted for its finger domain (AF-tPA)
was barely endocytosed (—92 = 2.8% when compared with the
wild-type tPA (Fig. 4C,D). Altogether, these data show that astro-
cytes drive constitutive endocytosis of tPA. This endocytosis in-
volves the finger domain of tPA and the LRP1 subtype of LRP
receptors, and occurs through a clathrin-dependent and
dynamin-dependent mechanism.

Intracellular trafficking of tPA in astrocytes

Membrane fusion involved in the endocytotic and exocytotic
pathways are mediated by the formation of a complex between a
vesicular (v)-SNARE (often referred to as VAMP) with a target
(t)-SNARE. Over the last decades, astrocytes were shown to pres-
ent various types of vesicular organelles, which have the potency
to fuse with the plasma membrane, thus releasing their content.
VAMP-2 and VAMP-3 are present both on small vesicular organ-
elles and large dense vesicles in astrocytes (Bezzi et al., 2004;
Volterra and Meldolesi, 2005) and have been implicated in the
release of glutamate (Araque etal., 1998), ATP (Coco etal., 2003),
or D-serine (Mothet et al., 2005). TI-VAMP is also expressed in
astrocytes and colocalizes with late endosomal/lysosomal vesicles
(CD63-positive), which are able to undergo asynchronous exo-
cytosis (Li et al., 2008). Thus, to further investigate the intracellular
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traffic of tPA, cultured astrocytes were A
transfected with a set of cDNA-encoding
markers of several types of trafficking vesi-
cles, including Rab5 (a small GTPase local-
ized in early endosomes), VAMP-3,
VAMP-4, CD63 (a late-endosomal
marker), and TI-VAMP/VAMP-7, before
incubation with Alexa>>>-tPA (Fig. 5).
Exogenously supplied Alexa>>>-tPA par-
tially colocalized with intracellular markers,
VAMP-3, VAMP-4, CD63, and TI-VAMP,
and with Rab5 (Fig. 5A), indicating a com-
plex traffic of tPA involving several endo-
somal compartments within astrocytes.
Accordingly, transfection of a dominant-
negative TI-VAMP fragment or an active Time (min)
form of the tetanus toxin (TeNT *), which B
cleaves both VAMP-2 and VAMP-3, signif-
icantly reduced the amount of tPA accumu-
lated in astrocytes (Fig. 5B,C) (—68.4 *
6.4%). In contrast, transfection of an inac-
tive TeNT (TeNT ) or a dominant-
negative form of Rab5 had no effect (Fig.
5B,C). These results suggest that the endo-
somal system is required for tPA uptake by
astrocytes.
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astrocytes to tPA>>® (75 nw) and treated with LysoTracker (50 nm) 20 min before experiment. Photomicrographs (representative image of n = 3)
tPA is considered a neuromodulator con-  show tPA staining (left, red), LysoTracker (middle, green), and merged image (right, green and red). Arrows show colocalization of
trolling glutamatergic signaling (Samson  LysoTracker and tPA>*. Inserts show magnification of the selected regions from the beginning (t = 0 min) to the end (t = 6 min) of the
and Medcalf, 2006), while astrocytes have  experiment. Scale bars, 10 sum. B, Astrocyte cultures were exposed to tPA> (300 nw) for Th, then washed three times with PBS. The
been reported to regulate the levels of glu-  bathingmediawasreplaced with MS-glycinefor 15~ 60min. Graph shows mean = SEM (n = 3) quantification of total tPA ***(sc-tPA plus
tamate available at the synapse (Pellerin tc-tPA) fluorescence in SDS-PAGE of cell monolayer of astrocytes (blue) and bathing media (red, corresponding to release of tPA >*°). The

and Magistretti, 1994). We investigated amount of tPA>>* degraded (white) was obtained by comparing total tP.

whether glutamate could influence the other conditons.

uptake and recycling of tPA by astrocytes.

When applied to cultured astrocytes, glutamate (0.1-1 mm)
led to an increased intracellular concentration of tPA as mea-
sured either as tPA proteolytic activity (Fig. 6 A; 35.4 * 8.7% at
0.5 mM glutamate) or as amount of Alexa>*>-tPA (data not
shown) in the cell monolayer. This effect was reduced by the
coapplication of either CNQX (Fig. 6 B) or NBQX (Fig. 6C), two
competitive antagonists of AMPA/ kainate receptors. UBP 301, a
specific antagonist of kainate receptors, prevented glut-
amate-induced increase in intracellular tPA (Fig. 6 D). This was con-
firmed by the fact that presence of kainate alone (25-75 M) led to an
increased intracellular concentration of tPA (30.7 = 3.7%), whereas
AMPA (25-100 um) failed to do so (Figs. 6 E,F). Altogether, these
data demonstrate that presence of extracellular glutamate leads to an
increased accumulation of tPA in astrocytes through a mechanism
involving astrocyte kainate receptors. In agreement with a kainate-
dependent mechanism, antagonists of NMDA receptors, mGluRlI,
mGIuRIl, and mGIuRIII (respectively MK-801, AIDA, APICA, and
CPPG) did not affect intracellular concentration of tPA in astrocytes
(data not shown).

We postulated that the increased accumulation of exogenous
tPA observed in the astrocyte monolayers in the presence of glu-
tamate could be due to a differential sorting of tPA within the

A at 15 min (release plus cell monolayer, 100% of tPA**°) to

cell either through increased endocytosis or reduced exocytosis.
To address this question, we performed follow-up experiments
with Alexa®*-labeled tPA (Fig. 7). Alexa®>-labeled tPA was
added in the bathing media for 1 h at 37°C (“loading” period),
followed by extensive washing (“release” period). No cell death
was detected during the time of these experiments (data not
shown). tPA is secreted in sc-tPA and can be processed into tc-
tPA by proteolytic action of plasmin or kallikrein (Rijken et al.,
1982; Rajapakse et al., 2005). SDS-PAGE electrophoresis of pro-
teins extracted from the cell layer revealed a decrease in both
sc-tPA and tc-tPA with time during the release period (Fig.
7A,B). Concomitantly, an increase in sc-tPA and tc-tPA was ob-
served in the corresponding bathing media (Fig. 7C,D). These
data suggest that tPA previously taken up can be released by
astrocytes in a time-dependent manner. The sc-tPA/tc-tPA ratio
did not change either in the cell monolayer or in the bathing
media, indicating that no processing of sc-tPA into tc-tPA oc-
curred during this recycling (data not shown). Then, we tested
whether or not extracellular glutamate affects tPA recycling (Fig.
7E,F). DCV was applied to prevent secondary endocytosis so
that only the release of tPA was observed. DCV alone, added
during the release period, led to an accumulation of Alexa ***>-tPA
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Figure9.  Astrocytic tPA recycling involves a PKC-dependent signaling pathway. 4, Astrocyte cultures were exposed to tPA>>
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recycled, and degraded Alexa®’-tPA
(59 = 5.9%, 26.7 £ 3.4%, and 14.3 *
2.7%, respectively, after 1 h; Fig. 8 B).

To further elucidate the mechanism of
tPA recycling, uptake of tPA by astrocytes
was monitored in the presence of AMPA-
receptor and kainate-receptor antagonists
(Fig. 9A, B). In agreement with the above
data (Fig. 6), CNQX, an AMPA/kainate
receptor antagonist, prevented the inhib-
itory effect of glutamate on tPA recycling.

Kainate receptors were previously
reported to mediate PKC activation
(Rodriguez-Moreno and Lerma, 1998),
and PKC was shown to regulate exocytosis
in astrocytes (Yasuda et al., 2011). Hence
we tested whether this pathway controls
the astrocytic recycling of tPA. The PKC
inhibitor bis (10 uMm) led to a reduced ac-
cumulation of intracellular tPA when ap-
plied in the presence of glutamate during
the loading procedure (—14.4 * 6.0%,
Fig. 9C) and a reduced recycling of tPA
when applied in the presence of glutamate
during the release period (—13.1 * 3.5%,
Fig. 9D, E). Together, these data argue for
a mechanism of tPA recycling involving
kainate receptor-mediated, PKC-depen-
dent signaling.

Astrocytes regulate the amount of
extracellular tPA and the influence of
tPA on NMDA-induced excitotoxicity
in neurons

To investigate the physiological relevance
of the trafficking of tPA in astrocytes, we
used a model of mixed cultures of cortical
neurons and astrocytes, in which tPA-lumio
was expressed specifically in neurons,
through the transfection of an expression
vector driven by the synapsin promoter.
Thus, we were able to monitor and quan-
tify (1) the release of tPA-lumio by chal-
lenged neurons and (2) the accumulation
of the neuron-derived tPA-lumio in as-
trocytes by time-lapse confocal imaging
(Fig. 10 A, B). Depolarization was induced
by the coapplication of biccuculine and
4-AP (a GABA, inhibitor and a blocker of
the voltage-dependent channels) so that
the neurons released tPA-lumio (—34.7
3.3% of intracellular tPA-lumio in neuro-
nal cells after 150 min, Fig. 10C). This
tPA-lumio was then endocytosed by
neighboring astrocytes in a time-

in the bathing media (Fig. 7E). Addition of glutamate reduced the
accumulation of Alexa®>+PA (—91.2 * 4.5%) (Fig. 7F) in the
bathing media. These data show that astrocytes are able to release
the tPA previously taken up, and that glutamate inhibits this
release.

Part of internalized tPA was driven to degradation pathway, as
shown by colocalization with the lysosome marker LysoTracker
(Fig. 8A) and estimation of the relative levels of internalized,

dependent manner (40.2 = 3.8% after 150 min, Fig. 10D, E,).
Silencing of LRP1 prevented the accumulation of neuron-derived
tPA-lumio in the neighboring astrocytes, without affecting the
release of tPA-lumio by neuronal cells (Fig. 10C-E). The accu-
mulation of neuron-derived tPA-lumio was also prevented by the
coapplication of the AMPA/kainate receptor antagonist, CNQX,
applied 1 h after the neuronal depolarization (—47.2 * 3.6%, Fig.
10 F-H).
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Figure 10.  Astrocytes recapture of neuron-derived tPA. A, B, Mixed cultures of neurons and astrocytes were transfected at 12 DIV with pSyn-tPA-lumio vector and were subjected to depolar-
ization, at t = 0 min, with biccuculine (50 wum) plus 4-AP (2.5 mu). Photomicrographs show live cell confocal imaging (representative image of n = 3) of tPA-lumio (in green) in neurons (4) or
astrocytes (B) at 0, 60, and 140 min after depolarization. Scale bars, 30 m. €, Mixed cultures were transfected at 12 DIV with pSyn-tPA-lumio with or without LRP1 siRNA vectors and were subjected
to depolarization at t = 0 min with biccuculine (50 tm) plus 4-AP (2.5 mwm). Graphs show mean == SEM (n = 3) of quantification of tPA-lumio fluorescence in neurons. D, E, Accumulation of
tPA-lumio fluorescence in astrocytes from the beginning (t = 0 min) to the end (£ = 150 min) of the experiment. *, Significantly ( p << 0.05) different from £ = 0 min. Black line, Control conditions.
Dotted line, LRP siRNA condition. F, Mixed cultures transfected (at 12 DIV) with pSyn-tPA-lumio were subjected or not (control) to depolarization, at t = 0 min, with biccuculine (50 ) plus 4-AP
(2.5 mwm). CNQX or vehicle were added at t = 60 min. Graphs show mean == SEM (n = 3) of the quantifications of tPA-lumio fluorescence in neurons. G, H, Accumulation of tPA-lumio fluorescence

by astrocytes from the beginning (t = 0 min) to the end (t = 150 min). *,
Dotted line, Control (not depolarized).

tPA was previously reported to promote NMDA receptor sig-
naling and consequent excitotoxicity (Nicole et al., 2001). To
study whether the astrocytic uptake/recycling of tPA could influ-
ence its action on neurons, we compared the ability of tPA to
promote NMDA receptor-mediated neuronal death in pure cul-
tures of neurons with that in mixed cultures of neurons and
astrocytes (Fig. 11). Although application of NMDA alone led to
the death of 56.8 = 3.4% of neurons in pure cultures, this effect
was reduced in cultures containing astrocytes (33.8 * 6.1%) (Fig.
11A,B). Furthermore, addition of tPA promoted NMDA-
induced neuronal death in pure neuronal cultures, but not in
mixed cultures of neurons and astrocytes (Fig. 11A, B). Hence,
we hypothesized that the lack of proneurotoxicity of tPA in mixed
cultures may be explained by the capture of exogenous tPA by
astrocytes. To confirm this hypothesis, experiments were per-
formed with tPA deleted for its finger domain, which is resistant

Significantly (p << 0.05) different from condition at ¢ = 0 min. Gray line, (NQX treatment. Black line, Vehicle treatment.

to astrocytic endocytosis (Fig. 4). Consistent with the hypothesis,
this modified tPA molecule displayed proneurotoxic effects both
in pure neuronal cultures and in mixed cultures of neurons and
astrocytes (Fig. 11C,D, 25.3 * 6.7% and 31.1 * 2.9%, respec-
tively). These results show that the astrocytic uptake of tPA pre-
vents tPA from promoting NMDA receptor-mediated effects in
neurons. Altogether, these results indicate that astrocytes are able
to capture extracellular tPA, and to protect neuronal cells from
tPA-induced cell death, by preventing recycling of tPA in the
extracellular space when extracellular glutamate is present.

Discussion

The present study reveals a new modality of cross talk between
neurons and astrocytes. On the one hand, astrocytes mediate a
constitutive LRP-dependent endocytosis of neuron-derived tPA;
on the other hand, astrocytes drive an exocytotic recycling of tPA,
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Figure11.  tPArecapture in astrocytes abolishes the effects of tPA on NMDA-mediated neu-

ronal death. A-D, Graphs show neuronal death (percentage of control) mean = SEM (n = 3) of
pure cultures of neurons (1214 DIV) (4) or mixed cultures of neurons and astrocytes (12-14
DIV) (B) exposed for 24 h to NMDA (12.5 pum) with or without tPA (300 nw) or pure cultures of
neurons (12—-14 DIV) (€) or mixed cultures of neurons and astrocytes (D) exposed for 24 h to
NMDA (12.5 um) with or without AF tPA (300 nm). LDH released into the bathing medium was
assessed 24 h after the beginning of the excitotoxic exposure. *, #, Significantly (p < 0.05)
different from, respectively, control or NMDA treatment. ns: not significant.

inhibited by extracellular glutamate via a kainate receptor-
mediated, PKC-dependent signaling pathway. Kainate receptors,
thus acting as sensors of extracellular glutamate, enable astrocytes
to regulate the extracellular quantity of tPA, so that as the con-
centration of glutamate rises, the quantity of tPA falls. By this
mechanism, astrocytes can buffer extracellular tPA and thus re-
duce the effects of tPA on NMDA receptor-mediated events in
neurons. This is the first demonstration that tPA, previously
shown to play critical functions in the CNS as a neuromodulator
(Ferndndez-Monreal et al., 2004; Samsom and Medcalf, 2006),
also acts as a gliotransmitter.

We provide here the demonstration of a mechanism through
which LRP receptors of astrocytes permit endocytosis of tPA and
thus modulate the amount of extracellular neuron-derived tPA.
We proved that the LRP1 subtype is involved in the astrocytic
uptake of tPA. These data complement previous findings show-
ing that the LRPs, especially LRP1, are endocytic receptors that
recognize a wide range of ligands, including protease and pro-
tease inhibitor complexes, such as tPA (Lillis et al., 2008). In
addition to their involvement in the hepatic clearance of circulat-
ing tPA (Kuiper et al., 1995), LRPs were also reported to modu-
late tPA-dependent cell migration (Cao et al., 2006), microglial
activation (Zhang. et al., 2009), NMDA receptor signaling (Sheng
etal., 2008), and integrity of the blood—brain barrier (Yepes et al.,
2003). Previous studies, including some from our group, have
demonstrated that LRP receptors can mediate transcytosis of tPA
across the endothelial cells (Benchenane et al., 2005), leading to
the notion that LRP receptors are possible regulators of the up-
take of tPA in astrocytes (Fernandez-Monreal et al., 2004).

Based on the data presented here, we know that extracellular
glutamate activates kainate receptors in astrocytes, and is able to
influence the levels of extracellular tPA. This mechanism is rem-
iniscent of the classical neuron—astrocyte coupling in which glu-
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tamate, released during synaptic transmission, is taken up by
astrocytes and converted to glutamine before being transported
back to neurons and recycled into glutamate (Pellerin and Mag-
istretti, 1994). Endogenous levels of glutamate, produced by de-
polarized neurons, appear to be sufficient to modulate tPA
recycling, at least in our in vitro system, as the application of
glutamate antagonist (Fig. 9G) slows down the accumulation of
neuron-derived tPA in astrocytes. Our data strongly indicate a
key role played by kainate receptors in inhibition of exocytosis of
tPA. Nevertheless, considering the possible pharmacological
overlap of AMPA and kainate receptor antagonists, participation
of AMPA receptors cannot be totally ruled out.

Our study also demonstrates that inhibition of tPA recycling
by kainate receptor activation involves a PKC-dependent signal-
ing pathway. Kainate receptors are known to drive, in addition to
their ionotropic functions, metabotropic functions leading to
PKC activation in neurons (Rodriguez-Moreno and Lerma,
1998). This kainate receptor-dependent PKC activation was re-
ported to inhibit neuronal release of GABA (Rodriguez-Moreno
and Lerma, 1998). In parallel, PKC was shown to phosphorylate
the 25 kDa synaptosome-associated protein (SNAP-25), a
SNARE protein. Similar mechanisms may regulate tPA recycling
in astrocytes: PKC activation was reported to inhibit Ca**-
dependent exocytosis of proteins through the phosphorylation of
SNAP-23, an astrocytic equivalent of neuronal SNAP-25 (Yasuda
et al., 2011). In the present study, inhibition of both kainate re-
ceptors and PKC signaling reversed glutamate-induced inhibi-
tion of tPA exocytosis. These results thus suggest that kainate
receptor activation by glutamate would lead to PKC activation
and subsequent reduction of tPA exocytosis. Further studies may
reveal the role of SNAP-23 phosphorylation in these processes.

We demonstrate that astrocytes can modulate the effective
concentration of extracellular tPA, thereby influencing NMDA
receptor signaling and subsequent excitotoxic neuronal death.
This implies that, at least in vitro, the amount of tPA cleared by
astrocytes is sufficient to potentiate NMDA-induced excitotoxic-
ity. The amount of tPA available in the extracellular space may
also be critical in a number of other tPA-related brain functions
and dysfunctions. For example, during development, tPA has
been shown to promote synaptic outgrowth or neuronal migra-
tion, probably by facilitating degradation of extracellular matrix
during axon elongation (Seeds et al., 1997). In the adult, the tPA
gene is an immediate-early gene, is induced by neuronal activity
(Qian et al., 1993) and tPA action, is considered neuromodula-
tory (Samson and Medcalf, 2006), and participates in the control
of NMDAR-dependent LTP (Zhuo et al., 2000). It would be in-
teresting to see whether astrocytic tPA recycling could also influ-
ence the multiple effects of tPA in the brain, such as LRP-
dependent signaling (Lillis et al., 2008), activation of PDGF
signaling (Su et al., 2008), microglial activation (Siao and Tsirka,
2002), blood—brain barrier leakage (Yepes et al., 2003), activation
of the EGF pathway in oligodendrocytes (Correa et al., 2011), or
plasmin-dependent activation of pro-BDNF into mature BDNF
(Pang et al., 2004). Interestingly, although pro-BDNF was re-
ported to be cleared by astrocytes through interaction with the
pan-neurotrophin receptor p75-mediated clathrin-dependent
endocytosis, intracellular pro-BDNF is also routed into a fast
recycling pathway controlled by glutamatergic signaling (Ber-
gami et al., 2008).

In this study, we showed that, following clathrin-dependent
and dynamin-dependent endocytosis, tPA follows a complex
sorting in astrocytes. Intracellular tPA colocalized with VAMP-3,
VAMP-4, CD63, TI-VAMP/VAMP-7, and Rab5. VAMP-3 is a
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v-SNARE of the early endosome, whereas VAMP-4 is a v-SNARE
on endosome and trans-Golgi networks. VAMP-2 mediates the
exocytosis of synaptic vesicles in neurons and neuroendocrine
cells (Schiavo et al., 1992). Cellubrevin/VAMP-3 is the non-
neuronal homolog of synaptobrevins (McMahon et al., 1993), a
class of molecules involved in exocytosis. TI-VAMP localizes to
the trans-Golgi network (Danglot et al., 2010) and to late endo-
somes and lysosomes (Chaineau et al., 2009). The absence of
effect of the transfection of a dominant-negative form of Rab5 is
likely due to redundancy of small GTPases involved in early en-
docytosis (Pavlos and Jahn, 2011). Our results thus favor a mech-
anism of endocytosis, including early and late endosomes,
possibly a partial fusion with lysosomes and a recycling pathway
by exocytosis. Although we showed here that part of the tPA
taken up by astrocytes can be recycled and released, further stud-
ies would help to further characterize the fate of tPA after its
uptake. In particular, the data presented here suggest that some of
this tPA may be degraded. Also, the possibility that part of tPA
may be rendered proteolytically inactivate should be addressed.

Astrocytes release a number of neuromodulators/neurotrans-
mitters (Araque et al., 1998; Bender and Norenberg, 2000;
Mothet et al., 2005), termed gliotransmitters. The term gliotrans-
mitter generally refers to small molecules, such as ATP, adeno-
sine, glutamate, GABA, or D-serine. The present study proposes
to include tPA in the list of gliotransmitters. tPA is a critical
element in shaping the complex and fundamental roles of astro-
cytes in the control of the brain homeostasis. The demonstration
shown here of tPA sorting between neurons and astrocytes sug-
gests critical roles for tPA in diseases of the CNS, such as ischemic
brain injuries, head and spinal trauma, and multiple sclerosis
(Gveric et al., 2005). Also, uptake of tPA by astrocytes may influ-
ence physiological processes that involve tPA, such as those re-
lated to learning and memory (Obiang et al., 2011), anxiety
(Pawlak et al., 2003), and addiction (Nagai et al., 2004). This
study opens up new avenues to further investigate the influence
of astrocyte traffic of tPA on these physiological and pathological
processes within the brain.
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