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Abstract Although the extracellular serine protease tissue
plasminogen activator (tPA) is involved in pathophysiological
processes such as learning and memory, anxiety, epilepsy,
stroke, and Alzheimer’s disease, information about its region-
al, cellular, and subcellular distribution in vivo is lacking. In
the present study, we observed, in healthy mice and rats, the
presence of tPA in endothelial cells, oligodendrocytes,
mastocytes, and ependymocytes, but not in pericytes,
microglial cells, and astrocytes. Moreover, blockage of the
axo-dendritic transport unmasked tPA expression in neurons
of cortical and hippocampal areas. Interestingly, combined
electrophysiological recordings, single-cell reverse

transcription polymerase chain reaction (RT-PCR), and
immunohistological analyses revealed that the presence of
tPA is restricted to subsets of excitatory pyramidal glutamater-
gic neurons. We further evidenced that tPA is stored in
synaptobrevin-2-positive glutamatergic synaptic vesicles.
Based on all these data, we propose the existence of tPA-
ergic neurons in the mature brain.
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Introduction

Due to its high affinity for fibrin and its ability to activate
plasminogen into plasmin [1], tissue plasminogen activator
(tPA) is a key protease of the fibrinolytic system [2]. In addi-
tion to its roles in the vascular system, tPA plays crucial func-
tions in the central nervous system (CNS) acting either as an
enzyme or a growth-factor-like molecule. Thus, tPA is in-
volved in several physiological and pathological CNS pro-
cesses, including learning and memory, anxiety, epilepsy,
stroke, Alzheimer’s disease, and spinal cord injury [3–9].
The neuronal functions of tPA are achieved through
plasminogen-dependent or plasminogen-independent effects
[10]. For instance, tPA-mediated generation of plasmin con-
trols the degradation of the extracellular matrix [11], leading
to axonal growth during development or neuronal death dur-
ing brain injuries. In addition, tPA can process pro-
neurotrophins including the pro-nerve growth factor (pro-
NGF) or the pro-brain-derived neurotrophic factor (pro-
BDNF) into their mature forms [12, 13]. tPA is also known
to bind and/or activate a set of receptors such as low-density
lipoprotein receptor–related proteins (LRPs) [14–16], N-
methyl-D-aspartate receptor (NMDAR) [17, 18], annexin-II
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[19], and epidermal growth factor receptors (EGFRs) [20]. All
this information strikingly contrasts with our ignorance of the
regional, cellular, and subcellular distribution of tPA in the
CNS.

In the present study, we first characterized the cellular dis-
tribution of tPA in the healthy brain. Blockage of the axo-
dendritic transport allowed us to unmask tPA-positive cortical
neurons. Combining electrophysiological recordings with
single-cell reverse transcription polymerase chain reaction
(RT-PCR) and using histological and biochemical analyses,
we revealed that tPA-positive neurons are a subpopulation of
excitatory pyramidal glutamatergic neurons with tPA stored in
synaptobrevin-2-positive glutamatergic synaptic vesicles. Al-
together, this study highlights the existence of a subpopulation
of excitatory tPA-ergic neurons.

Materials and Methods

Animals

Male Swiss mice (n=6), tPA deficient (tPA knockout (KO);
n=4), their C57Bl6/J wild-type control (n=4), and Wistar rats
(n=6; 8–10 weeks) were provided by CURB (Caen, France).
YoungWistar rats (n=16; postnatal days 15–21; Janvier) were
used for patch-clamp recordings. Animals were housed with a
12-h light/12-h dark cycle in standard polypropylene cages
(Charles River, France) with free access to water and food
(SDS Dietex, France). Experiments were performed in accor-
dance with the French (Decree 87/848) and the European
Communities Council (Directive 86/609) guidelines.

Immunohistochemistry

Control or treated mice and rats were deeply anesthetized and
transcardially perfused with 0.9 % NaCl heparinized followed
by a mixture of 2% paraformaldehyde and 0.2 % picric acid in
0.1 M sodium phosphate buffer, pH 7.4 (150 or 400 ml, re-
spectively). Brains were removed, washed in veronal buffer
containing 20 % sucrose, and frozen in Tissue-Tek (Miles
Scientific). Coronal sections (8–10 μm) were cut on a cryo-
stat, collected on poly-D-lysine slides, and stored at −80°C.

Coronal adjacent brain sections were incubated, overnight
at room temperature, with primary antisera alone or in double-
labeling experiments. Adapted secondary F(ab’)2 coupled to
TRITC or fluorescein isothiocyanate (FITC; 1:600; Jackson
ImmunoResearch, West Grove, USA) was used for visualiza-
tion under epifluorescence or confocal microscopy illumina-
tion. Washed sections were coverslipped with antifade medi-
um containing DAPI. Sections were examined with a micro-
scope (DM6000; Leica). Images were digitally captured using
a camera (CoolSNAP; Photometrics) and/or with an inverted
confocal microscope (SP5, Leica). Images were visualized

respectively with Metavue 5.0 software (Molecular Devices,
USA) and LAS AF lite software (LEICA). All the studies of
immunohistochemistry raised against tPA presented in this
manuscript were performed with a rabbit anti-tPA (generous
gift from R. Lijnen, Leuven). tPA immunserum was pre-
incubated overnight with rtPAwhich resulted in the abolition
of labeling in both mouse and rat blood vessels as in mice
mossy fiber pathway. The specificity of tPA immunostainings
was undoubtedly reinforced by the fact that a sheep commer-
cial antibody gives similar immunostainings in both mouse
and rat sections. Pilot experiments were performed to confirm
the specificity and the optimal dilution of the various primary
commercial antisera used. In all single-labeling experiments,
F(ab’)2 fragments gave no labeling in any immunoreaction
where the respective primary antiserum was omitted. Single
labeling was carried out in parallel with double labeling on
adjacent sections, and we ensured that each primary antibody
gave similar results in single- or double-staining experiments.
The detection of mastocytes was performed with Avidin fluo-
rescein at 1/800 (A2901 Sigma). See all antibodies used in the
Supplementary Table S1.

In Vivo Colchicine Treatment

Mice and rats were deeply anesthetized and maintained with
2 % isoflurane in a 70 %/30 % gas mixture (N2O/O2) and the
rectal temperature was maintained at 37±0.5 °C. Anesthetized
mice and rats were placed into Kopf stereotaxic instrument.
The skulls were exposed and small bore holes were drilled
with a dental burr to allow intraventricular injection to be
targeted by borosilicate glass pipettes (mice anteroposterior
(AP) −0.2 mm from bregma, lateral (L) ±1 mm from midline,
and ventral (V) −2.0 mm deep to the surface; and rats AP
−0.92 mm from bregma, L ±1.5 mm from midline, and V
−3.4 mm deep to the surface). Half of animals in each group
were injected with 35 or 150 μg of colchicine in solution
(Sigma-Aldrich) for mice and rats, respectively, and the other
half were injected with the vehicles. The dose of colchicine
injected was chosen based on previous work [21, 22].

Quantification of Cortical tPA-Positive Neurons

The image analysis was performed using ImageJ software.
The proportion of neurons expressing tPA was obtained by
dividing the total number of neurons (as revealed by Fox3
immunostaining) by the number of tPA-positive neurons in
the retrosplenial granular cortex, the primary somatosensory
cortex, the perirhinal cortex, and the piriform cortex. For each
cortical area, three sections per animal were analyzed (5–9
images per cortical area per section (n=3) per animal (N=
3)). Cortical area was located using stereotaxic atlas.
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Whole-Cell Recordings

Young rats were decapitated, their brains quickly removed,
and coronal slices (300 μm thick) containing the barrel cortex
were cut using a vibratome [23]. Individual slices were trans-
ferred to a recording chamber and perfused (1–2 ml/min) with
oxygenated artificial cerebrospinal fluid (aCSF) containing (in
millimolars) 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1
MgCl2, 26 NaHCO3, 10 glucose, and 15 sucrose at 20–25 °C.
Patch pipettes (4–8 MΩ) were filled with 8 μl of autoclaved
K-gluconate-based RT-PCR internal solution [24]. Neurons
were visualized in the slice using infrared videomicroscopy
with Dodt gradient contrast optics. Whole-cell electrophysio-
logical properties were recorded in current clamp mode as
described previously [23]. Membrane potential values were
not corrected for liquid junction potential.

Single-Cell RT-PCR

At the end of the recording, the cell cytoplasmwas aspirated in
the recording pipette and expelled into a test tube, and reverse
transcription (RT) was performed [25]. The single-cell RT-
PCR protocol was designed to probe simultaneously for the
expression of tPA and the neuronal markers vGluT1, the two
isoforms of GAD (GAD65 and GAD67), three calcium-
binding proteins [calbindin D28k (CB), calretinin (CR), and
parvalbumin (PV)], and four neuropeptides [neuropeptide Y
(NPY), vasoactive intestinal polypeptide (VIP), somatostatin
(SOM), and cholecystokinin (CCK)]. Two amplification
steps were performed essentially as described [24], with
10 μl of the RT reaction products using the primer pairs
(see Supplementary Table S2).

Morphological Analysis of IR-DGC images

Somatic features were measured from IR-DGC images of the
recorded cells as previously described [23]. Briefly, the soma
was manually delineated using Image-Pro Analyzer 7.0.0.951
software (Media Cybernetics). Then, the length of major and
minor axes, the perimeter, and the area were extracted. The
soma elongation was calculated as the ratio between major
and minor axes. Roundness was calculated as

perimeter2

4π� area

A value close to 1 is indicative of round somata.

Isolation of Synaptic Vesicles

Synaptic vesicles (SVs) were isolated from brain (n=3) of 2-
month-old C57BL/6j mice using a combination of subcellular
fractionation and size exclusion chromatography as described

previously [26] with minor modifications. Brains were surgi-
cally collected and were homogenized with a glass/Teflon
homogenizer (10 strokes, 900 rpm) in 3 ml of ice-cold buffer
(4 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)-NaOH, pH7.4, and 320 mM sucrose)/1 g of brain.
All the following steps were performed at 4 °C. The homog-
enate was centrifuged at 1000g for 10 min, and the superna-
tant S1 containing SVs was centrifuged at 15,000g for 15 min,
giving S2 and P2. P2 was resuspended in 1 ml of homogeni-
zation buffer, and then 9 ml of ice-cold ddH2O was added to
induce an osmotic shock and release SVs. This 10-ml mix was
transferred into a glass/Teflon homogenizer (3 strokes,
2000 rpm) and centrifuged at 17,000g for 15 min. The
resulting supernatant LS1 was combined with S2 and was
centrifuged at 48,000g for 25 min. The supernatant CS1 was
transferred into a glass/Teflon homogenizer (3 strokes,
900 rpm), and 5 ml of CS1 was overlaid onto 5 ml of
10 mM HEPES-KOH, pH 7.4, and 700 mM sucrose before
centrifugation at 133,000g for 1 h. Fractions (500 μl each)
were collected starting from the top of the sucrose cushion.
In fine, 20 sucrose fractions and a pellet were submitted to dot
blot assays for Sb2 as a SV marker. Sb2-positive sucrose frac-
tions were pooled together and centrifuged at 300,000g for
2 h. The pellet containing the SVs was resuspended in
1.8 ml of chromatography running buffer (100 mM Tris–
HCl, pH 7.6, 100 mM KCl) and loaded on top of the size
exclusion column (Kontes Chromaflex 100/1) packed with
70 ml of Sephacryl Superfine S-1000 matrix (GE Healthcare).
The chromatography was controlled by an FPLC system
(Pharmacia-Biotech LKB) at 100 μl/min. The optical density
at 280 nm was recorded online and fractions of 1 ml were
collected. Fractions were analyzed by dot blot assays for the
presence of Sb2. The Sb2-positive fractions were pooled and
concentrated by centrifugation at 300,000g for 2 h and then
resuspended in appropriate buffer for further analysis and
stored at −80 °C until use. Fractions were analyzed by western
blot for various surface organelle markers or for glutamate
uptake assay.

Immunoisolation of SVs

Immunoisolation of SVs was performed as previously de-
scribed [27]. Briefly, the rat cerebral cortex of a male Wistar
rat (2 months) was homogenized with a glass/Teflon homog-
enizer (10 strokes, 2500 rpm) in homogenization buffer
(4 mM HEPES-KOH, pH 7.4, 100 mM K2-tartrate, 2 mM
MgCl2). The homogenate was centrifuged for 25 min at 35,
000g. The resulting supernatant S1 was incubated for 1 h with
anti-Sb2 or with a murine IgG used as a control and 1 h with
magnetic beads coupled to protein G (Ademtech). The beads
were washed three times with homogenization buffer, and
they were resuspended in appropriate buffer for further
analysis.
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Protein Electrophoresis and Western Blot Assays

Proteins were separated by 10 or 12 % sodium dodecyl sulfate
(SDS)-PAGE. Samples (3 μg/lane as determined by Bradford
assay) were heated for 10 min at 60 °C (except for V-ATPase
and for Na+/K+-ATPase, 10 min, at room temperature) under
reducing and denaturing conditions in the presence of 20 mM
DTT and 2.5 % (w/v) SDS. Proteins were transferred onto
0.22-μm nitrocellulose membranes (100 V for 1 h at room
temperature). Membranes were blocked with Tris-suffered sa-
line and Tween 20 (TBST)-5%milk (1 h at room temperature)
and then incubated with primary antibody (overnight at 4 °C).
Membranes were washed three times in TBST-5 % milk and
then probed with horseradish peroxidase (HRP)-conjugated
secondary antibody diluted in TBST-5 % milk (1 h at room
temperature). Membranes were washed three times for 5 min
in TBST and then three times for 5 min in TBS. Finally, they
were visualized using ECL Prime (GE Healthcare) with the
G:BOX apparatus (Syngene).

Glutamate Uptake Assay

Glutamate uptake was assessed by acidification assay using
acridine orange (AO) as previously described [27]. Fractions
from size exclusion chromatography containing SVs (∼5 μg
of proteins as determined by Bradford assay) were diluted in
50 μl of 10 mM HEPES-KOH, pH 7.4, 4 mM KCl, 4 mM
MgSO4, and 320 mM sucrose. The reaction was started by
adding 10 mM MgATP in a stirred microcuvette containing
20 μM AO, equilibrated at 32 °C. The reaction was stopped
after 15–20 min by adding 50 mM (NH4)2SO4 to dissipate the
proton gradient across the vesicular membrane and release
AO from the vesicular lumen. Changes of fluorescence were
analyzed using a Photon Technology International spectroflu-
orimeter (excitation, 490 nm; emission, 530 nm). The acidifi-
cation kinetics were analyzed using Felix32 software (Photon
Technology International) for acquisition of AO fluorescence.
Traces were normalized to the fluorescence at t0 and corrected
for baseline shifts induced by volume changes associated with
the additions.

Results

Expression of tPA in CNS Cells. The presence of tPA in the
different cell types of the CNS was investigated by immuno-
histochemistry on perfused brain tissues from adult mice and
rats (Fig. 1 and Supplementary Table S3). Immunostainings
from hippocampal sections confirmed the presence of tPA in
the mossy fiber pathway (from the hile of the dentate gyrus to
the cornus ammonis 2) in wild-type (Fig. 1a, k) but not in tPA
knockout mice (tPA KO, Fig. 1b) used as controls (similar
findings were obtained in the cortex and medial habenula;

see Supplementary Fig. S1). tPA immunoreactivity was ob-
served in endothelial cells (Fig. 1c, d, g, i), oligodendrocytes
(Fig. 1d), mastocytes (Fig. 1e), and ependymocytes (Fig. 1f).

Fig. 1 Cell type specificity of tPA expression in the adult mouse brain. a,
b Specifici ty of tPA immunostainings (red) . Whereas no
immunoreactivity was detected in the mossy fiber (mf) of adult tPA
knockout (tPA KO) mouse (b), positive immunostaining was revealed
in adult wild-type (WT) mouse (a). c–k Localization of tPA
immunoreactivity (tPA-ir) in CNS cells. Double immunofluorescent
stainings performed with an antibody raised against tPA (red) in
combination with a set of antibodies specific of each cell type analyzed
(green). tPA-ir was observed in endothelial cells (c, d, g; arrows), the
basal lamina was stained with an antibody raised against coll-IV (c), in
some mature oligodendrocytes also positive for APC (d; stars), in
mastocytes stained by avidin-FITC (e; stars), and ependymocytes
underlying ventricles (f; arrowhead). tPA-ir was absent in NG2-positive
pericytes (g; star), in Iba1-positive microglial cells (h; star), in GFAP-
positive astrocytes (f, i; stars), and in the soma of Fox-3-positive cortical
neurons (j; stars). tPA-ir was absent in the soma of Fox-3-positive
hippocampal neurons (k). Positive immunostaining was revealed in the
hippocampal mossy fiber (mf) (k). DAPI (blue) was used to reveal nuclei
(c–i). (See also Supplementary Table S3) (Color figure online)

Mol Neurobiol (2016) 53:5000–5012 5003



Pericytes (Fig. 1g), microglial cells (Fig. 1h), and astrocytes
(Fig. 1f, i) were found negative for tPA immunostaining. No
tPA-positive soma was revealed in cortical and hippocampal
areas (Fig. 1j, k). Intriguingly, tPA immunostainings were re-
stricted to nerve fibers in the hippocampus (mossy fibers;
Fig. 1a), in the amygdala (Fig. 2a), the hypothalamic median
eminence (Fig. 2b), the neurohypophysis (Fig. 2c), and the
medial habenula (Fig. 2d).

In Vivo Blockage of the Axo-dendritic Transport Unmasks
tPA-Positive Neurons. The lack of tPA immunoreactivity
in cortical neurons was intriguing, considering the litera-
ture reporting a neuronal expression of tPA and subse-
quent functions [28–32]. We thus decided to block axo-
dendritic transports by stereotaxic injections of colchicine
in order to unmask the putative presence of tPA in neuro-
nal cell bodies in the hippocampus (Supplementary
Fig. S2) and in the cortex (Fig. 3). In the mouse hippo-
campus, colchicine treatment led to an accumulation of
tPA in neuronal cell bodies of the dentate gyrus (Supple-
mentary Fig. S2b vs S1b’) associated with reduced levels
of tPA in the corresponding mossy fibers that reached
CA2 (Supplementary Fig. S2d vs S1d’). We also revealed
an accumulation of tPA in pyramidal neuronal cell bodies
in the different regions of the hippocampus: CA3, CA2,
CA1 (Supplementary Fig. 2c–e vs S1c’–e’) and in neuro-
nal cell bodies of the fasciola cinereum (Supplementary
Fig. 2f vs S1f’). Similarly, colchicine treatment unmasked
the presence of tPA in cortical neurons and shrunken fi-
bers (classically observed following treatment with col-
chicine) in both mice and rats (Fig. 3a, b vs 3a’, b’ and
a^, b^ without vs after colchicine treatment, respectively).

Overall, we calculated that tPA-immunoreactive neurons
accounted to around 15 % of the total number of neurons
positive for Fox3 (4374 tPA-positive neurons of a total of
28,774 Fox3-positive neurons counted; Fig. 4d) in the
retrospinal granular cortex (Fig. 4c (a) and (b)), the pri-
mary somatosensory cortex (Fig. 4c (c) and (d)), the
perirhinal cortex (Fig. 4c (e) and (f)), and the piriform
cortex (Fig. 4c (g) and (h)). In some cortices, such as
the somatosensory cortex (Fig. 4c (c)) or the perirhinal
cortex (Fig. 4c (e)), tPA-immunoreactive neurons ap-
peared more abundant in deeper layers, such as the layer
V. Colchicine treatment did not affect the localization of
tPA in the other cells of the CNS (Supplementary
Fig. S3). tPA immunoreactivity was still observed in en-
dothelial cells (Supplementary Fig. S3a, c, f, g), oligoden-
drocytes (Supplementary Fig. S3a), mastocytes (Supple-
mentary Fig. S3b), ependymocytes (Supplementary
Fig. S3c), and cort ical neurons (Supplementary
Fig. S3d). Microglial cells (Supplementary Fig. S3e), as-
trocytes (Supplementary Fig. S3f), and pericytes (Supple-
mentary Fig. S3g) were still found negative for tPA.

tPA-Positive Neurons Are Glutamatergic We then investi-
gated the neurochemical phenotype of the neurons containing
tPA. The expression of neuronal tPA in layer Vof the somato-
sensory cortex was studied by combining single-cell electro-
physiological recordings and transcriptomic analyses (Fig. 5
and Supplementary Tables S4, S5, S6, S7, and S8). The
single-cell RT-PCR protocol was designed for multiplex prob-
ing of the expression of tPA and 10 molecular markers classi-
cally used to define cortical neuronal subtypes [33]: the vesic-
ular glutamate transporter 1 (vGluT1), the GABA-

Fig. 2 Expression of tPA in
fibers of the adult mouse brain.
tPA-ir (red) was detected in fibers
of the amygdala (a; arrows), in
fibers of the hypothalamus
median eminence (ME) (b;
arrow), in fibers of the
neurohypophysis (NH) (c; arrow)
and in fibers of the medial
habenula (d; arrow). DAPI (blue)
was used to reveal nuclei (a–d)
(Color figure online)
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synthesizing enzymes (glutamic acid decarboxylases, GAD
65 and GAD 67), three calcium-binding proteins (calretinin
[CR], calbindin [CB], and parvalbumin [PV]), and four neu-
ropeptides including vasoactive intestinal peptide (VIP), so-
matostatin (SOM), cholecystokinin (CCK), and neuropeptide
Y (NPY). Pyramidal cells (n=30) and interneurons (n=13)
were first selected according to their somatodendritic appear-
ance and by their characteristic electrophysiological features
[34, 35]. Detection of vGluT1 and absence of GAD
(vGluT1+/GAD−) were indicative of a glutamatergic identity
whereas detection of GAD (GAD+) denoted a GABAergic
phenotype. The expression of tPA was observed in 3 cells
out of 30 pyramidal neurons of the rat neocortical layer V
(Fig. 5c) but was never detected in GABAergic interneurons
(n=13). The tPA-positive pyramidal cells expressed CCK in
addition to vGluT1 (Fig. 5c). The electrophysiological signa-
tures of the tPA-positive neurons did not significantly differ
from the other pyramidal cells of the sample (Supplementary
Tables S4, S5, S6, S7, and S8). Cortico-cortical layer V pyra-
midal cells exhibit significantly higher input resistance and
smaller hyperpolarization-activated cationic current (sag; see
Supplementary Table S4) than pyramidal cells projecting sub-
cortical structures [36, 37]. Among the tPA-positive pyramidal

cells, some were putative subcortical neurons displaying rela-
tively low input resistance (166 and 316 MΩ) and large sag
(28 and 36 %), and the others were presumably cortico-
cortical (630 MΩ and 20 %). Accordingly, the tPA-positive
subcortical pyramidal cells recovered for biocytin labeling
exhibited a prominent apical dendrite with an extension in
layer I (Fig. 5b) which is not observed in cortico-cortical py-
ramidal cells [36]. These results suggest that tPA-positive
pyramidal cells are diverse and cannot be assigned to a spe-
cific subtype defined by a projection target [38, 39]. To
confirm pyramidal identity of tPA-positive neurons at the
population level, immunohistochemistry for vGluT1,
GAD67, CCK, and T-box brain 1 (tbR1), a transcription
factor characteristic of glutamatergic neurons [40], was per-
formed from both mouse (Fig. 6a, c, e, g) and rat (Fig. 6b, d,
f, h) brain tissues pre-treated with colchicine. We confirmed
the presence of tPA in neurons also immunopositive for
vGluT1 (Fig. 6a, b), CCK8 (Fig. 6c, d), or tbR1 (Fig. 6e,
f) in cortical areas of both species. In contrast, tPA-positive
neurons were negative for GAD67 (Fig. 6g, h). These data
provide the first evidence that the cortical neurons that ex-
press tPA correspond to a subpopulation of glutamatergic
pyramidal cells.

Fig. 3 In vivo blockage of the
axo-dendritic transport unmasks
tPA-positive cortical neurons in
both mouse and rat. Double
immunofluorescent staining with
the tPA antibody (red) and Fox3
antibody (green). No tPA-ir was
detected in cortical neurons of
untreated mice (a) and rats (b). In
contrast, tPA-ir became positive
in the soma of cortical neurons
(stars) and in shrunken fibers
(arrowheads; classically observed
after colchicine treatment) from
colchicines-treated mice (a’ and
a^) and rats (b’ and b^) at low
magnification (a’, b’) and high
magnification (a^, b^). In both
mice and rats, tPA-ir was seen in
blood vessel walls (a, b, a’, b’,
b^; arrow) (Color figure online)
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Subcellular Localization of tPA. The possibility that neu-
ronal tPA is compartmentalized to be released as a
neuromodulator was next explored. Typically, Ca2+-de-
pendent exocytosis of neurotransmitters and neuropep-
tides requires their compartmentalization into specific se-
cretory organelles [41] classified as synaptic vesicles
(SVs) and dense core vesicles (DCVs). To test whether
tPA might be stored in synaptic vesicles (SVs), we isolat-
ed these organelles from mouse brain extracts using a
classical isolation procedure combining subcellular

fractionation and size exclusion chromatography [26]. Im-
munoblot analysis of the isolated organelles revealed that
they contain typical vesicular membrane proteins such as
synaptobrevin 2 (Sb2), synaptotagmin 1 (Syt1),
synaptophysin 1 (Syp1), the glutamatergic marker
vGluT1, the proton pump V-ATPase, and synaptic vesicle
2 (SV2; Fig. 7b). The isolated SVs were virtually free of
contamination as evident from the absence of markers for
peroxisomes (70-kDa peroxisomal membrane protein,
PMP70), recycling endosomes (transferrin receptor,

Fig. 4 Distribution of tPA-positive neurons in cortical areas. a
Immunohistochemistry performed on cortical sections from colchicine-
treated mice and rats revealed tPA-positive neurons in all cortices. b
Schematic representation of cortical areas in which we illustrated the
distribution of tPA-positive neurons in (c). c Illustration of some tPA-
positive cortical neurons unmasked by colchicine treatment.
Distribution of tPA-ir (red) was shown at low magnification (a, c, e, g)
and corresponding inserts are seen at high magnification (b, d, f, h). In
retrosplenial granular cortex, tPA-ir was observed in neurons of layers II–
III (a, b; stars) and in shrunken fibers (b; arrowheads). In primary

somatosensory cortex, note the tPA-ir in layers II–III, V, and VI (c, d;
stars). In perirhinal cortex, tPA-ir was seen in neurons of layer II–III (e, f;
stars) and V (e) and in shrunken fibers (e, f; arrowheads). In piriform
cortex, tPA-ir was observed in layers II–III (g, h; stars) and in shrunken
fibers (h; arrowheads). Fox3 (green) was used to reveal neuronal cell
bodies at higher magnification (b, d, f, h). tPA-ir was also observed in
blood vessel walls (a–c, e, g; arrows). d Percentage of tPA-positive
neurons in different cortical areas of colchicine-treated adult rats (Color
figure online)
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TfR), and plasma membrane (the glutamatergic NMDA
receptor subunit GluN1 and Na+/K+-ATPase). Strikingly,
the isolated organelles were negative for chromogranin B
(CgB), a specific marker of DCVs (Fig. 7a). Most impor-
tantly, the isolated SVs were positive for tPA (Fig. 7b)
indicating that tPA is stored in secretory compartment
most likely representing subsets of SVs. The vesicular
storage of tPA was further confirmed by immunoisolation
of Sb2-containing SVs [42, 43] (Fig. 7c, d, f). Such bio-
chemical scenario so far suggests that tPA is co-stored
with glutamate in glutamatergic SVs. To further examine
whether this is the case, we performed glutamate uptake
assays on purified Sb2-positive SVs by acidification mea-
surements using acridine orange [27]. As shown in
Fig. 7e, addition of glutamate consistently induced a ro-
bust ATP-dependent acidification confirming that our
preparation contains a functional population of gluta-
matergic SVs. The presence of tPA containing SVs was
confirmed by confocal immunofluorescence analyses
demonstrating a co-localization of Sb2 with tPA in corti-
cal neurons (Fig. 7f).

Altogether, our present data provide the first evidence that
the tPA is a neuromodulator characteristic of a subpopulation
(10–15 %) of pyramidal excitatory glutamatergic neurons
with a storage in synaptobrevin-2-positive synaptic vesicles.

Discussion

tPA plays critical roles in the CNS physiopathology. Surpris-
ingly, uncontroversial information about its regional, cellular,
and subcellular distribution is still lacking. To date, endothe-
lial cells forming microvessels are considered as a major
source of tPA [44, 45]. Although tPA messenger RNA
(mRNA) and tPA proteolytic activity have been detected in
astrocytes, this was only reported in vitro [46, 47] or following
brain injuries [48, 49]. tPA was also found in microglia by
some [29, 47] but not all authors [50]. Oligodendrocytes do
not display tPA activity in vitro [51], but a study showed that
they exhibit immunostaining for tPA in vivo [20]. Perivascular
mastocytes [52], pericytes [53], ependymocytes [54], and in-
filtrating blood cells [55] are other putative sources of tPA in
the CNS. Here, in the adult healthy mouse or rat brain, we
found positive immunostainings for tPA in endothelial cells,
oligodendrocytes, mastocytes, and ependymocytes, but not in
astrocytes, microglia, and pericytes. Focusing on neurons, we
detected tPA in neuronal fibers in the hippocampus (mossy
fiber pathway), the amygdala, the hypothalamus, and the neu-
rohypophysis as previously reported [56, 57] but also in fibers
of the medial habenula. We did not detect tPA in the somata of
cortical neurons in normal conditions (neither in rats nor in
mice). This was intriguing, considering the documented

Fig. 5 Electrophysiological, morphological, and molecular
characterization of tPA-expressing layer V pyramidal cell. a Voltage
responses induced by injection of current pulses (bottom traces) of
−100, −50, +20, and +500 pA. Note the pronounced voltage sag after
the initial peak response to hyperpolarizing current pulses (middle traces,
arrow). In response to just-above-threshold current pulse (+20 pA), this
neuron fired a long-duration action potential with a long-lasting biphasic
AHP (middle trace). Near saturation (+500 pA), this neuron showed the
typical firing of a regular spiking neuron with marked frequency

adaptation and amplitude accommodation of action potentials (upper
trace). b Confocal image of the recorded pyramidal cell shown in (a)
(biocytin labeling; green) located in the vicinity of parenchymal
capillaries (immunostained for collagen IV; red). Note the pyramidal
shaped soma with spiny dendrites (scale bar 20 μm). c scRT-mPCR
analysis showing expression of tPA, vesicular glutamate transporter 1
(Vglut1), and cholecystokinin (CCK) mRNAs in this pyramidal cell
(Color figure online)
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presence and actions of endogenous tPA in the cortex [30, 58,
59]. In vitro studies have also reported the neuronal expression
of tPA concentrated at the growth cone during neuritogenesis,
locally synthesized in dendrites, and released following depo-
larization [60–64]. Blocking the axono-dendritic transport,
using the microtubule uncoupling agent colchicine, allowed
to unmask tPA in several hippocampal and cortical neuronal
cell bodies (10 to 15 % of cortical neurons). This effect of
colchicine was selective of neurons, since the pattern of tPA
expression was unchanged in other cell types. This colchicine-
induced unmasking of tPA immunoreactivity can be explained
either by a rare expression of neuronal tPA or by its fast trans-
port and/or turnover. Anyhow, this approach allowed us to
map, for the first time, tPA-positive cortical neurons. In the

mouse hippocampus, tPAwas ferreted out in CA1, CA2, and
CA3 neuronal cell bodies, in neurons of dentate gyrus, and
fasciola cinereum. Although tPA is not present in rat hippo-
campal mossy fibers [57], tPA-positive neurons appeared in
almost all cortical areas in the two species, including the
retrosplenial granular, the primary somatosensory, and the
perirhinal and the piriform cortices. Neuronal tPA is also pres-
ent in other structures such as the amygdala, the bed nucleus
of the stria terminalis, or the cingulum.

Our data are in agreement with the reported physiopatho-
logical functions of tPA in the CNS. For example, tPA was
reported to be critically involved in spatial learning and mem-
ory processes known to involve both the hippocampus and the
entorhinal cortex, in anxiety behavior known to involve the

Fig. 6 tPA expression is
restricted to cortical glutamatergic
neurons in mice and rats. tPA-ir
was observed in mice (a, c, e) and
rats (b, d, f) excitatory neurons.
Double immunofluorescence
stainings were performed using
anti-tPA (red) and a set of
antibodies (green) characteristic
of excitatory neurons [vGluT1
antibody (a, b), cholecystokinin
antibody (CCK; c, d), and T-box
brain 1 antibody (tbr1; e, f)] or
inhibitory neurons [GAD 67 (g,
h)]. In mice and rats, tPA-ir was
observed in excitatory vGluT1-
positive neurons (a, b; stars),
CCK8-positive neurons (c, d;
stars), and tbr1-positive neurons
(e, f; stars). tPA-ir was absent in
inhibitory GAD67-positive
neurons in mouse (g; arrow), and
in both mouse and rat, GAD67-ir
was absent in tPA-positive
neurons (g, f; stars). tPA-positive
shrunken fibers were observed (a,
c, d, g; arrowheads) (Color figure
online)
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Fig. 7 tPA is localized in Sb2-containing SVs. a Isolation of SVs by size
exclusion chromatography led to six fractions (F1–F6). The brain
supernatant S1 and F1–F6 were immunoblotted for the markers of
peroxisomes (70-kDa peroxisomal membrane protein, PMP70),
recycling endosomes (transferrin receptor, TfR), dense core vesicles
(chromogranin B, CgB), and plasma membrane (the NMDA receptor
subunit GluN1 and Na+/K+-ATPase). GluN1 is detected at a low level
in F3, suggesting that proteins from the plasma membrane use SVs as
recycling vesicles. b The isolated organelles contain the typical SV
markers synaptotagmin I (Syt1), synaptophysin 1 (Syp1), Sb2, vGluT1,
and V-ATPase. SVs are mostly present in F3 and F4, and in a lower level
in F5. S1 and F1–F6 were also immunoblotted for tPA. c
Immunoprecipitation of SVs was performed using Sb2 and a non-
immune IgG as control. Note the presence in the immunoisolates of the

light and heavy chains of the antibodies used for the SV isolation. d
Immunoblots showed that immunoprecipitated SVs presented typical
SV markers. Brain supernatant (input) and immunoprecipitates (IP)
were immunoblotted for tPA (goat anti-tPA). Equal proportion of F1–F6
and of IPs were loaded to allow direct comparison. e Photometric traces
(typical experiment) for immunoprecipited SVs showing their
acidification induced by glutamate (10 mM). At the end of the reaction,
(NH4)2SO4 (100mM)was added to dissipate the pH gradient. Scale bar, 5
arbitrary units per 100 s. f Double immunofluorescent stainings revealed
with rabbit anti-tPA antibodies (a, c, d, f; red) and mouse anti-Sb2
antibodies (b, c, e, f; green). tPA-ir was closely associated with Sb2-ir
in cortical neuronal cell bodies (c; yellow) and corresponding fiber tracks
(f; yellow). Colocalization of tPA-ir and Sb2-ir was confirmed by
Pearson’s coefficient, 0.359 (c) and 0.722 ( f ) (Color figure online)
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amygdala and in a number of sensorimotor tasks [4, 5, 65–67].
Under pathological conditions, tPA was reported to play crit-
ical roles in delayed hippocampal neuronal death following
kainate exposure, in seizure, and in survival and death of cor-
tical neurons [15, 29, 68, 69].

In order to characterize the phenotype of tPA-ergic neu-
rons, single neurons of the rat somatosensory cortex were
patched and subjected to combined electrophysiological and
transcriptomic analyses. We found that neurons containing
tPA mRNA display the electrophysiological, morphological,
and molecular features of excitatory pyramidal glutamatergic
neurons. Indeed, tPA-positive pyramidal neurons characteris-
tically exhibit regular spiking action potential discharge [34],
including long-duration action potentials and pronounced
spike frequency adaptation. Biocytin labeling of recorded neu-
rons revealed that tPA-positive neurons are pyramidal spiny
neurons and none of the tPA-positive neurons expressed ex-
clusive markers of GABA-ergic interneurons. Immunohisto-
chemical analyses confirmed the presence of vGlut1, CCK8,
and the transcription factor tbR1 in tPA-positive neurons.

Our finding that tPA-ergic neurons are excitatory is consis-
tent with the reported functional link between tPA and
NMDA-receptor-dependent glutamatergic signaling [17] in-
volved in long-term potentiation [3, 70], synaptic plasticity
[71], seizure [68], neuronal death [72], and survival [6]. Of
note, tPA-positive neurons receive projections from GABA-
ergic neurons. In vitro, neuronal depolarization induced by
GABA receptor antagonists such as bicuculline leads to a
massive release of neuronal tPA [73]. Isolation of SVs by
subcellular fractionation followed by size exclusion chroma-
tography confirmed the presence of tPA in neuronal vesicles.
SVs isolated by this method are clear and small vesicles as
previously described [26]. Also, tPA is more detected in F4
and F5 suggesting its presence in more retarded vesicles, i.e.,
smaller than the main population of SVs. Immunoprecipita-
tions performed with an antibody against Sb2 but also co-
immunostaining of tPA and Sb2 confirmed the presence of
tPA in Sb2-positive neuronal vesicles. The presence of
overexpressed tPA in organelles, which seem to be DCVs,
was previously reported by Silverman and colleagues [74].
Although we failed to detect CgB in the isolated fractions, it
is known that subsets of DCVs are positive for Sb2 [75]. Our
data are relevant with the literature that evidences the presence
of tPA in synaptic spines [62, 63], its possible constitutive
neuronal release [64], and also its early and massive release
from synapses following KCl- [63] or bicuculline-induced
depolarization [73]. This observation is also relevant with
the neuromodulatory functions of tPA, especially its ability
to bind postsynaptic NMDA receptors and promote their sig-
naling [76] including the late phase of long-term potentiation
[77] and excitotoxicity [72].

Altogether, we provide here a set of compelling histologi-
cal, electrophysiological, and transcriptional evidence

demonstrating the existence of a population of excitatory glu-
tamatergic pyramidal neurons with tPA-containing
synpatobrevin-2-positive synaptic vesicles that allow us to
propose the concept of tPA-ergic neurons.
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