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Abstract

The spatial organization of vascular endothelial growth factor (VEGF) signaling is a key
determinant of vascular patterning during development and tissue repair. How VEGF signaling
becomes spatially restricted and the role of VEGF secreting astrocytes in this process remains
poorly understood. Using a VEGF-GFP fusion protein and confocal time-lapse microscopy, we
observed the intracellular routing, secretion and immobilization of VEGF in scratch-activated
living astrocytes. We found VEGF to be directly transported to cell-extracellular matrix
attachments where it is incorporated into fibronectin fibrils. VEGF accumulated at 1 integrin
containing fibrillar adhesions and was translocated along the cell surface prior to internalization
and degradation. We also found that only the astrocyte-derived, matrix-bound, and not soluble
VEGF decreases p1 integrin turnover in fibrillar adhesions. We suggest that polarized VEGF
release and ECM remodeling by VEGF secreting cells is key to control the local concentration and
signaling of VEGF. Our findings highlight the importance of astrocytes in directing VEGF
functions and identify these mechanisms as promising target for angiogenic approaches.
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Introduction

The vascular endothelial growth factor-A (VEGF) is expressed as a balanced mixture of
long, extracellular matrix (ECM) associated (VEGF-189 and 206), intermediate
(VEGF-165), and diffusible, short (VEGF-121) isoforms (Carmeliet and Ruiz de
Almodovar, 2013; Ferrara, 2010; Houck et al., 1991; Wijelath et al., 2002). VEGF has
received great attention due to its pivotal role in angiogenesis (Ferrara, 2002a,b), however, in
the nervous system it is rather multifunctional, and has been widely implicated in
development, tissue maintenance as well as repair (Carmeliet and Ruiz de Almodovar,
2013). VEGF regulates neurogenesis (Jin et al., 2002; Schanzer et al., 2004; Sun et al.,
2003), neuronal survival (Ruiz de Almodovar et al., 2009; Tolosa et al., 2008; Van Den
Bosch et al., 2004), migration of microglial cells (Ryu et al., 2009), neurons (Ruiz de
Almodovar et al., 2010), glial (Learte et al., 2008), and progenitor cells (Hayakawa et al.,
2011; Zhang et al., 2003) as well as neuronal plasticity (Huang et al., 2012; Licht et al.,
2010, 2011). Among the many cell types that express VEGF in the brain, post-lesional
VEGF secretion by the reactive glia has gained special attention (ljichi et al., 1995; Li et al.,
2014; Margaritescu et al., 2011; Pichiule et al., 1999). After hypoxic/ischemic damage,
astrocyte-derived VEGF not only stimulates angiogenesis as well as endothelial cell
proliferation, but also has a protective and trophic effect on neurons (Sondell et al., 1999;
Zachary, 2005). However, excessive VEGF secretion by the reactive glia could become
deleterious by disrupting the blood brain barrier (Argaw et al., 2012). Similar adverse effects
limit the application of recombinant VEGF to promote revascularization after ischemic brain
injuries (Manoonkitiwongsa et al., 2006).

The actual outcome of VEGF signaling on cellular activities can be highly context
dependent. Targeted VEGF secretion and interactions between VEGF signaling elements
and the ECM could play an important role in the spatiotemporal coordination of VEGF
actions (Ashikari-Hada et al., 2005; Chen et al., 2010; Jakobsson et al., 2006; Ruhrberg et
al., 2002; Traub et al., 2013; Wijelath et al., 2002, 2006). However, little is known about the
regulation of such interactions and the role of VEGF secreting astroglial cells in this process.
Here we set out to investigate the intracellular trafficking, mode of secretion and ECM
interactions of VEGF in polarized astrocytes. We took advantage of a VEGF-GFP fusion
protein (Guzman-Hernandez et al., 2014) to follow the distribution of VEGF-165 during its
trafficking in primary cells. We demonstrate a targeted secretion, astrocyte-dependent
incorporation to the ECM and endocytosis-based elimination of VEGF-165 at integrin-
mediated fibrillar adhesion sites. Moreover, we show that cell-derived, matrix-bound VEGF
but not soluble VEGF, decreases 1 integrin turnover in fibrillar adhesions, suggesting that a
spatially restricted VEGF activity might be required to regulate VEGF functions during
regeneration.

Materials and Methods

All animal experiments were conducted in accordance with Swiss laws, previously approved
by the Geneva Cantonal Veterinary Authority.
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Lentiviral Vectors

The Gateway recombination technology (Invitrogen) was used to subclone GFP, mCherry,
VEGF-GFP (Guzman-Hernandez et al., 2014) and the p1-SNAP constructs into pCLX
lentiviral vectors after the ubiquitin promoter. Lentiviral vectors were produced,
concentrated as previously described (Salmon, 2013).

Primary Mixed Cultures of Neuronal and Glial Cells, Transduction, Wounding, and Live
Staining of SNAP-Tag

Postnatal day 0-1 Wistar rat cerebral cortices were separated from the subventricular zone by
dissection, and after mechanical dissociation cells were plated onto poly-L-lysine (Sigma)
and fibronectin (10 pg/ mL, Biopur) coating. At day /n vitro 3, cultures were transduced with
lentiviruses with multiples of infection 1-3 (>75% efficiency). Cultures were grown until
confluence in Dulbecco’s modified Eagle’s medium (Sigma) with 10% fetal calf serum and
1% penicillin-streptomycin, and then medium was changed to serum-free Neuro-basal
(Gibco) medium supplemented with 2% B27 (Gibco), 2 mM glutamate, 1 mM sodium
pyruvate, 2 mM Akacetyl-cysteine, and 1% penicillin-streptomycin. Twenty-four hours later
straight scratches of ~ 150 um width were made, and cells were grown for another 12-24 h
before experiments. For live staining of B1-SNAP, SNAP-Surface 549 (1/750, New England
Biolabs) was applied for 30 min at 37°C.

Immunofluorescence, Phalloidin Staining, and Image Acquisition

Immunostaining of cell cultures and cryostate sections was performed as described
previously (Mutskits et al., 2001). For phalloidin staining of actin filaments, cells were
incubated 20 min RT with phalloidin-Alexa568 (Life Technologies, 1/40) following the
incubation with secondary antibodies. Images were acquired with a Nikon Eclipse 80i
(Nikon Instruments) epifluorescent microscope, with an LSM 510 META (Carl Zeiss) and a
Nikon Al (Nikon Instruments) laser scanning confocal microscope. Image processing was
carried out with the NIS-Elements Advanced Research platform (Nikon Instruments, version
3.21.0), and the Metamorph Software (Molecular Devices, version 7.4).

Quantifications of Post Hoc Experiments

Quantification of cellular polarization was performed as previously described (Etienne-
Manneville and Hall, 2001). For quantifications of the polarized distribution of VEGF-GFP
randomly captured epifluorescent images of the wound edge of VEGF-GFP transduced
cultures were analyzed comparing regions of interests (ROI) at “leading edge,” “center”
(excluding the Golgi), “trailing edge.” For some experiments, nocodazole (1 pg/ml for 16 h,
Sigma) or equivalent quantities of DMSO was added to the culture at wounding and ROI
were compared. To quantify VEGF-GFP intensity at adhesions, using confocal images of
wound edge astrocytes immunostained against or FN, or for ec. FN masks were determined:
(1) positive regions (“at”), (2) regions surrounding in a 3 pm band the positive regions
(“around”), and (3) negative regions (“elsewhere”). GFP intensity was measured in the three
masks. For BrdU experiments, low density cultures were pulse labeled for 1 h with BrdU
(30.75 pg/ml), cell counts were performed after immunostaining (anti-BrdU, anti-Ki67):
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BrdU1 and Ki67+ cells in the GFP1 population, and finally BrdU1 cells in the Ki67+/GFP+
population.

Quantifications of Live Experiments

Results

Time-lapse with dynasore or puromycin.—Twelve hours after wounding, VEGF-GFP
and B1-SNAP coexpressing astrocytes were imaged in a confocal scanning time-lapse
microscope (1.75-7 min/ frame) focusing on cellular adhesions. Dynasore (80 uM, Sigma)
or equivalent quantities of DMSO was applied during imaging, and at some experiments
washed out was performed with medium+DMSO. GFP intensity of ROIs at VEGF
accumulated adhesion areas were measured in time. Puromycin (10 pg/ml, Sigma) was
added to the cultures >140 min after imaging, and was washed out 270 min later. Whole cell
and background fluorescence of both VEGF-GFP and p1-SNAP was measured. VEGF-GFP
was also corrected for interacquisition photobleaching by normalization for intensities of
deposited VEGF complexes.

Fluorescence recovery after photobleaching.—VEGF-GFP or GFP and B1-SNAP
coexpressing cultures were imaged in a confocal time-lapse microscope. Following 3 min of
10 s/frame prebleach imaging, 3 um, circular ROIs at adhesions were bleached for 5 s, and
imaging was continued for 15 min at 10 s/frame*. Fluorescence intensity was measured at
bleached adhesions, and with the easy-FRAP (Rapsomaniki et al., 2012) background was
subtracted, data points were normalized for prebleach intensities and corrected for
photobleaching using whole cell fluorescence. Fractional fluorescence recovery curves were
individually fitted using a double exponential model to obtain the Mobile Fraction (MF).
Experiments were also performed on control cells before and after addition of 200 ng/ml
human recombinant VEGF-165 (PeproTech).

A detailed description of the methods applied in this study is available as Supporting
Information.

Green Fluorescent Protein-Tagged VEGF-165 Shows a Vectorial Distribution in Polarized
Astrocytes In Vitro

To investigate the subcellular targeting of VEGF in polarized astrocytes /n vitro, we used a
VEGF-GFP fusion protein encoding the ECM-binding human isoform, VEGF-165, which is
commonly upregulated after injury (Fig. 1A). The functional characterization in our
previous study (Guzman-Hernandez et al., 2014) demonstrated that VEGF-GFP was
secreted comparable to wild type VEGF and it retained biological activity in COS7 cells
(Guzman-Hernandez et al., 2014). Colocalization of the GFP and anti-VEGF signals (Supp.
Info. Fig. 1A) showed that the fusion protein remained intact and hence could be used to
study VEGF localization. We induced cellular polarization and migration in a wound-
healing model (Etienne-Manneville and Hall, 2001; Fig. 1B) on primary mixed-glial cultures
containing high numbers of GFAP+ astrocytes (Fig. 1B, insert). Twenty-four hours after the
scratch, cultures transduced with VEGF-GFP lentivectors were fixed and immunostained.
Although not strictly comparable to the polarity of astrocytes /n vivo (i.e., vascular endfeet,
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perisynaptic astrocytic processes, or perilesional oriention), we could observe /n vitro
astrocytic polarization based on Golgi (GM130) and centrosome (y-tubulin) reorganization
toward the wound. Polarized morphology was acquired in 75% of wound edge astrocytes
(Supp. Info. Fig. 1B,C). In polarized cells, VEGF-GFP was found at the Golgi (Fig. 1C,
insert 11.), while a prominent apical accumulation of dot-like GFP1 particles was also
observed at the wound edge (Fig. 1C). The VEGF positive apical zone was usually close to
the leading edge, but always sparing the peripheral zone of actin arcs (Supp. Info. Fig. 1D,
dotted line). Quantifications (Fig. 1D) demonstrated that this vectorial distribution of VEGF-
GFP was commonly present after polarization. By disrupting microtubules, Nocodazole
treatment (1 pug/ml for 16 h) severely affected the leading-edge accumulation of VEGF in
wound edge astrocytes (Fig. 1E) and equalized the distribution of GFP fluorescence (Fig.
1F). These observations suggested that the VEGF fusion protein used a microtubule-
dependent directional transport to reach the leading edge of polarized astrocytes.

Based on the enrichment of VEGF-GFP close to the wound edge, we hypothesized that
VEGF might be actively directed to integrin-dependent attachment points between the cell
and the underlying matrix. To test this, we immunostained fixed VEGF-GFP expressing
astrocytes with antibodies against vinculin (Vin, a marker for focal adhesions) and
fibronectin (FN, which labels cell-derived ECM and a5p1 integrin containing fibrillar
adhesions). Confocal analysis revealed that a good fraction of the GFP signal was localized
close to Vin patches and FN fibrils, even beyond the apical areas (Fig. 2A). Moreover, FN/
VEGF-GFP (Fig. 2A, insert I., arrowheads), or less frequently FN/Vin/VEGF-GFP triple
colocalizations (Fig. 2A, insert I., arrow) were also apparent. A closer inspection revealed,
that VEGF was located mainly at the more mature, FN fibril-containing proximal end and
rarely at the Vinl distal aspect of individual cell-matrix adhesions (Fig. 2A, insert I1.).
Quantifications confirmed these visual observations, as the average GFP intensity at Vin
patches (“at”) was only mildly higher than GFP intensity 3 um “around” Vin patches, or at
the rest of the cell (Golgi excluded, “elsewhere”; Fig. 2B), while the mean GFP intensity
was significantly higher “at” FN+ fibrils than “around” or “elsewhere” (Fig. 2C) in the cells.
Thus, at least part of VEGF-GFP was directed to cell-matrix adhesions.

To investigate whether VEGF accumulates in intracellular vesicles or outside the cell
associated with the ECM, we used a two-step immunostaining protocol (Fig. 3A, schematic)
with antibodies applied first on living, then on fixed/ permeabilized cells, thereby
discriminating extracellular (ec.) from intracellular VEGF-GFP pools (total GFP+/ec.
GFP-). Astrocytes stained extensively with ec. GFP, which indicated that a large proportion
of astrocyte-derived VEGF is located in the ec. space, strongly colocalizing with FN fibrils.
Despite the limited penetration of antibodies to the cell-attachment areas under cells, ec.
GFP and ec. FN fibrils showed a clear trend to colocalize (Fig. 3A, arrowheads), as
underlined also by the significantly higher average ec. GFP intensity “at” ec. FN+ areas (Fig.
3B). Based on these observations we concluded that VEGF-GFP associated with FN-
containing ECM fibrils assembled at fibrillar adhesions. Interestingly, ec. GFP accumulating
at cell-cell junctions was not colocalizing with ec. FN (Fig. 3A, arrows).

To better evaluate the localization of VEGF on the cell surface, we performed electron
microscopic analysis on cells after pre-embedding DAB-labeling against ec. GFP. VEGF-
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GFP aggregates of variable thickness were found closely apposed to the cell surface (Fig.
3C, arrow at left), reflecting sequestration within the ec. fibronectin network. Moreover,
VEGF-GFP also covered vesicles or cell protrusions shedding from the cell surface (Fig. 3C,
arrows at right), showing the presence of this unique way of VEGF delivery in astrocytes,
similarly to what was observed previously in COS7 cells (Guzman-Hernandez et al., 2014).
Importantly, when cells were chased at 37°C following ec. antibody incubation, we found
DAB labeled GFP also in membrane proximal, intracellular vesicles, reminiscent of
caveolae (Fig. 3D). These observations indicated that VEGF is associated with the ECM,
shed from the plasma membrane on vesicles or endo-cytosed by cells.

Together, these findings lend strong support to the hypothesis that there is a directional
transport of VEGF-GFP toward the cell periphery with subsequent incorporation to the ECM
at cell-matrix adhesion sites.

Dynamics of VEGF-GFP in Actively Assembling ECM

To investigate dynamic aspects of VEGF accumulation on the cell surface, we performed
time-lapse confocal imaging of mCherry (to visualize the whole cell) and VEGF-GFP
cotransduced cell cultures (10 min/frame, Fig. 4A, Movie 1). We found that the localization
of VEGF accumulations was changing synchronously with cell movements, such that in
cells stretching into the wound VEGF-GFP dots appeared transiently at the leading edge and
more stable VEGF accumulations were formed only at substrate-anchorage regions (Movie
1, dashed circles and Fig. 4A, arrowheads of all colors). If a cell-matrix anchorage site was
released, the VEGF signal quickly disappeared (Movie 1, dashed square). At some
accumulation sites VEGF-GFP dots coalesced into parallel stripes (Movie 1, arrows),
resembling the formation of FN-fibrils at sites of fibrillar adhesions.

During maturation of cell-matrix adhesions, FN-bound integrins are pulled inwards as a
result of actomyosin contraction. During this process, globular, soluble FN is bound to
integrins and then stretched to promote lateral association to form FN fibrils on the cell
surface (Fig. 4B, schematic), which process is also known as ECM remodeling (Pankov et
al., 2000; Zamir and Geiger, 2001). To analyze the dynamics of VEGF with maturing FN
fibrils in fibrillar adhesions, we imaged inwards “sliding” adhesions on astrocytes
coexpressing VEGF-GFP and a live stained, SNAP-tagged p1 integrin (B1-SNAP; Fig. 4B).
We observed that VEGF-GFP dots first appeared near the distal aspect of 1 integrin
containing cell-matrix adhesions, which were subsequently covered with VEGF-GFP, while
moving inwardly towards the center of the cell. Once a fibrillar adhesion was stabilized
VEGF-GFP showed diffuse accumulation alongside 1 integrin (Fig. 4B, white arrows;
Movie 2). VEGF remained associated with stretched fibrillar adhesions and moved passively
with them. However, VEGF was rapidly released from integrin + fibers when they collapsed
upon mechanical separation from the substrate (Fig. 4C, Movie 2, yellow arrows). These
observations are consistent with the hypothesis that astrocytes actively create VEGF-GFP
hot spots in their surroundings by actively incorporating VEGF into the assembling
fibronectin-containing ECM fibrils. Moreover, the consecutive appearance of integrins and
VEGF, and the rapid loss of integrin-VEGF contact upon loss of tension suggests that FN
stretching by the integrin/actomyosin system might enhance VEGF/ECM coupling.
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To follow the fate of such VEGF-loaded ECM-integrin complexes, we focused on the
attaching surface (i.e., attaching to the coverslip) of astrocytes that coexpressed VEGF-GFP
and mCherry or B1-SNAP (1.75-7 min/frame), and collected light from a ~2 um
submembraneous band region by pinhole closure. VEGF particles were brighter close to the
surface than inside the cell (i.e., below the focus plane), as demonstrated by the weak
fluorescence intensity of the Golgi region. Originating at the cell periphery, a retrograde
flow of VEGF-GFP was observed, composed of both (1) small, rapidly moving, medium
intensity dots (i.e., intracellular vesicles, see Movie 3), and (2) large and bright VEGF-GFP-
ECM-B1-SNAP complexes slowly (mean v: 6.89 = 2.2, max v: 19.95 + 6.89; um/h 6 SD)
drifting on the surface (Movie 3 and 5, arrows). This later motion was reminiscent of the
movement of fibrillar adhesions (Pankov et al., 2000), suggesting the integrin-dependent
translocation of VEGF on the surface. Interestingly, the bright, drifting complexes gradually
shrank and shifted out of focus (i.e., towards the intracellular space; Fig. 4D, arrowhead in
inserts; Movie 3 and 5, arrows), likely indicating endocytic events. Seeking further support
for this idea, we analyzed the effect of the dynamin-blocker Dynasore (80 uM) during time-
lapse recordings. Despite the absence of retrograde vesicles and VEGF internalizations,
Dynasore seemed to stabilize ec. VEGF levels, while after washout of the inhibitor, VEGF-
GFP-ECM assembly at adhesions was reinitiated (Movie 4, arrow). Measurements of
adhesional GFP intensities confirmed the observed stabilization of VEGF accumulations
when comparing Dynasore and control (DMSO) treatments (Supp. Info. Fig. 2). However,
stable post-Dynasore GFP intensities may also have reflected the role of dynamin in the
trans-Golgi network exit of VEGF-GFP (Jones et al., 1998; McNiven et al., 2000). To
separate VEGF secretion from endocytosis a different approach to the question was applied,
namely the use of a reversible blockade of protein synthesis with puromycin (10 pg/ml).
Time-lapse videos with corresponding whole cell GFP intensities demonstrated a rapid
decline in VEGF signal after treatment, and a large steady increase after washout of
puromycin (Fig. 4E, Movie 5). This not only shows dependence of VEGF accumulations on
continuous delivery but also points to the rapidity of VEGF turnover. Since 1 integrin was
SNAP-labeled and hence its signal was not regenerated by de-novo synthesis, the relatively
stable SNAP signal was consistent with the efficient recycling of p1 integrin (Fig. 4E;
Bretscher, 1989,1992). Therefore, differences observed between the signal of b1-SNAP and
VEGF-GFP were indirect signs of both efficient endocytosis and relatively poor recycling of
VEGF.

VEGFR2 and NP-1, but Not NP-2 Shows Clustering and Colocalization with VEGF at Cell-
Matrix Adhesions

To explore the question whether local VEGF secretion at astrocytic adhesion sites could also
be foci of autocrine signaling, we first performed immunofluorescent labeling for VEGFR2,
FN, and GFP on astrocytes expressing VEGF-GFP (Fig. 5A). Most VEGFR2+ dots were
diffusely scattered in cells, without signs of accumulation or extensive colocalization with
VEGF-GFP at the leading edge. However, we also found small clusters of VEGFR2 at FN
fibrils (Fig. 5A insert, arrowheads), which frequently colocalized with VEGF-GFP (Fig. 5A,
insert, arrowheads). Since VEGFR2 undergoes constant internalization and recycling during
signaling (Jopling et al., 2011), this observation was compatible with the idea that VEGF
and its receptor are found at these sites with a potential for localized signaling.
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NP-1 and 2 have been described as co-receptors that modulate VEGFR2 signaling (Olsson et
al., 2006) and enhance VEGF-VEGFR2 binding and VEGF-165 mediated chemotaxis
(Soker et al., 1998). Therefore, we next immuno-stained NP-1 and NP-2, and found a
dispersed punctate staining much alike to VEGFR2 with both antibodies, which were
generally not co-localizing with VEGF-GFP. However, a fraction of NP-1, but not NP-2,
also showed considerable clustering and colocalization with VEGF-GFP at FN fibrils (Fig.
5B, arrowheads), while NP-2 distribution was less organized and coincided with VEGF dots
only at vesicle-like structures (Fig. 5C, single and double arrowheads, respectively).
Although the colocalization between VEGFR2 or NP-1 and VEGF was only partial at FN+
sites, these images raise the possibility that secreted, VEGF recruits and activates VEGFR2/
NP-1 complexes at adhesion sites, initiating localized signaling cell-matrix adhesions
located at the leading edge of polarized astrocytes.

Knowing that VEGF increases the proliferation of astrocytes (Schmid-Brunclik et al., 2008),
and that the mitogenic function of VEGF also requires VEGFR2 activation (Hashimoto et
al., 2006; Jin et al., 2002; Keyt et al., 1996; Schanzer et al., 2004), following mitogenic
activity could be used to test for the presence of VEGF-GFP/VEGFR2/NP-1 mediated
signaling. Therefore, we performed pulse labeling with BrdU in replated VEGF-GFP or
GFP transduced cultures. Given that replating increases the proportion of astrocytes in
cultures, we have found that BrdU staining was associated almost always with GFAP
positivity (Supp. Info. Fig. 3, arrowheads). BrdU+ cell counts among VEGF-GFP+ cells
showed that VEGF-GFP nearly doubled the percentage of dividing cells (Fig. 5D, % BrdU
in GFP), while the proliferative cellular fraction (Ki67+) remained unchanged (Fig. 5D, %
Ki67 in GFP). These data demonstrated that VEGF-GFP was able to accelerate cell cycle in
astrocytes (Fig. 5D, % BrdU in Ki67). Taken together the results strongly supported the
notion that ECM-bound VEGF signaling acts cell-autonomously on VEGF secreting
astrocytes.

Surface-Bound VEGF Decreases B 1 Integrin Turnover at Cell-Matrix Adhesions

To further explore the functional impact of ECM-bound VEGF at cell-matrix adhesions, we
aimed to find an alternative read-out that could reflect a local effect of VEGFR2 activation.
Previous studies showed that ECM bound VEGF can activate p1 integrins in endothelial
cells (Byzova et al., 2000; Chen et al., 2010), breast tumor cells (Goel et al., 2012) and
cortical astrocytes also express B1 integrins /7 vivo (Baeten and Akassoglou, 2011; Robel et
al., 2009). We hypothesized that the focalized deposition of VEGF could influence the
dynamics of astrocytic cell-matrix adhesions. To analyze dynamic properties of adhesions,
we cotransduced astrocytes with § 1-SNAP and VEGF-GFP or GFP and compared the
mobility of adhesional 1 integrins with FRAP experiments (Fig. 6A; Wehrle-Haller, 2007).
We observed that bleaching VEGF loaded adhesions resulted in slower fluorescence recov
ery than those of the adhesions of control astrocytes (Fig. 6B, Movie 6, arrows). To quantify
integrin turnover, we plotted adhesion-fluorescence in time, and via curve fitting we
determined the MF of integrins at each measured adhesion. Averaging data from all reliably
fitted adhesions, we found a significantly lower average MF in VEGF-GFP associated
junctions (Fig. 6C “ALL"), although, the inclusion of the complete spectrum of ECM
adhesions produced considerable variance of recoveries (Wehrle-Haller, 2012). Our efforts
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to define more homogenous groups by selecting adhesions based on morphological and
dynamic criteria (see Fig. 6 legends) resulted in a decrease of SDs of data points and larger
and more significant differences between average MFs when, and even more when
adhesions (Fig. 6C). Thus, the expression of VEGF-GFP appears to decrease integrin
turnover specifically in mature (“MIDDLE”) or maturing (“SLIDING”) fibrillar adhesions.

To further test whether the effects of VEGF on adhesions is cell-autonomous, we repeated
experiments on astrocytes expressing only B1-SNAP, and compared MFs obtained in the
same cultures before and after the addition of 200 ng/ ml human recombinant VEGF-165 to
the medium. Consistent with a cell-autonomous function of immobilized VEGF, we found
that high concentrations of the same VEGF-165 isoform as in VEGF-GFP did not change p1
integrin turnover (Fig. 6D). Thus, the specific deposition of VEGF in the ECM by secreting
astrocytes appears to be required for VEGF-mediated stabilization of B1 integrin in cell-
matrix adhesions (Fig. 6B), thereby promoting VEGF-b1 integrin crosstalk.

Discussion

In this study, we used a GFP-tagged protein to investigate VEGF trafficking in primary
astrocytes. Our results reveal a polarization of VEGF to integrin-mediated cell-matrix
adhesion sites. We provide evidence that astrocytes actively integrate VEGF into the ECM
on the cell surface where VEGF is colocalized with FN, VEGFR2 as well as NP1 in fibrillar
adhesions. Astrocytes appear to distribute VEGF to the environment on the surface of shed
membrane protrusions and degrade ECM-bound VEGF via endocytosis. Finally, we show
that cell surface-bound, but not soluble VEGF decreases p1 integrin turnover in fibrillar
adhesions and propose that VEGF signaling may increase the stability of maturing fibrillar
adhesions in a cell autonomous manner. Based on previous and our data, we propose a
model of VEGF secretion and active incorporation into the ECM by astrocytes (Fig. 7).

Previous studies indicated that VEGF and its receptors may display a polarized distribution
in a variety of cell types including Drosophila wing disc epithelial cells (Rosin et al., 2004),
retinal pigment epithelium (Blaauwgeers et al., 1999), astrocytes (Saito et al., 2011), and
human endometrial epithelial cells (Hornung et al., 1998). The cellular basis underlying the
polarized distribution of VEGF has not been explored previously. To address this issue, we
used a lentiviral vector-based approach to introduce the VEGF-GFP fusion protein into
polarized astrocytes in primary mixed cultures of neuronal and glial cells. Although
lentiviral vectors may infect different cell types in these preparations, the morphological
characteristics enabled a clear identification of astroglia. Our video time-lapse as well as
post hoc analyses revealed for the first time a targeted transport of VEGF towards the
leading edge of VEGF-source cells, and demonstrated that VEGF is retained at the cell
surface where it is colocalized with FN fibrils at fibrillar adhesions. Earlier studies,
demonstrated that VEGF could bind specifically to FN but not to vitronectin or collagen on
the surface of endothelial cells (Martino et al., 2011; Wijelath et al., 2006). Moreover, other
studies showed that endothelial cells facilitate the immobilization of exogenous VEGF in
their surroundings (Kéhn-Luque et al., 2013). We extend these observations by directly
showing that VEGF progressively accumulates specifically in preformed fibrillar adhesions
(Fig. 4B, Movie 2, white arrow) and it is rapidly released from ECM fibrils upon loss of
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tension (Fig. 4C, Movie 2, yellow arrows), indicating that active matrix remodeling by
astroytes facilitates VEGF immobilization. This latter observation is consistent with the
notion that VEGF may bind to the heparin-11 domain of FN, which also plays a role in the
stabilization of the compact FN conformation (Johnson et al., 1999). It is, therefore,
tempting to speculate that the heparin-11 domain might be more accessible for VEGF
binding in the stretched conformation of FN, leading to an enhanced VEGF/ECM binding
upon FN fibrillogenesis. Notion could significantly contribute to the proangiogenic effect of
stiff matrices recently observed in breast cancer (Wang et al., 2015). However, the physical
link of VEGF/FN complex to cells through integrins was required to promote VEGF-
induced endothelial cell proliferation and migration (Wijelath et al., 2006). Moreover, the
assembly of the VEGF/ FN complexes is important to direct endothelial tip cell migration in
the developing retina (Stenzel et al., 2011), or to enhance wound healing in diabetic
conditions (Martino et al., 2011). Thus, the present report along with earlier works strongly
supports the idea that FN is a key ECM partner of VEGF in enhancing cellular responses to
the growth factor, and VEGF source cells, such as astrocytes have an active role in
establishing the connections between matrix molecules and growth factors. In addition, our
finding, that only secreted, cell-surface assembled VEGF/FN complexes have affected
integrin turnover (Fig. 6C vs. D), also underlines the role of astrocytes in the formation of
local VEGF/ FN complexes, that creates synergies with integrin-mediated adhesion and
signaling to further enhance the autocrine response to VEGF in astrocytes.

It is also of interest that primary astrocytes, just as COS7 cells (Guzman-Hernandez et al.,
2014) were shedding VEGF-covered vesicles (Fig. 3D) from the surface. Our electron
microscopic data corroborate and extend, therefore, the observations of Proia et al., who
proposed that primary astrocytes shed VEGF containing vesicles, without specifying
whether VEGF was inside or on the surface of these structures (Proia et al., 2008). Vesicular
shedding could, therefore, represent a specific way to distribute VEGF in a matrix-bound
state.

We observed that once associated with FN fibrils on the surface, the VEGF retrograde flow
closely matched the speed of myosin-mediated retrograde flow of fibrillar adhesions
(Pankov et al., 2000; Zamir et al., 2000), suggesting that VEGF-containing ECM is
continuously remodeled by astrocytes. This remodeling also involves efficient internalization
and degradation of surface-bound VEGF. Decreased GFP intensity after puromycin (Fig. 4E,
Movie 5) indirectly proved the existence and importance of endocytosis and degradation of
VEGF in astrocytes. Furthermore, electron microscopic (Fig. 3D) and time-lapse (Fig. 4D,
Movie 3) studies point to two separate ways of internalization: peripheral, diffuse
endocytosis and peri-centriolar, organized mass-endocytic events. Peripheral VEGF
endocytosis might be in part associated to VEGF-VEGFR2 signaling, as the essential role of
endocytosis in VEGF signal transduction has been described both regarding caveolae (Liao
et al., 2009; Tahir et al., 2009) and clathrin-coated vesicles (Gourlaouen et al., 2013;
Lampugnani et al., 2006; Nakayama et al., 2013), while the observed mass internalization/
degradation of ECM-bound VEGF could serve to actively eliminate excess VEGF from the
environment. Indeed, during time-lapse experiments we often observed that astrocytes
actively collected and removed VEGF-GFP attached to the petri dish (examples in the
beginning of Movie 1). Therefore, the combination of targeted secretion and effective
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elimination confers a tight bidirectional control over environmental VEGF levels in
astrocytes. In consequence, more than being merely a source of VEGF in the brain,
astrocytes actively participate in the dynamic reorganization of the ECM and its growth
factor composition.

An important aspect of our findings is that targeted VEGF secretion may have a local,
autocrine function on VEGF secreting glial cells. The global influence of VEGF on
astrocytes has been described in a recent publication showing increased proliferation and
process movement after external VEGF-165 treatment (Wuestefeld et al., 2012). Besides
showing similarly global consequences of VEGF exposure such as acceleration of the cell
cycle (Fig. 5d), the stabilization of B1 integrin in maturing cell-matrix adhesions described
by our FRAP studies represents a spatially restricted outcome of targeted VEGF secretion
and immobilization (Fig. 6B,C, Movie 6). VEGF co-localization with clusters of VEGFR2/
NP-1 at fibrillar adhesions (Fig. 5A,B) and the increased proliferation after VEGF over-
expression (Fig. 5D) suggest local VEGFR2/ NP1 signaling at adhesions. When considering
whether a similar signaling could precede also the stabilization of 1 integrins, it is of
interest to note that in breast cancer cells it is rather NP-2 that may contribute to integrin
activation (Goel et al., 2012). Nevertheless, the proposed mechanism of adhesion
stabilization via targeted secretion and immobilization of VEGF could allow to change glial
and endothelial functions in specific and spatially restricted manner /n vivo. Furthermore,
integrin-mediated VEGF immobilization and VEGF-mediated integrin stabilization could
represent locally restricted, reciprocal interactions leading to VEGF/ECM synergistic
signaling to enhance regeneration at sites of injury.

A major unanswered question for future investigation is how the stabilization of integrins
might happen? Analysis with y3-integrins has shown that Racl activity slows integrin
turnover in cell-matrix attachments sites (Ballestrem et al., 2001). Evidence exists also for
reciprocal interactions between VEGFR2 - avp3 (Borges et al., 2000; Mahabeleshwar et al.,
2007; Papo et al., 2011; Soldi et al., 1999; Traub et al., 2013; West et al., 2012), or VEGFR2
- a5B1 integrins during migration (Wijelath et al., 2002, 2006). The mechanism underlying
the replacement of “free” integrins with “built-in” integrins within fibrillar adhesions,
however, is unclear. Theoretically, “free” integrins might arrive from an intracellular pool via
recycling (Eva et al., 2010, 2012; Powelka et al., 2004), but also from the plasma membrane
by diffusion (Rossier et al., 2012). Regulation could be triggered either by VEGFR2
signaling via the promotion of integrin activation (Byzova et al., 2000), which could extend
the time course of tripartite interactions (FN/integrin/cytoskeletal adaptors) leading to
decreased integrin mobility within the adhesions (Rossier et al., 2012). Nevertheless,
mechanisms independent from VEGFR2 signaling may also be present. For instance, NP-1
was shown to interact with B1 integrin (Fukasawa et al., 2007), moreover, it promotes
mobilization of integrins from adhesions (Valdembiri et al., 2009), therefore an eventual
modification of NP-1 functions by interaction with VEGF/ECM complexes could be a
mechanism to temper B1 integrin internalization at fibrillar adhesions. Moreover, VEGF can
directly bind B1 integrin (Hutchings et al., 2003; Oommen et al., 2011; Vlahakis et al., 2007)
and therefore possibly modulate its mobility through molecular interactions.
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Regardless of the exact mechanism, our findings uncover a novel, cell-autonomous function
of VEGF in secreting astrocytes, and outline a regulatory mechanism of astrocyte
polarization and movement. In the brain, this could be particularly important at f1 integrin
mediated adhesions that connect astrocytic vascular end feet to perivascular basal
membranes (Robel et al., 2009), which in turn would allow local remodeling of the glio-
vascular interactions in a spatially restricted manner. Furthermore, injury mediated changes
in vascular permeability may provide a local source of plasma FN that could rapidly be used
by astrocytes to create a p1-integrin-mediated scaffold for embedding locally produced
VEGEF, thereby enhancing regeneration and tissue repair (Sakai et al., 2001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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VEGF shows a vectorial distribution in polarized primary astrocytes. A: Simplified structure
of VEGF-A (based on Nowak et al., 2008), and the VEGF-GFP lentivector (Guzman-
Hernandez et al., 2014), which contains the ubiquitin promoter followed by the C-terminal
end of (exon 1-7b, except 6a/b) fused to EGFP. LTR, long terminal repeat; VEGFR1 and 2,
VEGF receptor 1 and 2. B: Phase contrast images of a primary cortical culture, immediately
and 24 h after wounding. Astrocytes at the wound edge are polarized and express GFAP
(insert). Bars: 100 um (main image), 50 um (insert). C: Confocal images of VEGF-GFP
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transduced, wound-edge astrocytes immunostained for acetylated tubulin (ac tub), and GFP
demonstrate that VEGF-GFP accumulates at the Golgi and at the leading edge. Note the
intact microtubules. Insert |1 shows GFP intensity along the dashed line; insert Il shows
VEGF in the Golgi (GM130). D: Statistical comparison of average GFP intensities at
leading edge, (hon-Golgi) center, and trailing edge regions of random, wound-edge
astrocytes prove that polarized VEGF distribution is common among wound-edge cells.
mean + S.E.M., n= 3, 81 cells from 3 experiments; unpaired t test ** £<0.01. E: Confocal
images of VEGF-GFP transduced, wound-edge astrocytes stained as in (C) after 1 pg/ml
nocodazole. Inhibited microtubule polymerization and cell polarization alters VEGF
distribution, which decreases in intensity towards the wound (insert). F: Quantification of
average normalized regional intensity ratios (leading edge/center and leading edge/trailing
edge) between randomly chosen wound-edge cells from control (DMSQO) and nocodazole
cultures. mean £ S.E.M., control: (D), nocodazole: 7= 3, 80 cells from 3 experiments;
unpaired t test ** A<0.01. Bars: 20 pm (main image), 10 pm (close up) (see also Supp. Info.
Fig. 1)
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FIGURE 2:
VEGF-GFP is directed to cell-matrix adhesions. A: Confocal images of VEGF-GFP

transduced, polarized astrocytes stained for markers of focal (vinculin, Vin) and fibrillar
adhesions (fibronectin, FN) show that VEGF accumulates mainly in the vicinity of fibrillar
adhesions and colocalizes with FN (insert I, arrowheads) or both with FN and Vin (insert I,
arrow). Bars: 20 pm (main), 10 pm (insert I), and 5 pum (insert 11). B: Comparison of average
GFP intensity “at” Vin+ regions, 3 um “around” or “elsewhere” in the cells, suggests a
tendency for association to focal adhesions. a.u., arbitrary units, mean £ SEM, 70 cells from
3 experiments, repeated measures ANOVA and Bonferroni post-test, n.s.: nonsignificant
difference. C: Average GFP intensity is significantly higher “at” FN+ regions than 3 pm
“around” or “elsewhere,” indicating that VEGF associates preferentially to fibrillar
adhesions. Mean + SEM, 70 cells from 3 experiments, repeated measures ANOVA and
Bonferroni post-test *** £<0.001; a.u., arbitrary units
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FIGURE 3:
VEGF-GFP accumulates on the cell surface and associates with shedding and endocytic

vesicles. A: Schematic of intra- and with two-step immunostaining: (1) ec. GFP and FN are
labeled with antibodies applied on living cells on ice; (2) following fixation/permeabilization
total GFP is labeled with anti-GFP antibodies from a third species. Maximum intensity
projected confocal images show that ec. and total GFP widely overlap, while the lack of ec.
GFP staining in the Golgi area (dashed line) confirms the specificity of intraextracellular
discrimination. VEGF (ec. GFP) accumulates and colocalizes with FN (ec. FN) on the ec.
surface (arrow heads). At intercellular junctions (arrows) ec. VEGF-GFP is not accompanied
by ec. FN. Bars: 10 um (main images) and 5 pm (close up). B: Quantification of average ec.
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GFP intensity showed similar results as in Fig. 2C, suggesting that VEGF and FN associates
on the cell surface. Mean £ SEM, 60 cells from 3 experiments, repeated measures ANOVA
and Bonferroni post-test *** £<0.001; a.u., arbitrary units. C: Pre-embedding, DAB
immunolabeling of VEGF-GFP transduced astrocytes with externally applied anti-GFP
antibodies (as in A). Electron micrographs demonstrate that ec. VEGF accumulates directly
on the cell surface (left image, arrow); moreover, it also covers shed vesicles (right images,
arrows). Bars: 0.5 um. D: If living cells were washed and placed back to 37°C to allow
proper cellular behavior after antibody incubation, endocytosis of surface deposited VEGF
was seen. Bars: 0.5 um.
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FIGURE 4:
Dynamics of VEGF-GFP in actively assembling ECM. A: Sequential confocal time-lapse

images (50 min; Movie 1) of an mCherry — VEGF-GFP cotransduced wound-edge astrocyte
demonstrate that VEGF accumulates dynamically at cellular attachment points (colored
arrowheads). Note the synchronization between the appearance of VEGF and the changing
direction of cell movement (yellow arrows). Bar: 20 pm. B: Schematic of live-stained p1-
SNAP integrins in heterodimers and VEGF-GFP during ECM-remodeling on the right.
Sequential confocal time-lapse images (40 min intervals; white arrow in Movie 2) of an
attachment point of an astrocyte coexpressing VEGF-GFP and f1-SNAP. Downward arrow
points at the central end of an adhesion, upward arrow highlights the limit of propagating
VEGF-GFP. VEGF-GFP expands inwards along the growing adhesions, and linear VEGF
accumulations are formed, demonstrating that astrocytes actively organize growth factor
concentrations in their surroundings by linking VEGF-GFP and the remodeled ECM. Bar:
10 um. C: Cropped image sequence from the same video demonstrates that collapsing
adhesions lose their VEGF content (yellow arrows in Movie 2). D: Sequential (7 min)
confocal time-lapse images (Movie 3) of VEGF-GFP/mCherry cotransduced astrocytes.
Near the Golgi (G, dashed line, its weak intensity is due to intracellular localization) a bright
and slow (i.e., surface-bound) VEGF-GFP aggregate (arrowhead) gradually shifts out of
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focus (i.e., toward intracellular space), depicting the endocytosis of VEGF/ECM complexes.
Bars: 20 um (main) and 10 um (sequence). E: Sequential confocal time-lapse images (70
min, Movie 5) of an astrocyte coexpressing VEGF-GFP/B1-SNAP show the reversible effect
of translation blocking with puromycin (PURO, 10 pg/ml). Bar: 20 pm. Measured whole cell
average intensities of such experiments are plotted in time, error bars represent SDs (VEGF-
GFP is corrected for bleaching). In contrast to GFP, the intensity of p1-SNAP remained
fairly stable during the experiments, indicating its efficient recycling and independence from
translation. The substantial differences between the two proteins point out that VEGF
accumulation is highly dependent on protein synthesis, and that VEGF is degraded after
secretion. 52 cells from 3 experiments, two-way ANOVA with Bonferroni post-test ***
£<0.001 (see also Supp. Info. Fig. 2).
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FIGURE 5:
VEGFR2 and NP-1 but not NP-2 shows clustering and colocalization with VEGF-GFP at

cell-matrix adhesions. Representative confocal images of astrocytes expressing VEGF-GFP
immunostained for GFP, FN and (A) VEGF receptor 2 (VEGFR2), or its coreceptors (B)
neuropilin-1 (NP-1), and (C) neuropilin-2 (NP-2). All three proteins had a diffuse, dot-like
distribution in the cells, and additionally, VEGFR2 and NP-1 formed linear clusters at FN+
adhesions (arrowheads in A and B), while NP-2 did not (arrowheads in C). Colocalization
between VEGF-GFP and VEGFR2 or NP-1 was restricted mainly to linear clusters at cell-
matrix adhesions (arrowheads in A and B), while NP-2 occasionally colocalized with
VEGF-GFP in vesicle-like structures (double arrowhead in C). H, Hoechst; Bars: 10 um
(main) and 5 um (close up). D: Quantifications following BrdU pulse labeling of
subconfluent cultures in serum free medium demonstrated more BrdU+ cells among
astrocytes expressing VEGF-GFP than in control GFP cells (% BrdU in GFP). The
proliferative fraction (% Ki67 in GFP) was equal at both conditions, meaning that the cell
cycle was accelerated by VEGF-GFP (% BrdU in Ki67). This mitogenic effect suggests the
presence of VEGFR?2 signaling initiated by VEGF-GFP in astrocytes. 7= 6, unpaired t test,
** p£<0.01, *** P<0.001 (see also Supp. Info. Fig. 3)
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Surface-bound VEGF decreases 1 integrin turnover in an autocrine manner. A: Schematic
overview of FRAP experiments. B: Sequential confocal images from FRAP videos on
astrocytes coexpressing B1-SNAP/GFP or VEGF-GFP (Movie 6) demonstrate a weaker
integrin recovery in VEGF-loaded adhesions (right column) than in control adhesions (left

column). Arrowheads point to bleached areas. Bar: 10 um. C: Average fractional

fluorescence recovery curves and corresponding MFs of “ALL” reliably fitted adhesions
show that VEGF significantly tempers integrin turnover. Selecting for “MIDDLE” adhesions
(axial ratio >5, distance from cell border >3 pm, front part excluded), or “SLIDING”
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adhesions (inward extension during experiment) shortened error bars (SD), and differences
between MFs became more significant, suggesting that VEGF stabilizes integrins
specifically in these mature or maturing cell-matrix adhesions. (n= 4 for “ALL” and
“MIDDLE,” 3 for “SLIDING,” control and experimental adhesions: 82, 96; 25, 23; 28, 14;
resp.; columns: mean = SEM; unpaired t test, * £<0.05, ** A<0.01, *** £<0.001). D: When
FRAP data from control cells before and after addition of VEGF-165 (200 ng/ml) was
compared, no difference was observed between mean MFs, suggesting that cellular secretion
confers an autocrine effect on adhesions to VEGF. V= 3, control and experimental
adhesions: 155, 230; 111, 174; 56, 28; respectively; paired t test; n.s., nonsignificant.
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FIGURE 7:
Model of targeted secretion, active matrix deposition of VEGF and its functions in

astrocytes. (1) VEGF is translated in the rough endoplasmic reticulum and undergoes post-
translational modifications in the Golgi (Guzman-Hernandez et al., 2014). (2) Postgolgi
secretory vesicles target apical plasma membrane. (3) VEGF-165 is secreted upon local
[Ca2+] increase or protein kinase C (PKC) activation (Guzman-Hernandez et al., 2014), and
being sequestered in the ECM, it remains fixed to the membrane. (4) Surface-bound
VEGF-165 covers shedding microvesicles. (5) a5p1 integrin heterodimers bind FN and are
pulled inward by actomyosin contraction. Cytoskeletal tension transmitted on. FN leads to
FN fibrillogenesis, which promotes VEGF-165/FN binding and VEGF-165 incorporation
into FN fibrils. (6) VEGF-165/FN complexes and integrin heterodimers are internalized and
targeted to a sorting endosomal compartment (SE). (7) VEGF is directed to degradation,
while (8) part of FN (Shi and Sottile, 2008) and a.581 integrins (Bretscher, 1989) are
recycled to the surface (red arrows; recycling endosome - RE). The magnification
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demonstrates the possible molecular interactions at the level of fibrillar adhesions. A:
VEGFR2 and neuropilin-1 are clustered to the adhesions and mediate VEGF-165 signal
transduction. This signaling leads to decreased 1 integrin turnover in maturing cell-matrix
adhesions. The direct mechanism may be (B) inhibition of 1 integrin endocytosis/recycling,
(C) stabilization of p1 integrin in the adhesions by promoting open conformation, or (D)
direct VEGF-165/integrin interaction leading to integrin stabilization.
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