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Spines are dendritic protrusions that receive most of the excitatory input in the brain. Early after the onset of cerebral ischemia dendritic
spines in the peri-infarct cortex are replaced by areas of focal swelling, and their re-emergence from these varicosities is associated with
neurological recovery after acute ischemic stroke (AIS). Urokinase-type plasminogen activator (uPA) is a serine proteinase that plays a
central role in tissue remodeling via binding to the urokinase plasminogen activator receptor (uPAR). We report that cerebral cortical
neurons release uPA during the recovery phase from ischemic stroke in vivo or hypoxia in vitro. Although uPA does not have an effect on
ischemia- or hypoxia-induced neuronal death, genetic deficiency of uPA (uPA �/�) or uPAR (uPAR �/�) abrogates functional recovery
after AIS. Treatment with recombinant uPA after ischemic stroke induces neurological recovery in wild-type and uPA �/� but not in
uPAR �/� mice. Diffusion tensor imaging studies indicate that uPA �/� mice have increased water diffusivity and decreased anisotropy
associated with impaired dendritic spine recovery and decreased length of distal neurites in the peri-infarct cortex. We found that the
excitotoxic injury induces the clustering of uPAR in dendritic varicosities, and that the binding of uPA to uPAR promotes the reorgani-
zation of the actin cytoskeleton and re-emergence of dendritic filopodia from uPAR-enriched varicosities. This effect is independent of
uPA’s proteolytic properties and instead is mediated by Rac-regulated profilin expression and cofilin phosphorylation. Our data indicate
that binding of uPA to uPAR promotes dendritic spine recovery and improves functional outcome following AIS.
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Introduction
Ischemic stroke is a leading cause of disability in the world (Go et al.,
2014). Every year millions of stroke victims survive with variable
degrees of restrictions in their daily living, and while 15% of patients
die after the stroke, 10% have complete recovery in their neurologi-
cal function, 25% recuperate with minor impairment, 40% are left
with moderate to severe deficits, and 10% have functional compro-
mise severe enough to require long-term care (NSA, 2013).

Experimental evidence indicates that structural and func-
tional reorganization in the peri-infarct tissue underlies the re-

covery process following an ischemic stroke (Carmichael, 2006).
It has been demonstrated that the area surrounding the necrotic
core may take over the function of other areas lost to stroke
(Jaillard et al., 2005), and that post-stroke behavioral deficits can
be reinstated by ablation of the peri-infarct tissue (Castro-
Alamancos and Borrel, 1995). However, despite its importance,
the biochemical events underlying the reorganization of the peri-
infarct cortex remain unclear.

Dendritic spines are protrusions that receive most of the ex-
citatory synapses in the CNS (Kasai et al., 2003). Cerebral isch-
emia has a direct impact on the integrity of these structures.
Indeed, two landmark in vivo studies using two-photon micros-
copy showed that whereas dendritic spines inside the necrotic
core are irreversibly damaged, those located within 0.6 mm from
its border are replaced by areas of focal swelling, known as den-
dritic varicosities; remarkably, if reperfusion occurs within 60
min of the onset of the ischemic injury, a variable proportion of
spines in this area re-emerge again from these varicosities (Zhang
et al., 2005; Li and Murphy, 2008). This highly plastic nature of
dendritic spines bestows on them a fundamental role in the re-
covery process from an ischemic stroke (Brown et al., 2007; Mur-
phy and Corbett, 2009).
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Urokinase-type plasminogen activator (uPA) is a serine pro-
teinase that, on binding to the urokinase plasminogen activator
receptor (uPAR), is cleaved by membrane-bound plasmin and
other proteases to produce an active two-chain form that cata-
lyzes the conversion of plasminogen into plasmin. uPAR is a
glycosylphosphatidylinositol-anchored glycoprotein that pro-
motes tissue remodeling, inflammation, chemotaxis, cell prolif-
eration, adhesion, and migration via its interaction with a large
number of proteins in the extracellular matrix and cell surface
(Alfano et al., 2005). uPA has been found in neurons in the cere-
bral cortex (Dent et al., 1993); however, its function in the CNS
remains unclear.

The studies presented here indicate that cerebral cortical neu-
rons release uPA during the recovery phase from acute ischemic
and hypoxic injuries. This uPA does not have an effect on neuro-
nal survival; instead it promotes the development of structural
changes in the peri-infarct tissue that leads to neurological recov-
ery following an ischemic stroke. More specifically, our data in-
dicate that uPA binding to uPAR promotes dendritic spine
recovery in the peri-infarct tissue via Rac-mediated reorganiza-
tion of their actin cytoskeleton. These results show a novel role
for uPA in the CNS and identify uPA/uPAR as a potential target
for the development of therapeutic strategies to promote recov-
ery in the ischemic brain.

Materials and Methods
Animals and reagents. Animal strains were 8- to 12 week-old uPA-
deficient (uPA �/�) and uPAR-deficient (uPAR �/�) male mice on a
C57BL/6J background and their Wt littermate controls (a generous gift
from Dr. Thomas H. Bugge, Oral and Pharyngeal Cancer Branch, Na-
tional Institute of Dental and Craniofacial Research–National Institutes
of Health, Bethesda, MD). We also used a mouse strain developed by Dr.
Bugge on a C57BL/6J background (PlauGFDhu/GFDhu; Connolly et al.,
2010), in which a 4 aa substitution into the growth factor domain of uPA
abrogates its binding to uPAR while preserving other functions of the
protease and its receptor. Experiments were approved by the Institu-
tional Animal Care and Use Committee of Emory University, Atlanta,
GA. Recombinant murine uPA and uPA’s N-terminal fragment (ATF)
were purchased from Molecular Innovations. An ELISA kit that detects
uPA was obtained from Cell Sciences. Other reagents were 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(ATCC); triphenyl tetrazolium chloride (TTC), Evans blue dye, and anti-
MAP-2 antibodies (Sigma); the lipophilic tracer DiI and rhodamine-
phalloidin (Life Technologies); Golgi staining (FD Neurotechnologies);
NMDA (Calbiochem); the ROCK inhibitor Y-27632 (blocks ROCK-I
and ROCK-II; Millipore); the Rac inhibitor EHT-1864 (blocks Rac 1,
RAc 1b, Rac 2, and Rac 3; Tocris Bioscience); and antibodies against
uPAR (Santa Cruz Biotechnology), synaptophysin (Millipore), and cofi-
lin phosphorylated at serine 3 (Cell Signaling Technology). Antibodies
against profilin were purchased from Cytoskeleton.

Animal model of cerebral ischemia. Transient occlusion of the middle
cerebral artery (tMCAO) was induced with a 6-0 silk suture advanced
from the external carotid artery (ECA) into the internal carotid artery
until the origin of the middle cerebral artery (MCA) as described previ-
ously (Wu et al., 2012). Briefly, a nylon monofilament (6-0, Ethicon),
coated with silicone was introduced through the ECA and advanced up to
the origin of the MCA. The suture was withdrawn after 30 min or 60 min
of cerebral ischemia. Cerebral perfusion (CP) in the distribution of the
MCA was monitored throughout the surgical procedure and after reper-
fusion with a laser Doppler (Perimed), and only animals with a �70%
decrease in CP after occlusion and complete recovery after suture with-
drawn were included in this study. The rectal and masseter muscle tem-
peratures were controlled at 37°C with a homoeothermic blanket. Heart
rate and systolic, diastolic, and mean arterial blood pressures were con-
trolled throughout the surgical procedure with an IITC 229 System
(IITC-Lice Science). To measure the volume of the ischemic lesion,

brains of uPA �/� mice and their Wt littermate controls (n � 12) were
harvested 24 h after tMCAO and the volume of infarcted brain was
measured in TTC-stained sections and corrected for edema as described
previously (Swanson et al., 1990). To quantify the extent of vasogenic
edema Wt and uPA �/� mice (n � 8 per strain) were intravenously
injected with 1 ml of Evans blue dye immediately after tMCAO. Twenty-
four hours later animals were transcardially perfused, brains were har-
vested, and the concentration of Evans blue dye was quantified as
described previously (Yepes et al., 2003).

Neuronal cultures and determination of neuronal survival. Cerebral cor-
tical neurons were cultured from E16 –E18 Wt, uPA �/�, and uPAR �/�

mice as described previously(Echeverry et al., 2010). Briefly, the cerebral
cortex was dissected, transferred into HBSS containing 100 U/ml peni-
cillin, 100 �g/ml streptomycin, and 10 mm HEPES, and incubated in
trypsin containing 0.02% DNase at 37°C for 15 min. Tissue was triturated
and the supernatant was resuspended in B27-supplemented Neurobasal
medium containing 2 mM L-glutamine and plated onto 0.1 mg/ml poly-
L-lysine-coated wells. To determine cell survival neurons were kept in an
anaerobic chamber (HypOxygen) during 55 min with no glucose and
�0.1% oxygen. Twenty-four hours later cell survival was quantified with
the MTT assay as described previously and following manufacturer’s
instructions (Echeverry et al., 2010). Results are given as a percentage of
cell survival compared with cultures maintained under normoxic condi-
tions. Each experiment was performed in cultures from three different
animals and each observation was repeated 20 times.

Determination of uPA concentration. The culture medium of Wt cere-
bral cortical neurons was sampled after 30 and 55 min of exposure to
oxygen and glucose deprivation (OGD) conditions, and 3–24 h after the
end of 55 min of OGD (n � 12 observations per time point; each exper-
iment was repeated with neurons cultured from three different animals).
The ischemic brain tissue of Wt mice was harvested 30 min or 60 min
after the onset of MCAO, or 1–24 h after 60 min of tMCAO (n � 8
observations per time point). The concentration of uPA was measured in
the culture media and ischemic brain tissue with an ELISA kit, following
manufacturer’s instructions.

Corner test, laterality index, and forelimb strength test. Wt, uPA �/�, and
uPAR �/� mice (n � 20 per strain) underwent tMCAO followed 6, 24, 48,
72, and 168 h (7 d) later by evaluation of their performance in the corner
test and determination of the forelimb strength. A subgroup of mice of
each strain (n � 15 per strain) was intra-arterially (IA) treated immedi-
ately after tMCAO with 0.1 mg/kg ruPA. The corner test was performed
as described previously(Bouët et al., 2007). Briefly, two vertical boards
(30 � 20 � 1 cm) were attached at an angle of 30° and with a small
opening between the boards, which encouraged the mouse to go into the
corner. Mice were placed at the entry of the corner and when they
reached its wedge, vibrissae and skin on both sides were simultaneously
stimulated. The mouse usually reared and turned either to the right or to
the left. Each mouse was tested for 10 trials and the chosen sides were
noted. When the mouse turned without rearing, the trial was not taken
into account but repeated at the end of the session. Only turns involving
full rearing along either side were recorded. The laterality index (LI) was
calculated for each mouse, according to the following formula:

Number of left turns � Number of right turns

Total number of turns

A positive or negative LI refers to predominance of turns to the left or the
right side, respectively. To limit interindividual variability, a baseline LI
(Lib) was obtained before surgery for each animal. For the post-tMCAO
evaluations, the LI obtained at each time point was normalized to the Lib
of each mouse, according to the following equation:

LI � 2

Lib � 2

A normalized LI equal to 1 indicates unchanged performance compared
with baseline evaluation, whereas a value close to 2 or 0 indicates a
tendency to perform more ipsilateral (left) or contralateral (right) turns.
Values are given as mean of normalized LI at each time point. The fore-
limb grip strength was measured using a grip-strength meter (Bioseb)
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before surgery and 24, 48, 72, and 168 h (7 d) after tMCAO as previously
described (Wu et al., 2012). Mice were allowed to grasp a smooth metal,
triangular pull bar with the digits of their right forelimb and then pulled
backward in the horizontal plane. The force applied to the bar at the
moment when the grasp was released was recorded as the peak tension in
Newtons. Each test was repeated five times and the mean of all trials was
recorded as the mean grip strength in the affected forepaw for that ani-
mal. For both tests values are given as a percentage compared with results
obtained in the baseline evaluation for each animal.

Diffusion tensor imaging and determination of fractional anisotropy and
mean diffusivity of water. The brains of Wt and uPA �/� mice (n � 6 per
strain) were harvested 24 h after MCAO. Ex vivo MRI was performed on
a Bruker 9.4 T horizontal scanner using a 35 mm volume coil (Bruker). A
gradient insert (inner diameter: 60 mm) capable of generating a maxi-
mum of 1000 mT/m was used. Diffusion tensor imaging (DTI) data were
acquired using a 3D conventional spin-echo DTI sequence. The DTI
parameters were as follows: TE/TR � 22/1200 ms, b � 800 s/mm 2,
gradient separation/duration (D/d) � 12/4 ms, FOV � 20.5 � 11.5 �
11.5 mm 3, 2 average, matrix � 128 � 72 � 72, resolution � 160 �m
isotropic. The fractional anisotropy (Fa) and mean diffusivity (MD) of
water were examined in an area located within 0.6 mm from the border of
the necrotic core in the ischemic hemisphere, and from a comparable
area in the contralateral nonischemic hemisphere (Paxinos and Franklin,
2001). The mean length of distal neuronal extensions (n � 2000 exten-
sions per animal) was determined in the same area only in the ischemic
hemisphere. Quantifications were performed with software from the Ox-
ford Center for Functional Magnetic Resonance Imaging of the Brain’s
Software Library (http://www.fmrib.ox.ac.uk/fsl/). Color coding of Fa
images was performed with MedINRIA and data were analyzed with the
FMRIB Software Library v5.0. For the MD and Fa each measurement was
repeated three times in each section, and normalized to values obtained
in an identical area in the contralateral, nonischemic hemisphere in each
animal. To measure tract length two seeds were placed at 0.1 and 0.6 mm
from the border of the necrotic core in the same region of interest used to
quantify changes in dendritic spine density in Golgi-stained sections.
Tractography was performed with a threshold of 2000 tracts with the DSI
studio software as described previously (Jiang et al., 2006; Wang et al.,
2012). Each measurement was repeated eight times in each animal.

DiI staining and in vitro model of recovery from an excitotoxic injury. DiI
staining was performed in brain sections and neuronal cultures. For DiI
staining in tissue, the brain of Wt and uPA �/� mice (n � 3 per strain)
was harvested 24 h after tMCAO, embedded in 3% agarose, cut onto
coronal sections, and incubated with microcrystals of DiI as described
previously (Kim et al., 2007). Sections were visualized using a Zeiss
LSM510 NLO with META confocal microscope. Images of DiI-stained
dendrites located within 0.6 mm of the border of the necrotic core were
collected using a 568 nm laser and a TRITC emission filter with Zen 2009
Zeiss software. Z-series were acquired at 0.3 �m increments. Individual
dendrites and dendritic protrusions were deconvolved and 3D recon-
structed using Imaris (Bitplane Scientific Software). Filaments were cre-
ated using Autopath mode of a region within 0.6 mm from the border of
the necrotic core in neurons originated in the V cortical layer harboring
50 –100 �m distal dendrites. We used 0.75–1 �m as minimum dendrite
end diameter and the starting point was chosen at the edge of the ROI.
Automatic thresholds were used for assigning dendrite end points and
dendrite surface rendering. To trace dendritic protrusions, the maxi-
mum spine length and the minimum spine end diameter were set at 5 and
0.25 �m. Automatic thresholds were used for generating spine seed
points and surface rendering as described previously (Swanger et al.,
2011). For DiI staining in neuronal cultures we modified two published
protocols (Honig and Hume, 1989a,b). Briefly, Wt cerebral cortical neu-
rons were washed and incubated during 10 min with 10 �M NMDA
dissolved in HEPES- and bicarbonate-buffered salt solution (HBBSS).
NMDA exposure was terminated by replacing the solution with NMDA-
free HBBSS media. Cultures were incubated during 90 min with the
fluorescent tracer DiI (5 �g/ml in HBBSS), either immediately after the
end of 10 min of NMDA exposure (acute injury), or 3 h after NMDA
withdrawing (recovery phase). Low-magnification images of distal den-
drites were obtained with a fluorescence microscope (Zeiss AxioCam),

imported into AxioVision, and viewed at 200% of the original 20� image
with Image MetaMorph Software. The number of protrusions per 10 �m
in the distal dendrite, including dendritic spines and filopodia (thin den-
dritic protrusions with a length �2 �m and lack of a bulbous head), was
determined by a blind observer in 10 neurons in each coverslip. Each
observation was repeated in six coverslips for a total n � 60 per experi-
mental group. Each experiment was repeated in cultures from three dif-
ferent animals.

Golgi staining. uPA �/�, uPAR �/�, PlauGFDhu/GFDhu, and uPA �/�

mice and their Wt littermate controls (n � 12 per time point) were either
sham operated or subjected to MCAO. Six, 24, and 168 h (7 d) later,
animals were transcardially perfused with 1.5% paraformaldehyde and
brains were harvested and immersed immediately after in an impregna-
tion solution. Fourteen days later brains were immersed during 4 d in a
cryoprotectant solution, cut onto 40 �m sections, immersed in staining
solution for 10 min, rinsed, dehydrated, and mounted for their observa-
tion. Images were collected with an Olympus DP70 camera attached to an
Olympus BX51 microscope using bright-field illumination. Whole
coronal section photomontages were produced in Photoshop by pho-
tomerging pictures taken at 4� magnification. Minimum intensity
Z-projections from selected dendrites were created in ImageJ (NIH) as
described from z-series collected at 100� magnification (Schneider et al.,
2012). Observations were performed by a blind observer in the distal
dendrites of neurons originated from cortical layer V within 0.6 mm
from the border of the necrotic core, between 0 and � 0.5 mm anterior to
bregma where the digits of the right forelimb are represented (Tennant et
al., 2011) and plastic changes ensue following an ischemic lesion (Zhang
et al., 2005; Brown et al., 2007; Li and Murphy, 2008). The number and
length of protrusions, as well as the percentage of neurons with dendritic
varicosities, were quantified in the distal dendrites of 10 neurons per
section, in five cuts per animal, in 12 animals per experimental group
(n � 600 dendrites) with Image MetaMorph Software in pictures mag-
nified 200% of their original size.

Immunohistochemistry. Wt cerebral cortical neurons were either left
untreated or incubated 60 min with 10 nM on uPA. uPAR surface labeling
was conducted overnight at 4°C using a rabbit anti-uPAR antibody (1:
100 dilution). Twenty-four hours later cells were permeabilized with 20
�g/ml digitonin and double labeled with either phalloidin or monoclo-
nal antibodies against MAP-2 (1:2500 dilution), or synaptophysin (1:
5000 dilution), or profilin (1:2500 dilution). Cells were photographed
using an Olympus BX51 microscope with epifluorescent illumination
and an Olympus DP70 digital camera. To determine the percentage of
neurons with uPAR-positive extensions 200 neurons from three different
cultures were examined. To quantify the percentage of NMDA-induced
varicosities that were enriched in uPAR, we counted the number of
uPAR-positive and uPAR-negative varicosities in the distal 10 �m of 200
dendrites of Wt cerebral cortical neurons following 10 min of incubation
with 10 �M NMDA.

Western blot analysis. Extracts of Wt cerebral cortical neurons were
incubated with 10 nM of either uPA or its N-terminal fragment (ATF)
during 0 – 60 min. A subset of neurons was treated with a combination of
10 nM of uPA and either 5 �M of the Rac inhibitor EHT-1864 or 10 �M of
the ROCK inhibitor Y-27632. Cells were homogenized and protein con-
centration was quantified using the BCA assay. Fifteen micrograms of
protein were loaded per sample, separated by 4 –20% precast linear gra-
dient polyacrylamide gel (Bio-Rad); transferred to a PVDF membrane by
semidry transfer system; blocked with 5% nonfat dry milk in Tris-
buffered saline, pH 8.0, with 0.1% Tween 20 buffer; and immunoblotted
with antibodies against cofilin phosphorylated at serine 3 or profilin.
Each observation was repeated four times. Densitometry was performed
with ImageJ analyzer system (NIH).

Statistical analysis. Values are expressed as percentage or mean � SD
when appropriate. Statistical analysis included two-sample t test and
one-way ANOVA. p values �0.05 were considered significant.

Results
Effect of cerebral ischemia and hypoxia on neuronal uPA
First we measured the concentration of uPA in the cerebral cortex
of Wt mice 30 and 60 min after the onset of tMCAO (acute
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phase), or 1–24 h after the end of 60 min
of tMCAO (recovery phase). We found
that the concentration of uPA in the cere-
bral cortex does not increase during the
acute phase of the ischemic injury (53 � 8
and 49 � 4 pg/g, following 30 and 60 min
of MCAO, respectively, compared with
52.35 � 11.47 pg/g in nonischemic brains;
n � 8 per time point; p � nonsignificant;
one-way ANOVA). In contrast, during
the recovery phase we detected a marked
increase in the concentration of uPA in
the ischemic cortex (77.69 � 9, 79 �
10.26, 66.4 � 13.9, and 109.2 � 15.33 pg/g
at 3, 6, 12, and 24 h after the end of 60 min
of tMCAO, respectively; Fig. 1A; n � 8 per
condition; compared with brains at 30
and 60 min of ischemia p � nonsignifi-
cant at 1 h, 0.001 at 3 and 6 h, 0.03 at 12 h,
and �0.0001 at 24 h of recovery (one-way
ANOVA). To study whether this increase
in the concentration of uPA during the
recovery phase has an effect on the sever-
ity of the ischemic injury, we measured
the volume of infarcted tissue in Wt and
uPA�/� mice 24 h after tMCAO. We
found no difference in the volume of the
necrotic core between both strains of mice
(77 � 9 mm 3 in Wt and 82 � 11 mm 3 in
uPA�/� mice’ Fig. 1B; n � 12 per strain of
mice; p � nonsignificant; two-sample t test).

To study the effect of hypoxia on neu-
ronal uPA, we measured the concentra-
tion of uPA in the culture medium of Wt
cerebral cortical neurons following 1, 30,
and 55 min of exposure to OGD condi-
tions (acute phase), or 3, 6, and 24 h after
the end of 55 min of OGD (recovery
phase). We found that the concentration
of uPA in the culture medium does not
increase during the acute phase of the hy-
poxic injury. In contrast, we detected a
sharp increase in the concentration of
uPA in the culture medium during the re-
covery phase (122.39 � 16.55, 126.20 �
19.68, and 181.72 � 26.10 pg/ml at 3, 6,
and 24 h after the end of the acute hypoxic
injury, respectively; Fig. 1C; each observation was repeated 12
times in cultures from cultures from three different animals; p �
0.0001 one-way ANOVA; at 3, 6, and 24 h compared with 1, 30,
and 55 min of OGD). To determine whether this release of neu-
ronal uPA has an effect on OGD-induced cell death, we used the
MTT assay to quantify cell survival in Wt and uPA�/� cerebral
cortical neurons 24 h after 55 min of exposure to OGD condi-
tions. Our results indicate that OGD decreases cell survival in Wt
and uPA�/� neurons from 100 � 1.1 and 100 � 1.3% in Wt and
uPA�/� control cells, to 55 � 6.3 and 56 � 2.2%, respectively
(Fig. 1D; each observation was repeated 20 times from cultures
from three different animals; *p and **p � 0.0001, two-sample t
test; when Wt and uPA�/� neurons exposed to OGD were com-
pared with cells kept under physiological conditions; p: nonsignifi-
cant; two-sample t test; when comparing Wt and uPA�/� neurons
exposed to OGD conditions).

Effect of uPA on neurological recovery following
ischemic stroke
Because our data indicate that cerebral ischemia induces the re-
lease of neuronal uPA only during the recovery phase from an
ischemic injury, we decided to investigate whether this uPA plays
a role in the recovery of neurological function after an ischemic
stroke. To test this hypothesis we measured the laterality index
(evaluates sensorimotor abnormalities) and the strength in the
right forelimb [affected by the ischemic injury to the left primary
(M1) and secondary (M2) motor cortices] in Wt, uPA�/�, and
uPAR�/� mice between 6 h and 7 d after tMCAO. We found that
compared with their own baseline (normalized LI), the LI and
forelimb strength were equally affected 6 h after the end of
tMCAO in the three strains of mice. However, while during the
first 7 d after tMCAO we observed a progressive improvement in
both parameters in Wt mice: 1, 2, 3, and 7 d after tMCAO the LI

Figure 1. Effect of cerebral ischemia and OGD on neuronal uPA. A, Mean concentration of uPA in the ischemic tissue of Wt mice
following 30 and 60 min of tMCAO, or 1–24 h after the end of 60 min of tMCAO (recovery phase); n � 8 per time point. *p � 0.001
and **p � 0.001 compared with uPA concentration in nonischemic brains (control; C), or in the ischemic brain after 30 min or 60
min of tMCAO (acute phase), or 1 h after 60 min of MCAO. ***p � 0.03 compared with uPA concentration in nonischemic brains,
or in the ischemic brain after 30 min or 60 min of tMCAO, or after 1 and 24 h of recovery. ˆp � 0.001 compared with controls (C),
or in the ischemic brain after 30 and 60 min of tMCAO, or after 1, 3, 6, and 12 h of recovery. Nonsignificant compared with controls
and brains after 30 min or 60 min of tMCAO. Lines denote SD. Statistical analysis was performed with one-way ANOVA. B, Volume
of the ischemic lesion in Wt and uPA �/� mice 24 h after MCAO; n � 12 per experimental group. Lines denote SD. Statistical
analysis was performed with the two-sample t test. C, Mean concentration of uPA in the culture medium of Wt cerebral cortical
neurons following 1, 30, and 55 min of exposure to OGD conditions, or 1, 3, 6, and 24 h after the end of 55 min of OGD conditions
(recovery phase); n � 12 per experimental condition from neurons cultures from three different animals. *p � 0.0001, **p �
0.0001, and ***p � 0.0001 compared with uPA concentration in the culture medium of neurons after 1, 30, and 55 min of OGD.
***p � 0.0001 compared with uPA concentration in the culture medium of neurons 3 and 6 h after the end of 55 min of OGD
conditions. Lines denote SD. Statistical analysis was performed with one-way ANOVA. D, Mean cell survival in Wt (white bars) and
uPA �/� (black bars) neurons 24 h after 55 min of exposure to OGD conditions; n � 20 per experimental group from neurons
cultured from three different animals. *p � 0.0001 and **p � 0.0001 compared with Wt and uPA �/� neurons kept under
normal concentrations of oxygen and glucose (two-sample t test). Lines denote SD. Values are given as a percentage compared
with survival in cells maintained under physiological concentrations.
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Figure 2. uPA promotes neurological recovery after ischemic stroke. A, B, Mean LI (A) and forelimb strength (B) in Wt (black bars in A and black squares in B), uPA �/� (dark gray bars in A and
white diamonds in B), and uPAR �/� (light gray bars in A and black triangles in B) mice, between 6 h and 7 d after tMCAO. White bars in A and white circles in B correspond to sham-operated controls.
†p � 0.0001 compared with sham-operated animals. *p � 0.01, **p � 0.0001, §p � 0.0001, and ˆp � 0.0001 in A compared with Wt mice 6 h after tMCAO, and with (Figure legend continues.)
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decreased from 1.76 � 0.08 at 6 h to 1.5 � 0.06, 1.38 � 0.03, 1.3 �
0.04, and 1.3 � 0.09; forelimb strength improved from 48.96 �
4.4% of baseline at 6 h to 52.5 � 6.72, 73 � 2.89, 72 � 6.99, and
74 � 4.8%, respectively (Fig. 2A,B; n � 20 animals per experi-
mental group).

To further characterize these results, we performed similar
observations in Wt, uPA�/�, and uPAR�/� mice treated with
either 0.1 mg/kg IA of ruPA or an equivalent volume of saline
solution immediately after the end of the ischemic injury (60 min
of tMCAO). Our data show that treatment with ruPA improves
the LI and forelimb strength in Wt (Fig. 2 C,D) and uPA�/� (Fig.
2 E,F) mice, but not in uPAR�/� animals (Fig. 2 G,H; n � 15 per
experimental group). These data indicate that either endogenous
uPA or recombinant uPA promotes neurological recovery after
tMCAO, and that this effect is mediated by uPAR.

Effect of uPA on the structural reorganization of the
peri-infarct cortex
Because structural reorganization of the cerebral cortex sur-
rounding the necrotic core underlies neurological recovery fol-
lowing an acute ischemic injury (Dijkhuizen et al., 2001), we
decided to investigate the effect of uPA on the anatomical remod-
eling of the peri-infarct cortex. To accomplish this goal we took
advantage of two facts. First, in the murine brain the forepaw is
represented in the primary (M1) and secondary (M2) cortical
areas. Following tMCAO most of the M1 area is involved by the
necrotic core, while 0.1 mm of the M1 and 0.5 mm of the M2
areas are located in the peri-infarct cortex (Fig. 3A). Thus, the
recovery of forelimb strength following tMCAO is mostly driven
by structural and functional reorganization the M2 area. This
landmark is important because tMCAO produces changes in the
fine synaptic structure of neurons located within 0.6 mm of the
border of the necrotic core that are reversible if reperfusion oc-
curs within 60 min (Li and Murphy, 2008). Second, the diffusion
of molecules of water in the brain (MD) and its directionality (Fa)
are determined by the microscopic features of the neural tissue
(Le Bihan, 2003). Based on these two facts, we used DTI to quan-
tify the MD and Fa within 0.6 mm from the border of the necrotic
core of Wt and uPA�/� mice 24 h after MCAO (Fig. 3B). We
found that compared with a similar area in the nonischemic
hemisphere the MD of water within 0.6 mm from the border of
the necrotic core decreased in Wt mice from 0.93 � 0.09 to
0.84 � 0.15 mm 2/s (p � nonsignificant). In contrast, in uPA�/�

mice we detected an increase from 0.96 � 0.06 to 1.28 � 0.18
mm 2/s (Fig. 3C; n � 6; p � 0.001). Furthermore, compared with
the nonischemic hemisphere, the Fa increased in Wt mice from
0.76 � 0.02 to 0.83 � 0.03 (p � 0.02), and decreased in uPA�/�

animals from 0.75 � 0.04 to 0.59 � 0.06 (p � 0.0001). We pos-

tulated that these findings were due either to attenuation of va-
sogenic edema or decrease in the population of neurons in the
peri-infarct cortex of uPA�/� mice. To test this hypothesis we
quantified the magnitude of vasogenic edema with Evans blue
dye and the number of neurons with an antibody against a
neuron-specific nuclear protein (NeuN) in the peri-infarct cor-
tex of Wt and uPA�/� mice 24 h after MCAO. Surprisingly, we
found that the severity of vasogenic edema and the population of
neurons in this area after tMCAO are similar in both strains of
mice (data not shown). Thus, the increase in MD and decrease in
Fa observed in uPA�/� mice could not be explained by a decrease
in either vasogenic edema or neuronal population.

Because alterations in the integrity of neurites may also change
the MD and Fa of water (Le Bihan, 2003), we used DTI to mea-
sure the length of neuronal extensions located within 0.6 mm of
the necrotic border in both groups of mice 24 h after MCAO. We
found that the mean length of 2000 neuronal extensions exam-
ined per mouse (n � 6 mice per group) was 1.04 � 0.086 mm 2 in
Wt and 0.72 � 0.01 mm 2 in uPA�/� mice (p � 0.0001; Fig. 3E).
To further characterize this observation, we performed 3D recon-
structions of the distal dendrites of neurons originated in the V
cortical layer within 0.6 mm of the border of the necrotic core in
Wt and uPA�/� mice 24 h after MCAO. We found that whereas
the distal dendrites of Wt mice had many spines and filopodia,
those of uPA�/� animals had fewer protrusions and most of their
dendritic shaft was occupied by varicosities (Fig. 3F). Based on
these findings we postulated that the increase in MD and decrease
in Fa of water observed in uPA�/� mice was due to impaired
recovery of distal neurites and dendritic protrusions in this strain
of animals.

To test this hypothesis we quantified the number of dendritic
protrusions in the peri-infarct cortex of Wt and uPA�/� mice 6,
24, and 168 h (7 d) after tMCAO. We performed our observations
in the distal 10 �m of dendrites from Golgi-stained pyramidal
neurons from cortical layer V, located within 0.6 mm from the
border of the necrotic core (Fig. 4A,B), where the forepaw is
represented (Tennant et al., 2011) and reversible changes in the
synaptic structure following tMCAO have been previously re-
ported (Li and Murphy, 2008). Our data indicate that 6 h after
tMCAO most of the dendritic spines in both Wt and uPA�/�

mice are replaced by varicosities (Fig. 4c,d). More specifically, the
number of dendritic protrusions per 10 �m decreased in Wt and
uPA�/� mice from 11 � 1 (Wt) and 11 � 3 (uPA�/�) under
nonischemic conditions to 2 � 0.2 (Wt) and 2 � 0.8 (uPA �/�;
Fig. 4D). At 24 h Wt neurons exhibited a significant increase in
the number (7 � 1.9, p � 0.0001, one-way ANOVA; n � 12 per
group; Fig. 4D), and length (3.4 � 1.1 �m compared with 1.1 �
0.08 �m in nonischemic brains; Fig. 4F) of dendritic protrusions.
In contrast, uPA�/� mice only had varicosities and very small
protrusions. Remarkably, although 7 d later the number of den-
dritic protrusions in Wt mice remained unchanged, their length
decreased to baseline levels (Fig. 4C,F).

To determine whether the effect of uPA is mediated by its
receptor we performed similar observations in uPAR�/� and
Plau GFDhu/GFDhu mice (n � 12 per group). We found that these
animals harbor the same number of dendritic protrusions under
nonischemic conditions than Wt mice, and exhibit a quantita-
tively similar decrease in its number 6 h after tMCAO (Fig. 4D).
However, as observed with uPA�/� mice, we failed to detect
dendritic spine recovery at 24 h or 168 h after tMCAO in either
uPAR�/� or Plau GFDhu/GFDhu animals, indicating that the effect
of endogenous uPA on dendritic spine recovery is mediated by
uPAR (Fig. 4D,E).

4

(Figure legend continued.) uPA �/� and uPAR �/� mice at each time point. *p � 0.02, **p �
0.0001, ˆp � 0.0001, and ***p � 0.0001 in B compared with sham-operated, and uPA �/�

and uPAR �/� mice at each time point; n � 20 per strain. Lines denote SD. Statistical analysis
was performed with one-way ANOVA. C–H, Mean LI (C, E, G) and forelimb strength (D, F, H), in
Wt (C, D), uPA �/� (E, F), and uPAR �/� (G, H) mice, between 24 h and 7 d after tMCAO. Mice
were treated immediately after tMCAO with either intravenous saline solution (black bars in C,
E, G; black circles in D, F, H) or with 0.1/mg/kg per IA of ruPA (gray bars in C, E, G; gray squares
in D, F, H); n � 15 observations per time point. Lines denote SD. Compared with mice treated
with saline solution at each time point: C, *p � 0.01, **p � 0.04, §p � 0.01, and ˆp � 0.03.
D, *p � 0.001, **p � 0.02, ˆp � 0.04, and §p � 0.02. E, *p � 0.01,**p � 0.03, §p � 0.02,
and ˆp � 0.001. F, *p � 0.001, **p � 0.0001, ˆp � 0.02, and §p � 0.04. Ns in G and H:
nonsignificant compared with saline solution-treated mice (G) and controls (H) at each time
point. Statistical analysis was performed with one-way ANOVA.
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uPA promotes dendritic spine recovery following an
excitotoxic injury
Cerebral ischemia induces the excitotoxic release of neurotrans-
mitters from the presynaptic bouton (Benveniste et al., 1984).
Because dendritic spines are the postsynaptic terminal of most of
the excitatory synapses in the CNS (Hering and Sheng, 2001), and
since excitotoxicity is a basic pathophysiologic mechanism of

neuronal injury in the ischemic brain, we postulated that the
binding of uPA to its receptor uPAR promotes the recovery of
dendritic spines following an excitotoxic injury. To test this hy-
pothesis, first we studied the expression of uPAR in cerebral cor-
tical neurons. We found that uPAR is abundantly expressed in the
cell body and extensions of 58.1 � 10.8% of 200 neurons exam-
ined (Fig. 5A). To investigate whether these extensions corre-

Figure 3. Effect of uPA deficiency on the anatomical structure of the peri-infarct cortex. A, Diagram (top) and representative TTC staining (bottom) of a coronal cut through bregma � 0.50 24 h
after MCAO. The asterisk denotes the area of the brain where quantifications and observations presented in E and F were performed. M1 and M2 denote primary and secondary motor cortices,
respectively. B, Representative photographs of combined DTIs and Fa maps in Wt and uPA �/� mice 24 h after MCAO. Colors represent fiber orientation: red, mediolateral; green, dorsoventral; blue,
rostrocaudal. C, D, MD of water (C) and Fa (D) in the area denoted by the asterisk in A and B in the nonischemic (NI; white bars) and ischemic (I; black bars) cortex of Wt and uPA �/� mice 24 h after
MCAO. C,*p � 0.001 compared with the nonischemic hemisphere in uPA �/� mice. D, *p � 0.02 compared with the nonischemic hemisphere in Wt mice. **p � 0.0001 compared with the
nonischemic hemisphere in uPA �/� mice; n � 6 mice per experimental group. Lines denote SD. Statistical analysis was performed with two-sample t test. E, Mean length of distal neurites located
within 0.6 mm of the border of the necrotic core in Wt (white bar) and uPA �/� (black bar) mice 24 h after MCAO; n � 6 mice per experimental group. Bars represent mean values obtained from
the analysis of 2000 extensions per mouse; *p � 0.0001. Lines indicate SD. F, Representative micrographs of a tridimensional reconstruction of DiI-stained distal dendrites from neurons originated
in cortical layer V from Wt and uPA �/� mice either under nonischemic conditions (controls) or 24 h after tMCAO. Red is the dendritic shaft and blue corresponds to dendritic protrusions.
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Figure 4. uPA mediates dendritic spine recovery in the peri-infarct cortex. A, Representative micrograph of a Golgi-stained coronal section at bregma:�0.5 mm from a Wt brain 24 h after tMCAO.
M1 and M2 denote primary and secondary motor cortices, respectively. The square denotes the interface between the necrotic core (Nc) and peri-infarct cortex where observations presented in C–F
were performed. Magnification: 4�. B, Representative micrographs taken from the interphase between the Nc and peri-infarct cortex (a). b, Shows the area located within 0.6 mm from the border
of the Nc where dendritic spines (arrowheads) are intermixed with dendritic varicosities (arrows). Magnification: 40� in a, and 100� in b. C, Representative micrographs of Golgi-stained dendrites
located within 0.6 mm from the border of the Nc from Wt and uPA �/� mice 6, 24, and 168 h (7 d) after tMCAO. NI, nonischemic brains (controls). Arrows in c and d denote dendritic varicosities.
Arrows and arrowheads in e denote filopodia and varicosities, respectively. Arrows and arrowheads in f denote dendritic varicosities and small protrusions, respectively. Arrowhead and arrows in g
denote dendritic spines and long thin protrusions, respectively. D, E, Mean number of dendritic protrusions per 10 �m (D) and percentage of neurons with dendritic blebbing (E) 0.6 mm from the border of the
Nc of Wt (white bars), uPA �/� (black bars), uPAR �/� (gray bars), and Plau GFDhu/GFDhu (silver bars) mice 0 –168 h after tMCAO. C, controls, nonischemic brains. Lines denote SD; n�12 mice per strain at each
time point. D, *p �0.0001 and **p �0.0001 compared with Wt at 6 h and uPA �/�, uPAR �/�, and Plau GFDhu/GFDhu brains 6, 24, and 168 h after tMCAO. E, *p �0.0001 compared with Wt at 6 h and with
uPA �/�, uPAR �/�, and Plau GFDhu/GFDhu brains and 6, 24, and 168 h after tMCAO. Statistical analysis was performed with two-way ANOVA test. F, Cumulative frequency plot of spine length in the distal 10�M

of 600 dendrites examined from Wt mice either under nonischemic conditions (white squares) or 24 and 168 h after 60 min of tMCAO (black circles and gray triangles, respectively).
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spond to axons or dendrites, we performed a costaining with
antibodies against MAP-2 (detect dendrites) and uPAR. Our data
show that most of the uPAR-positive extensions are dendrites
(Fig. 5B), and further staining with synaptophysin (present in the
presynaptic compartment of the axon) corroborated this local-
ization (Fig. 5C, arrows; indicate examples where presynaptic
synaptophysin-positive vesicles face uPAR-positive dendrites).
Interestingly, we also detected uPAR in the axons of several neu-
rons. Then we performed a costaining with anti-uPAR antibodies
and phalloidin (spines and filopodium are rich in F-actin) to
characterize the relation between uPAR and dendritic protru-
sions. We found that although most of uPAR is diffusely ex-
pressed throughout the dendrite, some is located in the base and
head of spines and filopodia (Fig. 5 D,E).

To test the effect of uPA/uPAR on dendritic spine recovery we
used an in vitro model of excitotoxic injury in which 10 min of
exposure to a sublethal concentration of NMDA induces the dis-
appearance of dendritic spines and formation of dendritic vari-
cosities (Fig. 6A,a,b). However, 3 h after withdrawing the
excitotoxic injury filopodia and dendritic spines re-emerge from
these varicosities (recovery phase; Fig. 6A,c). First we investi-

gated the effect of the excitotoxic injury on the expression of
uPAR. Our immunohistochemical studies revealed that in con-
trast with the diffuse distribution of uPAR throughout the den-
drite of unchallenged neurons (Fig. 5), the excitotoxic injury
induces the clustering of uPAR in 68.4 � 14% of the dendritic
varicosities of uPAR-expressing neurons (Fig. 6B,C). Remark-
ably, uPAR was present not only in these areas of focal swelling,
but also in dendritic spines and filopodia re-emerging from these
varicosities during the recovery phase (Fig. 6D, arrows). Based on
these data we postulated that the binding of uPA to uPAR induces
the re-emergence of dendritic spines and filopodia from dendritic
varicosities during the recovery phase of the excitotoxic injury.

To test this hypothesis we quantified the number of dendritic
protrusions in the distal dendrites of Wt, uPA�/�, and uPAR�/�

cerebral cortical neurons 10 min after exposure to 10 �M NMDA
and 3 h after withdrawal of the excitotoxic injury. A subgroup of
neurons was treated with 10 nM uPA immediately after the end of
NMDA exposure. Our data indicate that 10 min of NMDA treat-
ment decreases the number of dendritic protrusions per 10 �m in
Wt, uPA�/�, and uPAR�/� neurons from 6.14 � 0.77, 5.9 �
0.32, and 6 � 0.45 to 0.2 � 0.17, 0.1 � 0.01, and 0.2 � 0.1,

Figure 5. uPAR expression in cerebral cortical neurons. A, Representative micrograph of uPAR expression in cerebral cortical neurons. Green, uPAR; blue, DAPI. Magnification: 20�. B, C,
Representative micrographs of wild-type cerebral cortical neurons stained with antibodies against uPAR (white and green in B and C) and MAP-2 (red in B) or synaptophysin (red in C). Arrows in C
denote examples where presynaptic synaptophysin-containing vesicles face uPAR-expressing postsynaptic dendrites. Magnification: 60�. D, E, Representative micrograph of uPAR immunostain-
ing (green in D and white and green in E) and phalloidin (red in D and E) in a distal dendrite of a Wt cerebral cortical neuron. The dashed and continuous squares correspond to the areas magnified
in E a– c and d–f, respectively. Arrows in c indicate colocalization of uPAR and phalloidin. Arrows in f denote an example where uPAR is localized in the tip of dendritic protrusions. Magnification:
20� in D and 60� in E.
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respectively. However, 3 h after the withdrawal of the excitotoxic
injury (recovery phase) the number of dendritic protrusions in-
creased to 3.1 � 0.5 in Wt neurons (p � 0.0001) and remained
unchanged in uPA�/� and uPAR�/� cells. Importantly, treat-

ment with ruPA after the end of the excitotoxic injury increased
the number of protrusions in Wt and uPA�/� dendrites to 4.8 �
0.6 and 3.3 � 0.5, respectively (p � 0.0001), but did not have an
effect on uPAR�/� neurons (Fig. 6E).

Figure 6. uPA promotes dendritic protrusion recovery following an excitotoxic injury. A, Diagram of the experimental paradigm used to study the effect of uPA on dendritic spine recovery
following an excitotoxic injury. a– c, Correspond to examples of DiI-stained distal dendrites either at baseline (a), or 10 min after exposure to NMDA (b; acute injury), or 180 min after withdrawing
NMDA (c; recovery). Arrowheads denote dendritic spines in a and varicosities in b. Arrows in c show dendritic spines and filopodia re-emerging from varicosities. B, Representative micrograph of
MAP-2 (red) and uPAR (white in b and yellow in c) staining in the distal dendrite of a Wt neuron 3 h after 10 min of incubation with NMDA. Arrows in c denote uPAR clustered within dendritic
varicosities. Magnification: 40�. C, Mean percentage of uPAR-negative (white bar) and uPAR-positive (black bar) varicosities in the distal 10 �m of Wt dendrites following 10 min of treatment with
NMDA (n � 200 neurons from three different cultures; p � 0.001; two-sample t test). Lines denote SD. D, Magnification of the area denoted by the square in B. Arrows denote uPAR in filopodia
re-emerging from a uPAR-enriched varicosity. Red is MAP-2, white (b) and green (c) are uPAR. Magnification: 100�. E, Mean number of dendritic protrusions per10 �m in the distal dendrites of
Wt (white bars), uPA �/� (black bars), and uPAR �/� (gray bars) cerebral cortical neurons either at baseline (time 0), or immediately after 10 min of incubation with NMDA, or 3 h after recovery
from 10 min of incubation with NMDA. A subset of Wt, uPA �/�, and uPAR �/� neurons were treated with 10 nM uPA immediately after the end of the excitotoxic injury (ruPA). *p � 0.0001
compared with Wt neurons immediately after NMDA exposure; **p � 0.001 compared with untreated Wt neurons 3 h after NMDA exposure; §p � 0.0001 compared with uPA �/� neurons either
immediately after exposure to NMDA or 3 h after NMDA exposure but no treatment with ruPA; n � 60 per time point. Each observation was repeated in cultures from three different animals.
Statistical analysis was performed with one-way ANOVA.
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uPA induces the reorganization of the actin cytoskeleton in
dendritic protrusions
Dendritic spines have globular (G) and filamentous (F) actin.
Because the emergence of filopodia and spines is driven by the
formation and stabilization of F-actin (Hotulainen and Hoogen-

raad, 2010), we decided to study the expression of F-actin in
dendrites of neurons incubated with 10 nM uPA or with an equiv-
alent volume of vehicle (control). Our data indicate that com-
pared with vehicle-treated neurons (Fig. 7A,a– c), 60 min of
incubation with uPA (� uPA) induces a marked increase in the

Figure 7. uPA induces cytoskeletal reorganization in dendritic protrusions. A, Representative micrograph of MAP-2 (green) and phalloidin (white and red) staining in a dendrite of a Wt cerebral cortical
neuron incubated 60 min with either 10 nM of uPA (�uPA) or vehicle (control). Arrows in e denote phalloidin-positive dendritic filopodia. Magnification: 60�. B, Representative micrograph of MAP-2 (green)
and profilin (white and red) staining in a Wt cerebral cortical neuron incubated 60 min with either 10 nM of uPA (�uPA) or vehicle (control). Note that uPA treatment induces the expression of profilin not only
in the dendrite but also in the axon. Magnification: 60�. C–G, Representative Western bot analysis and quantification of the mean density of the band of profilin (C) and cofilin (D, E) phosphorylated at serine
3(p-cofilin)inWtcerebralcorticalneuronsincubated0 – 60minwith10nMuPA(C,D),or10nMofuPA’sN-terminalfragment(ATF;E),oracombinationofuPAandeither5�MoftheRacinhibitorEHT-1864(Rac-I;F),or10�M

oftheROCKinhibitorY-27632(ROCK-I;G).C,D,*p�0.0001and**p�0.0001comparedwithcellstreated0 –5minwithuPA.E,*p�0.0001and**p�0.0001comparedwithcellseither leftuntreatedorincubated30
minwithuPAorATF. F,*p�0.0001and**p�0.0001comparedwithcellstreatedwithuPAinthepresenceoftheRacinhibitorEHT-1864.Statisticalanalysiswasperformedwithone-wayANOVA.
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expression of F-actin in dendritic spines and filopodia (Fig.
7A,d–f). Because the formation of filopodia involves the addi-
tion of G-actin monomers to the “barbed” end of the F-actin
filament, then we decided to study the expression of profilin
(promotes the polymerization of actin at the barbed end of the
actin filament) following 0 – 60 min of incubation with 10 nM

uPA. Our data indicate that treatment with uPA induces the ex-
pression of profilin in dendritic protrusions (Fig. 7B,C). Since
the stabilization of the filopodia requires inhibition of depoly-
merization at the “pointed” end of the actin filament, we used a
similar experimental setting to investigate the expression of cofi-
lin inactivated by phosphorylation at serine 3 (p-cofilin; active
cofilin promotes severing and depolymerization of actin at the
pointed end). We found that uPA induces the phosphorylation of
cofilin in cerebral cortical neurons (Fig. 7D), and that this effect
does not require uPA’s proteolytic properties because it is also
observed following incubation with 10 nM of the N-terminal frag-
ment (ATF) of uPA, which contains the growth factor-like and
kringle, but not the proteolytic domain (Fig. 7E). Because the
Rho family of GTPases plays a central role in the morphogenesis
of dendritic spines by modulating the organization of the actin
cytoskeleton (Murakoshi et al., 2011), we decided to study the
expression of p-cofilin in cerebral cortical neurons incubated
with uPA, alone or in combination with either 10 �M of an inhib-
itor of ROCK-I and ROCK-II (Y-27632), the downstream kinase
that mediates the effects of RhoA (Heasman and Ridley, 2008), or
5 �M of a Rac inhibitor (EHT-1864). Our data show that Rac but
not RhoA mediates the effect of uPA on the phosphorylation of
cofilin (Fig. 7 F,G).

Discussion
The two main plasminogen activators, tissue-type and urokinase-
type plasminogen activators (tPA and uPA), are expressed in the
CNS (Del Bigio et al., 1999). However, while it is known that tPA
plays a central role in the regulation of neuronal activity during
physiological and pathological conditions (Samson and Medcalf,
2006), the function of uPA in the CNS is less clear. For example,
whereas some studies have reported that uPA protects neurons
from excitotoxin-induced (Cho et al., 2012) and amyloid-�-
induced neuronal death (Tucker et al., 2000), others indicate that
uPA either is neurotoxic (Thornton et al., 2008) or does not have
an effect on neuronal survival (Nagai et al., 1999).

In previous studies we demonstrated that cerebral ischemia in
vivo and hypoxia in vitro induce the rapid release of tPA from
cerebral cortical neurons (Yepes et al., 2000; Echeverry et al.,
2010; Wu et al., 2012), and that this tPA has a neuroprotective
effect in the ischemic brain and in neurons exposed to OGD
conditions (Wu et al., 2012; 2013a,b). In contrast, in the studies
presented here we report that OGD and cerebral ischemia induce
the release of uPA from cerebral cortical neurons only after the
end of the acute injury, and that this uPA does not have an effect
on cell survival. Instead, we show that uPA promotes destructural
reorganization in the peri-infarct cortex that underlies neurolog-
ical recovery after an ischemic injury.

The analysis of the ability of molecules of water to diffuse in
the brain (MD) and the directionality of this movement (Fa) are
useful tools to study microscopic structures of the neural tissue
(Le Bihan, 2003). The MD decreases and the Fa increases when
water molecules are in contact with tissue boundaries such as cell
membranes (Silva et al., 2002; Sotak, 2002) or dendritic protru-
sions (Vestergaard-Poulsen et al., 2011; Ding et al., 2013). Our
data indicate that 24 h after tMCAO the MD and Fa in the ne-
crotic core are similar in uPA�/� and their Wt-littermate con-

trols. These results agree with our observations that the volume of
the necrotic core is similar in both strains of mice, and that ge-
netic deficiency of uPA does not confer resistance against
hypoxia- and ischemia-induced neuronal death. In contrast, we
found that compared with Wt animals, uPA�/� mice exhibit an
increase in MD and decrease in Fa in the peri-infarct cortex. This
increase in the ability of water to diffuse through the peri-infarct
tissue with reduction in its directionality is not produced by at-
tenuation of vasogenic edema, or decrease in neuronal popula-
tion. Instead, it seems to be associated with a decrease in the
length of distal neurites and lack of dendritic spine recovery in
uPA�/� mice. Nevertheless, we acknowledge that it is also likely
that variations in the population of other cell types such as endo-
thelial and inflammatory cells may also contribute to the reported
changes in water diffusivity in uPA�/� animals.

According to their morphology, dendritic protrusions are
classified in filopodia, short spines without a well defined neck,
and spines with a large bulbous head (Hering and Sheng, 2001).
In the developing brain dendritic spines arise from filopodia (Xu
et al., 2009). Our data are in agreement with reports by other
groups (Brown et al., 2008) and suggest that in the peri-infarct
cortex of the adult brain the formation of filopodia is a transient
event that temporally precedes the re-emergence of dendritic
spines. However, we acknowledge that due to methodological
limitations we cannot state that the filopodia that we observe in
Wt mice 24 h after stroke gives origin to the dendritic spines
detected 7 d later. Independently of these limitations, our results
suggest that uPA– uPAR binding plays a central role in the recov-
ery of dendritic spines after an ischemic stroke.

We found that the effect of uPA on the recovery of dendritic
protrusions and neurological function following an ischemic
stroke is mediated by its receptor uPAR. uPAR is a glycosyl-
phosphatidyl inositol-anchored cell membrane protein that
regulates the conversion of plasminogen into plasmin at the
cell surface and activates cell-signaling pathways that mediate
multiple physiological processes including cell migration, ad-
hesion, proliferation, and differentiation (Blasi and Carme-
liet, 2002). It has been reported that in the brain uPAR plays a
central role in the development of interneurons (Powell et al.,
2003). Here we show that under physiological conditions a
subset of cortical neurons expresses uPAR diffusely in axons
and dendrites.

In the early phases of cerebral ischemia dendritic spines are
replaced by areas of focal swelling (varicosities), and during the
recovery phase dendritic filopodia re-emerge from these varicos-
ities (Hasbani et al., 2001; Ikegaya et al., 2001; Zhang et al., 2005;
Brown et al., 2007, 2008). We found that the re-emergence of
dendritic protrusions occurs within 18 –24 h of reperfusion fol-
lowing 60 min of focal cerebral ischemia. These observations are
in contrast with those reported by others showing dendritic spine
recovery within minutes of reperfusion (Zhang et al., 2005; Mur-
phy et al., 2008). We believe that this discrepancy may be ex-
plained at least in part not only by methodological differences but
also by the induction of a more extensive and severe ischemic
lesion in our work (60 min of tMCAO) compared with a less
severe and more circumscribed damage produced by 8 min of
global ischemia (Murphy et al., 2008).

We found that uPAR clusters in dendritic varicosities during
the recovery phase of an excitotoxic injury. Remarkably, we de-
tected uPAR expression in the neck and head of dendritic filop-
odia re-emerging from these varicosities during the recovery
phase. These observations agree with previous reports indicating
that binding of uPA to uPAR promotes uPAR dimerization (Si-
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trin et al., 2000), and suggest that the interaction between uPA
and uPAR guides the re-emergence of dendritic filopodia follow-
ing an acute ischemic injury. Our data showing that uPA�/� mice
fail to form filopodia from dendritic varicosities, and that treat-
ment with ruPA induces the re-emergence of filopodia in Wt and
uPA�/� but not in uPAR�/� neurons further supports this hy-
pothesis. Furthermore, the lack of dendritic spine recovery in
Plau GFDhu/GFDhu mice, in which the interaction between uPA and
uPAR is abrogated (Connolly et al., 2010), indicates that the effect
of endogenous uPA requires its binding to uPAR.

Monomeric (G-actin) and filamentous (F-actin) components
are the major cytoskeletal components of dendritic protrusions
(Landis and Reese, 1983; Hotulainen and Hoogenraad, 2010).
The actin pool is at the tip of the dendritic spine treadmills,
generating an expansive force in its head that leads to protrusion
growth (Hering and Sheng, 2001). Our findings indicate that uPA
drives this process in dendritic protrusions, shifting the actin
pool from G-actin to F-actin with formation of dendritic fila-
ments and re-emergence of filopodia and spines during the re-
covery phase of an acute ischemic injury. These data agree with
observations by others in a different experimental system indicat-
ing that uPA anchors uPAR to the actin cytoskeleton (Bernstein
et al., 2004) and that treatment with uPA redistributes F-actin to
the leading edge of migrating cells ( Kjøller and Hall, 2001).

The formation of filopodia requires the addition of actin
monomers to the barbed ends of the actin filament and inhibition
of depolymerization at the pointed end (Le Clainche and Carlier,
2008). Profilin induces the polymerization of the barbed end of
dendritic spines by changing actin nucleotides from ADP to ATP
(Pollard and Borisy, 2003), whereas cofilin induces depolymer-
ization and severing of actin filaments from their pointed ends
(Hotulainen et al., 2005). The importance of profilin and cofilin
in the elongation of dendritic filopodia is underscored by the
observation that depletion of cofilin induces stabilization of actin
filaments whereas profilin antagonism destabilizes spine struc-
ture (Ackermann and Matus, 2003). Our data show that uPA
induces the rapid accumulation of profilin in dendritic spines,
followed by inactivation of cofilin and elongation and stabilization of
dendritic filopodia. This effect is independent of uPA’s proteolytic
activity, requires uPA’s binding to uPAR, and is mediated by Rac, a
member of the Rho family of GTPases known to regulate rapid
changes in dendritic spine morphology (Tashiro et al., 2000).

We acknowledge that our experimental data do not demon-
strate a definitive cause– effect relation between dendritic spine
recovery and functional improvement after stroke. However,
since the formation of dendritic spines is the anatomical basis of
synaptic plasticity (Yuste and Bonhoeffer, 2001), and because syn-
aptic plasticity underlies functional recovery after ischemic stroke
(Murphy and Corbett, 2009), we believe that our results suggest that
uPA–uPAR binding promotes neurological improvement after
ischemic stroke via its ability to induce dendritic spine recovery in
the peri-infarct cortex. In summary, here we propose a model
where the release of uPA from the presynaptic compartment dur-
ing the recovery phase of an acute ischemic injury induces the
clustering of uPAR within varicosities in the postsynaptic com-
partment (dendrites). The binding of uPA to uPAR in these areas
of focal swelling induces the formation and stabilization of
F-actin leading to the re-emergence of dendritic protrusions. Our
data indicate that uPA– uPAR binding promotes synaptic reorga-
nization and neurological recovery following an acute ischemic
stroke.

References
Ackermann M, Matus A (2003) Activity-induced targeting of profilin and

stabilization of dendritic spine morphology. Nat Neurosci 6:1194 –1200.
CrossRef Medline

Alfano D, Franco P, Vocca I, Gambi N, Pisa V, Mancini A, Caputi M, Carriero
MV, Iaccarino I, Stoppelli MP (2005) The urokinase plasminogen acti-
vator and its receptor: role in cell growth and apoptosis. Thromb Hae-
most 93:205–211. Medline

Benveniste H, Drejer J, Schousboe A, Diemer NH (1984) Elevation of the
extracellular concentrations of glutamate and aspartate in rat hippocam-
pus during transient cerebral ischemia monitored by intracerebral micro-
dialysis. J Neurochem 43:1369 –1374. CrossRef Medline

Bernstein AM, Greenberg RS, Taliana L, Masur SK (2004) Urokinase an-
chors uPAR to the actin cytoskeleton. Invest Ophthal Vis Sci 45:2967–
2977. CrossRef Medline

Blasi F, Carmeliet P (2002) uPAR: a versatile signalling orchestrator. Nat
Rev Mol Cell Biol 3:932–943. CrossRef Medline
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