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Tissue-type plasminogen activator
induces TNF-a-mediated preconditioning
of the blood-brain barrier

Ariel Diaz1, Yena Woo1, Cynthia Martin-Jimenez1,
Paola Merino1, Enrique Torre1 and Manuel Yepes1,2,3

Abstract

Ischemic tolerance is a phenomenon whereby transient exposure to a non-injurious preconditioning stimulus triggers

resistance to a subsequent lethal ischemic insult. Despite the fact that not only neurons but also astrocytes and

endothelial cells have a unique response to preconditioning stimuli, current research has been focused mostly on the

effect of preconditioning on neuronal death. Thus, it is unclear if the blood-brain barrier (BBB) can be preconditioned

independently of an effect on neuronal survival. The release of tissue-type plasminogen activator (tPA) from perivascular

astrocytes in response to an ischemic insult increases the permeability of the BBB. In line with these observations,

treatment with recombinant tPA increases the permeability of the BBB and genetic deficiency of tPA attenuates the

development of post-ischemic edema. Here we show that tPA induces ischemic tolerance in the BBB independently of an

effect on neuronal survival. We found that tPA renders the BBB resistant to an ischemic injury by inducing TNF-

a-mediated astrocytic activation and increasing the abundance of aquaporin-4-immunoreactive astrocytic end-feet pro-

cesses in the neurovascular unit. This is a new role for tPA, that does not require plasmin generation, and with potential

therapeutic implications for patients with cerebrovascular disease.
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Introduction

Ischemic tolerance in the brain is an evolutionarily con-

served form of cerebral plasticity1 whereby resistance to

an injurious ischemic insult is transiently augmented by

previous exposure to a preconditioning stimuli.2 There

are two forms of ischemic tolerance: rapid and delayed.

In rapid preconditioning, post-translational modifica-

tions such as protein phosphorylation and changes in

ion channel permeability trigger a short-lasting protec-

tive effect within minutes of exposure to the precondi-

tioning stimuli.3 In contrast, in the delayed form gene

activation and protein synthesis induce ischemic toler-

ance hours to days after the preconditioning event.1

Inasmuch as a brief episode of non-lethal cerebral

ischemia is the best known preconditioning event,

ischemic tolerance can also be induced by exposure to

other endogenous and exogenous stimuli such as

hyperoxia, oxidative stress, caspases, inflammatory

cytokines, hyperthermia and heat shock.4 The identifi-
cation and characterization of these tolerance-inducing
stimuli is of pivotal translational importance because
they may lead to the design of pharmacological tools to
protect the brain of patients with cerebrovascular dis-
ease. In line with these observations, several clinical
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studies have evaluated the therapeutic success of differ-
ent forms of ischemic preconditioning.5

A growing body of experimental evidence indicates
that not only neurons, but also astrocytes play a central
role in the induction of ischemic tolerance.6 Indeed,
astrocytic activation triggers ischemic preconditioning
via multiple mechanisms including HIF-1a upregula-
tion,7 the generation of an astrocytic-derived non-
lethal proinflammatory environment,8 transfer of
energy substrates to neurons,9 and erythropoietin pro-
duction.10 Remarkably, although astrocytes and endo-
thelial cells have an unique response to preconditioning
stimuli,1 it is uncertain if it is possible to induce toler-
ance in the blood-brain barrier (BBB) independently of
neuronal survival. Hence, although it has been shown
that preconditioning with short periods of non-lethal
ischemia attenuates the development of cerebral edema
after transient middle cerebral artery occlusion
(tMCAO),11 it is unclear if the reported protective
effect on the permeability of the BBB is an independent
phenomenon or a consequence of the observed
decrease in the volume of the ischemic lesion.

Tissue-type plasminogen activator (tPA) is a serine
proteinase that catalyzes the conversion of the zymo-
gen plasminogen into the protease plasmin. Despite the
fact that for a long time it was believed that endothelial
cells were the main reservoir of tPA and that its unique
role was to promote plasmin-mediated degradation of
fibrin in the intravascular space,12 subsequent studies
indicated that tPA is also found in neurons, astrocytes
and microglia, and that its release is pivotal for the
development of synaptic plasticity,13 microglial activa-
tion,14 and regulation of the permeability of the
BBB.15,16 Furthermore, in vivo and in vitro experimen-
tal work have shown that tPA induces an NF-jB-medi-
ated pro-inflammatory response in astrocytes,17 and
that preconditioning with tPA decreases the volume
of the ischemic lesion when intravenously administered
one, but not three or 24 hours before tMCAO.18

The in vivo work presented here shows that intrave-
nous administration of tPA three hours before tMCAO
attenuates the development of ischemic edema without
decreasing the volume of the ischemic lesion. In line
with these observations, our in vitro studies indicate
that preconditioning with tPA three, but not one or
24 hours before exposure to oxygen and glucose depri-
vation (OGD) conditions, attenuates the harmful effect
of the hypoxic insult on the transendothelial electrical
resistance (TEER) and permeability to albumin of the
BBB, without having an effect on neuronal survival.19

We found that this effect does not require plasmin gen-
eration, and is mediated by tPA’s ability to trigger
TNF-a-mediated astrocytic activation, and increase
the abundance of aquaporin-4-immunoreactive astro-
cytic end-feet processes in the neurovascular unit,

which is pivotal to maintain the structural integrity
and barrier function of the BBB. Our work reveals a
new role for tPA as inductor of ischemic tolerance in
the BBB with potential therapeutic implications for
patients with cerebrovascular disease.

Materials and methods

Animals and reagents

Animals were 8–12weeks-old male C57BL/6J mice.
Animal procedures were conducted following the
guidelines of the Guide for the Care and Use of
Laboratory Animals, and with the approval of the
Institutional Animal Care & Use Committee
(IACUC) of Emory University, Atlanta GA.
Experiments were reported following ARRIVE guide-
lines for how to report animal experiments.20

Recombinant plasmin, and proteolytically active and
inactive murine tPA [itPA: with an alanine for serine
substitution at the active site Ser481 (S481A)] were
acquired from Molecular Innovations (Novi, MI; Cat
# MPLM, MTPA and MTPA – S481A, respectively).
Other reagents were propidium iodide, DMEM with-
out glucose, sample buffer 5X, bovine serum albumin21

Alexa 488 conjugate, phalloidin Alexa 488, Hoechst,
mouse anti-b actin antibodies, donkey anti-rabbit
Alexa Fluor 594- and donkey anti-rat IgG (H þL)
Alexa Fluor 488-conjugated antibodies
(ThermoFisher; Grand Island, NY. Cat # P3566,
11966-025, 1859594, A13100, A122379, H3570,
A1978, A21207 and A21208, respectively), rabbit
anti-GFAP antibodies (Dako, Santa Clara; CA. Cat#
Z0334), anti-TNF-a antibodies (R & D Systems;
Minneapolis, MN. Cat # AF-410-NA), rabbit anti-
aquaporin-4 and rabbit anti-Iba1 antibodies (Abcam,
Cambridge, UK. Cat # ab46182 and ab178846, respec-
tively), mouse anti-CD31 antibodies (BD biosciences;
San Jose, CA. Cat # 550274), intercept (TBS) blocking
buffer, IRDye 800CW donkey anti-rabbit and IRDye
680CW donkey anti-mouse antibodies (Li-Cor,
Lincoln; NE. Cat # 927-60001, 926-32213 and 926-
68072, respectively), 2,3,5-Triphenyltetrazolium chlo-
ride and Evans blue dye (TTC. MilliPore; Burlington,
MA. Cat #: T8877 and E2129, respectively), RIPA
buffer (TEKNOVA; Hollister, CA. Cat # R3792),
paraformaldehyde (Electron Microscopy Sciences;
Hatfield, PA. Cat # 15714-S), primers for tnf [forward
50-ACGGCATGGATCTCAAAGAC-30 reverse 50-
CGGACTCCGCAAAGTCTAAG-30 and actb [for-
ward 50-ACTGGGACGACATGGAGAAG-30, reverse
50-GGGGTGTTGAAGGTCTCAAA-30 (Integrated
DNA Technologies; Coralville, Iowa)], EmeraldAMp
Max HS PCR master mix (Takara Bio USA;
Mountain View, CA. Cat # RR330A), iScript cDNA
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Syntesis Kit (Bio-Rad; Hercules, CA. Cat # 1708891),

Rneasy mini kit (Qiagen; Germantown, MD. Cat #

74106), and rat brain microvascular endothelial cells,

rat microvascular endothelial cell growth medium and

attachment factor solution (Cell Applications, Inc; San

Diego, CA. Cat # R840-05a, R819 – 500 and 123–100,

respectively).

Animal model of cerebral ischemia

Transient occlusion of the middle cerebral artery

(tMCAO) was induced in 8 – 12weeks/old male

C57BL/6J mice 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 elsewhere.22 Briefly, a

silicone-coated nylon monofilament (6-0, Ethicon;

Issy Les Moulineaux, France) was introduced through

the ECA and advanced up to the origin of the MCA.

The suture was withdrawn after 60minutes of cerebral
ischemia, followed by 24 hours recovery times.

Cerebral perfusion (CP) in the distribution of the

MCA was monitored throughout the surgical proce-

dure and after reperfusion with a laser Doppler

(Perimed Inc., North Royalton, OH), and only animals

with a> 70% decrease in CP after occlusion and com-

plete recovery after suture withdrawn were included in

this study. The rectal and masseter muscle tempera-

tures were controlled at 37 �C with a homoeothermic

blanket.

Neuronal cultures and quantification of cell death

Cerebral cortical neurons were cultured, as described

elsewhere, from E16-18 male C57BL/6J mice.23 Briefly,

the cerebral cortex was dissected from, transferred into

Hanks’ balanced salt solution containing 100 units/ml

penicillin, 100 lg/ml streptomycin and 10mM HEPES,

and incubated in trypsin containing 0.02% DNase at

37 �C for 15min. Tissue was triturated and the super-

natant was re-suspended in GS21-supplemented neuro-

basal medium containing 2mM l-glutamine, and plated

onto 0.1mg/ml poly-l-lysine-coated wells. To quantify

cell survival neurons were preconditioned with 5 nM of

tPA or a comparable volume of vehicle (control), fol-
lowed 3 hours later by exposure to 60minutes of

oxygen and glucose deprivation conditions

(OGD:< 0.1% oxygen and no glucose) in an anaerobic

chamber (Don Whitley Scientific, Frederick, MD). The

uptake of propidium iodide was quantified in each

experimental group 24 hours later using the CellSens

software and following manufacturer’s instructions, in

micrographs taken with a 10x lens connected to a IX83

Olympus microscope. Values are presented as a per-

centage of neurons exhibiting propidium iodide

uptake in relation with total number of Hoechst-

positive cells.

Astrocytic cultures

Astrocytes were cultured, as described elsewhere, from

the cerebral cortex of 1-day old male C57BL/6J mice.23

Briefly, the cerebral cortex was dissected, transferred

into Hanks’ balanced salt solution containing 100

units/ml penicillin, 100 lg/ml streptomycin and

10mM HEPES, and incubated in trypsin containing

0.02% DNase at 37 �C for 15min. Tissue was triturated

and the supernatant was re-suspended in GS21-

supplemented neurobasal medium containing 2mM

l-glutamine, and plated onto 0.1mg/ml poly-l-lysine-

coated wells. The triturated tissue was then resus-

pended in 10% FBS DMEM and filtered through a

70 lm pore membrane. Cells were plated onto poly-l-

lysine-coated T75 flasks. Ten-fourteen days later astro-

cytes were plated on a 1 mm size 24-well Millicell

Hanging Cell Culture Insert as described below.

Quantification of volume of the ischemic lesion and

Evans blue dye extravasation

Mice were intravenously treated with 0.9mg/Kg of

proteolytically active or inactive recombinant tPA, or

with a comparable volume of saline solution (SS) three

hours before undergoing tMCAO as described above.

Each syringe was coded according to its load (i.e., tPA

or SS) by a technician preparing the samples and not

involved in the experiment. The surgeon was blind to

the content of each syringe. Twenty-four hours later

animals were divided in two groups. The first group

was used to quantified Evans blue dye extravasation

as described elsewhere.15 Briefly, animals were intrave-

nously injected with 1ml of 2% Evans blue dye

60minutes before transcardial perfusion with PBS.

The brains were then removed, divided into ipsilateral

and contralateral hemispheres, weighed, homogenized

in 400 ll of N,N-dimethylformamide (Sigma-Aldrich),

and centrifuged at 21,000 g for 30minutes. Evans blue

was quantified from the absorbance at 620 nm of each

supernatant minus the background calculated from the

baseline absorbance between 500 and 740 nm, and

divided by the wet weight of each hemisphere. The

second group of animals was transcardially perfused

with paraformaldehyde 4%, brains were harvested

and the volume of the infarcted brain was measure in

TTC-stained sections and corrected for edema as pre-

viously described.24 Measurements of volume of the

ischemic lesion and Evans blue dye extravasation

were performed by a technician blind to the experimen-

tal conditions (i.e., tPA or SS).
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In vitro model of the blood-brain barrier

The in vitro model of the blood-brain barrier (BBB) was
assembled as described elsewhere.25 Briefly, cerebral cor-
tical astrocytes cultured from male C57BL/6J mice as
described above were plated either on the underside of
a 1mm size 24-well Millicell hanging cell culture insert,
or on the bottom of a 24-well plate. Two hours later
250ll of rat brain microvascular endothelial cells
(Sigma; St. Louis, MO) previously trypsinized and sus-
pended in 3ml of rat brain endothelial cell growth
medium (Sigma; St. Louis, Mo) were seeded on the
upper side of the insert which was previously incubated
with Attachment Solution Factor solution (Sigma, St.
Louis, MO). Following 6 days of incubation in rat endo-
thelial cell growth medium, fresh medium was added to
a final volume of 400ll and 800ll in the upper and
lower chambers, respectively. Cells were allowed to
reach confluence at 37C0/5% CO2. Inserts were then
incubated with 5 nM of either proteolytically active or
inactive tPA, or 100 nM of plasmin, or 40 ng/ml of anti-
TNF-a blocking antibodies, alone or in combination
with proteolytically active tPA. After 1, 3 or 24hours
of incubation, inserts were exposed to 60minutes of
oxygen and glucose deprivation (OGD) conditions in
an anaerobic chamber (Don Withley Scientific;
Bingley, UK) as described elsewhere.25 To detect the
presence of microglia, the underside of a subgroup of
inserts (n¼ 5) was stained with anti-Iba1 antibodies.
These experiments indicated that these inserts did not
contain microglia (data not shown).

Quantification of transendothelial electrical
resistance (TEER) and permeability coefficient to
albumin

TEER was measured with a EVOM2 Epithelial
Voltohmmeter (World Precision Instruments;
Sarasota, Fl) in inserts maintained 60minutes under
either OGD conditions or normoxia in the presence
of rat brain endothelial cell growth medium. The aver-
age of three TEER measurements for each insert
exposed to OGD was compared to the average
obtained in inserts kept under normoxia. Values are
presented as percentage of TEER in controls. The per-
meability coefficient was then measured in each insert
as described elsewhere.25 Briefly, inserts were washed
twice with PBS. Then, 400 ll of a 50 mg/ml solution of
bovine serum albumin 21 conjugated to Alexa Fluor
488 and 800 ll of vehicle were added to the upper
and lower chambers, respectively. The concentration
of BSA conjugated to Alexa Fluor 488 in the upper
and lower chambers was measured with the plate
reader Synergy HT with filters set to excitation
485/20 nm and emission 520/20 nm. The permeability

coefficient (P) was calculated using the following
equation:

P ¼ CðBÞ � CðBÞ½ �vðBÞ
½CðAÞ þ CðAÞ�=2AT

where C(B) and C(B) T are the concentrations (lg/mL)
of BSA in the lower chamber at the start and at the end
of the time interval, respectively, and V(B) is the
volume of the lower chamber (in mL). C(A) and C
(A) T are, respectively, the concentrations of BSA in
the upper chamber at the start and at the end of the
time interval and (C(A)þC(A) T) /2 is the average
concentration over the time interval. T is the duration
of the time interval (60min), while A is the area of the
filter (1.12 cm2).

Immunocytochemistry

Inserts preconditioned with either PBS or 5 nM of tPA
and then exposed three hours later to 60minutes of
OGD conditions were fixed during 10min with 4%
paraformaldehyde, washed, permeabilized with 0.1%
triton X-100 and blocked with 3% BSA in TBS.
Inserts were then incubated overnight at 4 �C with
rabbit polyclonal anti-GFAP antibodies (1:1000), and
then washed again and incubated with a mixture of
donkey anti-rabbit Alexa 488 antibodies, Alexa Fluor
594 Phalloidin (1:500) and Hoechst (1:5000). A sub-set
of untreated inserts (n¼ 5) was incubated with anti-
Iba1 antibodies (1:500). Each insert was then removed
and mounted with ProLong gold antifade mounting
media. Micrographs at 40X magnification were
obtained with a DP80 camera attached to a fluorescent
Olympus IX83 microscope. GFAP-immunoreactive
area was quantified using CellSens dimension 1.17
Olympus software and normalized to the total
number of Hoechst-positive nuclei in the underside of
each insert. To study the effect of tPA on the distribu-
tion of aquaporin-4, astrocytes incubated during
3 hours with 5 nM of tPA or a comparable volume of
vehicle (control) were fixed during 15min with 4%
PFA in TBS, washed with HBSS and incubated with
5 lg/ml of WGA-alexa 488 during 15min. Cells were
then washed, incubated with 0.1% triton and 3% BSA
in TBS during 20min at room temperature, incubated
overnight with rabbit anti-aquaporin 4 antibody
(1:100), and then washed and incubated with an anti-
rabbit alexa 594 antibody (1:500). Coverslips were
mounted using ProLong gold antifade mounting
media and pictures were taken using a Fluoview
FV10i automated confocal laser-scanning microscope
(Olympus, Center Valley, PA) with the following set-
tings: 60X lens NA 1.35 oil, pinhole 1 UA (50mm),
resolution 1024 x 1024 pixels and 16 bit. We then
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used the CellSens dimension 1.17 Olympus software to

draw a 40 lm line along the WGA-positive plasma

membrane, and quantified the proportion of this

length that was immunoreactive to anti-aquaporin-4

antibodies. Data are presented as a percentage of

aquaporin-positive plasma membrane in vehicle (con-

trol)-treated cells.

Immunohistochemistry

Male C57BL/6J mice were preconditioned with either

0.9mg/Kg of rtPA or with a comparable volume of

saline solution 3 hours before 60minutes of tMCAO.

A different subgroup of animals was injected at

bregma: 0mm; lateral: 2mm; ventral: 1mm26 with

2 ll of either saline solution (SS), or 2ll of either

saline solution, or a 5 nM solution of proteolytically

inactive tPA (itPA), or a combination of itPA and

600 ng of anti-TNF-a blocking antibodies. Brains

were harvested 24 hours later following transcardial

perfusion with PBS, fixed with 4% PFA in 10%

sucrose/PBS during 2 hours, transferred to 20%

sucrose, and cut onto 30 mm sections with a Microm

HM 450 microtome. Sections were then were permea-

bilized with 0.1% triton and blocked with 3% BSA in

TBS during one hour at room temperature, followed by

overnight incubation at 4 �C with rabbit anti-GFAP

(1:1000), alone or in combination with either rat anti-

mouse CD31 antibodies (1:100) or rabbit anti-

aquaporin 4 (AQP4) antibodies (1:1000), or with

rabbit anti-Iba1 antibodies alone (1:1000). Samples

were then washed and incubated during one hour at

room temperature with donkey anti-rabbit Alexa

Fluor 594 (1:500) and donkey anti-rat IgG (HþL)

Alexa Fluor 488 antibodies (1:500). Slices were

washed and mounted with ProLong gold antifade

mounting media. Micrographs at 60X magnification

from the ischemic cortex were obtained with a

Fluoview FV10i automated confocal laser-scanning

microscope (Olympus, Center Valley, PA) with the fol-

lowing settings: NA 1.35 oil, pinhole 1 UA (50 mm),

resolution of 1024 � 1024 pixels, 16 bit, voxel size

207 � 207 � 200 nm3 (XYZ), and total volume 212

� 212 � 20 mm3 (XYZ). Six blood vessels were ran-

domly selected in each section with the CellSens dimen-

sion 1.17 Olympus software and the areas of GFAP-,

Iba1, and CD31-immunoreactivity, were measured in a

10 mm-long region of interest drawn over the area of the

blood vessel with maximum diameter. Results are

expressed as a CD31-immunoreactive area covered by

GFAP-immunoreactive astrocytes, and GFAP-

immunoreactive area covered by AQP4-positive

puncta, or area of each region of interest covered by

either GFAP- or Iba1-immunoreactive cells.

Western blot analysis

To study the effect of tPA on GFAP expression, cere-
bral cortical astrocytes cultured from male C57BL/6J
mice were treated 0, 1 or 3 hours with 5 nM of proteo-
lytically active tPA, or 3 hours with 5 nM of proteolyti-
cally inactive tPA (itPA), or three hours with a
combination of proteolytically active tPA and 40ng/ml
of anti-TNF-a blocking antibodies. At the end of each
period of time, samples were homogenized with RIPA
buffer and centrifuged 21000 g � 20min at 4 �C, and
equal amounts of protein, as measured with the BCA
assay, were loaded into a mini-protean TGX stain-free
4-15% gel (Bio-Rad, Hercules, CA), transferred into a
nitrocellulose membrane (Bio-Rad, Hercules, CA) and
blocked with Odyssey blocking buffer (TBS).
Membranes were then incubated overnight at 4 �C
with rabbit polyclonal anti-GFAP (1:20000), rabbit
anti-aquaporin-4 antibodies (1: 1000), and mouse anti-
b-actin antibodies (1:50000), and then washed and incu-
bated with IRDye 800CW donkey anti-rabbit (1:10000)
and IRDye 680RD donkey anti-mouse secondary anti-
bodies (1:10000). Infrared signal was detected and quan-
tified with the LI-COR Odyssey Fc reader and IMAGE
STUDIO 5.2. Values were expressed as a ratio of GFAP
signal intensity normalized to b-actin normalized and
then to GFAP/b-actin signal in controls.

Polymerase chain reaction

To study the effect of tPA on TNF-a mRNA expres-
sion, cerebral cortical astrocytes cultured from male
C57BL/6J mice were treated 3 hours with 5 nM of pro-
teolytically active tPA or a comparable volume of vehi-
cle (control). RNA was extracted using the Rneasy
mini kit and quantified with a Nanodrop system,
cDNA was synthetized with 500 ng of RNA using
iScript cDNA Synthesis kit, and PCR for Tnf (TNF-
alpha) or Actb (actin) was done with the EmeraldAMp
Max HS PCR master mix, using a MultiGene OptiMax
Thermal Cycler [72 �C� 2min; 30 cycles of
98 �C� 10 sec, 60 �C� 30 sec, 72 �C� 20 sec; and
72 �C� 10min (Labnet International, Edison, NJ)]
and the following primers: Tnf (forward 50-
ACGGCATGGATCTCAAAGAC-30, reverse 50-
CGGACTCCGCAAAGTCTAAG-30); and Actb
(forward 50-ACTGGGACGACATGGAGAAG-30,
reverse 50-GGGGTGTTGAAGGTCTCAAA-30). The
amplified PCR product was detected with a 2% aga-
rose gel and quantified with the LI-COR Odyssey Fc
reader and IMAGE STUDIO 5.2.

Statistics

To confirm normal distribution of the data when the
sample size was less than 10, we used visual inspection
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and the outliers test, as described elsewhere. Statistical
analysis was performed with either two-tailed student’s
t-test, or one- or two-way ANOVA with corrections, as
deemed as appropriate and described in each figure
legend. p-values � 0.05 were considered as significant.
The effect of the interaction between experimental
groups was calculated using the Prism software
(RRID: SCR_002798) with two-way ANOVA test.

Results

Effect of intravenous preconditioning with tPA

In our early studies we found a decrease in the volume
of the ischemic lesion in mice intravenously treated
with tPA one but not 24 hours before 60minutes of
tMCAO.18 However, because clinical studies have
shown that treatment with tPA within 3 - 4.5 hours of
onset of symptoms is associated with complete or
nearly complete recovery of neurological function in
a substantial number of acute ischemic stroke
patients,27,28 we decided to use the experimental para-
digm depicted in Figure 1(a) to test the effect of pre-
conditioning with tPA three hours before tMCAO.
Furthermore, we quantified the uptake of propidium
iodide (PPI) in cerebral cortical neurons treated with
5 nM of tPA 3 hours before exposure to 60minutes of
oxygen and glucose deprivation (OGD) conditions. We
found that preconditioning with tPA three hours
before tMCAO or OGD does not have an effect on
the volume of the ischemic lesion (Figure 1(b)) or neu-
ronal survival (Figure 1(c)). Because our early work
shows that tPA has a direct effect on the permeability
of the blood-brain barrier (BBB),15 we quantified the
extravasation of Evans blue dye in a separate cohort of
animals subjected to the experimental conditions
described above. We found that although precondition-
ing with tPA three hours before tMCAO does not have
an effect on the volume of the ischemic lesion (Figure 1
(b)), it effectively attenuates the development of ische-
mic edema (Figure 1(d) and (e), n¼ 16 mice per group;
p< 0.0001). Furthermore, our finding of a decreased
Evans blue dye extravasation/volume of the ischemic
lesion ratio in animals preconditioned with tPA (Figure
1(f), n¼ 16 per group; p< 0.0001) indicates that tPA
preconditions the BBB without having an effect on the
volume of the ischemic lesion.

Effect of preconditioning with tPA on the permeability
of the blood-brain barrier

To further characterize our in vivo findings, we used the
experimental design depicted in Figure 2(a) to measure
the transendothelial electrical resistance (TEER) of an
in vitro model of the BBB assembled with brain

microvascular endothelial cells and astrocytes co-
cultured on both sides of a 1 lm pore size insert and
treated with vehicle (control) or 5 nM of tPA either
one, or three, or 24 hours before exposure to 60minutes
of oxygen and glucose deprivation (OGD) conditions.
Our results show that treatment with tPA three, but not
one or 24 hours before the hypoxic insult effectively
attenuates the harmful effects of OGD on the TEER
of the BBB (Figure 2(b)). We then measured the per-
meability to FITC-conjugated albumin in BBB inserts
treated with 5 nM of tPA three hours before exposure
to 60minutes of OGD. We found that compared to
inserts maintained under normoxic conditions (11
inserts assembled with cells from 5 different cultures),
OGD causes a 470.7 þ/- 107.5% increase in the perme-
ability to albumin (n¼ 12 inserts assembled with cells
from 5 different cultures; p< 0.0001), and that precon-
ditioning with tPA decreases this effect to 295.9 þ/�
104.8% (n¼ 13 inserts assembled with cells from 5 dif-
ferent cultures. p¼ 0.008 compared to non-
preconditioned inserts; Figure 2(c)). Importantly, this
effect was independent of tPA’s ability to catalyze the
conversion of plasminogen into plasmin as it was also
observed in BBB inserts preconditioned with 5 nM of
proteolytically inactive tPA (itPA; Figure 2(d) and (e)),
but not with 100 nM of plasmin (Figure 2(f)).

TPA induces astrocytic activation

To investigate the mechanism whereby tPA precondi-
tions the BBB, we used anti-GFAP antibodies to
immunostain the underside of BBB inserts maintained
under normoxic conditions (controls) or precondi-
tioned with 5 nM of tPA or vehicle (control) 3 hours
before exposure to 60minutes of OGD conditions.
These experiments revealed an increase in GFAP-
immunoreactive astrocytes in inserts preconditioned
with tPA (Figure 3(a) and (b)). In line with these obser-
vations, our immunoblottings indicate that 3 hours of
treatment with either proteolytically active (Figure 3(c)
and (d)) or inactive tPA (Figure 3(e) and (f)) effectively
induce astrocytic activation, as denoted by an increase
in the abundance of GFAP in both experimental
groups.

TNF-a mediates tPA-induced astrocytic activation
and the preconditioning effect of tPA on the
blood-brain barrier

Because TNF-a mediates the development of ischemic
preconditioning,29 we then decided to study the effect
of tPA on the expression of TNF-a mRNA in cerebral
cortical astrocytes. We found that 3 hours of treatment
with 5 nM of tPA increases the abundance of TNF-a
mRNA (Figure 4(a) and (b)). Furthermore, our

672 Journal of Cerebral Blood Flow & Metabolism 42(4)



immunoblottings with extracts prepared from astro-
cytes treated during 3 hours with 5 nM of tPA, alone
or in combination with 40 ng/ml of anti-TNF-a block-
ing antibodies, indicate that TNF-a mediates tPA-
induced astrocytic activation (Figure 4(c) and (d)). To
study the in vivo relevance of these observations and of
our finding that tPA-induced astrocytic activation does

not require plasmin generation (Figure 3(e) and (f)), we
quantified the area of the frontal cortex of wild-type
mice populated by activated astrocytes 24 hours after
the intracerebral injection of either 5 nM of proteolyt-
ically inactive tPA (itPA), alone or in combination with
600 ng of anti-TNF-a blocking antibodies, or a compa-
rable volume of saline solution. These in vivo

(a) (b) (c)

(f)
(e)

(d)

Figure 1. Effect of preconditioning with tPA. A. Diagram of the experimental paradigm used to study the effect of preconditioning
with tPA (SS: saline solution SS. TTC: 2,3,5-triphenyltetrazolium chloride). B. Male C57BL/6J mice were intravenously treated with
either SS or tPA (n¼ 16 per group) three hours before 60minutes of tMCAO. The volume of the ischemic lesion was measured in
TTC-stained sections 24 hours later. Statistical analysis: two-tailed student’s t-test. C. Cerebral cortical neurons from male C57BL/6J
mice were treated with 5 nM of tPA or PBS three hours before exposure to 60minutes of oxygen and glucose deprivation (OGD)
conditions. Cells were fixed 24 hours later to quantify the uptake of propidium iodide (PPI). Values are given as percentage of PPI-
positive cells in relation to the total number of cells. n¼ 10 per experimental group with cells from three different cultures. Statistical
analysis: one-way ANOVA with Holm-Sidaks multiple comparisons test. D. Representative photographs of the dorsal (a & d), lateral (b
& e) and ventral (c & f) surface of the brain of male C57BL/6J mice injected with Evans blue dye 24 hours after 60minutes of tMCAO
performed 3 hours after the intravenous administration of either saline solution (SS; a–c), or tPA (tPA; d–f). Blue denotes areas with
Evans blue dye extravasation in the ischemic hemisphere. E. Quantification of Evans blue dye extravasation in the ischemic hemisphere
of mice preconditioned with tPA three hours before tMCAO, compared with Evans blue dye extravasation in the contralateral
hemisphere, and normalized to Evans blue dye extravasation in mice pretreated with SS three hours before the ischemic injury. n¼ 16
mice per experimental group. Statistical analysis: two-tailed student’s t-test. F. Evans blue dye extravasation/stroke volume ratio in
animals exposed to the experimental conditions described in D & E. n¼ 16 per experimental group. Statistical analysis: two-tailed
student’s t-test.
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(a) (b) (c)

(f)(d) (e)

Figure 2. Effect of preconditioning with tPA on the permeability of the blood-brain barrier. a. Diagram depicting the experimental
paradigm to study the effect of tPA and plasmin (Plm) on the permeability of an in vitro model of the blood brain barrier (BBB),
assembled by brain microvascular endothelial cells and astrocytes co-cultured on both sides of a 1 lm pore size insert. b. The in vitro
model of the BBB described in A was exposed to 60minutes of oxygen and glucose deprivation (OGD) conditions either 1 (n¼ 15
inserts assembled with cells from 4 different cultures), or 3 (n¼ 12 inserts assembled with cells from 5 different cultures), or 24 hours
(n¼ 10 inserts assembled with cells from 4 different cultures) after treatment with 5 nM of tPA. A subgroup of inserts was kept under
physiological conditions (n¼ 16, assembled with cells from 9 different cultures). Values depict the transendothelial electrical resistance
(TEER) in inserts exposed to OGD conditions compared to the TEER in inserts maintained under normoxic conditions. Statistical
analysis: one-way ANOVA with Holm-Sidak’s multiple comparisons test. c. The in vitro model of the BBB described in A was treated
with 5 nM of tPA (n¼ 13 inserts assembled with cells from 5 different cultures), or vehicle (control; n¼ 12 inserts assembled with cell
from 5 different cultures) 3 hours before exposure to 60minutes of OGD. The permeability to albumin in inserts exposed to OGD
conditions was compared to the permeability of inserts maintained under normoxic conditions (n¼ 11, assembled with cells from 5
different cultures). Statistical analysis: one-way ANOVA with multiple comparisons test. d. TEER of the in vitro model of the BBB
described in A and treated with either 5 nM of proteolytically inactive tPA (itPA; n¼ 19 inserts assembled with cells from 9 different
cultures), or vehicle (control; n¼ 18 inserts assembled with cells from 9 different cultures) 3 hours before 60minutes of OGD. Data
were compared to the TEER in inserts maintained under normoxic conditions (n¼ 19, assembled with cells from 9 different cultures).
Statistical analysis: one-way ANOVA with Holms-Sidak’s multiple comparisons test. e. Permeability to albumin in the in vitro model of
the BBB described in A and treated with either 5 nM of proteolytically inactive tPA (itPA; n¼ 18 inserts assembled with cells from 5
different cultures), or vehicle (control; n¼ 17 inserts assembled with cells from 6 different cultures) 3 hours before exposure to
60minutes of OGD. In each case data were compared to permeability to albumin in inserts maintained under normoxic conditions
(n¼ 17, assembled with cells from 6 different cultures). Statistical analysis: one-way ANOVA with Holms-Sidak’s multiple comparisons
test. f. TEER of the in vitro model of the BBB described in A and treated with either 100 nM of plasmin (Plm; n¼ 10 inserts assembled
with cells from 5 different cultures), or vehicle (control; n¼ 10 inserts assembled with cells from 5 different cultures) three hours
before exposure to 60minutes of OGD. In each case data were compared to the TEER of inserts maintained under normoxic
conditions (n¼ 9 inserts assembled with cells from 5 different cultures). Statistical analysis: one-way ANOVA with Holms-Sidak’s
multiple comparisons test.
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experiments confirmed the finding that tPA induces

astrocytic activation, and that this effect is mediated

by TNF-a and does not require plasmin generation

(Figure 4(e) and (f)). To determine if TNF-a mediates

the preconditioning effect of tPA on the BBB, we quan-

tified the TEER of the in vitro model of the BBB

described in Figure 2, following preconditioning with

5 nM of tPA, alone or in combination with 40 ng/ml of

anti-TNF-a blocking antibodies three hours before

exposure to 60minutes of OGD conditions. These

results revealed that TNF-a mediates the precondition-

ing effect of tPA on the BBB (Figure 4(g)). Because

microglia are an important source of TNF-a in the

brain, we stained the underside of the inserts used to

assemble the in vitro model of the BBB with anti-Iba1

antibodies. We failed to detect activated microglia

before or after tPA treatment (data not shown). To

further characterize the translational relevance of

these observations, we quantified the area of the cere-

bral cortex covered by Iba1-positive microglia in the

same cuts used for the experiments described in

Figure 4(e) and (f). In contrast with our in vitro obser-

vations, these studies revealed a significant increase in

the area covered by activated microglia in tPA-injected

brains (Figure 4(h) and (i)).

Preconditioning with tPA increases the abundance of

aquaporin-4-immunoreactive astrocytic end-feet

processes in the neurovascular unit

Because early upregulation of aquaporin-4 has a pro-

tective effect against the development of post-ischemic

edema,30 we decided to study the effect of tPA on its

abundance and recruitment to astrocytic end-feet

(a) (b) (c)

(f)(e)(d)

Figure 3. Preconditioning with tPA induces astrocytic activation. a. The in vitro model of the blood-brain barrier (BBB) was
maintained under normoxic conditions (panels a & d), or treated with either PBS (panels b & e) or 5 nM of tPA (panels c & f) three
hours before exposure to 60minutes of OGD conditions. Inserts were then harvested and their underside was stained with phalloidin
(red), Hoechst (blue) and anti- GFAP antibodies (green). Confocal micrographs were taken at 60 X magnification. B. GFAP-immu-
noreactive area normalized to the number of Hoechst-positive nuclei on the underside of the BBB inserts exposed to the experi-
mental conditions described in b. n¼ 5 inserts per experimental group, assembled with cells from 3 different cultures. Statistical
analysis: one way ANOVA with Holm-Sidak’s multiple comparisons. c & d. Representative Western blot analysis (C) and quantification
of the intensity of the band normalized to actin (D) of GFAP abundance in astrocytes treated 1 or 3 hours with 5 nM of tPA. n¼ 4 per
experimental group. Statistical analysis: one way ANOVA with Dunnett’s multiple comparisons test. e & f. Representative Western
blot analysis (E) and quantification of the intensity of the band normalized to actin (F) of GFAP abundance in astrocytes treated during
three hours with vehicle (control) or 5 nM of proteolytically inactive tPA (itPA). n¼ 4 per experimental group. Statistical analysis: two-
tailed student’s t-test.
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(a) (b) (c) (d)

(g)(f)(e)

(h)
(i)

Figure 4. TNF-a mediates tPA-induced astrocytic activation. A & B. Representative PCR analysis (a) and mean expression of tnf and
Actb mRNA (b) in astrocytes incubated during 3 hours with 5 nM of tPA or vehicle (C: control). n¼ 7 per experimental group.
Statistical analysis: two-tailed student’s t-test. C & D. Representative Western blot analysis (c) and quantification of the intensity of the
band (d) of GFAP abundance in astrocytes treated during three hours with vehicle (control) or 5 nM of tPA, alone or in the presence
of 40 ng/ml of anti-TNF-a blocking antibodies. n¼ 5 per experimental group. Statistical analysis: one-way ANOVA with Tukey’s
multiple comparisons test. (e). Representative micrographs at 10X magnification of GFAP expression (green) in the frontal cortex of
wild-type mice 24 hours after the intracerebral injection of 2ll of either saline solution (SS; panels a & d), or a 5 nM solution of
proteolytically inactive tPA (itPA; panels b & e), or a combination of itPA and 600 ng of anti-TNF-a blocking antibodies (panels c & f).
Panels d, e, and f are 5X magnifications of the areas depicted by the dashed squares in panels a, b and c. (f) GFAP-positive area in
regions of interest (ROI) drawn over the frontal cortex of animals exposed to the experimental conditions described in E. n¼ 4 (SS), 6
(itPA) and 5 (itPAþ anti-TNF-a blocking antibodies). Statistical analysis: one-way ANOVA with Holm-Sidak’s multiple comparison’s
test. (g) TEER of the in vitro model of the blood-brain barrier (BBB) assembled by brain microvascular endothelial cells and astrocytes
co-cultured on both sides of a 1 lm pore size insert and pretreated with either 5 nM of tPA (n¼ 19 inserts assembled with cells from
4 cultures), or vehicle (control; n¼ 20 inserts assembled with cells from 3 different cultures), or a combination of tPA and 40 ng/ml of
anti-TNF-a blocking antibodies (n¼ 20 inserts assembled with cells from 4 different cultures), 3 hours before exposure to 60minutes
of OGD conditions. Data are presented in relation to the TEER of inserts maintained under normoxic conditions (n¼ 24 inserts
assembled with cells from 3 different cultures). Statistical analysis: one-way ANOVA with Tukey’s multiple comparisons test.
(h) Representative micrographs at 20X magnification of Iba1 expression (green) in the frontal cortex of wild-type mice 24 hours after
the intracerebral injection of 2 ll of either saline solution (SS; panel a) or a 5 nM solution of proteolytically inactive tPA (itPA; panels b).
(i) Iba1-immunoreactive area in regions of interest (ROI) drawn over the frontal cortex of animals exposed to the experimental
conditions described in H. n¼ 4 animals per experimental group. Statistical analysis: student’s t-test test.
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processes. Our immunoblottings and confocal micros-
copy studies indicate that tPA not only increases the
abundance of aquaporin-4 in cerebral cortical astro-
cytes (Figure 5(a) and (b)) but also triggers its redistri-
bution to peripheral astrocytic processes (Figure 5(c)
and (d)). To study the in vivo relevance of these obser-
vations, and to determine if the effect of tPA on
aquaporin-4 requires the conversion of plasminogen
into plasmin, we quantified the expression of
aquaporin-4 in astrocytic end-feet processes surround-
ing the neurovascular unit in the frontal cortex of Wt
mice 24 hours after the intracerebral injection of 5 nM

of proteolytically inactive tPA or a comparable volume
of saline solution (SS). Our data reveal that treatment
with tPA increases the area of astrocytes immunoreac-
tive to aquaporin-4 from 21.13 þ/� 16.02% in SS-
treated animals to 70.97 þ/� 43.05% (Figure 5(e)
and (f), n¼ 5 mice per condition, 6 micrographs per
animal. p¼ 0.0002, two-tailed student’s t-test).
Because aquaporin-4 regulates the motility of astrocyt-
ic end-feet processes31 and their interaction with endo-
thelial cells,32 and since both events are pivotal to
maintain the TEER and barrier function of the
BBB,19,33 we decided to quantify the area of

(a)

(b)

(c) (d)

(j)(i)(h)(g)(f)

(e)

Figure 5. Preconditioning with tPA increases the abundance of activated astrocytes and aquaporin-4-immunoreactive astrocytic end-
feet processes in the neurovascular unit. A & B. Representative Western blot analysis (a) and quantification of the intensity of the band
(b) of aquaporin-4 (AQ4) abundance in astrocytes incubated for three hours with vehicle (control) or 5 nM of tPA. n¼ 5 per
experimental group. Statistical analysis: two-tailed student’s t-test. C. Representative confocal micrographs at 60X magnification of
cerebral cortical astrocytes immunostained with the membrane marker Wheat Germ Agglutinin-Alexa Fluor 488 Conjugate (WGA;
green) and anti-aquaporin-4 antibodies (AQP4; red) 3 hours after treatment with vehicle (control: C; panels a - c) or 5 nM of tPA (tPA;
panels d - f). Panels b & c and e & f correspond to a 5X magnification of the area depicted by the white squares in a & b, respectively.
Arrowheads in panels e & f show areas of the plasma membrane immunoreactive to anti-AQP4 antibodies in tPA-treated astrocytes.
(d) Quantification of AQP4 immunoreactivity in end-feet processes of astrocytes exposed to the experimental conditions described in
C. Values are given as percentage of control-treated cells. n¼ 14 cells from three different cultures per experimental group. Statistical
analysis: two-tailed student’s t-test. (e & f) Representative confocal micrographs at 60 X magnification (a & d) of GFAP (green) and
AQP4 (red) immunoreactivity in blood vessels of the frontal cortex of male C57BL/6J mice 24 hours after the intracerebral injection
of 2 ll of either saline solution (SS; panel a), or a 5 nM solution of proteolytically inactive itPA (itPA; panel d). Panels b & c and d & f
correspond to magnifications of the areas depicted by the continuous (b & e) and dashed (c & f) squares in a and d, respectively.
F. Percentage of the total GFAP-immunoreactive area in the blood vessel wall that co-localizes with AQP4. n¼ 5 brains per exper-
imental condition. Each dot represents the average of 6 micrographs per brain. Statistical analysis: two-tailed student’s t-test. (g)
Representative three-dimensional reconstruction of confocal micrographs taken from the area surrounding the necrotic core of male
C57BL/6J mice 24 hours after 60minutes of tMCAO. Three hours before tMCAO animals were intravenously treated with either
saline solution (a & c) or tPA (b & d). Green: CD31; red: GFAP. Magnification: 60X in a & b. Panels c & d correspond to a 400 X
magnification of the area depicted by the dashed squares in a & b. (h) Quantification of the area immunoreactive to CD31 and GFAP in
blood vessels in the zone surrounding the necrotic core of animals subjected to the experimental conditions described in G. n¼ 4
animals per experimental group, 6 micrographs per animal. Statistical analysis: two-tailed student’s t-test. (i & j) The in vitro model of
the blood-brain barrier (BBB) assembled with brain microvascular endothelial cells cultured on the upper side of a 1 lm pore size
insert and astrocytes plated either on the underside of the insert (i), or in the bottom of the lower chamber (j), were preconditioned
with 5 nM of tPA (n¼ 4 in G and 6 in H) or vehicle (control; n¼ 4 in G and 6 in H), followed 3 hours later by exposure to 60minutes
of OGD conditions. The transendothelial electrical resistance (TEER) was quantified immediately after OGD and compared with the
TEER of inserts maintained under normoxic conditions (n¼ 4 in G and 12 in H). Statistical analysis: one-way ANOVA with Tukey’s
multiple comparisons test.
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CD31-positive blood vessels colocalizing with GFAP-
immunoreactive astrocytes (activated astrocytes) in the
peri-ischemic cortex of male C57BL/6J mice intrave-
nously preconditioned with either saline solution or
tPA three hours before 60minutes of tMCAO. Our
confocal microscopy studies revealed that precondi-
tioning with tPA increases the abundance of activated
astrocytes in the neurovascular unit (Figure 5(g) and
(h)). To determine if the formation of these contacts
mediates the preconditioning effect of tPA, we quanti-
fied the TEER of two different models of the BBB
preconditioned with tPA or vehicle (control) three
hours before exposure to 60minutes of OGD condi-
tions. In the first model, astrocytic end-feet processes
were in direct contact with endothelial cells, as astro-
cytes and endothelial cells were plated on opposite sides
of the same insert. In the second model, astrocytic end-
feet processes were not in direct contact with endothe-
lial cells, as astrocytes were plated on the bottom of the
lower chamber and endothelial cells were grown on the
upper side of the insert. We found that preconditioning
with tPA preconditions the BBB when astrocytes are in
direct contact with endothelial cells (Figure 5(i)) but
not when they are plated on the bottom of the well
(Figure 5(j)).

Discussion

TPA is a serine proteinase assembled by a fibronectin-
and EGF-like domains, and two kringles and a serine
proteinase region.34 Because it is abundantly found in
endothelial cells35 and has high affinity for fibrin via its
second kringle and EGF-like domains,36 it was initially
believed that its only role was to trigger intravascular
fibrinolysis by its ability to catalyze the conversion of
plasminogen into plasmin.37 This led to the successful
use of intravenous tPA to treat acute ischemic stroke
patients within 3–4.5 hours of onset of symptoms.27,28

However, subsequent studies indicated that tPA is
also abundantly found in the central nervous system38

and that its release in the ischemic tissue39 by neurons,
astrocytes and microglia has a plethora of effects that
not always require plasmin generation,40 such as the
development of synaptic plasticity,13,41 cell survival,23

microglial activation14 and regulation of the permeabil-
ity of the BBB.15,16 The studies presented here reveal
that preconditioning with tPA attenuates the harmful
effects of cerebral ischemia on the structural integrity
and permeability of the BBB when administered three
hours before the ischemic insult. We show that this
effect is independent of neuronal survival, does not
require plasmin generation, and is mediated by tPA’s
ability to trigger TNF-a-induced astrocytic activation,
and increase the abundance of activated astrocytes and
the neurovascular unit.

The phenomenon of ischemic tolerance was initially

described in the heart42 and then in the brain,2 and

although in both cases the preconditioning event was
a brief period of ischemia/hypoxia,43 it was soon rec-

ognized that many other stimuli such as inflammation,

seizures, hypothermia, hyperthermia and cortical

spreading depression are also capable to render the
brain resistant to a subsequent lethal ischemic

injury.44–46 Remarkably, the clinical relevance of

these findings is underscored by the observation that

brief episodes of non-lethal cerebral ischemia, known

as transient ischemic attacks, also precondition the
human brain.47

The interaction between endothelial cells, perivascu-

lar astrocytes and the basement membrane is pivotal to

maintain the structural and functional integrity of the
BBB.19 Significantly, in vitro studies have shown that

hypoxic preconditioning has a protective effect on

endothelial cells,48 and that astrocytes play a central

role in the development of ischemic tolerance.6,7

Furthermore in vivo work has revealed that ischemic

preconditioning attenuates the development of cerebral

edema.11 However, because the final outcome in these

studies was cell death and the volume of the ischemic
lesion, it is not clear if it is possible to precondition the

BBB independently of a beneficial effect on neuronal

survival. Our studies indicate that treatment with tPA

three, but not one or 24 hours before 60minutes of

either tMCAO or exposure to OGD conditions, attenu-
ates the harmful effect of a hypoxic/ischemic injury on

the TEER and permeability of the BBB, without

decreasing the volume of the ischemic lesion or atten-

uating neuronal death. Importantly, in contrast with its
effect on the BBB, our early studies indicate that the

preconditioning effect of tPA on neuronal survival is

evident when it is administered either 5minutes before

OGD, or 60minutes before tMCAO.18 Together with
our previous work, these results indicate that tPA is

able to induce delayed ischemic tolerance in the BBB

and rapid preconditioning in neurons. Our findings

suggest that while neuronal preconditioning most

likely requires rapid tPA-induced post-translational
modifications, the preconditioning effect of tPA on

the BBB is mediated by gene induction and activation

of proinflammatory pathways. Although we do not

know if there is a time-point for the administration of
tPA to precondition both, neurons and the BBB, our

data indicate that tPA may be used to protect the brain

of patients scheduled to undergo interventional proce-

dures with high risk of cerebral ischemia, or in those
suffering transient episodes of cerebral ischemia, which

are known to increase the risk of a subsequent ischemic

stroke. Furthermore, it is important to keep in mind

that the preconditioning effect of tPA does not require
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plasmin generation, and thus is devoid of plasmin-

induced hemorrhagic complications.
The molecular pathway that mediates the precondi-

tioning effect of tPA on the BBB is still unknown.

However, although our previous studies indicate that

the interaction between tPA and the low density lipo-

protein receptor-related protein-1 (LRP-1) in astrocytic

end-feet processes has a direct effect on the permeabil-

ity of the BBB,15,16 further studies are required to

determine if LRP-1 also mediates the preconditioning

effect of tPA on the BBB. It has long been recognized

that cytokines that induce a stress response are capable

to trigger ischemic tolerance,49 and in line with these

observations, pretreatment with TNF-a induces ische-

mic tolerance in an in vivo model of cerebral ischemia.50

Our earlier work indicates that tPA induces NF-jB acti-

vation in astrocytes,51 and our current studies show that

the preconditioning effect of tPA on the BBB is mediat-

ed by astrocytic activation and is partially abrogated by

anti-TNF-a antibodies. The temporal profile of tPA-

induced TNF-a-mediated BBB preconditioning agrees

with genomic studies indicating that activation of toll-

like receptors (TLR) is an effective inductor of ischemic

tolerance when the stimulus is applied three hours

before the ischemic insult.52,53 We acknowledge that

TNF-a is not the only mediator of ischemic precondi-

tioning. In agreement with this observation, our studies

indicate that anti-TNF-a antibodies have a significant

but still incomplete inhibitory effect on the precondi-

tioning effect of tPA on the permeability of the BBB.

Thus, further research is necessary to identify other

molecular pathways whereby tPA renders the BBB tol-

erant to an ischemic injury. Furthermore, it is unknown

if estrogens play a role on the preconditioning effect of

tPA on the BBB, as our study only included male mice

This is an issue of high translational relevance that is

currently under investigation.
Experimental evidence reveals that ischemic precon-

ditioning induces astrocytic activation, as shown by an

increase in the abundance of GFAP.54 Our in vitro and

in vivo studies show that tPA induces astrocytic activa-

tion, as denoted by an increase in GFAP expression in

cultured astrocytes incubated with tPA. Significantly,

we found that tPA increases the abundance of astro-

cytic TNF-a mRNA, and that inhibition of TNF-a
abrogates not only tPA-induced astrocytic activation,

but also the preconditioning effect of tPA. These find-

ings are in line with the reported preconditioning effect

of TNF-a in in vivo and in vitro models of hypoxia and

ischemia.29,55 Importantly, our immunocytochemical

studies show that the inserts used to assemble our

in vitro model of the BBB are devoid of microglia,

and thus that these cells are not the source of TNF-a
following tPA treatment. In contrast, our in vivo

experiments indicate that tPA treatment induces micro-

glial activation in the cerebral cortex. Thus, it is possi-

ble that these cells are also a source of TNF-a following

preconditioning with tPA.
Aquaporin-4 regulates the movement of water

across cell membranes, and although its expression

increases within one hour of the onset of cerebral ische-

mia,56 it is unclear if this effect contributes or attenu-

ates the development of ischemic edema. The role of

aquaporin-4 in astrocytic end-feet processes has been

the focus of intense research. Accordingly, it has been

shown that under non-ischemic conditions aquaporin-4

mediates the movement of fluid between the paravas-

cular space and the brain interstitium.57 However, the

role of aquaporin-4 in astrocytic end-feet processes

under ischemic conditions seems to be different.

Figure 6. Proposed mechanism whereby tPA preconditions the blood-brain barrier. Treatment with tPA induces the release of TNF-
a from cerebral cortical astrocytes (A), which then triggers their activation (B). TPA also increases the abundance of aquaporin-4 and
prompts its redistribution to astrocytic end-feet processes (blue dots in C), which by entering in contact with the neurovascular unit
prevent the harmful effects of the ischemic injury on the permeability of the BBB.
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Indeed, aquaporin-4 has been reported to play a central

role in the reabsorption of fluid from the extracellular

space, and in the bidirectional movement of water from

and to the brain.58 In line with these observations, it

has been shown that genetic deletion of aquaporin-4

impairs the cellular uptake of water and increases the

severity of cerebral edema in animal models of cerebral

ischemia and traumatic brain injury.58,59 These obser-

vations agree with our data indicating that upregula-

tion of aquaporin-4 in astrocytic end-feet processes

induced by preconditioning with tPA renders the

BBB resistant to the deleterious effects of an ischemic

injury. Importantly, it is unknown if sex plays a role on

the preconditioning effect of tPA on the BBB, as our

study only included male mice.
In summary, we propose a model (Figure 6) in which

tPA-induced release of TNF-a from cerebral cortical

astrocytes triggers their activation and increases their

abundance in the neurovascular unit. Our data indicate

that this sequence of events renders the BBB tolerant to

an ischemic/hypoxic injury without having an effect on

neuronal death. This is a new role for tPA in the central

nervous system with potential therapeutic implications

for patients with cerebrovascular disease.
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