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between tPA and LRP plays a role in the
regulation of the permeability of the NVU
during cerebral ischemia. We found that
the ischemic insult induces shedding of
LRP’s ectodomain from perivascular astrocytes into the basement membrane.
This event associates with the detachment of astrocytic end-feet processes
and the formation of areas of perivascular
edema. The shedding of LRP’s ectodomain is significantly decreased in tPA
deficient (tPAⴚ/ⴚ) mice, is increased by

incubation with tPA, and is inhibited by
the receptor-associated protein (RAP).
Furthermore, treatment with either RAP
or anti-LRP IgG results in a faster recovery of motor activity and protection of the
integrity of the NVU following middle cerebral artery occlusion (MCAO). Together,
these results implicate tPA/LRP interactions as key regulators of the integrity of
the NVU. (Blood. 2007;109:3270-3278)
© 2007 by The American Society of Hematology

Introduction
The low-density lipoprotein receptor–related protein (LRP) is a
member of the LDL receptor gene family composed of a 515-kDa
heavy chain noncovalently bound to an 85-kDa light chain
containing a transmembrane and a cytoplasmic domain.1 LRP
mediates the internalization of apoE-enriched lipoprotein particles,2 ␣-2-macroglobulin–protease complexes,3 and several other
ligands, including plasminogen activators, proteinase-inhibitor
complexes, clotting factors, and the amyloid precursor protein
(APP).1 LRP has also been implicated in cellular signal transduction pathways4 and neurotransmission.5 Like other signaling receptors such as Notch6 and APP,7 LRP undergoes a ␥-secretase-like–
dependent cleavage of its cytoplasmic site with release of its
intramembranous domain.8 This process is preceded by shedding of
the receptor’s ectodomain which may increase substrate availability for the enzymes that are required for the cleavage of the
intramembranous or cytosolic sites.8,9
Tissue-type plasminogen activator (tPA) is a ligand for LRP,10,11
on binding to LRP induces a transient tyrosine phosphorylation
of its cytoplasmic domain, and induces increased synthesis of
MMP-9.12,13 Animal studies have demonstrated that following
the onset of cerebral ischemia there is an increase in endogenous
tPA activity within the ischemic tissue,14-16 and that either
genetic deficiency of tPA14,17 or its inhibition with neuroserpin15,18 are associated with neuronal survival and decrease in the
volume of the ischemic lesion.

The neurovascular unit (NVU) is a dynamic structure consisting
of endothelial cells, the basal lamina, astrocytic end-feet processes,
pericytes, and neurons.19,20 One of the functions of the NVU is to
form a barrier, known as the blood-brain barrier (BBB), that
regulates the entry of selected molecules from the blood into the
central nervous system (CNS).21,22 During cerebral ischemia the
permeability of the NVU increases, resulting in the development of
cerebral edema,23,24 which is a major cause of death among patients
with acute stroke. It has been demonstrated that the interaction of
tPA with LRP plays a role in the regulation of cerebrovascular
tone25 and permeability of the NVU16 under nonischemic conditions.
In the studies presented here, we demonstrate that during
cerebral ischemia tPA induces cleavage of LRP with shedding of
LRP’s ectodomain from the surface of astrocytic end-feet processes
into the basement membrane. This tPA-mediated cleavage of LRP
is associated with astrocytic swelling, detachment of astrocytic
end-feet processes from the basement membrane, and increase in
the permeability of the NVU. Together, our results demonstrate that
the augmentation in the permeability of the NVU following the
onset of the ischemic insult is an event mediated by the interaction
between tPA and LRP. In addition, preventing the binding of tPA to
LRP by using the receptor antagonist RAP results in decrease of
cerebral ischemia-induced shedding of LRP’s ectodomain, preservation of the structure and permeability of the NVU, and faster
recovery in motor activity following middle cerebral artery occlusion (MCAO).
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The low-density lipoprotein receptor–
related protein (LRP) is a member of the
LDL receptor gene family that binds several ligands, including tissue-type plasminogen activator (tPA). tPA is found in
blood, where its primary function is as a
thrombolytic enzyme, and in the central
nervous system where it mediates events
associated with cell death. Cerebral ischemia induces changes in the neurovascular unit (NVU) that result in brain edema.
We investigated whether the interaction
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Materials and methods
Antibodies
The 11H4 mouse monoclonal antibody, prepared against the 13 amino acids
representing the C-terminus of LRP,26 was purified from cell lines purchased
from the American Type Culture Collection (ATCC; Manassas, VA). R2629 is a
rabbit polyclonal antibody that was prepared by immunizing rabbits with
purified human LRP as described elsewhere.27,28 In addition, this study also
used a goat anti-LRP that was prepared by immunizing a goat with purified
human LRP.16
Animal models

Magnetic resonance imaging (MRI)
Immediately after MCAO animals were placed into a stereotaxic headset
and on a cradle with a built-in surface coil (2.3-cm ID) for brain imaging
and a neck coil for cerebral blood flow (CBF) labeling. Diffusion- and
perfusion-weighted images were acquired at 30, 60, 90, 120, and 180
minutes after ischemia. The average apparent diffusion coefficient (ADCave)
of water was obtained by averaging 3 ADC maps acquired separately with
diffusion-sensitive gradients applied along the x, y, or z direction. Singleshot, spin-echo, echo-planar images (EPIs) were acquired with matrix ⫽ 64 ⫻ 64, FOV ⫽ 2.56 ⫻ 2.56 cm2, 7 1.5-mm slices, TR ⫽ 2 s
(90° flip angle), TE ⫽ 28 ms, b ⫽ 0 and 1200 s/mm2, ⌬ ⫽ 15 ms,
␥ ⫽ 3.5 ms, and 16 averages. Quantitative CBF was measured using the
continuous arterial spin-labeling technique with single-shot, gradientecho EPI. Anatomical T2-weighted images were acquired at 3 hours after
ischemia using the fast spin-echo (RARE) pulse sequence with TR ⫽ 2 s
(90° flip angle), effective TE ⫽ 55 and 102 ms, matrix ⫽ 128 ⫻ 128, 8
echo trains, 16 averages.
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Immunohistochemistry and definition of areas
of interest (AOIs)
Twenty frozen brain sections 10 m each were obtained 24 hours after
MCAO in mice or 180 minutes after MCAO and MRI in rats and stained
with either a polyclonal antibody (R2629) that detects the intracellular and
extracellular domains of LRP (1:1000 dilution) or a monoclonal antibody
(11H4) that detects only the intracellular domain of LRP (1:500 dilution).26
Sections were costained with either a polyclonal rabbit anti–human von
Willebrand factor antibody (1:200 dilution; Dako, Carpinteria, CA) or an
anti–mouse CD31 (PECAM-1) monoclonal antibody (1:100 dilution; BD
Biosciences, San Jose, CA). Each coronal section was then divided into 16
square areas (150 mm2 each one) that involved the necrotic core and the
area of ischemic penumbra and comparable areas in the nonischemic
hemisphere. Two areas of interest (AOIs) were chosen in the boundaries
between the ischemic penumbra and necrotic core (AOI-1 and AOI-3),
whereas a third zone was located in the necrotic core (AOI-2). To determine
the number of LRP-positive vascular structures, images were digitized in a
Zeiss (Jena, Germany) Axioplan 2 microscope (20-fold objective) with a
Zeiss AxioCam and imported into AxioVision. Images were then viewed at
150% of the original ⫻20 images with Image MetaMorph software
(Molecular Devices, Sunnydale, CA). The number of LRP-positive vascular structures counted in the described AOI was organized in a 2-way
comparison table for the ischemic and the nonischemic hemispheres. Four
animals were included in each experimental group.
Immunogold electron microscopy
Six mice were deeply anesthetized after MCAO and perfused transcardially
with a phosphate-buffered solution as described elsewhere,32 followed by
incubation with the R2629 and 11H4 anti-LRP antibodies (1:1000 dilution).
Control sections were treated identically, except they received no primary
antibody. LRP immunostaining was amplified by incubating sections in
avidin-biotin-HRP (Vector Laboratories, Burlingame, CA). After resin was
polymerized, the AOI and the corresponding zones in the contralateral
nonischemic tissue were dissected out and treated as described elsewhere.32
Studies of motor activity and evaluation of the permeability
of the NVU
Six hours before MCAO and 6, 24, and 48 hours thereafter animals were
placed in individual acrylic chambers for 2 hours, and horizontal and
vertical motor activities were recorded with an Omnitech Digiscan Activity
Monitor (Omnitech Instruments, Columbus, OH) as described elsewhere.33
The number and extent of horizontal and vertical movements were
determined by breaks in photo beams and converted into locomotor activity
counts. Results for each time point were compared with the baseline
evaluation obtained 6 hours before the surgical procedure. Immediately
after the last motor evaluation, brains were removed and homogenized, and
Evans blue dye extravasation was quantified as described elsewhere.16 Six
animals were included in each experimental group. Statistical analysis was
performed with the Student t test.
Western blot analysis
Astrocytes were cultured from 1-day-old wild-type and tPA⫺/⫺ C57BL/6J
mice as described elsewhere.34 Cultures were treated 10 days later with
serum-free media for 24 hours, washed with PBS 3 times, and then
incubated under oxygen-glucose deprivation (OGD) conditions for 6 hours
in an anaerobic chamber (Billups-Rothenberg, Del Mar, CA). A less than
5% oxygen concentration was confirmed with an oximeter before starting
the experiment. In preliminary studies we used a colorimetric assay to
quantify the release of lactate dehydrogenase (LDH) in the media of
cultured astrocytes (Oxford Biomedical Research, Oxford, MI). We found
that exposure to OGD conditions for 6 hours results in less than 10% release
of LDH compared with cultures treated with the cell-lysing reagent
provided by the manufacturer (data not shown). As a control, a similar
group of cells was kept under normoxic conditions. A subset of astrocytes
cultured from wild-type mice were incubated with 2 mL of either PBS or
murine tPA (1 M; Molecular Innovations) or the combination of murine
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Mice and rats were anesthetized with 4% chloral hydrate. The rectal and
masseter muscle temperatures were controlled at 37°C with a homeothermic blanket. Cerebral perfusion (CP) in the distribution of the middle
cerebral artery was monitored throughout the surgical procedure with a
laser Doppler scan (Perimed, North Royalton, OH), and only animals with a
greater than 80% decrease in CP were included in this study. The middle
cerebral artery was exposed and occluded in mice with a 10-0 suture as
described.16,17 Murine strains were tPA-deficient (tPA⫺/⫺) mice and their
C57BL/6J wild-type (WT) controls. Immediately after MCAO, a subgroup
of mice were placed on a stereotactic frame and intracortically injected with
2 L of either murine tPA (1 M; Molecular Innovations, Royal Oak, MI)
or PBS at bregma (⫺1 mm), mediolateral (3 mm), and dorsoventral
(3 mm)29 followed by the intravenous injection of 2% Evans blue dye for
the experiments of quantification of vascular permeability. A subset of mice
was injected into the third ventricle immediately after MCAO with 5 L of
either RAP (9 M), PBS, or purified goat anti-LRP antibodies (85 g/mL)
as described elsewhere.30 The injections were performed over 5 minutes,
and the infusion rate was controlled by a microsyringe pump controller
(World Precision Instruments, Sarasota, FL) attached to a syringe holder
(World Precision Instruments). After the end of the infusion the needle was
left in place for 5 minutes to avoid reflow. To study the distribution of RAP
in the ischemic tissue following its intraventricular administration, purified
RAP was labeled with Alexa Fluor 546 dye using the Alexa Fluor labeling
kit (Molecular Probes, Invitrogen, Leiden, The Netherlands). Mice underwent MCAO followed by treatment with fluorescently labeled RAP. Six
hours later brains were harvested, cut onto 10-m sections, and stained for
DAPI. Fluorescently labeled RAP was detected in the ischemic tissue in
each one of the 3 areas of interest (AOIs; data not shown). In rats the middle
cerebral artery was exposed in Sprague-Dawley males weighing 350 to
400 g and cauterized with a bipolar coagulator as described elsewhere.15,31
All procedures were approved by the Emory University Institutional
Animal Care and Use Committee.
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Results
Relationship between the development of cerebral edema
and LRP immunostaining in the ischemic brain

To study the relation between the formation of the areas of necrotic
core, ischemic penumbra and developing cerebral edema, and
changes in the pattern of LRP immunostaining, rats underwent
continuous monitoring of cerebral blood flow (CBF), apparent
diffusion coefficient (ADC) of water (detects irreversibly injured
brain tissue), and anatomical T2-weighted images (sensitive to the
presence of tissue changes associated with evolving edema)35 180
minutes after MCAO, followed by immunohistochemical analysis
of brain sections with the R2629 and 11H4 anti-LRP antibodies.
We found that 3 hours after the onset of the ischemic insult there
is a well-defined area of decreased CBF (pointed by white arrows
in Figure 1A) and irreversibly injured brain tissue (depicted by
white arrows in Figure 1B). Likewise, T2-weighted images revealed the presence of an area of evolving cerebral edema
(hyperintense signal marked by the white arrows in Figure 1C).
Staining with both R2629 and 11H4 antibodies showed absence of
LRP immunoreactivity in the necrotic core. In contrast, staining
with the R2629 antibody detected the presence of LRP immunostaining around blood vessels in the area of evolving cerebral edema
(Figure 1D-F). This pattern of immunostaining was not observed
when the contralateral nonischemic hemisphere was stained with
the same antibody (Figure 1G-I). Staining with the 11H4 antibody
did not detect the presence of LRP around the blood vessels in the
area with developing cerebral edema (Figure 1J-L). Instead, it
detected the intracellular domain of LRP in the ipsilateral (Figure
1K-L) and contralateral (Figure 1N-O) hemispheres.
Quantification of LRP-positive vascular structures
in the murine brain

To study the effect of cerebral ischemia on the pattern of LRP
immunostaining in the murine brain and to quantify the presence of
LRP-positive vascular structures in the area with developing
cerebral edema, we performed immunohistochemical staining of
brain sections of wild-type mice 24 hours after MCAO with the
11H4 and R2629 antibodies. As observed in the rat brain, staining
with the R2629 and 11H4 antibodies demonstrated absence of LRP
staining in the necrotic core (Figure 2A-B). In contrast, the R2629
antibody detected LRP immunoreactivity around blood vessels in

Figure 1. Immunohistochemical staining of LRP in the ischemic brain 3 hours
after middle cerebral artery occlusion. Animals were subjected to MCAO followed
by continuous MRI monitoring of cerebral blood flow (CBF), apparent diffusion
coefficient (ADC) of water, and tissue changes associated with cerebral edema
(T2-weighted images), followed by immunohistochemical analysis of LRP expression
180 minutes after the onset of the ischemic insult. (A-B) Changes in CBF (A) and ADC
of water (B) 30 minutes after MCAO. Arrows in panel A depict the area of the brain
with a greater than 80% decrease in CBF (dark zone). Arrows in panel B denote the
area of irreversibly injured brain (dark area). (C) T2-weighted image of the same brain
of panels A and B. Arrows depict the edge of the ischemic tissue with evolving
cerebral edema (hyperintense signal). The black squares represent the areas of the
brain were the immunohistochemical staining for LRP expression was performed.
(D-I) Immunohistochemical staining with an antibody against CD31 (PECAM-1) (D,G)
and the R2629 LRP antibody (E,H) in the area corresponding to the black squares in
the ischemic (D-F) and nonischemic (G-I) hemispheres. Panels F and I correspond to
merged images. (J-O) Immunohistochemical staining with an antibody against von
Willebrand factor (J,M) and the 11H4 LRP antibody (K,N) in the area corresponding to the
black squares depicted in panel C in the ischemic (J-L) and nonischemic (M-O) hemispheres. Panels L and O correspond to merged images. Images were visualized using a
Leica DMRBE microscope (Leica, Houston, TX) equipped with a 100⫻/1.30 numerical
aperture (NA) oil objective lens and a Leica DC 500 camera. Images were processed using
software provided by the camera manufacturer.

the area with developing cerebral edema (Figure 2C, arrows) that
was not observed when the same area was stained with the 11H4
antibody (Figure 2D). Finally, neither the R2629 nor the 11H4
antibodies detected the presence of LRP immunoreactivity around
blood vessels in the contralateral nonischemic hemisphere (Figure
2E-F). To further characterize these results we quantified the
number of LRP-positive vascular structures in each one of the AOIs
in the ischemic and nonischemic hemispheres as described in
“Materials and methods.” We found that the number of these
structures decreased from 96 ⫾ 20 in the ischemic tissue to 10 ⫾ 3
in the contralateral, nonischemic hemisphere (Figure 2G; n ⫽ 6;
*P ⬍ .05).
Effect of cerebral ischemia on LRP in the NVU

To further study the effect of cerebral ischemia on LRP in the NVU
in the area with developing cerebral edema, we performed electron
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tPA (1 M) and RAP (10 M). A third group of astrocytes from wild-type
mice were exposed to OGD conditions with and without RAP (10 M).
After 6 hours of exposure to either OGD or normoxic conditions,
conditioned media was collected and centrifuged at 800g. The collected
supernatants were centrifuged again at 16 000g for 15 minutes, and the
supernatant was removed and concentrated using centricon 30 (Millipore,
Bedford, MA). The concentrated samples were incubated with 10 L strata
clean resin (Stratagene; La Jolla, CA) for 30 minutes and centrifuged. The
sample was boiled with 25 L of 2 ⫻ nonreducing SDS gel sample buffer
and separated on a 4% to 12% acrylamide gel before transfer to a
nitrocellulose membrane. The heavy chain of LRP was detected using an
anti-LRP affinity-purified goat IgG. Twelve micrograms of cell lysates from
each one of the experimental conditions was processed under similar
conditions and probed with an anti-LRP goat IgG. For the loading control,
membranes were probed with an anti–␤-actin antibody (Sigma, St Louis,
MO). Each observation was repeated 4 times. The mean density of the band
in the media was quantified with the NIH Image Analyzer System, and
results were presented as a mean density of the band. Statistical analysis
was performed with the Student t test.
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Figure 2. Development of LRP-positive vascular structures in the murine brain 24 hours after middle
cerebral artery occlusion. Wild-type mice were subjected to MCAO and killed 24 hours later. Tissue sections
were prepared from the necrotic core (A-B), area of
developing edema (C-D), and a corresponding area in the
healthy, nonischemic contralateral hemisphere (E-F) and
stained with either the R2629 (A,C,E) or the 11H4
antibody (B,D,F). Green is LRP staining and blue is DAPI.
Arrows depict examples of LRP-positive vascular structures. (G) Number of LRP-positive vascular structures in
the 3 areas of interest in the ischemic and nonischemic
hemispheres 24 hours after the onset of cerebral ischemia. Error bars describe standard error of the mean;
n ⫽ 6; *P ⬍ .05. Magnification, ⫻40 (A-F). Images were
acquired as in Figure 1, except that a 40⫻/0.70 NA
objective was used.

3B,D,F). Higher magnification demonstrated that those areas of the
basement membrane where the ectodomian of LRP was detected
with the R2629 antibody corresponded to zones of detachment of
astrocytic end-feet from the underlying glia limitants with development of areas of perivascular edema (Figure 3C, asterisks). In
contrast, staining with the 11H4 antibody did not detect the
presence of LRP immunoreactivty in the areas of the basement
membrane with detachment of astrocytic end-feet processes (Figure 3D, dashed arrows) and development of perivascular edema
(Figure 3D, asterisks).
Effect of RAP and anti-LRP antibodies on the shedding of
LRP’s ectodomain, motor recovery, and blood-brain
barrier (BBB) permeability following MCAO

Figure 3. Effect of cerebral ischemia on LRP in the neurovascular unit. Electron
microscopy analysis of LRP expression in the NVU in the ischemic (A-D) and
corresponding nonischemic (E-F) hemispheres 6 hours after MCAO. Brains were
stained with either the R2629 (A,C,E) or the 11H4 (B,D,F) antibodies. Arrows in panel
A depict the presence of LRP-positive areas surrounding the blood vessel. Arrows in
panel B point to LRP-positive perivascular astrocytes. Asterisks in panels A to D show
areas where the perivascular astrocyte has detached from the basement membrane
with development of early perivascular edema. Dashed arrows in panel D depict
areas of astrocytic detachment of the glia limitants. Bv indicates blood vessel; bm,
basement membrane; a, perivascular astrocyte; ec, endothelial cell. Magnification,
⫻5000 (A-B) and ⫻30 000 (C-F). Images were visualized using a Hitachi H-7500
electron microscope (Hitachi, Tokyo, Japan).

To characterize the relation between cerebral ischemia-induced
shedding of LRP’s ectodomain, recovery of motor function, and
increase in the permeability of the BBB, we quantified the number
of LRP-positive vascular structures, changes in mean locomotor
activity, and Evans blue dye extravasation in wild-type mice
following MCAO and treatment with either PBS, the receptorassociated protein (RAP), or purified goat anti-LRP antibodies. The
presence of LRP-positive vascular structures was quantified in the
3 AOIs 24 hours after MCAO as described in “Materials and
methods.” Locomotor activity was evaluated 6 hours before
MCAO and 6, 24, and 48 hours thereafter followed by analysis of
BBB permeability by quantification of Evans blue dye extravasation in the same cohort of animals. We found that treatment with
either RAP or anti-LRP antibodies resulted in a decrease in the
number of LRP-positive vascular structures from 117 ⫾ 22 in
PBS-treated animals to 55 ⫾ 17 in RAP-treated mice and 68 ⫾ 22
in animals that received anti-LRP treatment (Figure 4A; n ⫽ 6;
*P ⬍ .05), as well as in a faster recovery of motor activity (Figure
4B) and in a 70.7% ⫾ 17% (RAP) and 52% ⫾ 18% (anti-LRP
treatment) reduction in Evans Blue dye extravasation 48 hours after
MCAO (n ⫽ 6, P ⬍ .05; Figure 4C).
tPA increases the permeability of the NVU
during cerebral ischemia

To study the role of endogenous tPA activity on the permeability of
the NVU and recovery of motor function following MCAO,
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microscopy analysis of brain sections of wild-type mice 6 hours
after MCAO. Staining with the R2629 antibody (Figure 3A,C,E)
detected the presence of LRP’s ectodomain in the basement
membrane of the ischemic NVU (Figure 3A,C) that was not seen in
the contralateral nonischemic hemisphere (Figure 3E) or when the
ischemic sections were stained with the 11H4 antibody (Figure
3B,D,F). Instead, the 11H4 antibody showed the presence of LRP
in the intracellular compartment of perivascular astrocytes (Figure
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wild-type and tPA⫺/⫺ mice underwent MCAO and the intracerebral
injection into the ischemic tissue of either PBS or murine tPA.
Locomotor activity and BBB permeability were studied in the same
cohort of animals as described. We found that, compared with
wild-type animals, tPA⫺/⫺ mice experienced a faster recovery in
locomotor activity 24 and 48 hours after MCAO (Figure 5A) and a

87.72% ⫾ 7.72% reduction in Evans blue dye extravasation 48
hours after the onset of the ischemic insult (n ⫽ 6; P ⬍ .05; Figure
5B). In addition, the intracerebral injection of murine tPA into
tPA⫺/⫺ mice after MCAO resulted in a recovery of motor activity
(Figure 5A, Œ) and Evans blue dye extravasation (Figure 5B)
indistinguishable from that observed in wild-type mice.
Endogenous TPA mediates cerebral ischemia-induced
shedding of astrocytic LRP’s ectodomain

Figure 5. Effect of tPA on locomotor activity and cerebral edema following
MCAO. (A) Mean locomotor activity at 6, 24, and 48 hours after MCAO in wild-type
(E) or tPA⫺/⫺ mice (f and Œ); tPA⫺/⫺ mice treated with murine tPA immediately after
MCAO (Œ). Error bars describe standard error of the mean; n ⫽ 6; *P ⬍ .05 when
tPA⫺/⫺ mice are compared with wild-type mice or with tPA⫺/⫺ animals treated with
tPA. (B) Evans blue dye extravasation in the same group of animals as panel A
48 hours after MCAO. Error bars describe standard error of the mean. *P ⬍ .01 when
tPA⫺/⫺ mice are compared with wild-type animals; †P ⬍ .05 when tPA⫺/⫺ mice
treated with recombinant tPA are compared with untreated tPA⫺/⫺ mice. The pictures
correspond to one representative brain in each experimental group. The blue staining
is apparent in areas with increase in blood-brain barrier permeability (arrows).

To study the relation between endogenous tPA activity and
shedding of LRP’s ectodomain during cerebral ischemia, tPA⫺/⫺
mice underwent MCAO followed by the intracerebral administration of either PBS or recombinant murine tPA. Animals were killed
24 hours later, and immunohistochemical analysis of LRP was
performed using the R2629 antibody. The number of LRP-positive
vascular structures was determined in the AOIs in the ischemic
hemisphere as described in “Materials and methods.” We found
that the number of LRP-positive blood vessels decreased from
120 ⫾ 32 in wild-type mice to 18 ⫾ 9 in tPA⫺/⫺ mice and
increased to 79 ⫾ 40 in tPA⫺/⫺ mice treated with murine tPA
(Figure 6A; n ⫽ 6; *P ⬍ .05). To further characterize these findings we performed electron microscopy analysis with the R2629
antibody in animals subjected to similar experimental conditions.
We found that genetic deficiency of tPA resulted in preservation of
the structure of the NVU during cerebral ischemia with development of only a few areas of perivascular edema (Figure 6Bi,iii,
asterisks). This was accompanied by a minimal shedding of LRP’s
ectodomain and significant preservation of the astrocytic end-feet
processes-basement membrane interaction (Figure 6Biii). In contrast, treatment with recombinant tPA resulted in a significant
increase in both the presence of LRP’s ectodomain in the basement
membrane (Figure 6Bii, arrows) and the development of areas of
perivascular edema (Figure 6Bii,iv, asterisks).
TPA induces the shedding of LRP’s ectodomain from
astrocytes exposed to oxygen-glucose deprivation
(OGD) conditions

To further test the hypothesis that tPA mediates the shedding of
LRP’s ectodomain from perivascular astrocytes under hypoxic
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Figure 4. Effect of RAP or anti-LRP antibodies on the shedding of LRPs ectodomain, locomotor activity, and cerebral edema following MCAO. (A) Number of
LRP-positive vascular structures in the 3 areas of interest in the ischemic hemisphere of wild-type animals 24 hours after MCAO and treatment with either PBS, the
receptor-associated protein (RAP), or goat anti-LRP IgG. Error bars describe standard error of the mean; n ⫽ 6; *P ⬍ .05 relative to the PBS-treated group. (B) Mean locomotor
activity at 6, 24, and 48 hours after MCAO and the intraventricular administration of either PBS (E), RAP (f), or goat anti-LRP IgG (‚). Error bars describe standard error of the
mean; n ⫽ 6; *P ⬍ .05 when RAP- and LRP-treated animals are compared with PBS-treated mice. (C) Evans blue dye extravasation in the same group of animals of panel B,
48 hours after MCAO. Error bars describe standard error of the mean; n ⫽ 6; *P ⬍ .05 relative to PBS-injected brains. The pictures correspond to one representative brain in
each experimental group. The blue staining is apparent in areas with increase in blood-brain barrier permeability (arrows).
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RAP results in a significant decrease in OGD-induced shedding
of LRP’s ectodomain.

Discussion

conditions, we subjected cultured astrocytes from wild-type and
tPA⫺/⫺ mice to oxygen-glucose deprivation (OGD) conditions in
serum-free media for 6 hours. Immunoblot analysis of cell extracts
demonstrated that OGD increases the expression of cellular LRP in
astrocytes from wild-type mice and that this effect is significantly
decreased in astrocytes from tPA⫺/⫺ animals (Figure 7A-B). When the
conditioned media was examined for shedding of the LRP ectodomain,
we noted that exposure of wild-type astrocytes to OGD conditions
resulted in a significant increase in the amount of LRP that was shed.
However, this OGD-induced shedding of LRP was significantly decreased in astrocytes from tPA⫺/⫺ animals (Figure 7A). To further
characterize the effect of tPA on the shedding of LRP’s ectodomain we
performed an immunoblot analysis of total cell extracts and conditioned
medium from astrocytes cultured from wild-type mice and exposed to
either normoxic or hypoxic conditions in the presence of exogenously
added tPA. As a control, we also included RAP along with the tPA. Our
results indicate that incubation with tPA results in a significant increase
in OGD-induced shedding of LRP’s ectodomain. This effect was
inhibited in the absence of tPA and when the cultures were
incubated with tPA and RAP simultaneously. Surprisingly, the
effect of tPA on the shedding of LRP’s ectodomain was also seen
under normoxic conditions. Finally, the shedding of LRP was
studied in astrocytes exposed to OGD conditions in the presence
of RAP without tPA. Our data demonstrate that incubation with

Downloaded from http://ashpublications.org/blood/article-pdf/109/8/3270/1291555/zh800807003270.pdf by guest on 26 September 2022

Figure 6. Effect of tPA on cerebral ischemia-induced shedding of LRP’s
ectodomain. (A) Number of LRP-positive vascular structures in wild-type (WT)
and tPA⫺/⫺ mice in the 3 AOIs 24 hours after MCAO. A subset of tPA⫺/⫺ mice was
intracerebrally injected with murine tPA immediately after MCAO (tPA⫺/⫺ plus
tPA). Error bars describe standard error of the mean; n ⫽ 6; *P ⬍ .005 relative to
WT and tPA⫺/⫺ plus tPA. (B) Electron microscopy analysis of LRP in the NVU in
the area of developing cerebral edema 24 hours after MCAO in tPA⫺/⫺ mice
intracerebrally injected with either PBS (i,iii) or recombinant tPA (ii,iv) immediately
after MCAO. Brains were stained with the R2629 anti-LRP antibody. Arrows in
panel Bii depict the presence of LRP around the blood vessel. Asterisks in panel
Bii, iii, and iv denote areas of perivascular edema. A indicates astrocyte; bv, blood
vessel; ec, endothelial cell. Magnification, ⫻5000 (i-ii) and ⫻30 000 (iii-iv).
Images were visualized using a Hitachi H-7500 electron microscope.

The low-density lipoprotein receptor–related protein (LRP) is
found in the human CNS in neurons and in perivascular astrocytic
end-feet processes.36 In neurons LRP has been found to mediate
events such as long-term potentiation5 and calcium influx via
NMDA receptors.37 LRP is also expressed in smooth muscle cells
(SMCs), and specific deletion of the LRP gene from vascular SMCs
on a background of LDL-receptor deficiency causes SMC proliferation, increased susceptibility to cholesterol-induced atherosclerosis, and aneurysm formation.38 The role of LRP in perivascular
astrocytic end-feet processes is less well understood. However, the
fact that almost 95% of the vascular basement membrane is
embraced by astrocytic end-feet processes39 suggests that LRP may
play a role in the regulation of the function of this structure. The
results of our immunohistochemical and electron microscopy
studies indicate that cerebral ischemia induces shedding of LRP’s
ectodomain into the perivascular basement membrane in areas with
evolving cerebral edema. Together, our data suggest a relation
between shedding of LRP’s ectodomain and increase in the
permeability of the NVU.
The low permeability of the NVU is determined not only by an
extremely low rate of transcytotic vesicles and a restrictive
paracellular diffusion barrier through endothelial cells but also by
the adhesion of astrocytes to the extracellular matrix.40-42 Indeed,
detachment of astrocytes from the extracellular matrix of the basal
lamina results in edema and hemorrhage in the brain parenchyma.40
The onset of the ischemic insult induces profound changes in the
architecture of the NVU, including detachment of astrocytic
end-feet processes from the basement membrane and degradation
of components of the extracellular matrix,42,43 with resultant
increase in the permeability of the BBB.44 Our electron microscopy
studies show that early after MCAO there is shedding of LRP’s
ectodomain into the basement membrane in areas of the NVU with
astrocytic swelling and detachment of astrocytic end-feet processes
from the basement membrane with formation of perivascular
edema. On the basis of these observations we postulate that
shedding of LRP may play a role in the development of the
structural changes in the architecture of the NVU that result in an
increase in the permeability of the BBB during cerebral ischemia.
The receptor-associated protein (RAP) is a receptor antagonist
that prevents the interaction between LRP and its ligands.45 The
observation that antagonism of LRP with either RAP or anti-LRP
antibodies results in inhibition of the shedding of LRP’s ectodomain, preservation of the barrier function of the NVU, and a faster
recovery of motor function following MCAO strongly supports the
hypothesis that LRP plays a role in the maintenance of the
permeability of the NVU. An alternative explanation to the
observed decrease in the number of LRP-positive vascular structures in RAP-treated animals is that RAP could interfere with
normal LRP immunodetection. This possibility is highly unlikely
because RAP does not block the detection of LRP in enzyme-linked
immunoabsorbent assay (ELISA) or immunoblotting experiments
with the same antibody. Furthermore, we obtained similar results
when animals were treated with anti-LRP antibodies.
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Tissue-type plasminogen activator is a serine proteinase that is
found in both the intravascular space and in the CNS. In the
intravascular space tPA’s substrate is plasminogen,46 and its main
function is as a thrombolytic enzyme. Accordingly, based on its
thrombolytic role, tPA is the only FDA-approved medication for
the treatment of patients with acute ischemic stroke.47 In contrast,
the substrate of tPA in the CNS has not yet been well defined,48,49
and its presence in the brain has been linked not only with events
associated with synaptic plasticity49-52 but also with cell death,15,48
modulation of vascular tone,25 and regulation of the permeability of
the BBB under nonischemic conditions. Indeed, intraventricular
administration of tPA results in an increase in the permeability of
the BBB. The mechanism of this effect of tPA on the permeability
of the NVU is unknown, but it is inhibited by treatment with either
RAP or anti-LRP antibodies and is not observed when animals are
treated with uPA instead of tPA.16
In vivo zympography assay studies have demonstrated that very
early after the onset of the ischemic insult there is an increase in
tPA activity in the NVU in the area surrounding the necrotic core.16
Our electron microscopy studies demonstrate that these are the
same areas where we observe an early shedding of LRP’s
ectodomain around blood vessels with changes in the architecture
of the NVU after MCAO. These findings and the fact that tPA is a
ligand for LRP10,11 suggest that the interaction between tPA and
LRP plays a role in the regulation of the permeability of the NVU
during cerebral ischemia. This hypothesis is supported by our
findings of a minimal shedding of LRP’s ectodomain into the
basement membrane of tPA⫺/⫺ mice after MCAO that increases

significantly when animals are treated with recombinant tPA
immediately after the onset of the ischemic insult. The observation
that either treatment with RAP or genetic deficiency of tPA protects
the permeability of the NVU during cerebral ischemia and that
treatment of tPA⫺/⫺ mice with murine tPA following the onset of
the ischemic insult results in augmentation in Evans blue dye
extravasation further support our hypothesis.
We postulate that in response to the ischemic insult there is
shedding of LRP’s ectodomain from the astrocytic end-feet processes into the basement membrane. This process is dependent on
the presence of tPA and results in disruption of the structure of the
NVU. A soluble form of LRP, shed from the cell surface, circulates
in the plasma53; thus, an alternative explanation to our findings is
that the increase in LRP in the basement membrane during cerebral
ischemia may be the result of the passage of plasma components
across an already abnormally permeable BBB and not the result of
shedding of LRP from perivascular astrocytes. This possibility
seems unlikely for 2 main reasons. First, immunohistochemical and
electron microscopy studies indicate a total absence of LRP in
endothelial cells and interendothelial tight junctions which we
would expect to be heavily stained if soluble LRP originated from
the circulation. Second, our in vitro experiments indicate that tPA
induces shedding of the LRP’s ectodomain from astrocytes cultured in serum-free media.
Moreover, the demonstration that OGD induces shedding of
LRP from wild-type astrocytes and that this shedding is significantly decreased in astrocytes from tPA⫺/⫺ mice suggests that the
interaction between tPA and LRP under ischemic conditions takes
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Figure 7. LRP shedding from murine astrocytes exposed to OGD conditions. (A) Representative immunoblot with the R2629 antibody of cell lysates and
conditioned media of astrocytes from wild-type and tPA deficient (tPA⫺/⫺) mice exposed to either normoxic or OGD conditions for 6 hours. Top panel shows LRP in the
conditioned media, and lower panel represents LRP in cell lysates. Each observation was repeated 4 times. Bar graph describes mean density of the band per
experimental group. Lines depict SEM. White bars represent results obtained under normoxic conditions. Black bars depict observations made under OGD conditions.
†P ⬍ .001 and ¶P ⬍ .05 relative to astrocytes exposed to normoxic conditions (B) Representative immunoblot with the R2629 antibody of cell lysates and conditioned
medium of astrocytes from wild-type mice exposed to either normoxia or OGD conditions, in the presence or absence of either tPA or tPA and RAP. Upper panel shows
LRP in the conditioned media and lower panel represents LRP in cell lysates. Each observation was repeated 4 times. Bar graph describes mean density of the band per
experimental group. Lines depict SEM. White bars represent results obtained under normoxic conditions. Black bars depict observations made under OGD conditions.
⫾P ⬍ .01 and ¶P ⬍ .05 relative to astrocytes exposed to normoxic conditions in absence of tPA. £P ⬍ .01 relative to astrocytes exposed to OGD conditions without tPA
or with tPA plus RAP. *P ⬍ .05 relative to astrocytes exposed to OGD conditions in the absence of tPA. (C) Representative immunoblot with the R2629 antibody of cell
lysates and conditioned media of astrocytes from wild-type mice exposed to either normoxia or OGD conditions, in the presence or absence of RAP. Each observation
was repeated 4 times. Bar graphs describe mean density of the band for a total of 4 observations per experimental group. Lines depict SEM. White bars represent
results obtained under normoxic conditions. Black bars depict observations made under OGD conditions. P ⬍ .01 relative to astrocytes maintained under normoxic
conditions; 㛳P ⬍ .05 relative to astrocytes exposed to OGD conditions in the absence of RAP.
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astrocytic end-feet processes, and the basement membrane. Surprisingly, we found that tPA also induces shedding of LRP’s ectodomain from cultured astrocytes under nonischemic conditions. This
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demonstrated that tPA can cross the intact BBB by LRP-mediated
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the passage of intravascular tPA into the ischemic tissue.
On the basis of our results we propose a model where in
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around the NVU. The interaction between this tPA and LRP in
astrocytic end-feet processes results in cleavage of LRP’s ectodomain which is shed into the basement membrane. This results in
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may activate signaling pathways with resultant detachment of
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the permeability of the NVU.
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