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Stroke is the leading cause of long-term disability and the third leading cause of death in the United States.
While most research thus far has focused on acute stroke treatment and neuroprotection, the exploitation of
endogenous brain self-repair mechanisms may also yield therapeutic strategies. Here, we describe a distinct
type of stroke treatment, the naturally occurring extracellular matrix fragment of perlecan, domain V, which
we found had neuroprotective properties and enhanced post-stroke angiogenesis, a key component of brain
repair, in rodent models of stroke. In both rat and mouse models, Western blot analysis revealed elevated lev-
els of perlecan domain V. When systemically administered 24 hours after stroke, domain V was well tolerated,
reached infarct and peri-infarct brain vasculature, and restored stroke-affected motor function to baseline
pre-stroke levels in these multiple stroke models in both mice and rats. Post-stroke domain V administration
increased VEGF levels via a mechanism involving brain endothelial cell a581 integrin, and the subsequent
neuroprotective and angiogenic actions of domain V were in turn mediated via VEGFR. These results suggest

that perlecan domain V represents a promising approach for stroke treatment.

Introduction

Ischemic stroke, a condition resulting from occlusion of brain
vasculature (1), manifests as an ischemic core of rapid cell death,
surrounded by a vulnerable penumbral region (2). Within the pen-
umbra, reparative revascularization (angiogenesis) and neuronal
repopulation (neurogenesis) occur in close proximity, facilitating
mutually supportive neuron-endothelial cell crosstalk (3). Addi-
tionally, angiogenic blood vessels serve as a physical scaffold for
neurons to migrate toward the ischemic core (4). Collectively, this
neurovascular coupling represents a means of post-stroke repair
ripe for therapeutic exploitation. Indeed, recent experimental ther-
apies such as pharmaceuticals, stem cells, and growth factors have
attempted to capitalize on neurovascular repair concepts to pro-
mote stroke recovery (5, 6). However, pharmaceutical and growth
factor therapies raise questions of potentially serious systemic side
effects, drug interactions, and contra-indications. Similarly, cell-
based therapies raise important safety issues, including the poten-
tial for cancerous transformation.

Additionally, many factors that prevent cell death also inhibit
repair, or vice versa, depending upon when they are adminis-
tered after stroke. For example, NMDA receptor antagonists and
protease inhibitors are both neuroprotective and detrimental to
repair. VEGF further disrupts blood-brain barrier stability, pro-
motes brain edema, and enhances hemorrhagic transformation
and brain infarct size if administered acutely (7), but is neuropro-
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tective and enhances angiogenesis and neurogenesis when given
chronically (8, 9). Thus, there is a clear need for a stroke therapy
that is both neuroprotective and promotes brain repair. This need
is underscored by the fact that the one FDA-approved stroke ther-
apy, TPA, has a narrow therapeutic window of 3-4.5 hours after
ischemic stroke onset.

We hypothesized that neuroprotection and brain repair might
both be enhanced by treatment with a factor generated endoge-
nously by injury and the reparative process itself. We further rea-
soned that the vascular extracellular matrix, a biologic interface
between vascular and other brain tissue that is actively proteolyzed
during both the initial injury and subsequent repair response (10),
was alogical place to look for factors with therapeutic potential. In
particular, the vascular extracellular matrix proteoglycan compo-
nent perlecan undergoes greater acute (within 1-2 hours of stroke
onset) and chronic (up to 7 days) proteolysis after stroke (in the
non-human primate) than any other extracellular matrix com-
ponent studied (11). Furthermore, perlecan is required for brain
angiogenesis (12). Interestingly, perlecan also contains the antian-
giogenic C-terminal protein fragment domain V (DV, also known
as endorepellin; ref. 13), which is activated by proteolysis from
full-length perlecan (10). However, DV has not been studied in the
brain due to the absence of its previously identified antiangiogenic
receptor from angiogenic brain endothelial cells (13-15). In this
study, using two different stroke models in mice and rats, we have
demonstrated a stable and long-lasting increase in brain DV con-
centrations following stroke injury. We further demonstrate that
this endogenous DV could play a role in the brain’s response to
stroke, inasmuch as DV-deficient mice experience larger infarcts
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Figure 1

Perlecan DV is upregulated after stroke in
rodents. (A) Anti-DV Western blot analy-
sis of post-stroke rat brain, with GAPDH
internal loading control. DV levels were
assessed in both ipsilateral (stroke) and
contralateral hemispheres on the post-
stroke days as labeled. GAPDH load-
ing control lanes on contralateral PSD
5 and 7 were run on the same gel but
were noncontiguous. (B) Densitometry
analysis of DV Western blot as shown
in A. DV band density intensities were
normalized to their respective GAPDH
bands (**P < 0.01 between ipsi- and
contralateral hemispheres for each PSD,
n =15 per PSD). (C) DV and CD31 co-
immunohistochemistry of rat stroke and
corresponding contralateral brain tissue
on PSD 3 and 7. Scale bar: 50 uM. (D)
Anti-DV Western blot analysis of PSD 3
brain tissue from WT littermate mice and
PiIn~- mice, with GAPDH as internal load-
ing control. (E) Plot of mean ischemic
lesion volumes of stroke WT mice and
PIn--mice (**P < 0.01 between groups on
each PSD, n =15 per group per PSD). (F)
WT or PIn- mouse brain TTC staining at
PSD 3. Yellow asterisks indicate ischemic
lesions (TTC-negative, appears white).
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Table 1
DV treatment does not alter vital signs, blood gases,
or serum electrolytes

Measured physiologic PBS-treated DV-treated
parameters (mean = SD) (mean £ SD)
Systolic blood pressure (mmHg) 1141 +2.4 113.9+3.0
Heart rate (bpm) 300+£27.75 299.71 +27.17
Breathe rate (BrPM) 105.58 + 12.85 108.62 + 13.83
Partial pressure 0, (mmHg) 165.1 £35.5 1711 £16.1
Partial pressure CO; (mmHg) 54.9+10.9 511 +1.4
Hematocrit (%) 34.7+39 33.2+6.5
Sodium (mEg/l) 150.3 £3.3 152.8£1.5
Potassium (mEg/l) 6.4+09 6.4+0.8
lonized calcium (mg/dl) 52+03 52+0.04
Oxygen saturation % 98.6£0.8 98.8+0.4
pH 7.3+0.02 7.3+01

Measurements of mice (n = 10 per treatment group) taken on PSD 1,
two hours after i.p. injection of PBS (baseline) or DV (total of 26 hours
after stroke). No significant differences in any of these parameters was
noted between PBS and DV treatment. BrPM, breaths per minute.

than their WT counterparts. Additionally, we have demonstrated
that DV administered systemically 24 hours after stroke (a) is well
tolerated; (b) reaches stroke core and peri-infarct vasculature; (c) is
neuroprotective; (d) significantly improves post-stroke functional
motor recovery to pre-stroke function via a previously unidentified
DV receptor; (e) “rescues” the worsened stroke severity of DV-defi-
cient mice; and (f) unexpectedly enhances brain angiogenesis. This
latter result underscores substantial differences between brain and
non-brain angiogenesis. Collectively, our results suggest that DV is
a distinct, nontoxic, multi-functional stroke treatment.

Results

Perlecan DV is upregulated after stroke. Perlecan is rapidly processed
after stroke in the nonhuman primate (11). Therefore, it was
hypothesized that post-stroke perlecan proteolysis could increase
free DV levels. In the rat, stereotactic injection of endothelin-1 was
used to induce focal cerebral ischemia by transiently occluding the
middle cerebral artery (MCA) (16). Compared with sham surgery
controls, which demonstrated no Western blot-detectable DV in
the ipsi- or contralateral hemispheres on post-stroke days (PSD)
1,3, 5, and 7 (data not shown), stroke hemisphere DV levels were
elevated at PSD 1, 3, 5, and 7 (Figure 1, A and B). Likewise, use of
the transient tandem ipsilateral common carotid artery (CCA) and
distal MCA occlusion stroke model in mice (ref. 17 and Supple-
mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI46358DS1) resulted in identical (to that
seen with the endothelin-1 stroke model) increased and sustained
DV stroke brain concentrations as compared with sham controls
(which demonstrated no Western blot-detectable DV; data not
shown). Finally, a single, higher-kDa-weight (relative to DV) non-
specific band was detected in some lanes (13).

As perlecan is predominantly found in the vascular basement
membrane (18), we hypothesized and demonstrated by DV and
CD31 co-immunohistochemistry that DV was generated around
blood vessels after stroke and was more visibly apparent than in
the corresponding contralateral brain hemisphere (Figure 1C).
Perlecan domain IV (DIV, immediately adjacent to DV in non-
proteolyzed perlecan) (18) and DV co-immunohistochemistry on

The Journal of Clinical Investigation

http://www.jci.org

research article

stroke brain tissue was performed to further distinguish free DV
(not colocalized with DIV) from DV that did colocalize with DIV
(perlecan-attached DV, Supplemental Figure 2). Collectively, these
results demonstrate that post-stroke perlecan processing results in
arapid perivascular increase in stroke brain DV levels that persists
to at least PSD 7.

Perlecan-deficient mice have larger ischemic stroke lesions. Having dem-
onstrated that DV was persistently generated in the post-stroke
brain, we examined its potential significance for stroke by induc-
ing stroke in mice that express 10% of total normal perlecan (DV’s
parent molecule) and DV levels (hypomorphs, designated Pln~")
(19). Perlecan-null mice were not used, as they are embryonic lethal
(20), whereas perlecan hypomorph mice are viable, fertile, and
have no reported defects in the CNS (19, 21). It is important to
reiterate that since these mice are 90% deficient in all of perlecan
(which includes but is not limited to DV), any difference in isch-
emic lesion size compared with WT littermates could be attributed
to a deficiency in part or all of the perlecan molecule. However, we
hypothesized that a failure of perlecan deficiency to affect ischemic
lesion size could suggest that DV might not play a significant role
in stroke, making the Pln7~ mouse a good screening tool for DV’s
potential relevance to stroke. Furthermore, prior to using them in
our stroke model, we ruled out potential differences in gross neuro-
vascular anatomy (i.e., the ACA and MCA anastomosis number and
distribution from midline as visualized via black latex intravascular
injection) between Pln~/~ mice and WT littermate controls (all in a
C57BL/6 background) as a potential cause of differences in stroke
severity (22, 23). No significant differences were noted in either the
mean number of anastomoses (9.80 + 1.46 per hemisphere for lit-
termate WT and 9.74 + 1.73 per hemisphere for Pln~/") or in the
distance between the line of anastomoses and the midline at 2, 4,
and 6 mm from the frontal pole (Supplemental Figure 3). Further-
more, as expected, DV Western blot analysis of the PSD 1 ipsilateral
(stroke) brain hemisphere of the Pln7~ mice demonstrated a sub-
stantial deficiency in their post-stroke generation of DV (Figure
1D). Importantly, Pln~~ hypomorph mice had larger mean ischemic
lesion volumes than WT controls on PSD 1, 2, and 3 (Figure 1, E
and F), suggesting that perlecan and potentially its C-terminal DV
portion could play a role in ischemic stroke injury.

Administered DV reaches stroke core and peri-infarct vasculature. We
next reasoned that if endogenous DV plays a potentially bene-
ficial role in the brain’s response to stroke, as supported by the
negative consequence of perlecan/DV deficiency, this role might
be enhanced by administration of additional DV. To that end,
we administered purified human recombinant DV, free of con-
tamination with fibronectin (an abundant serum component
that reduces brain injury following transient cerebral ischemia;
Supplemental Figure 4 and ref. 24), heat-inactivated DV control,
or PBS vehicle control via i.p. injection to rats and mice after tran-
sient occlusion of their left MCA. DV treatment was well tolerated
in all cases as previously reported (14). Furthermore, no signifi-
cant changes were noted in vital signs, blood gases, pH, and elec-
trolytes with DV, heat-inactivated DV, or PBS treatment in rats or
mice (Table 1; mouse parameters 2 hours after the first PBS or DV
treatment are shown).

We first asked whether systemically administered DV could reach
the site of brain stroke injury. Upon immunohistochemistry for
its C-terminal HIS epitope tag (Figure 2, A and B), administered
DV was found in stroke and peri-infarct brain regions (identi-
fied morphologically) in the rat but was essentially absent in
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Administered DV reaches stroke brain tissue. (A) PSD 5 rat brain immunostained for
administered DV (anti-HIS antibody, red) and DAPI nuclear stain (blue). Scale bar:
1 mm. (B) Von Willebrand factor (green) and HIS (red) co-immunohistochemistry of
stroke, peri-infarct, and contralateral brain tissue as labeled. Scale bar: 10 um. (C)
Higher-magnification images of von Willebrand factor, DV (anti-His), and DAPI co-
immunohistochemistry of stroke and peri-infarct brain tissue (as in B). Scale bar: 10
um. (D) DV (detects both endogenous and administered DV) and HIS (detects only
administered DV) Western blot analysis of stroke ipsilateral (I) brain tissue or cor-
responding contralateral (C) non-stroke tissue from PBS- or DV-treated animals. (E)
X-ray and IR-800 image overlay (with corresponding signal intensity color spectrum

the contralateral hemisphere. Likewise, no appreciable anti-HIS
immunohistochemical signal was detected in stroke animals that
were not treated with DV (Figure 2B). Additionally, most of the
administered DV was found in a perivascular distribution (par-
ticularly so in the peri-infarct region; Figure 2, B and C), consistent
with its ability to reach solid tumor perivasculature in vivo (14).
The results were similar in stroke mouse brain (data not shown).
DV’s ability to reach the site of stroke was further confirmed by
Western blot analysis (Figure 2D). To further demonstrate that
administered DV reached stroke tissue, we treated stroke mice with
DV labeled with the infrared dye IR-800 (14). Animal imaging after
DV treatment demonstrated that IR-800-labeled DV reached and
concentrated in the stroke area, while IR-800 dye control was less
concentrated and more evenly distributed through the brain, show-
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scale) of stroke mice treated with IR-800—labeled DV or IR-800 control. L, left.

ing only minimal preference for stroke regions (Figure 2E). Of note,
IR-800-labeled DV could be detected in the brain as early as 4 hours
after i.p. injection (data not shown) and could still be detected up
to 72 hours after injection. Finally, heat-inactivated DV was not
detected in stroke brain tissue (data not shown), which together
with the above data suggest that DV reaches stroke and peri-infarct
brain tissue in an active conformation-dependent manner.

DV is neuroprotective, rapidly restores post-stroke motor function, and
rescues DV-deficient mice. Preliminary studies were next performed
to determine a potential therapeutic window for post-stroke i.p.
DV dosing. DV (2 mg/kg, an effective in vivo DV dose used in
mouse solid tumor therapy; ref. 14) was administered 2, 4, 8, 12,
and 24 hours after stroke, followed by a second dose on PSD 2
and a third dose on PSD 3 (n = 5 WT mice for each time point
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Figure 3

DV is neuroprotective. (A and B) Mean ischemic lesion volumes mea-
sured from brain sections stained with TTC (PSD 1-3) or H&E (PSD
7 and 15) in WT mice treated with different doses of DV (A) or in WT
and PIn-- mice treated as indicated (B) (*P < 0.05, **P < 0.01,n =15
per treatment group per PSD). (C) WT or PIn~- mouse brain TTC stain-
ing at PSD 3, or WT H&E staining on PSD 15, after animals received
i.p. PBS or DV injections (1 mg/kg). Yellow asterisks and red circles
indicate ischemic lesions. (D) Cresyl violet, cleaved caspase-3, and
TUNEL staining, with propidium iodide (PI) nuclear counterstain, in the
peri-infarct area in WT mice treated with PBS or with DV. Scale bars:
5 um (cresyl violet) and 10 um (caspase-3 and TUNEL).
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DV restores post-stroke motor function. (A) Cylinder test of post-stroke motor function in stroke rats treated as labeled (**P < 0.01, all treatment
groups compared with PBS control, P = NS between all treatment groups; n = 15 per treatment group). (B) Vibrissae-elicited forelimb placement
test on stroke littermate WT or PIn~- mice treated as labeled. DV-treated (0.5 mg/kg and 1 mg/kg) groups were significantly different from their
untreated counterparts (**P < 0.01). The DV-treated (0.5 mg/kg) WT mice were significantly different from the DV-treated (1 mg/kg) WT mice
(P < 0.05). The PIn- DV-treated mice were significantly different from the WT DV-treated mice (*P < 0.05). The WT 1 mg/kg DV group was

indistinguishable from the sham surgery control group (P = NS).

of initial DV treatment; mean ischemic lesion size evaluated on
PSD 3). Administration of the first dose of DV 2-12 hours after
stroke was no more effective in reducing mean ischemic lesion size
on PSD 3 than administering the first dose on PSD 2 (data not
shown). This result suggests that DV administered 12 hours or
less after stroke onset did not affect mean ischemic stroke lesion
size. Therefore, for most subsequent experiments, DV was first
administered 24 hours after stroke. We next examined the effects
of variable doses of DV (0.5, 1, or 2 mg/kg) on PSD 1, 2, 3,7, and
15 on ischemic stroke lesion volume in WT mice and rats (Figure
3A, mouse data shown). On PSD 1, 8 hours after the first admin-
istered doses of DV at all concentrations, heat-inactivated DV, or
PBS control, there was no significant difference in mean ischemic
lesion volume between the treatment groups. However, by PSD 2,
further significant increases in ischemic stroke lesion volume seen
in WT stroke mice could be prevented with additional DV (1 and
2 mg/kg) treatment. By PSD 3, the lowest dose of DV tested (0.5
mg/kg) could prevent further increases, but not as much as larger
DV doses, demonstrating a DV dose response effect on mean isch-
emic lesion size. As no differences were noted between the 1-mg/kg
and 2-mg/kg doses of DV, we elected to use 1-mg/kg dosing for
most subsequent in vivo experiments. DV “replacement therapy”
in Pln~/~ mice had similar effects on mean ischemic stroke volume
by PSD 2 (Figure 3, B and C). Further analysis of peri-infarct brain
regions from PBS- and DV-treated WT mice on PSD 3 revealed
that DV treatment resulted in more neurons with normal mor-
phology, fewer shrunken and misshapen cells, decreased staining
of the 17- to 20-kDa caspase-3 cleavage product, and a decreased
number TUNEL-positive cells (Figure 3D) (4). Collectively, these
results demonstrate that DV treatment is neuroprotective when
first administered 24 hours after MCA occlusion.

We next hypothesized that DV’s neuroprotection might result
in improved post-stroke motor function. When the cylinder test
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for rats (25) was used, DV treatment significantly increased spon-
taneous use of the stroke-affected forelimb by PSD 3, which was
sustained until PSD 15 (Figure 4A), demonstrating that adminis-
tered DV persistently restored post-stroke function to pre-stroke
levels in rats. Increased doses of DV in post-stroke rats (1-2 mg/kg)
had no additional positive post-stroke motor effect (DV 1 mg/kg
shown). When the vibrissae-elicited forelimb placement test (26)
was used on WT and Pln~~ mice (sham surgery also had no effect;
data not shown), use of the stroke-affected forelimb in the DV-
treated WT groups significantly improved by PSD 3 (DV 1 mg/kg)
and PSD 5 (DV 0.5 mg/kg; although this lower dose of DV was
overall slightly less effective in improving motor function in mice);
stroke forelimb use persisted at this level or further improved (in
the case of DV 0.5 mg/kg treatment) through PSD 15, while the
PBS-treated mice remained significantly impaired through PSD 15
(Figure 4B). Furthermore, the near complete lack of stroke-affect-
ed paw use in Pln~~ mice was rescued by DV replacement therapy.
The WT DV-treated (1 mg/kg) group was indistinguishable from
the sham surgery control group (data not shown) by PSD 5. Final-
ly, increased doses of DV (2 mg/kg) in WT or Pln”~ mice had no
additional positive post-stroke effect (data not shown). Therefore,
in two distinct stroke models in two species, DV treatment persis-
tently (i.e., at least to PSD 15) restored post-stroke motor function
to baseline pre-stroke function by PSD 3.

DV neuroprotection involves VEGF and VEGFR. It was next hypoth-
esized that DV could be neuroprotective and restore post-stroke
motor function after ischemic stroke by increasing growth factor
concentrations. We focused on VEGF for several reasons: DV activ-
ity outside of the brain has been linked to the suppression of VEGF
signaling (27), perlecan synthesis and release in brain endothelial
cells is induced by VEGF (28), and VEGF is known to be neuropro-
tective (8, 9). We found that total VEGF concentrations follow-
ing post-stroke DV treatment (as compared with PBS treatment)
Volume 121
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DV neuroprotection is VEGF and VEGFR mediated. (A) Anti-VEGF Western blot analysis of ipsilateral stroke hemispheres as labeled, with
GAPDH as internal loading control. (B) Densitometry analysis of VEGF Western blot as shown in A as normalized to corresponding GAPDH
bands (**P < 0.01, n = 15 per treatment group, per PSD). (C) Plot of VEGF ELISA ipsilateral stroke brain tissue treated as labeled (*P < 0.01 as
compared with corresponding PBS-treated WT control or as labeled, n = 3 per treatment group per PSD). (D) Mean ischemic lesion volumes
of stroke WT mice on PSD 1-3 treated as labeled (**P < 0.01, n = 15 per treatment group per PSD). (E) Vibrissae-elicited forelimb place-
ment test on WT mice treated as labeled. DV had no effect in animals also treated with PTK787/ZK 222584 (P = NS). (F) NeuN and VEGFR2
co-immunohistochemistry of PSD 5 peri-infarct brain tissue of mice treated as labeled. White arrows indicate cells that were positive for
both NeuN and VEGFR2. Scale bar: 50 um. (G) Number of NeuN- and VEGFR2-positive cells per mm? in the peri-infarct regions as labeled
(**P < 0.01, n =10 images per animal, 5 animals per treatment condition).

significantly increased on PSD 1 and further increased by PSD 3
before gradually diminishing through PSD 15 (Figure 5, A-C).
This contrasts with post-stroke VEGF levels in PBS-treated WT
mice, which diminished from PSD 1 onward, a result that is con-
sistent with previous observations (29). Interestingly, DV admin-
istered prior to 24 hours after stroke (2, 4, 8, or 12 hours) failed
to significantly increase stroke brain VEGF levels as measured
8 hours after treatment, or on PSD1 (data not shown). Further-
more, post-stroke Pln7~ mouse brains had persistently unchanged
and lower levels of VEGF, thus linking the relative absence of
endogenous perlecan/DV to diminished post-stroke VEGF produc-
tion. Finally, this diminished post-stroke VEGF in Pln~~ mice could
be reversed to near WT levels with post-stroke DV treatment.
Next, experiments were performed in which mice were first pre-
treated with the VEGFR tyrosine kinase inhibitor PTK787/ZK
222584 (30) or PBS vehicle control prior to stroke and through
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PSD 15. VEGFR inhibition by itself resulted in significantly smaller
mean ischemic lesion volumes by PSD 3 (mean ischemic lesions
trended smaller but were not significantly smaller than in PBS-
treated controls on PSD 1 or 2) as compared with control PBS
treatment (Figure SD). However, the increase in mean ischemic
lesion volume size from PSD 1 to 3 in VEGFR blocker-treated
mice could not be prevented with additional DV treatment, fur-
ther suggesting the involvement of VEGF and VEGFR in DV-medi-
ated neuroprotection. Finally, although VEGFR blockade resulted
in overall smaller ischemic lesion volumes than PBS treatment,
VEGFR blocker-treated mice exhibited near identical deficits in
motor function over 15 days, which could not be improved with
additional DV treatment (Figure SE), linking DV post-stroke
motor recovery effects to VEGFR.

It was next hypothesized that if DV were neuroprotective via
VEGF, neurons in the peri-infarct area, identified with NeuN
Volume 121  Number 8
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DV does not increase post-stroke blood-brain barrier permeability. (A) Schematic of EB-labeled albumin extravasation after stroke in vivo blood-
brain permeability paradigm, wherein mice were subjected to stroke and treated with PBS or DV 2, 8, or 24 hours after stroke, followed by i.v.
injection of albumin-mixed EB dye (4 hours later), and sacrificed 4 hours later. Alternatively, mice were treated 24 hours after stroke and then
every other day with DV or PBS until PSD 14, followed by i.v. injection of albumin-mixed EB dye, and sacrificed 4 hours later. (B) Images of
brains from mice treated with PBS or DV, per the schematic in A, showing the brain surface spread of EB-labeled albumin as circled in black
and indicated by the black arrow in each image. (C) EB-labeled albumin extravasation volume for the conditions and times of treatment as in B

(n =5 per treatment group, per post-stroke time). (D) Plot of total EB-labeled albumin (ug) extravasated per mg of brain tissue.

immunohistochemistry, might increase their expression of
VEGFR2 with DV treatment. Indeed, a significant increase was
noted in VEGFR2 immunoreactivity associated with NeuN-posi-
tive cells in the peri-infarct region with DV treatment on PSD 3
(Figure 5, F and G), suggesting that peri-infarct neurons may
respond to DV-induced increases in VEGF by increasing their
VEGFR2 expression. This further supports the hypothesis that DV
could be neuroprotective via VEGF/VEGFR.

DV does not affect post-stroke blood-brain barrier permeability. As VEGF
is known to increase blood-brain barrier permeability and edema
when administered prior to 24 hours after stroke (7), a potentially
serious detrimental side effect of any proposed stroke therapy,
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potential DV effects on post-stroke blood-brain barrier permeabil-
ity in vivo were measured by Evan’s blue (EB) dye-labeled albumin
extravasation, performed as schematized (Figure 6A). No significant
change in EB dye-labeled albumin extravasation (quantitatively
measured by both volume and concentration of extravasation) was
observed in stroke animals treated with DV either prior to or at 24
hours following stroke (the former result was expected due to DV
failing to increase stroke VEGF levels when administered prior to
24 hours after stroke), or on PSD 3, 5, 7, or 15 after multiple doses
of DV given on PSD 1, 3, 5,7, 9, 11, 13, and 15 (Figure 6, B-D).
Therefore, post-stroke DV administration does not cause further
acute or more chronic breakdown of the blood-brain barrier.
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DV is neuroprotective in vitro via enhancement of VEGF secretion from brain endothelial cells. (A) VEGF
ELISA from conditioned media of mouse brain endothelial cells with different treatment concentrations of DV
over time as indicated (*P < 0.05, **P < 0.01, n = 15 per treatment group per time measured). (B) Schematic
of fetal cortical neuron OGD protocol used in this study. In B-D: pink, neuron medium (Medium); orange,
conditioned medium (CM). (C) VEGF ELISA data from fresh neuron medium and CM with or without DV
(**P < 0.01, n = 5 separate experiments, each condition performed in triplicate per experiment). (D) Mean
Alamar blue fluorescence measurements (excitation wavelength of 560 nm and emission wavelength of
590 nm) of fetal cortical neurons exposed to OGD as outlined in B as an indicator of cell viability (**P < 0.01
compared with CM alone, ##P < 0.01 compared with CM + DV, n = 5 separate experiments, each condition

performed in triplicate per experiment).

DV increases production and release of VEGF in brain endothelial cells.
Based on the above results, the role of VEGF in DV mechanisms
was further examined in vitro. First, it was determined that DV
treatment increased VEGF production and release in primary cul-
tured brain endothelial cells but not in astrocytes or cortical neu-
rons (Figure 7A; negative results for astrocytes and neurons not
shown). Specifically, DV increased Vegf mRNA by approximately
8-fold (data not shown). Furthermore, DV significantly increased
VEGEF release from 3 to 24 hours in a dose-dependent fashion
(Figure 7A). To further determine whether the neuroprotective
effect of DV could involve endothelial-derived VEGF secretion,
we exposed primary mouse cortical neurons to oxygen glucose
deprivation (OGD) stress (Figure 7B) in neuronal cell medium,
followed by reoxygenation in neuronal medium conditioned by
brain endothelial cells (generated by 9 hours of exposure to brain
endothelial cells in normoxic conditions with or without DV), with
or without additional VEGF neutralizing antibody (or IgG con-
trol) added to the cells. Medium conditioned by brain endothelial
cells was assayed for VEGF content by ELISA (Figure 7C), which
revealed significantly increased VEGF levels only when DV was
added during the 9-hour conditioning period. Collectively, our
results indicate that direct administration of DV to neurons (in
fresh neuronal medium) did not promote their survival. Likewise,
conditioned medium from brain endothelial cells (which con-
tained minimal VEGF; Figure 7C) had a minimal effect on post-
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could be inhibited with VEGF
neutralizing antibody, but not
by IgG control. These results
suggest that DV indirectly
protects neurons via enhance-
ment of VEGF release from
endothelial cells, rather than
via direct effects on neurons.
DV unexpectedly enhances
brain angiogenesis in a VEGF-
and VEGFR-dependent fashion.
Although DV is a known inhib-
itor of angiogenesis (13), its

a2 o g . . .
S BE 2 ability to trigger the synthesis
g = u;? 9 and release of the potently pro-
© = angiogenic VEGF from brain
5

endothelial cells suggests the
possibility that DV could be
proangiogenic in the brain.
However, as angiogenic brain
endothelial cells do not express
the previously identified DV
receptor 02B1 integrin (refs.
15, 31, and Supplemental Fig-
ure 5), DV’s exact target in the
brain was unpredictable. The
potential effect of DV on peri-
infarct blood vessel density and
angiogenesis was assessed by
von Willebrand factor immuno-
histochemistry and CD31 co-immunohistochemistry with the
cell proliferation marker Ki-67, respectively. On PSD 3, blood ves-
sel density unexpectedly increased in peri-infarct regions in WT
mice treated with DV, becoming increasingly prominent by PSD 5
and plateauing by PSD 9-15 (Figure 8, A and B). Similar results
were obtained in post-stroke rats (data not shown). Furthermore,
Pln~/~ mice had a profoundly diminished (i.e., less than that of WT
mice) post-stroke peri-infarct vascular density from PSD 3 to PSD
15 that could be rescued (and further enhanced beyond the cor-
responding WT PBS-treated angiogenic response) by DV adminis-
tration (Figure 8, A and B), further underscoring the importance
of endogenously generated DV to the brain’s post-stroke response.
Likewise, heat-inactivated DV had no effect on post-stroke peri-
infarct blood vessel density, as expected (data not shown) (14).
Furthermore, pretreatment (i.e., prior to stroke and then every
day after stroke) with PTK787/ZK 222584 as above significantly
decreased post-stroke peri-infarct vascular density, which could
not be overcome by additional DV treatment. Next, Ki-67 and
CD31 co-immunohistochemistry was used to determine whether
DV was proangiogenic or simply vasculoprotective after stroke.
These experiments demonstrated that post-stroke DV increased
the density of peri-infarct Ki-67-positive blood vessels on PSD 5
and 7, which diminished to control levels by PSD 13 (Figure 8, C
and D). Collectively, these results suggest that DV is an unexpected
enhancer of post-stroke angiogenesis.
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Figure 8

DV increases brain angiogenesis in a VEGF- and VEGFR-dependent
fashion. (A) Von Willebrand factor immunohistochemistry (green)
micrographs of peri-infarct brain on PSD 5 from mice treated as
labeled. Scale bar: 10 um. (B) Number of blood vessels/mm? (as in A)
in the peri-infarct region for each treatment group as labeled (*P < 0.05,
#P < 0.01 compared with PBS-treated WT, n = 10 images per ani-
mal, 5 animals per treatment condition). (C) Ki-67 (green) and CD31
(red) co-immunohistochemistry micrographs of peri-infarct brain of
WT mice as labeled. Scale bar: 10 um. (D) Number of Ki-67—positive
blood vessels (CD31+) in the peri-infarct region of WT mice as labeled
(**P < 0.01 compared with PBS-treated WT, n = 10 images per ani-
mal, 5 animals per treatment condition). (E) Matrigel capillary tube—like
structure assay with mouse primary brain endothelial cells treated as
labeled. Scale bar: 10 um. (F) Quantification of Matrigel capillary tube
assays (as in E) (**P < 0.01, n = 15 HPFs per experiment, 5 separate
experiments, each condition in triplicate per experiment). (G) Prolifera-
tion of mouse dermal and brain endothelial cells as labeled after 48
hours in serum-free medium as measured via MTS assay (**P < 0.01,
n =5 separate experiments, each condition performed in triplicate per
experiment). Values shown as percent of control proliferation arbitrarily
set at 100% for each cell type.

To further examine DV’s brain proangiogenic effect, we analyzed
the effect of DV on isolated mouse brain microvascular endothelial
cells in several stages of angiogenesis, and compared the results with
those obtained with DV on mouse dermal microvascular endothelial
cells, in which DV has been previously shown to inhibit angiogen-
esis (13). DV significantly increased brain endothelial cell capil-
lary tube-like structure formation, and this could be significantly
inhibited with VEGF neutralizing antibody (Figure 8, E and F),
whereas DV significantly inhibited dermal endothelial cell tube
formation (Figure 8F). Similarly, DV increased brain endothelial
cell proliferation rates by 50% + 3% compared with control, which
could also be inhibited with VEGF neutralizing antibody (Figure
8,E and F). As expected, DV inhibited dermal endothelial cell pro-
liferation. Similar results were obtained with rat and human brain
endothelial cells (Supplemental Figure 6). As further evidence
that these proangiogenic effects were not due to potential fibro-
nectin contamination, anti-fibronectin antibody had no effect on
DV-induced increases in brain endothelial cell proliferation or
tube-like structure formation, but did inhibit fibronectin-specific
effects (Supplemental Figure 4, D-F). Intriguingly, when these
cells were made to express a2f31 integrin (Supplemental Figure 7),
DV inhibited rather than enhanced their proliferation (Figure 8G),
thereby suggesting that the absence of 021 integrin from brain
microvascular endothelial cells is essential to DV’s proangiogenic
effects in the brain. Collectively, these results demonstrate that
DV’s proangiogenic effects are VEGF- and VEGFR-mediated and
that DV’s effects on brain endothelial cells are distinct from its
effects on non-brain endothelial cells.

DV post-stroke effects are a5B1 integrin mediated. We reasoned that
DV-induced VEGF release might be due to both the absence of
DV’s a2p31 receptor in brain microvascular endothelial cells (refs.
13, 15, and Supplemental Figure 8) and the presence of a distinct
DV receptor. We focused on the a581 integrin because: (a) perlecan,
DV’s parent molecule, increases a5f31 integrin expression in brain
endothelial cells (32); (b) perlecan supports $1 integrin-mediated
cell adhesion via its DV region (33); (c) DV can inhibit cell adhe-
sion to fibronectin (without directly binding to the fibronectin)
(34), a primary ligand for a5p1; and (d) a5p1 is downregulated in
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the mature brain until being reexpressed in brain endothelial cells
after hypoxia or stroke, the latter likely taking days to reach maxi-
mal levels (32), a post-stroke expression pattern consistent with
DV’s therapeutic time window/increase in VEGF levels. Further-
more, 05B1 is critical for vascular development (35) and promotes
post-stroke brain angiogenesis (32).

To determine the relevance of a5f1 integrin to DV’s post-stroke
effects, we investigated the potential for DV treatment to increase
post-stroke expression of aSP1 integrin. Figure 9A shows that on
PSD 3, DV-treated animals expressed more a5 in their stroke hemi-
sphere. Further analysis demonstrated this increase to be most
prominent in the peri-infarct vasculature (Figure 9B). Next, stroke
WT mice were treated with tail vein injections of a5f1 function
blocking antibody (or isotype control IgG) on PSD 1, 2, and 3. 51
function blocking antibody (but not control IgG; data not shown)
treatment prevented the effects of DV treatment on mean ischemic
lesion size on PSD 1, 2, or 3 (Figure 9C), neuroprotection (Figure
9, Cand D), functional recovery (Figure 9E), and peri-infarct blood
vessel density (Figure 9, F and G). Interestingly, a5B1 function
blocking antibody administration resulted in significantly larger
mean ischemic lesion volumes (as compared with PBS treatment)
by PSD 2-3 and significantly lower post-stroke peri-infarct vascular
density by PSD 5-7, the latter result underscoring the importance
of a5PB1 to brain microvasculature. Finally, treatment with a5p1
function blocking antibody resulted in less detectable VEGF in
mouse brains on PSD 1 (as compared with PBS treatment of stroke
mice), and levels were unaffected by DV. As before, treatment with
control IgG had no effect on VEGF levels (data not shown). Collec-
tively, these experiments suggest that functionally available a.5B1
integrin is necessary for DV’s post-stroke therapeutic effects and
important for post-stroke VEGF release.

DV binds to the 0SB 1 integrin, causing VEGF production and release.
To further investigate the role of a5p1 integrin in DV’s effects on
brain endothelial cells, we knocked down the a5 integrin subunit
with a5 siRNA (75% knockdown achieved; Supplemental Figure 8).
Importantly, brain microvascular endothelial cells treated with
a5 siRNA remained healthy (data not shown). Brain endothelial
cell migration toward DV was inhibited by either 581 integrin
subunit knockdown or soluble a5p1 protein, which we hypoth-
esized could compete for DV binding with a581 localized to the
brain endothelial cell surface (Figure 10A). Likewise, the a5p1-spe-
cific binding peptide CRRETAWAC (36) or a.5 knockdown could
inhibit DV’s effects on brain endothelial cell capillary tube-like
structure formation and proliferation (Figure 10, B and C).

The potential for direct interaction between o531 and DV was
next confirmed via optical biosensor analysis (Figure 10D). Spe-
cifically, DV was determined to bind to a581 integrin with Koy, Kos,
and K;0f 3.8 x 106+ 2.7 x 105 M-1s71, 7.2 x 101+ 1.1 x 101 s7! and
1.6 x 1077 £ 7.2 x 10-8 M, respectively. Also, as the presence of inte-
grin ligand is known to increase that integrin’s cellular expression
(32), DV was shown to increase 0.5 mRNA expression 2-fold. Fur-
thermore, 0581 integrin knockdown prevented DV from increas-
ing VEGEF release (Figure 10E). Collectively, these experiments
demonstrate that DV binds to, increases the mRINA transcription
of, and exerts its proangiogenic effects (in vitro) via a5f1 integ-
rin-mediated VEGF secretion.

Discussion
These studies demonstrate that perlecan DV is persistently gener-
ated in the post-stroke rat and mouse brain and is potentially sig-
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DV effects are mediated via the a5p1 integrin in vivo. (A) Anti-a531 Western blot analysis from PSD 3 mouse brain tissue treated as labeled,
with GAPDH as internal control. (B) a531 immunohistochemistry of mouse PSD 3 peri-infarct brain tissue with or without DV treatment.
Scale bar: 10 um. (C) Quantification of mean ischemic lesion volumes of stroke WT mice on PSD 1-3 as labeled (*P < 0.05, n = 15 per treat-
ment condition per PSD). (D) Cresyl violet staining, caspase-3 17- to 20-kDa cleavage product immunostaining, and TUNEL staining with
PI of peri-infarct brain regions as labeled. Scale bars: 10 um. (E) Vibrissae-elicited forelimb placement test on WT mice treated as labeled
(n =15 mice per condition from 3 separate experiments with 5 mice each). (F) Von Willebrand factor immunohistochemistry (green) on PSD 5
from WT mice treated as labeled. Scale bar: 10 um. (G) Peri-infarct blood vessel quantification as labeled (*P < 0.05, **P < 0.01 compared
with PBS + IgG on the same day, n = 20 images analyzed per animal, 10 animals per experimental condition). (H) Anti-VEGF Western blot
analysis of mouse stroke hemispheres with internal GAPDH as control. (I) Optical density quantification of VEGF Western blot analysis as
shown in H (**P < 0.01, n = 5 per experimental condition).
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DV’s effects are mediated via the a5f1 integrin in vitro. (A) Mean percentage of brain endothelial cells (+SD) migrating toward 3% FBS (control) or
DV with or without a531-GST soluble protein or a5 knockdown with .5 siRNA (as normalized to no chemoattractant negative control) (*P < 0.05,
**P < 0.01, n = 5 separate experiments, each condition performed in triplicate per experiment) (B) Brain endothelial cells, either untreated or
treated with DV or DV plus the a581-specific binding peptide CRRETAWAC, on Matrigel after 12 hours. Scale bar: 10 um (C) Quantification
of proliferation of brain endothelial cells + a5 integrin plasmid after 48 hours + DV measured via MTS assay (n = 15, mean + SD normalized to
control proliferation arbitrarily set to 100%, **P < 0.01, n = 5 separate experiments, each condition performed in triplicate per experiment). (D)
Optical biosensor traces showing the association and dissociation of DV and BSA (control) with immobilized a5 1integrin at the concentrations
(in M) listed; RU, relative units. (E) VEGF ELISA data from brain endothelial cell-secreted medium treated as labeled (**P < 0.01. n = 5 sepa-
rate experiments, each condition performed in triplicate per experiment). (F) Schematic for DV-induced VEGF production and release in brain
microvascular endothelial cells via o531 integrin. Inhibitors used in this study are indicated with red lines. The various proposed effects of VEGF
(i.e., stimulation of angiogenesis and neuroprotection) are also schematically illustrated.

nificant inasmuch as perlecan/DV-deficient mice experience larger  control and Pln~/~ stroke animals (a “rescue” with “replacement”

ischemic stroke lesions than their WT littermates. Furthermore,
when human recombinant DV was systemically administered
24 hours after stroke, in an effort to augment endogenous DV
post-stroke function, it could be detected at and around the site
of brain injury by live in vivo animal imaging, and it appeared to
deposit in a perivascular distribution in stroke and peri-infarct
brain tissue by immunohistochemistry.

DV treatment, in a dose-dependent fashion, prevented volumet-
ric expansion of the ischemic stroke lesion, seen in untreated WT
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DV), from PSD 1 to 3. It is worth noting that in both our endo-
thelin-1 and tandem ipsilateral CCA and MCA stroke models, we
noted a prominent expansion (i.e., more than 10%-15%) in mean
ischemic lesion size from PSD 1 to PSD 3 in WT animals. While
not commonly reported, this sort of ischemic lesion expansion
has been noted with the endothelin-1 stroke model (37) and other
transient CCA and MCA transient occlusion models (38). In the
latter, the evolution of ischemic lesion volume is largely dependent
on the duration of transient ischemia: 30 minutes of ischemia may
Volume 121~ Number 8
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yield a lesion that does not appear until PSD 3, while 90 minutes
of ischemia yields a visible infarct on PSD 1 that increases only
slightly by PSD 3. In our tandem ipsilateral CCA and MCA occlu-
sion model, ischemia lasted for 60 minutes, an in-between dura-
tion that could explain our observation of a visible infarct at PSD 1
that expanded significantly by PSD 3.

DV neuroprotection correlated with recovery of motor func-
tion to pre-stroke levels that persisted to at least PSD 15. Inter-
estingly, in motor function testing, DV dose response effects var-
ied slightly between rats, in which 0.5, 1, and 2 mg/kg DV were
all equally effective, and mice, in which 0.5 mg/kg was somewhat
less effective than 1 and 2 mg/kg of DV. There could be a number
of reasons for this, including differences in the absolute amount
of DV given to the mice and rats (rats weigh much more than
mice, such that 0.5 mg/kg of DV is much more total DV in a rat
than a mouse); differences in the stroke models used in each spe-
cies; differences in the sensitivity to injury between the vibrissae-
elicited paw placement test and the cylinder test used in mice and
rats, respectively; or slight differences in the amino acid sequence
identity between human and rat DV (92%) and human and mouse
DV (91%). Additionally, DV, an antiangiogenic protein, unexpect-
edly enhanced post-stroke brain angiogenesis. Finally, DV was
demonstrated to act through a mechanism involving the a5p1
integrin and ultimately increased VEGF production and release
in brain endothelial cells.

Perlecan, synthesized and secreted by neurons, astrocytes, and
endothelial cells (39), induced in the latter by VEGF (28), is the
most sensitive and rapidly processed matrix component after
stroke (11). Perlecan proteolysis by cathepsin L occurs within
2 hours of the occlusion of the MCA in nonhuman primates and
persists for several days (11). The sustained processing of perlecan
and release of DV after stroke are consistent with studies demon-
strating an increase in perlecan production in neurons and astro-
cytes after brain injury (39). In the present study, we have detected
an acute, perivascular increase in endogenous perlecan DV levels
that gradually plateaued at an elevated level over the course of
7 days after stroke, a temporal pattern that correlates well with the
nonhuman primate post-stroke perlecan proteolysis profile (11).
This expression profile differs from that of other matrix-derived
bioactive fragments such as endostatin (transiently generated after
ischemic stroke; ref. 40), underscoring DV’s potential for both
acute and chronic post-stroke effects.

Having demonstrated that DV is a perivascular product of stroke
brain injury, we next determined that post-stroke perlecan/DV
deficiency resulted in larger stroke ischemic lesions (which could
not be attributed to cerebrovascular anatomical differences in
territories vascularized by MCA collateral branches), suggesting
that post-stroke perivascular generated DV could play a role in the
brain’s response to stroke. It is important to note that Pln7/~ mice
had larger infarcts than WT littermate controls at 24 hours of
reperfusion, although we found that the exogenous administra-
tion of DV prior to 24-hour reperfusion had no effect on ischemic
lesion size, suggesting that a deficiency in DV should not impact
ischemic lesion size at this time. However, these mice are deficient
in the production of all of perlecan (including but not limited to
DV), suggesting the possibility that other parts of perlecan besides
DV may also play a role in the brain’s response to stroke and con-
tribute to the larger infarct seen at 24 hours of reperfusion. For
example, as the heparan sulfate chains of perlecan specifically bind
FGF2 (41), which has been implicated in reducing infarct volume
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in animal models of focal cerebral ischemia (42), a perlecan defi-
ciency could possibly result in less FGF2 being present where per-
lecan is normally expressed in the vascular basement membrane,
thereby potentially contributing to larger infarcts at 24 hours of
reperfusion. Importantly, however, the ability of exogenous DV
replacement therapy to rescue this Pln”~ stroke phenotype from
PSD 2 onward underscores the relatively significant contribution
of DV deficiency to the Pln~~ stroke phenotype.

We then reasoned that exogenously administered human recom-
binant DV could reach and interact with this same stroke and
peri-infarct vasculature (after experimental reperfusion in our
transient focal ischemia models). Indeed, whole animal imaging of
fluorescent dye-labeled DV and immunohistochemistry demon-
strated that systemically administered DV reached the infarct and
peri-infarct vasculature. While it is unclear whether administered
DV crossed the stroke-disrupted blood-brain barrier (a phenom-
enon that has been described for proteins as large as 2 MDa after
stroke; refs. 43, 44), its ability to do so may not be critical to its
proposed therapeutic mechanism of action, i.e., interaction with
brain endothelial a5p1 integrin.

In this study, we noted a rapid (by PSD 3) functional/motor
improvement when DV was first administered 24 hours after
stroke. This correlated with neuroprotection, increased total stroke
brain VEGF levels, and increased VEGFR2 expression in peri-infarct
neurons. Furthermore, VEGFR blockade with PTK787/ZK 222584
prevented these DV effects. Additionally, PIn~~ mice generated sig-
nificantly and persistently less post-stroke VEGF (linking an endog-
enous decrease in perlecan/DV levels with a decrease in post-stroke
VEGF production), which was increased with DV administration.
Collectively, these studies link DV to post-stroke VEGF production
and suggest that DV-mediated neuroprotection and motor func-
tion recovery could be mediated, at least in part, by VEGF. Further
in vitro analysis demonstrated that brain endothelial cells are the
likely source of DV-induced VEGF production and release. Spe-
cifically, we showed that DV could increase Vegf mRNA levels and
VEGEF release in a dose-dependent fashion. As VEGF regulates per-
lecan synthesis in these cells (45), it is tempting to speculate that
DV-induced VEGEF release could result in a positive feedback loop
that increases perlecan synthesis, which in turn provides more “raw
material” for the sustained generation of DV.

Importantly, unlike VEGF administered acutely (i.e., prior to 24
hours) after stroke, acutely administered DV (2 or 8 hours after
stroke) did not cause changes in post-stroke edema (see Methods
for a description of how this was measured) or increase blood-brain
barrier permeability in post-stroke mice. Likewise, in preliminary
studies we noted that administration of the first dose of DV 2-12
hours after stroke was no more effective in reducing mean isch-
emic lesion size than administering the first dose on PSD 2. One
possible explanation for these observations is that DV, the activity
of which is dependent on increased o531 integrin expression in
newly stroke-activated brain microvasculature, may be less active/
inactive if brain endothelial cell 581 integrin levels are minimal,
i.e., prior to 24 hours after stroke in rodent models, as is suggested
by rodent hypoxia studies (32). Importantly, although relatively
few drugs have been shown to be neuroprotective (decrease infarc-
tion) when first administered 24 hours after reperfusion, this has
been reported for a number of compounds including VEGF (9)
and the purinergic ligand 2MeSADP (46), the former reinforcing
DV’s delayed neuroprotection potential via VEGF-driven mecha-
nisms. The exact therapeutic window for post-stroke DV admin-
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istration is also presumably affected by the amount of time it
takes for administered DV to reach the brain, which we observed
to be approximately 4 hours for i.p. administration, but would
be presumably shorter for i.v. administered DV (the efficacy of
i.v. administered DV in stroke is currently under investigation).
Additionally, a later post-stroke time window could present other
advantages for DV stroke therapy. In addition to 24 hours after
stroke being a potentially easier “real-world” target for hospitals to
achieve than the 3- to 4.5-hour post-stroke target for TPA admin-
istration, it is conceivable that immediate co-administration of
DV and TPA could result in DV degradation/loss of function by
TPA, which could be avoided by DV being administered at least
24 hours after TPA administration, well past the 1-hour action of
TPA at the blood clot site. However, despite these potential caveats
for DV stroke therapy, DV has other potential therapeutic advan-
tages: it is well tolerated and lacks VEGF’s significant systemic
hemodynamic side effects (47).

In addition to being neuroprotective, DV also induced an unex-
pected, albeit modest increase in peri-infarct angiogenesis by PSD 3
that further significantly increased by PSD 7, then diminished to
control levels by PSD 15. It is unlikely that this fledgling enhanced
angiogenic repair response could significantly account for the PSD 3
motor function recovery noted in this study. Importantly, as
described above, this transient increase in post-stroke angiogenesis
did not result in increased peri-infarct blood-brain barrier disrup-
tion. This could suggest either that these transiently increased new
blood vessels are not “leaky” or that they are not actively support-
ing blood flow, as has been demonstrated for angiogenic PSD 7
peri-infarct blood vessels in C57BL/6 mice by Ohab and colleagues
(4). Interestingly, it is these nonperfused blood vessels that report-
edly support doublecortin-positive neuroblast migration toward
the infarct in a peri-infarct neurovascular niche (4). Indeed, our
preliminary observations suggest that DV treatment results in
an increase in the number of doublecortin-positive neuroblasts
in association with these peri-infarct angiogenic blood vessels on
PSD 5 and 7. As VEGF can support such post-stroke neuroblast
migration (8), the possibility of VEGF-driven DV effects on post-
stroke neuroblast migration and their potential consequences for
long-term stroke recovery are actively being investigated.

The ability of the antiangiogenic DV to promote angiogenesis
in the cerebral vascular bed following stroke is remarkable. This
unexpected result may be due to endothelial heterogeneity, where-
by endothelial cells from various sources, with attendant varying
microenvironments, receptors, or signal transduction compo-
nents, respond differently to the same angiomodulatory factors.
For example, Wnt/p-catenin signaling is required for CNS, but not
non-CNS, angiogenesis (48), and proangiogenic sphingosine-1-
phosphate (S1P) is antiangiogenic in brain endothelial cells (49).

Post-ischemic, angiogenic brain endothelia express developmen-
tal integrins including a581, avPs, and avP3 (50), of which a5p1
and avfB3 have been linked to VEGF secretion (51). We were able
to experimentally rule out any interaction between DV and avp3
(data not shown) but did demonstrate that DV binds to brain
endothelial cell @531 integrin, resulting in the increased produc-
tion and release of VEGF. Importantly, when a531 was blocked
after stroke, total VEGF levels were diminished, an observation
that further links post-stroke a5p 1 functionality to VEGF release.
aS5p1 integrin promotes post-stroke brain angiogenesis (32) large-
ly via interaction with its primary ligand, fibronectin (K; around
1.5 nM), which is also significantly upregulated after hypoxic brain
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injury (32). The enhanced post-stroke regional expression of a5f31
integrin over time might also explain DV’s ability to reach stroke
and peri-infarct cortex vasculature, just as 021 expression in
tumor vasculature supported DV targeting in vivo (14). The rapid
post-stroke generation of DV may also help increase a5p1 integ-
rin expression, as supported by our observation that DV increased
a5P1 integrin mRNA levels in brain endothelial cells in vitro and
aS5p1 integrin levels in post-stroke brain tissue.

As DV’s affinity for a5B1 (K, of 160 nM) is many fold less than
fibronectin’s, one could question how DV might function in an
already fibronectin-rich environment. We hypothesized that
this could occur if DV binds to a5p1 differently from fibronec-
tin, as has been demonstrated for DV and collagen I binding to
a2f1 integrin (27, 31). Supplemental Figure 9 demonstrates
that soluble, but not insoluble, DV is capable of increasing brain
endothelial proliferation, even in the presence of fibronectin, a
scenario that mimics the post-stroke fibronectin-rich in vivo envi-
ronment. However, fibronectin could enhance cell growth whether
soluble or insoluble, suggesting that while DV can function in a
fibronectin-rich environment, it may interact differently with
brain endothelial cells and a5f1 than fibronectin. Furthermore,
as most other endothelial cells express a2B1 and a5B1 integrin,
an additional question is, why is DV antiangiogenic in these a2f1/
a5B1-coexpressing cells? The answer could lie in DV’s varying
affinity for each receptor. Bix et al have previously demonstrated
that DV binds to a2f1 with a K of 80 nM (13), exactly twice the
K, for a5p1 and DV demonstrated in this article. Therefore, in
the presence of both receptors, DV may have a binding preference
for a2p1 and the antiangiogenic response predominates, as we
demonstrated with brain endothelial cells genetically modified to
express 0231 integrin. Finally, it is important to note that human
and mouse, and human and rat a5 1 integrin are highly conserved
at the amino acid level (91% and 90% identical, respectively, based
on GenBank reference sequences NP_002196.2, AAH50943.1, and
NP_001101588.1 for human, mouse, and rat, respectively), which
would seemingly help account for our human recombinant DV’s
ability to interact with aSp1 from all 3 species.

A number of recent studies have demonstrated that improving
neuroprotection or post-stroke angiogenesis can improve stroke
outcome. These experimental therapies include pharmacological
agents, growth factors, and stem cell therapies. We now propose a
fourth type of stroke therapy, the extracellular matrix fragment per-
lecan DV, which is persistently generated by the post-stroke brain;
reaches the area of injury when systemically administered 24 hours
after stroke; is seemingly well tolerated; and, via newly determined
cell receptor interactions and growth factor release, is neuropro-
tective, significantly improves stroke-affected motor function, and
(unexpectedly) increases the post-stroke angiogenic response.

Methods
Cell culture. Human brain microvascular endothelial cells (Lonza and Cell
Systems), mouse and rat brain microvascular endothelial cells (provided
by Jane Welsh, Texas A&M University) were passaged as per the suppli-
er’s instructions or as previously described (13). Primary mouse dermal
endothelial cells (Celprogen Inc.) were maintained initially as recommended
by the manufacturer. After the second passage, cells were passaged to
flasks precoated with 1 mg/ml gelatin and fed with culture medium pre-
pared as described previously (52). In all endothelial cells, the presence of
endothelial cell markers von Willebrand factor and VEGFR was confirmed
via immunohistochemistry and Western blot analysis.
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DV protein production. Human DV was cloned into the vector pSecTag2A
(Invitrogen) using the primers 5" DV Asci pSecTag2A: 5'-AGGGCGCGC-
CATCAAGATCACCTTCCGGC-3'; 3' DV Xhol pSEcTag2A: 5'-AGCTC-
GAGCCGAGGGGCAGGGGCGTGTGTTG-3'". To further confirm that
DV effects were not due to any single clone-specific irregularities, we also
cloned DV into the vector pCepPu (provided by Maurizio Mongiat, Cen-
ter for Cancer Research, Aviano, Italy) using the following primers: NHEI
whole DV forward 5'-AGGCTAGCGATCAAGATCACCTTCCGGC-3;
XHOI HIS DV reverse 5'-AGCTCGAGCATGATGATGATGATGATGC-
GAGG-3'. The DV cDNA was amplified from HUVEC cDNA using a GC-
rich PCR system and dNTPack (Roche Applied Science). Maxi-preps of’
DV DNA were transfected into 293FT (for pSecTag2A vector, ATCC) or
293 EBNA (for pCepPu vector) cells via Lipofectamine (Invitrogen). After
transfection, the 293 cells were put into a CELLine Adhere 1000 bioreac-
tor (Argos Technologies) and grown for 7 days in complete medium con-
taining 10% FBS, 1x antibiotic/antimycotic, 1% G418 sulfate, and 0.05 ug
puromycin. After 7 days the complete medium was removed; the cells were
washed 5 times to remove any serum with CD293 medium containing
4 mM L-glutamine, 1x antibiotic/antimycotic, 1% G418 sulfate, and
0.05 ug puromycin; and then fresh CD293 medium was added to the cells.
The cells were incubated for 7 days, followed by collection of the DV-con-
taining conditioned medium, and DV purification via its C-terminal 6XHis
tag and Ni-ATA agarose beads (QIAGEN) as per the company’s instruc-
tions. Eluted fractions that contained DV were combined and dialyzed
against 1x PBS, and the purity of the resultant DV was confirmed via
SDS-PAGE stained with Brilliant Blue G Colloidal, silver stain (FASTsilver
Gel Staining Kit, Calbiochem) following the manufacturer’s instructions,
Western blot analysis using commercially available anti-DV antibody (R&D
Systems), anti-His antibody (EMD Chemicals) (Supplemental Figure 3)
and anti-fibronectin antibody (Abcam) to check for fibronectin contami-
nation of DV preparations. Previously demonstrated antiangiogenic con-
centrations of DV (250 nM) (13) and heat-inactivated controls (100°C for
30 minutes) were used for all experiments unless otherwise stated.

In vivo stroke models. Adult male Harlan Sprague-Dawley rats, adult
(3-month-old male) C57BL/6 WT littermate control mice (mean weight,
26.5 £ 0.5 g), and Pln”/~ mice expressing 10% of normal amounts of per-
lecan (in a C57BL/6 background; mean weight, 23.0 + 0.7 g, an approximate
15% decrease compared with WT littermate controls, as expected,; ref. 19)
(provided by Kathryn Rodgers, University of Pennsylvania, Philadelphia,
Pennsylvania, USA; ref. 19) were subject to transient MCA occlusion by ste-
reotaxic injection with endothelin-1 (American Peptide Co.) or by tandem
CCA and MCA transient (ischemia lasted for 60 minutes) occlusion (16, 53),
respectively, in accordance with Texas A&M College of Medicine guidelines.
Diminished blood flow and subsequent restoration of blood flow were con-
firmed with a Laser Doppler Perfusion Monitor (PF5010, Perimed) (54), and
only those animals that displayed a cerebral perfusion reading less than 10
(approximately 12%-15% of the initial value) on the LDF scale (expressing
relative values of cerebral perfusion) and demonstrated reperfusion to with-
in 90% of the initial value were included in subsequent experimentation.
Animal physiologic measurements before and after DV injection (1 mg/kg)
were made with the MouseOx (STARR Life Sciences Corp.). On PSD 1,
blood was collected before and 2 hours after the DV injection (1 mg/kg) for
blood gas and ion analysis (IRMA TruPoint blood analysis system) done
within 30 minutes after the samples were collected.

The animals were sacrificed up to 15 days after surgery, and brain tis-
sue was removed for analysis. For immunohistochemistry, freshly frozen
brain tissue was sectioned via cryostat, fixed with acetone, and stained with
antibodies directed to von Willebrand factor (Dako), caspase-3 (Abcam),
CD31 and Ki-67 (to assess angiogenic blood vessels, which were identi-
fied as both CD31 and Ki-67 positive by co-immunohistochemistry; Santa
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Cruz Biotechnology Inc.), DV (R&D Systems and Santa Cruz Biotechnol-
ogy Inc.), perlecan DIV (to distinguish free DV from perlecan-attached DV
when used in co-immunohistochemistry with DV antibody; Santa Cruz
Biotechnology Inc.), His (Calbiochem), NeuN (Abcam), a5p1 (Millipore),
and VEGFR2 (Cell Signaling Technology). In some experiments, the cells
(per mm?) in the peri-infarct area that were both NeuN* and VEGFR2* (via
co-immunohistochemistry) were manually counted under fluorescence
microscopy. Some tissue sections were analyzed by routine TUNEL staining
according to the manufacturer’s instructions. For immunohistochemistry
and TUNEL staining, the site of ischemic injury was identified morpho-
logically. The peri-infarct region of focus was defined as a 500-um bound-
ary extending from the edge of the infarct core, medial and lateral to the
infarct (4). To detect the post-stroke distribution of administered DV, we
performed anti-His immunohistochemistry with the appropriate Texas
red-conjugated secondary antibody, and whole brain section images
were obtained with an Olympus MVX10 microscope. For other immuno-
histochemistry, images were obtained with a BD Carv II spinning disk
confocal imager mounted on a Zeiss Axioplan. The images were captured
and analyzed using an attached Apple Macintosh computer and iVision-
Mac Image Acquisition and Analysis Software. To confirm stroke size and
location, we sectioned and analyzed several animals’ brains by 2,3 triphe-
nyltetrazolium chloride (TTC) staining (55) on PSD 1,2, and 3 or by H&E
staining on PSD 7 and 15. For H&E staining, representative 10-um sec-
tions were obtained as for immunohistochemistry from the same brain
regions as used for TTC staining. Animals were treated by an investigator
who was blinded to the identity of the different treatment groups with
i.p. injections of sterile filtered DV (0.5, 1, and 2 mg/kg), heat-inactivated
DV control, or PBS vehicle control either on PSD 1, 2, and 3 or on PSD 1,
3,5,7,9,11,13,and 15. In some experiments, WT mice were treated with
i.v. injections of a5B1 integrin function blocking antibody or IgG control
(4 mg/kg) prior to each DV treatment. In other experiments, mice were also
treated with the VEGFR inhibitor PTK787/ZK 222584 (2 mg/kg, Selleck
Chemicals) or PBS vehicle control by oral gavage, starting 1 day prior to the
stroke daily through PSD 15. For each TTC-stained 2-mm sectioned brain
(S sections per brain), ischemic lesion volume was measured with Invision
software for Apple Macintosh. Edema was calculated by determining the
difference between left hemisphere volume and right hemisphere volume.

MCA-ACA anastomosis analysis. Prior to use in our tandem CCA and MCA
occlusion model, the anastomoses between the MCA and ACA in littermate
WT and Pln~/~ were analyzed according to the methods of Maeda et al. (22,
23). ACA-MCA anastomosis points on the brain’s dorsal surface were visu-
ally identified as defined by Maeda et al. as the narrowest part of the vessel
or halfway between the nearest branching points of the ACA and MCA
branches, respectively. Adjacent anastomosis points were connected by the
line of anastomoses, and the distance from the midline to the line of anas-
tomoses was measured using iVision-Mac Image Acquisition and Analysis
Software (BioVision Technologies) on images taken from the dorsal brain
surface at coronal planes 2, 4, and 6 mm from the frontal pole (22).

Pre- and post stroke motor function assays. Stroke or sham surgery control
rats were placed in a 20 cm (diameter) x 35 cm (height) transparent cylin-
der for 3 minutes to test limb preference and their ability to support weight
on either forelimb (25). As the animal reared to explore the environment,
the bilateral, ipsilateral (left), or contralateral (right) paw placements were
counted and analyzed by an investigator blinded to the different treat-
ment groups. The percent of contralateral limb use was calculated using
the following formula: contralateral contacts/(ipsilateral + contralateral)
x 100. Stroke or sham surgery control WT or Pln”~ mice were tested with
the vibrissae-elicited forelimb placement test (stimulation of the vibris-
sae triggers reflex extension of the ipsilateral paw in neurologically intact
animals) (26) to measure post-stroke motor function. Briefly, the animals
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were held by their torsos with the forelimbs hanging freely, and the fore-
limb placement was induced by gently touching the respective vibrissae
against the edge of a Plexiglas plate (size: 4 x 6 inches, 3 inches raised from
the bottom). Contralateral and ipsilateral forelimb placement responses
were counted, with 10 trials for each side. Placement of each paw on the
glass plate in response to the respective vibrissae stimulation was given a
score of 1. The proportion of successful placements with the affected fore-
limb was calculated and converted to percent usage.

In vivo animal imaging of IR-800 dye—labeled DV. DV was labeled with IRDye
800CW dye (Licor Biosciences) as previously described (14). Briefly, 100
ug DV was incubated with 1.5 ul of dye and incubated for 2 hours at room
temperature. Conjugated DV was then purified from free dye via Zeba Spin
Desalting Columns (Thermo Scientific). Protein concentration was deter-
mined by Bio-Rad Protein Assay. The carboxylate form of IRDye 800CW
was used as the dye-only control.

DV-IR-800- or IR-800 control-injected animals were imaged at differ-
ent time points after injection (4 hours to 3 days) using a Kodak In Vivo
FX small animal imager. Prior to imaging, animals were anesthetized as
per Texas A&M College of Medicine guidelines. Excitation wavelength of
720 nm and emission wavelength of 790 nm were utilized. Images were
analyzed using Kodak Molecular Imaging Software and processed with
Adobe Photoshop CS.

In vitro angiogenesis assays. Matrigel experiments were performed as pre-
viously described (31). After 12-18 hours, cells were imaged and tube
formation was quantified (tube pixels/high-power field, 10 areas per
condition) with Adobe Photoshop CS. Cell migration was assessed with
a modified Boyden chamber (NeuroProbe) following the instructions of
the manufacturer. Migration across a type I collagen-coated polycarbon-
ate membrane (PVD-free 8-um pore) toward VEGF (20 ng/ml), 3% FBS, or
DV (300 nm) was assessed after 6-8 hours. Proliferation was assessed after
48 hours in serum-free medium containing 20 ng/ml VEGF with MTS solu-
tion (Promega) following the manufacturer’s instructions. In some experi-
ments, cells were pretreated with a5B1-specific peptide CRRETAWAC or
CRRETADAC control peptide (10 mg/ml, provided by Martin Humpbhries,
University of Manchester, Manchester, United Kingdom) (36).

aSP1 integrin knockdown. Brain microvascular endothelial cells were
treated with a.5 siRNA (Mission siRNA; Sigma-Aldrich) containing medi-
um with Lipofectamine 2000 (Invitrogen). After 2 hours, this was replaced
with antibiotic-free growth medium (M199, 10% FBS, 150 mg/ml bovine
brain extract, 60 mg/ml heparin), and cells were allowed to recover over-
night. a5 integrin knockdown was confirmed by a.5 quantitative PCR and
a5 Western blot analysis.

o2 integrin expression. Brain microvascular endothelial cells were transfected
with a plasmid vector (PEGFP-N2, Clontech) containing a sequence encod-
ing the 0.2-subunit integrin with a C-terminal RFP fusion protein (Texas
A&M University Biomedical Engineering); empty vector was used as a con-
trol. Cells were allowed to recover during 24 hours in medium containing
no antibiotics. Transfection efficiency was assessed after 24 hours using an
inverted fluorescence microscope and a2 integrin immunocytochemistry
with appropriate primary and secondary antibodies (Millipore) added to cells
fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton-X.

VEGF ELISA analysis. Confluent microvascular brain endothelial cells
were serum starved for 12 hours prior to treatment with DV with or with-
out 20-minute pretreatment with a5B1 function blocking antibody. After
24 hours, VEGF ELISAs (Insight Genomics) were performed on the endo-
thelial cell conditioned medium following the instructions of the manufac-
turer. In some conditions, cells were pretreated with a5p1 function blocking
antibody (1 ug/ml). VEGF ELISA was also performed on stroke (the visibly
identifiable area of infarct) brain tissue lysate from PSD 1, 3,7, 13, and 15,
obtained on each PSD 8 hours after treatment with PBS or DV.
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Quantitative PCR. Mouse brain endothelial cells were serum starved and
then treated with 1% IMDM with or without DV for 2 hours. The protocol
from the RNeasy Mini Kit was followed (QIAGEN, catalog 74104). Samples
were quantified using a spectrophotometer, and qualitative analysis was per-
formed by running samples on a 1% agarose gel. First-strand cDNA synthesis
used cloned AMV RT for RT-PCR. cDNA from each sample was prepared fol-
lowing the Invitrogen Cloned AMV Reverse Transcriptase protocol (catalog
12328-019). qPCR products included TagMan Fast Universal PCR Master Mix
(2x; Applied Biosystems), No AmpErase UNG (Invitrogen, catalog 4352042),
MicroAmp Fast 96-Well Reaction Plate (0.1 ml; Applied Biosystems, catalog
4346907). Vascular endothelial growth factor A (assay ID Mm00437304_m1),
GAPDH (Mm99999915_g1), and integrina-5 (Mm00439797_m1) primers
were used. The following were mixed to a final volume of 25 ul and added to
TaqMan Fast 96-well Reaction Plate: Fast Universal PCR Master Mix, gene
expression assay mix, cDNA, and H,O. The amount of cDNA added for each
gene expression was optimized so that the dCt was around 18 cycles. Once
the reaction plate was complete, it was analyzed using an Applied Biosystems
7500 Fast Reverse transcriptase PCR system.

In vivo permeability assays. EB-labeled albumin permeability assays were per-
formed following previously published protocols (56). Briefly, anesthetized
mice were subjected to stroke as described above. After 2 hours of injury,
the mice were reperfused and immediately treated (2 hours post-stroke time
point) or allowed to recover for 6 hours or 22 hours (8-hour and 24-hour
time points, respectively) prior to treatment. Treatment consisted of i.p.
injection of PBS or recombinant human DV (1 mg/kg, same dose as before)
for 4 hours. Following treatment, 2% EB dye (preincubated with albumin)
was administered by intravenous injection and was allowed to circulate for
an additional 4 hours. The mice were sacrificed by cardiac perfusion with
saline solution. Brains were rapidly removed. Sections (2-mm thickness)
were used to calculate extravasated EB volume in infarct hemispheres. Addi-
tionally, the total amount of EB present in hemisphere homogenates (i.e.,
the extravasated amount of EB dye in ug/mg of brain tissue) was quantified
by treatment with 300 ul formamide solution (Fluka Chemicals, Sigma-
Aldrich) and incubation at 55°C for 3 days. Homogenates were centrifuged
at 20,000 g for 10 minutes. Supernatants were used to quantify extracted EB
by measuring absorbance at 620 nm. The total amount of EB was quanti-
fied using standard curves and normalized against hemisphere wet weight.
Data are mean + SD from 3 different animals.

In vitro OGD neuroprotection assays. For these experiments, the protocol
of Li et al. (57) was adopted. The protocol is also presented schematically
in Figure 6B. Mouse brain endothelial cells grown under routine cell cul-
ture conditions had their media removed (followed by 3 brief rinses with
1x PBS), followed by incubation in neuron media (DMEM-Hi glucose +
PenStrep + B27) for 9 hours with or without DV (12.5 ug/ml) to gener-
ate brain endothelial cell conditioned medium. Additional neuron media
with or without DV was added to empty wells not containing any cells as
a media control. After 9 hours, the neuron and conditioned media were
harvested and centrifuged for 10 minutes at 20,000 g to remove any cel-
lular debris. The supernatant was collected, and a portion was analyzed
for VEGF content via VEGF ELISA. The rest was frozen at -80°C until
needed. Primary mouse cortical neurons were dissected from embryonic
day 15 C57BL/6 mice. Neurons were plated in poly-D-lysine-coated 24-well
plates. After 2 full days in culture, neurons were submitted to OGD (1%
glucose, 90% N, 5% Hs, 5% CO,, 37°C) for 2 hours in a hypoxia chamber
(Billups-Rothenberg Inc.) and returned to a normal oxygen conditioned
incubator (5% CO,, 37°C) for reoxygenation. Following reoxygenation, the
medium was removed and replaced with a 1:1 mix of the previously gener-
ated neuronal medium or the brain endothelial cell conditioned medium
and fresh neuron medium with or without freshly added VEGF blocking
antibody (1:100) or control IgG. After 24 hours, Alamar blue solution was
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added and further incubated for 4 hours. Alamar blue fluorescence was
measured as an indicator of neuronal viability with a fluorescent plate
reader following instructions provided by the manufacturer. Briefly, fluo-
rescence was measured with an excitation wavelength of 560 nm and emis-
sion wavelength of 590 nm.

DV a.5B1 integrin binding assays. Binding assays were carried out using an
optical biosensor (IAsys; Affinity Sensors) as described previously (58). In
brief, to covalently bind the human a581 protein, designated as an accep-
tor, onto the surfaces of a sensor, we activated carboxylate groups present
on the surface by injection of a 1:1 mixture of 0.1 M N-hydroxysuccinimide
and 0.4 M N-ethyl-3-(3-dimethylaminopropyl) carbodiimide (Pierce). The
acceptor dissolved in PBS was then allowed to bind to the activated sur-
face until a response plateau was reached. The residual active groups were
blocked by an injection of 100 ul of 1 M Tris-HCI (pH 8.5).

A cuvette with immobilized a5B1 was primed with the binding buffer
(150 mM NaCl, 25 mM Tris-HCI, pH 7.4, and 1 mM MnCl,). Free DV inter-
actant dissolved in the binding buffer was added to the cuvette, and then
the association phase was recorded. The sample was removed, analyte-free
buffer was added to the cuvette, and the dissociation phase was recorded.

For binding assays, free DV was added at concentrations ranging from
8.0 x 10-* M to 4.0 x 10”7 M. Data from the biosensor were analyzed by
the global fitting method described by Myszka and Morton (59). For each
assay, the association rate constants (K,,) and the dissociation rate con-
stants (K,z) were obtained, and the equilibrium dissociation constant (Kj)
values were calculated from a ratio of K,y to K,,. In addition, control bind-
ing of BSA at a molar concentration of 8.0 x 107 (double of the highest
concentration for DV) was also performed.

Western immunoblots. Lysates were prepared from freshly frozen brains
by incubation in RIPA lysis buffer complemented with protease inhibitor
cocktail (Calbiochem, EMD Chemicals). Protein concentration was deter-
mined using the Bradford assay (Bio-Rad), and then samples containing 20
ug protein/well were loaded in 10% SDS-PAGE and transferred onto PVDF
membranes. Membranes were incubating in blocking buffer (5% nonfat
dry milk/TBS) for 1 hour at room temperature, followed by an overnight
incubation at 4°C in the presence of antibodies directed against DV (R&D
Systems), VEGF (R&D Systems), His (GeneTex), a5 integrin (Millipore), and
GAPDH (Abcam). Membranes were washed with TBS-0.1% Tween 20 and
incubated in the presence of HRP-conjugated secondary antibody (Gene-
Tex). Band detection was performed by enhanced chemiluminescent sub-
strate (SuperSignal West Pico, Thermo-Fisher Scientific) and captured by
X-ray films. Blot quantification was performed using NIH Image]J software.

Statistics. For all described experiments, unless otherwise stated, n = 15
(5 separate experiments, experiments for each condition performed in tripli-
cate). Data are presented as mean + SD (unless otherwise stated). Statistical
significance (P < 0.05) was determined for all experiments by 1-way ANOVA,
followed by the Dunnett post-test to compare experimental versus control
conditions or the Bonferroni test to compare between different experimen-
tal conditions, using Prism 4.0 statistical package (GraphPad Software).
Repeated-measures ANOVA using the Prism statistical package was used for
comparisons between various treatment groups in motor function experi-
ments. For anastomosis comparisons between littermate WT and Pln~~
mice, the interstain difference in the distance of the line of anastomoses
from the midline was analyzed by 1-way ANOVA followed by Scheffe’s post
hoc test (22), and differences in the number of anastomoses were analyzed
with Mann-Whitney U test (22).

Study approval. All animal experiments were approved by the IACUC of
Texas A&M College of Medicine.
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