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Abstract

Developmental endothelial locus-1 (Del-1) is a novel angiomatrix protein that has been shown to
stimulate a potent angiogenic response and promote functional recovery in hind limb and cardiac
ischemia in animal models; however, its impact on cerebral angiogenesis is unknown. In this study,
we investigated whether Del-1 overexpression via gene transfer induces cerebral angiogenesis in a
murine model, and examined Del-1 expression after ischemic stroke. Cerebral Del1-1 overexpression
was achieved with AAV (adeno-associated virus) transduction system via stereotactic injection.
Control mice were injected with AAV-lacZ. Del-1gene transduction led to a significant induction of
cerebral angiogenesis compared to AAV-lacZ treatment at 4 weeks after gene transfer (Del-1: 97+7
vs lacZ: 64428, vessels/field, p<0.05). Mice transduced with AAV-Del- 1 showed significantly
elevated vascular densities for up to 6 weeks after gene delivery. In addition, double
immunofluorescent staining showed co-localization of endothelial cell marker CD31 with BrdU
(specific marker for proliferating cells), indicating that Del-1 promoted endogenous endothelial cell
proliferation and angiogenesis. Our immunohistochemcial staining also showed that Del-1
expression was markedly upregulated in the peri-infarct area at 3 days after permanent focal cerebral
ischemia compared to the sham-operated non-ischemic control. Our data suggest that Del-1 may
participate in modulating cerebral angiogenesis, and that gene transfer of Del-1 may provide a novel
and potent means for stimulating cerebral angiogenesis.
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1. Introduction

Angiogenesis, the sprouting of new capillaries from pre-existing vessels, is important in both
health and disease (Carmeliet and Jain, 2000; Risau, 1997). Developmental endothelial locus-1
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(Del-1) was a recently cloned and characterized unique matrix protein that is expressed by
endothelial cells during embryological vascular development (Hidai et al., 1998). Del-1 is a
52-kD protein that contains 3 epidermal growth factor (EGF) repeats, and an arginine-glycine-
aspartic acid (RGD) motif. The RGD motif of Del-1 binds avp5 integrin, which, in turn, leads
to increased angiogenic transcription factor HoxD3 expression. HoxD3 activates avp3 and
UPA, resulting in the transformation of resting endothelial cells to an angiogenic state (Penta
etal., 1999; Rezaee et al., 2002). We have previously reported that HoxD3 overexpression can
induce brain angiogenesis (Chen et al., 2004).

Del-1 becomes quiescent at the time of birth, and is no longer expressed in normal adult tissues.
It has been found re-expressed in a number of human tumors as well as in ischemic muscles,
which may play an important role in adult angiogenesis (Aoka et al., 2002; Ho et al., 2004).
In addition to promoting adherence and migration of endothelial cells, Del-1 also acts as an
endothelial cell survival agent through upregulating Bcl-2 expression (Pollman et al., 1999).
Exogenous application of Del-1 has been demonstrated to augment angiogenesis and improve
blood flow and tissue function in murine models of hind-limb ischemia (Ho et al., 2004; Zhong
etal., 2003) and cardiac ischemia (Kown et al., 2003). The function of Del-1 in the normal and
the ischemic brain has not been documented previously. In this study, we examined whether
exogenous application of Del-1 can induce cerebral angiogenesis, and whether Del-1 is
expressed after cerebral ischemia.

2.1. Construction of AAV expression vectors

Gene transfer has the potential to maintain a sufficient concentration of transduced protein over
a long period of time from a single administration (Burger et al., 2005; Monahan and Samulski,
2000). To investigate whether Del-1 might play a role in cerebral angiogenesis, we first
developed adeno-associated viral (AAV) vectors with Del-1 or lacZ. AAV vector is a single-
stranded DNA virus, and belongs to the nonpathogenic, helper-dependent member of the
parvovirus family. It has several advantages over other viral vectors, including low
immunogenicity, the ability to mediate long-term transgene, and infect both dividing and non-
dividing cells (Zaiss et al., 2002). To construct AAV-Del-1, we inserted the human Del-1
cDNA between two ITRs of pAAV-MC plasmid to generate the pAAV-Del-1. CMV promoter
was used to control gene expression in this vector. Fig. 1A shows the structure of the two AAV
vectors with Del-1 or lacZ. Fig. 1B shows confirmation by gel electrophoresis of correct Del-1
cDNA inserted into pAAV-CMV after double-enzyme digest. After purification and
concentration using CsCl gradient centrifuge, we obtained AAV-Del-1 as high as1013 gene
copy determined by dot blot hybridization (Figs. 2A and Fig 2B). AAV-lacZ was generated as
a control vector in the same fashion and at the same titer.

2.2. Del-1 gene transfer induced cerebral angiogenesis

To determine whether Del-1 increases vascular density in the brain, we performed
intraparenchymal AAYV injection. AAV-Del-1 or AAV-lacZ was stereotactically injected into
the left caudate putamen of the mouse brain. The treated mice displayed normal behavior and
showed no overt neurological deficits such as paresis or seizure activity for up to 6 weeks after
injection of the viral vector. To determine whether intraparenchymal AAV injection leads to
successful gene transduction and expression, we first examined the extent of lacZ expression
after AAV-lacZ infection. As shown in Figure 3A, a robust lacZ signal was observed adjacent
and distal to the injection tract 5 days post injection. LacZ positive staining was absent in the
contralateral noninjected hemisphere. To determine whether Del-1 gene transduction induces
brain angiogenesis, we assessed microvascular density by counting lectin-positive
microvessels. Compared with AAV-lacZ-treated mice, mice transduced with Del-1gene
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showed increased vascular density at 4 weeks following the injection (Del-1: 97+7 vs lacZ: 64
+28, vessels/field, p<0.05; Figure 3B and 3C). Del-1-treated mice showed elevated vascular
densities for up to 6 weeks after Del-1 gene delivery (p<0.05). We have observed that the most
dramatic increase in vascular density is at proximity of the needle track. The induced vascular
density at distant sites from needle track is less pronounced, consistent with our previous reports
(Fan et al., 2008; Shen et al., 2006a; Zhu et al., 2008). We have found that the transduced
protein is expressed at 3 days, reaching maximal levels at 3 weeks after viral injection (Fan et
al., 2008; Shen et al., 2006a; Zhu et al., 2008). AAV gene transfer did not cause neuronal death
and inflammation at 6 days after transduction (Shen et al., 2006b, Shen, 2006 #19461). Despite
the sustained increase in vascular density, we did not observe any evidence of abnormal vessel
morphology for up to 6 weeks following administration of Del-1, using previously published
criteria (Xu et al., 2004).

To verify that Del-1 treatment enhances endothelial cell proliferation, we performed dual-
labeled immunohistochemcal staining using antibodies against the cell proliferation marker
BrdU and endothelial cell marker CD31. As shown in Fig. 4A, BrdU positive cells co-localized
with CD31 positive cells. Importantly, AAV-Del-1 gene transfer promoted endothelial cell
proliferation (1.1 £ 0.3 vs 0.4 £ 0.1, p < 0.05, cells / field, Fig. 4B).

2.3. Increased Del-1 expression after ischemic stroke

The expression of many angiogenic growth factors such as VEGF, angiopoietins, and integrins
are up-regulated following ischemic stroke (del Zoppo and Mabuchi, 2003; Hayashi et al.,
2003). We examined whether Del-1 expression was altered after ischemic stroke by
immunohistochemical staining. Cerebral infarctions were confirmed by Nissl staining, and a
representative brain coronal section at 3 days after MCAO is shown in Fig. 5. Normal brains
stained blue with the Nissl staining method, but the cerebral infarcts in the brains of MCAO
mice displayed decreased staining delineating the pale ischemic region. Del-1 expression was
strongly increased in the peri-infarct region of the ischemic cortex at 3 days after ischemic
stroke (Figs. 5A and 5B). Del-1 signal was weak in the sham-operated non-ischemic
hemisphere (Fig. 5C and 5D).

3. Discussion

In the present study, we demonstrated that gene transfer of Del-1 using AAV vector
significantly promoted cerebral angiogenesis, and that ischemic stroke dramatically induced
Del-1 expression.

Angiogenesis is essential for development, normal growth and repair. It is complete around
postnatal day 20 and is suppressed in adult tissues. However, angiogenesis is triggered in many
pathological processes, including tumor progression and ischemic diseases (Bikfalvi and
Bicknell, 2002; Hayashi et al., 2003; Zhang and Chopp, 2002). The role of angiogenesis in
pathophysiology is different in each disorder, and manipulation of new vessel growth can be
effective treatments for some diseases. Whereas suppression of angiogenesis can block tumor
growth (Bikfalvi and Bicknell, 2002; Folkman, 1995), potentiation of new vessel formation
may represent effective means to reduce ischemic injury, as ischemic tissue is dependent upon
restoration of microvascular circulation. Brain ischemia induces angiogenesis (Carmeliet,
2003; Hayashi et al., 2003), and the number of new vessels produced in the ischemic penumbra
is correlated to decreased morbidity and longer survival in stroke patients (Cramer et al.,
1997; Krupinski et al., 1994; Weiller et al., 1993), suggesting that restoration of cerebral
microvascular circulation is important for functional recovery following ischemic attack.

The formation of a functioning vasculature requires the orchestrated interaction of endothelial
cells, extracellular matrix and surrounding cells, which are coordinately regulated by multiple
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angiogenic and angiostatic factors. Regulation of these factors in both temporal and spatial
manners is fundamental for efficient angiogenesis, and different biological activities are
required in the different phases of neovascularization from initiation to maturation (Epstein et
al., 2001; Ferrara and Alitalo, 1999). Following ischemic stroke, the expression of many
angiogenic growth factors such as VEGF, angiopoietins and integrins are up-regulated,
possibly playing a role in ischemic-induced angiogenesis (del Zoppo and Mabuchi, 2003;
Hayashi et al., 2003). Our data show that Del-1 expression is low in normal brain tissue and
is enhanced after cerebral ischemia, suggesting that Del-1 may participate in ischemia-induced
angiogenesis. The positive cells are of glia morphology. We speculate that glia cells participate
in the angiogenic process after ischemic stroke by secreting angiogenic growth factors such as
VEGF and integrin. In line with our findings, Hanayama et al have reported that Del-1
expression is induced in macrophages during apoptosis (Hanayama et al., 2004). Endogenous
angiogenesis may not be sufficient to compensate for the hypoperfusion state. Therefore,
potentiation of the functional vascularization is necessary to enhance long-term survival of the
penumbra. Experimental and clinical studies have provided evidence that therapeutically-
induced angiogenesis can reduce ischemic injury in endangered territories of the peripheral
and cardiovascular system (Arras et al., 1998; Cao et al., 2003; Chen et al., 2003; Simons and
Ware, 2003).

Therapeutic angiogenesis represents a novel approach to rescue ischemic injured brain tissue.
Among the many known classes of angiogenic growth factors, VEGF is a prototypical
angiogenic growth factor, and is unregulated in the ischemic brain after stroke (Beck et al.,
2000; Hayashi et al., 1997). VEGF delivery has been reported to enhance vascular density and
improve cerebral blood flow in ischemic brain regions (Jin et al., 2000; Marti, 2002; Sun et
al., 2003). The potential therapeutic value of VEGF, however, is compromised by associated
detrimental effects such as vascular leakage and edema (Thurston et al., 1999; Zhang et al.,
2000). We demonstrate in this study that Del-1 overexpression, via AAV-mediated gene
delivery, potently enhances cerebral angiogenesis. Del-1 is a unique angiogenic factor that
possesses a distinct mechanism of action from other known angiogenic factors such as VEGF
and FGF. Del-1 stimulates a potent angiogenic response through activation of integrin signaling
cascade (Boudreau et al., 1997; Gorski and Walsh, 2000). Del-1 binds to integrin o,f5 on
resting endothelial cells, leading to the activation of transcription factor HoxD3. HoxD3 then
induces the expression of proangiogenic factors such as integrin a3, and proteinase uPA/
UPAR, thereby resulting in angiogenesis. ay/B3 is a heterodimeric receptor consisting of ays and
B3 subunits that bind to a variety of extracellular matrix proteins, including vitronectin, tenascin
and fibrinogen. This integrin promotes angiogenesis by regulating cell adhesion and migration
(Carmeliet, 2002; Travis et al., 2003). Although ay/B3 expression is low in resting vessels, its
expression is rapidly induced following exposure to angiogenic cytokines that include Del-1
(Brooks et al., 1994; Penta et al., 1999; Sepp et al., 1994).

Our study provides the first evidence that Del-1 overexpression via gene transfer may yield a
means to induce vascular density in the adult brain. In this study, we assessed vascular density
by counting the number of lectin-positive vessels. It would be ideal to employ detailed methods
to characterize the neovessel formations, such as the number of vascular branch, the diameter
and length of capillary, or the capillary area measure (Chen et al., 2003). Also, the number of
vessels in 2-D plane varies according to the direction of the section plane. Nevertheless, the
counting error caused by this phenomenon should be distributed equally among different
groups. We believe it would not significantly impact our vascular measurement and conclusion.
Future study is needed to examine whether Del-1 gene transduction-mediated
neovascularization promotes long-term neurological functional recovery after ischemic stroke.
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4. Experimental Procedure

4.1. AAV vector construction and production

AAV vectors were generated according to a previous method with minor modifications (Su et
al., 2000). We first inserted the human Del-1 cDNA (Origene, Rockville, MD) between two
ITRs of pAAV-MC plasmid (Strategene, La Jolla, CA) to generate the pAAV-Del-1. CMV
promoter was used to control gene expression in this vector (Fig. 1A). The recombinant plasmid
pAAV-Del-1 was co-transfected with 2 helper plasmids into HEK293 cells by the calcium
phosphate precipitation method. One helper plasmid, pHelper, contains adenoviral VA, E2A,
and E4 regions, which mediate AAV vector replication. The other, pAAV-RC, has rep gene
and cap gene of AAV serotype 1. Cell lysates were produced using 3 freeze-thaw cycles 3 days
after gene transfection. AAV vectors were purified by CsCl density gradient centrifugation.
Viral titers were determined by dot blot analysis of the DNA content. AAV-lacZ was prepared
as a control.

4.2. Adeno-associated viral vector delivery

The study was approved by the University of California, San Francisco Committee of Animal
Research, and conformed to the NIH Guidelines for use of animals in research. Viral
transduction was performed as previously described (Zhu et al., 2008). Adult CD-1 mice
weighing 30-35 g were placed in a stereotactic frame (Kopf, Tujunga, CA) under anesthesia,
and a burr hole was drilled 2.5 mm lateral to the sagittal suture and 1 mm posterior to the
coronal suture. A 10pl Hamilton syringe was slowly inserted into the left caudate nucleus (3.0
mm deep from the dura). Four pl viral suspension (AAV-Del-1 or AAV-lacZ) containing 5.6
x 1010 particles were injected into the left hemisphere.

4.3. Immunohistochemistry

Immunohistochemical staining was performed as previously described. (Chen et al., 2006)
Sections were incubated with primary antibodies at the following concentrations: mouse anti-
Del-1,1:200 (a gift from Valentis Inc., Burlingame CA); ratanti-CD31, 1:200 (BD bioscience);
mouse anti-BrdU, 1:1000 (Sigma). After incubating at 4°C overnight and washing, the sections
were incubated with biotinylated secondary antibody (Vector Laboratories) at 1:5000 dilution.
The sections were treated with ABC streptavidin detection system. For dual fluorescent
staining, after incubating with primary antibodies, sections were incubated with Alexa Fluor
594-conjugated or Alexa Fluor 488-conjugated 1gG (Molecular probes) at 1:500 dilution.
Negative controls were performed by omitting the primary antibodies during the
immunostaining.

4.4. Vascular density assessment

Microvessel counting was performed as previously described (Shen et al., 2006a). Brain
sections were stained with fluorescein conjugated lectin (Vector laboratories, Burlingame,
CA). Lectin is a commonly used marker to label blood vessels. Six brain coronal sections from
the lectin-stained brain sections, 1, 1.5, 2 mm anterior and 1, 1.5, 2 mm posterior from the
needle track, were chosen. Three areas of microvessels, immediately to the left, right, and
bottom of the needle track, were photographed using a 10x objective. Microvessel counting
was performed on these photographs. Vessels with a diameter between 3 and 8 uM were
counted. The number of microvessels was calculated as the mean of the vascular counts
obtained from 3 pictures, and the counting was conducted in a blinded fashion.
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4.5. 5-bromo-2-deoxyuridine-5-monophosphate (BrdU) labeling

BrdU, a thymidine analogue incorporated into the DNA of dividing cells, was used to label
proliferating cells. Before sacrifice, mice were i.p. injected twice daily with BrdU (50mg/kg,
Sigma) for 7 consecutive days.

4.6. Animal stroke model

The study was approved by the University of California, San Francisco Committee of Animal
Research and conformed to NIH Guidelines for use of animals in research. Adult male CD-1
mice (30-35g) were subjected to permanent focal ischemia by intraluminal middle cerebral

artery blockade (Zhu et al., 2008). Surface cerebral blood flow (SCBF) was monitored during
MCAO using laser Doppler flowmetry (Vasamedics). Mice were excluded from the experiment
if SCBF in the ischemic core region was more than 15% of the baseline. Stroke mice and sham-
operated control mice were sacrificed at 3 days after MCAOQ, and serial coronal sections (200
pum apart) were stained with cresyl violet for assessing brain infarction (Shen et al., 2006a).

4.7. Statistical analysis

All data are presented as mean + SD. Parametric data among different groups were analyzed
using a one-way ANOVA followed by Fisher’s PLSD Test. A probability value of less than
5% was considered to be statistically significant.
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ITR — CMV lacZ PA - ITR

ITR — CMV Del-1 PA - ITR

Fig. 1. Construction and production of AAV-Del-1

A. Structure of the 2 AAV vectors with Del-1 or lacZ (as a control). CMV promoter was used
to control gene expression in this vector. B. The cDNA encoding human Del-1 was PCR-
amplified by using the primers 5’ CG GAA TTC ATG AAG CGC TCG GTAGCC GT 3'and
5 CCCAAG CTT TC ATT CCT CCT CTG TGC AGC 3'. The fragment was cloned into the
plasmid pAAV-MC with EcoR I/Hind 111, and tested by double-enzyme cutting and
sequencing. Gel image shows electrophoresis of recombinant pAAV-Del-1after EcoR I/Hind
I11 digestion. Lane 1: molecular size marker. Lanes 2 and 3: Del-1 fragment at 1.2k base pairs.
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Fig. 2. Dot blot analysis of AAV-Del-1 gene copies

A. Photomicrograph shows AAV-Del-1 titers using dot blot hybridization. Del-1 gene fragment
was amplified by PCR and used as standards. Upper panel in A shows the intensities of dot
blot increases with the loading doses of the standards. Low panel in A is a representative blot
image of AAV-Del-1 with different loading doses. After hybridization and exposure, the real
pixels of dots were measured using software Image J. B. Standard curve, X-axis is log scale
of gene copy, and Y-axis is linear scale of pixels. We obtained AAV-Del- 1 of 1.4x1013 /ml.
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Fig. 3. Del-1 gene transfer enhances vascular density

A. Distribution of X-gal positive staining (blue color) at 5 days following the injection of 5.6
x 1010 particles of AAV-lacZ. The brain section was counter-stained with H&E. B.
Representative images of immunofluorescent staining of lectin positive blood vessels
demonstrate that AAV-Del-1 transduction increased vascular density in the needle tract region
compared to AAV-lacZ transduction. Size bar = 50um. C. Quantification of microvessel
numbers. *, p< 0.05vs AAV-lacZ, n=8 for each group. The data are representative of 3 separate
experiments.
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Fig. 4. Del-1 gene transfer enhances endothelial cell proliferation

A. Representative images of co-localization of BrdU+ and CD31+ cells showing active
endothelial cell proliferation induced by AAV-Del-1 transfection compared to AAV-lacZ
treatment. The image is from a section around the needle track. B. Quantification of BrdU and
CD31 co-labeled cells. *, p< 0.05 vs AAV-lacZ, n=8 for each group. Scale bar = 50 um.
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Fig. 5. Increased Del-1 signal after ischemic stroke

Upper right panel is a representative Nissl-stained brain coronal section showing ischemic
infarct at 3 days after MCAO. Lower right panel shows a Nissl-stained normal brain coronal
section. Images A and B show representative Del-1 immunostaining at 3 days after ischemic
stroke. Arrows indicate positive Del-1 signal. Boxed area indicates location of Del-1
immunostaining in the peri-infarct cortex. Del-1 mocitios ctyvaic wepe vot ofoepmed v e
vov—loynepty onap—onepated pye Bpawve (X, A). Scale bar = 50 um.
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