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Abstract
Promoting angiogenesis via delivery of vascular endothelial growth factor (VEGF) and other
angiogenic factors is both a potential therapy for cardiovascular diseases and a critical aspect for
tissue regeneration. The recent demonstration that VEGF signaling is modulated by the Notch
signaling pathway, however, suggests that inhibiting Notch signaling may enhance regional
neovascularization, by altering the responsiveness of local endothelial cells to angiogenic stimuli.
We tested this possibility with in vitro assays using human endothelial cells, as well as in a rodent
hindlimb ischemia model. Treatment of cultured human endothelial cells with DAPT, a gamma
secretase inhibitor, increased cell migration and sprout formation in response to VEGF stimulation
with a biphasic dependence on DAPT concentration. Further, delivery of an appropriate combination
of DAPT and VEGF from an injectable alginate hydrogel system into ischemic hindlimbs led to a
faster recovery of blood flow than VEGF or DAPT alone; perfusion levels reached 80% of the normal
level by week 4 with combined DAPT and VEGF delivery. Direct intramuscular or intraperitoneal
injection of DAPT did not result in the same level of improvement, suggesting that appropriate
presentation of DAPT (gel delivery) is important for its activity. DAPT delivery from the hydrogels
also did not lead to any adverse side effects, in contrast to systemic introduction of DAPT. Altogether,
these results suggest a new approach to promote angiogenesis by controlling Notch signaling, and
may provide new options to treat patients with diseases that diminish angiogenic responsiveness.
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Introduction
Promoting angiogenesis is both a potential effective therapy for cardiovascular diseases and a
critical aspect for tissue regeneration [1–4]. Vascular endothelial growth factor (VEGF) plays
a central role in angiogenesis and is involved in various stages of the neovascularization
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process, e.g., degradation of extracellular matrix, endothelial cell migration and proliferation,
lumen formation, vessel branching and pruning[5]. Provision of exogenous VEGF, either as a
recombinant protein or via gene delivery, has long been pursued in therapeutic angiogenesis
[6–9]. However, clinical trials administrating exogenous VEGF did not result in consistent and
significant benefits[10], likely due to the poor pharmacokinetics with bolus infusion[11,12].
In addition, some diseases (e.g., diabetes) result in reduced VEGF receptor expression and
signaling [13,14], pointing to the need for a more precise control of angiogenic stimuli.

It has recently become clear that VEGF signaling is modulated by the Notch pathway[15].
Notch signaling is an evolutionary conserved mechanism involved in cell-cell interactions, and
affects cell proliferation, differentiation and stem/progenitor cell fate decisions[16,17]. Notch
signaling plays crucial roles in the embryonic and postnatal development of various organs,
including the vasculature[18]. It is required for arterial-venous differentiation, embryonic/
postnatal angiogenesis and arteriogenesis, and tumor angiogenesis [19–23]. In postnatal
tissues, Notch signaling also maintains the quiescent state of the endothelium by suppressing
endothelial cell proliferation[22], inducing endothelial cell contact inhibition, and regulating
endothelial tip cell formation and vessel branching[24–27]. Of the 4 Notch receptors (Notch
1, 2, 3 and 4) and 5 Notch ligands (Delta-like1, 3, 4 (Dll1,3,4), Jagged 1, 2) found in mammals,
Dll4 and Notch 1 are found predominantly in the endothelium and Dll4 is specifically found
only in the endothelium[17,28,29]. Inhibition of Notch signaling by blockade of Dll4[19,20],
or by inhibition of a Notch signaling enzyme complex (gamma secretase)[19] disrupts normal
vessel structure and function, but does increase the number of endothelial cells participating
in sprouting and vessel density[19,20,30]. In contrast, upregulation of the Notch ligand Dll4
inhibits VEGF-induced endothelial cell proliferation[30] and downregulates VEGFR2
expression[31]; this effect can be reversed by adding Notch inhibitors[30]. In addition, Notch
signaling has been shown to affect the contribution of endothelial progenitor cells to
neovascularization[32]. The effects of Notch signaling in angiogenesis may be partially
explained by the observation that Notch signaling is in a negative feedback loop with the VEGF
pathway[15,17,33,34]. VEGF signaling lies upstream of the Notch pathway, and activation of
VEGF signaling (e.g., binding of VEGF to its VEGFR2 receptor) activates Notch signaling by
increasing the expression of Notch ligands such as Dll4[22,33]. Upregulation of Notch ligands
and their binding to neighboring Notch receptors in turn then downregulates VEGFR2
expression[30,31]. Thus, Notch signaling is able to assist in pruning and patterning vascular
networks by locally regulating endothelial cell responsiveness to global pro-angiogenic stimuli,
particularly VEGF[15,35,36]. In contrast, inhibition of Notch/Dll4 can up-regulate VEGFR-2
mRNA expression[19,30].

We postulated that controlled and local Notch inhibition might enhance regional
neovascularization, by altering the responsiveness of local endothelial cells to angiogenic
stimuli. This concept is in contrast to recent work in which inhibition of Notch signaling by
systemic introduction of anti-Dll4 antibodies reduced tumor tissue growth by forming
excessive yet dysfunctional vasculature, i.e., “non-productive angiogenesis”[19,20]. In the
current study, we tested our hypothesis with in vitro assays using human endothelial cells, as
well as in a rodent hindlimb ischemia model in vivo. We chose a severe combined
immunodeficiency (SCID) mouse model for in vivo studies as it exhibits a significantly reduced
spontaneous recovery from hindlimb ischemia, as compared to normal mice[37]. Gamma
secretase inhibitor (GSI) was used as the Notch inhibitor, as it has previously been shown to
inhibit Notch 1 activity[22,31]. Gamma secretase is required to cleave the Notch receptor and
release the Notch intracellular domain into the nucleus to induce changes in the gene expression
[26,29,30].
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Materials and Methods
Cell proliferation and migration assays

For cell proliferation assays, human microvascular endothelial cells (EC) (Lonza, MD) cultured
in EGM-2MV media (Lonza) were seeded in 24-well plates at a seeding density of 1×104/
cm2. Media was supplemented with recombinant human VEGF-A165 (10ng/mL) (R&D
systems, MN) and/or 0.1% (v/v) of solutions with different concentrations of gamma secretase
inhibitor IX (also named DAPT (N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-S-phenylglycine t-
Butyl Ester) (EMD Chemicals, NJ). Media was then changed every other day and cells were
counted at day 6 with a coulter counter. Recombinant human Dll4 (R&D systems, MN) was
also used in some studies, and the 24-well plates were preincubated with 0.2% gelatin (w/v)
in PBS containing 1μg/mL Dll4 at 4°C overnight, as described previously[30]. Cells were then
seeded in media with or without VEGF, followed by new media containing DAPT. DAPT did
not affect cell adhesion (data not shown). For cell migration analysis, 5×105 cells in 100μl
EGM-2MV were seeded in the top well of transwell dishes (Costar, MA) with a pore size of
5 μm. Cell migration towards the bottom well (containing 600μl endothelial basal medium
supplemented with 50ng/mL VEGF and 50ng/mL recombinant hepatocyte growth factor
(HGF) (R&D systems, MN)) was quantified by a coulter counter after 24 hours.

Sprouting assay
The detailed method for the sprouting assay was described previously[38,39]. In brief, human
microvascular endothelial cells (Lonza, MD) cultured in EGM-2MV media were seeded onto
Cytodex 3 microcarriers (Amersham Biosciences, NJ) at a ratio of 3× 106 cells per 40mg beads.
Beads with adhered cells continued to be cultured on a shaker until cells reached confluence.
The beads in EGM2-MV were then mixed with a solution of human fibrinogen solution (4mg/
mL) and aprotinin (500μg/mL) at a volume ratio of 1: 3:0.4. The beads-fibrinogen mixture was
then placed into 24-well plates to which human thrombin (25 units/mL) was added at a volume
ratio of 4:5 and mixed thoroughly by pipetting. The mixtures of beads, fibrinogen, thrombin
and aprotinin were kept in the wells at room temperature for 5 min before being transferred to
a 37°C incubator for 10 min to form hydrogels. Fresh EGM-2 media was placed on top of the
gel for 30min, removed and replaced with EGM basal medium containing different
concentrations of VEGF and Notch inhibitor. Media was changed every day. After 6 days,
media was removed and gels were washed twice with PBS, and fixed with 4% formaldehyde
overnight at 4°C. The formaldehyde solution was then aspirated, the gels were washed twice
with PBS, and the number of sprouts were counted and normalized to the number of beads.
(150–250 beads analyzed for each experimental condition). Sprouts were defined as a linear
extension containing more than one cell[39].

DAPT and VEGF release from alginate hydrogels
DAPT was radiolabeled with 3H by Vitrax (Placentia, CA) with a resulting specific activity of
8.4 Ci/mmol. Differential amounts of DAPT (containing a mixture of radiolabeled and
unlabeled DAPT with a final activity of 150 cpm/ng), with or without VEGF, was incorporated
within alginate gels prepared as previously described[38]. Triplicate samples (50microliter) of
hydrogels were placed in 24-well plates, and 1mL PBS buffer supplemented with 0.1g/L
MgCl2·6H2O and 0.132 g/L of CaCl2·2H2O was added and maintained at 37°C. An aliquot of
buffer was collected at set time points, and the radioactivity was measured by a Perkin Elmer
liquid scintillation analyzer (Tri-Carb 2800TR, Perkin Elmer Inc., MA) and normalized to
determine the release kinetics. VEGF release from alginate gel was measured with a human
VEGF ELISA kit (R&D systems, MN).
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Western Blots
Human microvascular endothelial cells cultured in EGM-2MV were grown to 75–80%
confluent, changed to medium containing 0.2% serum, and the medium containing 10ng/mL
VEGF, 2.5μM DAPT, or a combination of both was added to the dishes for varying time as
specified. Cell lysates were collected in two types of lysis buffer (LyA and LyB). LyA
contained 35mM NaCl, 25mM HEPES pH7.4, 50% Glycerol, 5mM EDTA, 1% Triton X,
50mM Sodium Fluoride, 100μM Sodium Orthovandate and Complete Mini Protease inhibitor
(Roche). LyB was LyA supplemented with 1% Tween 20. Cell lysates were electrophoresed
in precast Tris_glycine gels (Invitrogen), and transferred onto 0.2μm nitrocellulose membranes
(Amersham Pharmacia). Blots were incubated with primary antibodies for VEGFR2 (Cell
Signaling), βActin (Chemicon) or Vinculin (Calbiochem) followed by appropriate species-
specific secondary antibodies (Jackson Laboratory), and chemiluminescence (Pierce) was
detected with X-ray film (Kodak MR). Densitometric evaluations were performed with Kodak
MS software.

Murine ischemic hindlimb model
All protocols were approved by Harvard's Institutional Animal Care and Use Committee. The
animals used were 6-week old severe combined immunodeficiency (SCID) mice on a C57BL/
6J background (Jackson Laboratory, ME). Unilateral hindlimb ischemia was created as
previously described[40,41]. In brief, the animals were anesthetized by intraperitoneal
injections of ketamine (80mg kg−1) and xylazine (5 mg kg−1). The external iliac and femoral
artery and vein were ligated, and 50μL alginate hydrogel (prepared by the protocol described
previously[38]) incorporating 3μg VEGF and/or 86–8600ng DAPT was injected near the distal
end of the ligation site. As controls, VEGF and DAPT in PBS were also injected
intramuscularly or intraperitoneally (bolus delivery). Incisions were closed by 5–0 Ethilon
sutures (Johnson & Johnson, NJ). Blood flow in the hindlimb was monitored by a laser Doppler
perfusion imaging (LDPI) system (Perimed AB, Sweden) and the results were normalized to
the control unligated limb of the same animal.

Histology and immunohistochemistry
Hindlimb muscle tissues between the two suture knots defining the ligation site were dissected
and fixed by Z-fix (Anatech, MI) overnight and changed into 70% EtOH for storage prior to
histology processing. Samples were embedded in paraffin and sectioned (5 μm thick) onto
slides by Paragon (Paragon Bioservices, MD). Sections were incubated with primary anti-
mouse CD31 antibody (1:250) (Pharmingen, CA), followed by incubation with an anti-rat
mouse biotinylated secondary (1:200) (Vector Laboratories, CA), and amplified by a Tyramide
Signal Amplification (TSA) Biotin System (Perkin Elmer Life Sciences, MA). Staining was
developed using DAB+ substrate chromogen (DAKO, CA) and counterstained with Mayer's
Hematoxylin. Capillary densities were quantified by counting the CD31 positive capillary
numbers, normalized to the tissue area, in 30 randomly chosen high-power (200x, 400x) fields.
Images were captured with an Olympus-IX81 light microscope connected to an Olympus DP70
digital image capture system, as previously described[38,41].

Histology and immunohistochemistry techniques for small intestines were described
previously[19,42]. In brief, the small intestine was dissected from mice, and formalin-fixed
and paraffin-embedded. 3 μm-thick sections were pre-treated with peroxidase blocking buffer,
and then stained by hematoxylin and eosin, Alcian blue (pH 2.5, PolyScientific), anti-Ki67, or
HES-1 antibody. For Ki-67 staining, sections were pretreated with Target Retrieval Solution
(S1700, DAKO), incubated with rabbit anti-Ki67 (1:200, clone SP6, Neomarkers), followed
by a biotinylated goat anti-rabbit secondary (7.5 μg/mL, Vector Laboratories), and stained with
the Vectastain ABC Elite Kit (Vector Laboratories). For HES-1 staining, sections were
pretreated with Target Retrieval Solution (S1700, DAKO), incubated with an anti-rat HES-1
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antibody (1 μg/mL, clone NM1, MBL International), followed by a biotinylated rabbit anti-rat
secondary (2.5 μg/mL) and TSA-HRP Kit (T20931, Invitrogen). All immunoperoxidase-
stained sections were counterstained with Mayer's Haematoxylin. Quantification of nuclear
Ki67 and HES-1 staining was based on the assessment of 300 jejunum crypt cells per animal.

Statistical analysis
All statistical comparisons were performed using Student's t-test (two-tail comparisons).
Differences between conditions were considered significant only for p< 0.05.

Results
Effect of DAPT on EC in vitro

The effect of DAPT on endothelial cell proliferation, migration and sprout formation in vitro
was first examined. In the absence of VEGF, DAPT had little effect on cell proliferation at any
concentration tested (Fig. 1A) (only 2μM shown here, but similar for 0.2μM and 20μM). VEGF
alone increased cell proliferation, as compared to blank controls, and adding a low
concentration (0.2μM) of DAPT to VEGF exerted no effect on cell proliferation. However,
increasing the concentration of DAPT (2μM or 20μM) in the presence of the same
concentration of VEGF inhibited EC proliferation substantially (56% and 62% respectively),
indicating that in 2-D cultures excessive Notch inhibition suppresses EC proliferation. To
confirm that DAPT affected endothelial cells via the Notch signaling specifically, we activated
Notch signaling of EC with a Notch ligand (Delta-like ligand 4, Dll4, specifically found on
endothelium[30]) and examined if DAPT could reverse the effect of Notch activation. Initial
cell adhesion was not affected by the presence of Dll4 (data not shown). However, cells
adherent to surfaces with pre-adsorbed Dll4 showed a decreased proliferation, which was offset
by the addition of DAPT (Fig 1B). This result was consistent with previous reports[30] and
confirmed that DAPT influenced the Notch/Dll4 signaling pathway. The ability of DAPT to
influence EC migration was next examined (Fig. 1C). Endothelial cells exhibited minimal
migration when the chemoattractants (VEGF and HGF) were not present, but adding
chemoattractants induced a 8-fold increase in the number of migrated cells. A low
concentration of DAPT (0.25μM) exerted little effect on cell migration. Increasing the DAPT
concentration to 2.5μM enhanced EC migration, yet an even higher concentration of DAPT
(25μM) reduced this effect, indicating a biphasic response to Notch inhibition. Lastly, the effect
of DAPT on the ability of endothelial cells to form sprouts in vitro (analogous to capillary
formation), a process integrating cell proliferation, migration and differentiation, was
examined (Fig. 1D). Again, DAPT had little effect when VEGF was not present, as sprouting
was minimal in this condition. Adding 2.5μM DAPT to 10ng/mL VEGF containing media
greatly increased the sprout number, as compared to using VEGF alone. However, a higher
dose of DAPT (10μM) did not enhance sprouting over that obtained with VEGF alone.

It has been reported that Notch signaling can modulate VEGF signaling by regulating the
expression level of VEGFR2 (KDR/Flk-1)[17], the key tyrosine kinase receptor responsible
for multiple angiogenesis events. We next examined the effect of DAPT on EC VEGFR2. The
total level of VEGFR2 with short time treatment (15min) remained constant for either VEGF
or DAPT treatment (Fig. 2), as indicated by western blot analysis of cell lysates obtained using
lysis buffer LyB (see Methods) that retrieved all the membrane-bound and intracellular
proteins. However, analysis of cell lysates obtained with LyA lacking Tween 20 revealed a
reduction in VEGFR2 with VEGF treatment. In contrast, DAPT treatment demonstrated
increased VEGFR2 levels with the same lysis buffer, indicating DAPT reversed the reduction
of VEGFR2 induced with the VEGF exposure (Fig 2).
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Effect of VEGF and DAPT in vivo
We then examined the effect of DAPT on the angiogenesis process in vivo. An injectable
alginate hydrogel delivery system was previously developed to provide a sustained and
localized delivery of VEGF, leading to improved blood perfusion recovery[38], and this system
was used to examine the effect of combining VEGF and DAPT delivery in vivo. The in vitro
release profile of incorporated DAPT from the alginate gel system was first examined (Fig. 3).
The majority (ca. 90%) of incorporated DAPT was released in the first day and the remaining
(ca. 10%) DAPT was slowly released over the next 3–4 days, in a manner largely independent
of the total dose of DAPT. This rapid release was expected for a small molecule encapsulated
in the gel, and was desired to prime cells for subsequent activation by VEGF. DAPT release
was not influenced by the presence of VEGF in the gel (Fig. 3). VEGF release from alginate
gels exhibited a smaller initial burst, and a more sustained release profile, which was not
affected by the presence of DAPT. The ability of single and joint delivery of DAPT and VEGF
to promote new blood vessel formation and relieve ischemia was then tested in murine hindlimb
ischemia model. Examination of tissue sections indicated that sustained VEGF delivery
increased the blood vessel density in the originally ischemic muscle tissue, as expected (Fig.
4A-4G). Delivery of DAPT alone from gels did not appear to significantly increase the vessel
density. However, combining DAPT and VEGF increased the vessel density, in a manner
dependent on the dose of DAPT (Fig 4A-4F). Quantification of blood vessel densities
confirmed the qualitative observations (Fig 4G).

The perfusion resulting from angiogenesis was subsequently tested, as vessel densities may
not correlate with vascular function, as shown recently[19,20]. Compared to the delivery of
blank gels, sustained delivery of VEGF (3μg) led to a significant recovery of perfusion (Fig
4H), consistent with previous findings[38]. Combining delivery of DAPT (860ng) with VEGF
(3μg) from the injectable alginate hydrogel system led to a significantly greater recovery of
blood flow than the same dose of VEGF or DAPT alone; perfusion levels reached >80% of
the normal level by week 4 (Fig 4H). In contrast, delivery of VEGF with a higher (8600ng)
dose of DAPT decreased perfusion levels to below that of VEGF alone, in spite of the finding
that this condition led to the highest capillary density. Because severe ischemia can lead to
limb necrosis, the ability of VEGF and DAPT gel delivery to prevent or reverse necrosis was
also analyzed (Fig 4I). Mice without any treatment (blank) exhibited a high initial level of toe
necrosis, and minimal spontaneous recovery by week 4. In contrast, administering VEGF or a
combination of VEGF and DAPT, decreased the severity of ischemia at week 1, and led to
better recovery at later time-points (week 2 and week 4). The biphasic dose effect of DAPT,
when combined with VEGF, shown in the perfusion analysis, was also observed in the necrosis
measurements. The highest DAPT dose (8600ng) combined with VEGF exhibited a slightly
higher level of toe necrosis than lower doses of DAPT (86ng and 860ng), or delivery of VEGF
alone. DAPT delivery alone, however, failed to induce any improvement over time, although
a lower initial level of necrosis, as compared to no treatment, was observed (data not shown).
Altogether, these results suggest an optimal dose of DAPT can facilitate VEGF-induced
angiogenesis and relieve ischemia, but excessive Notch inhibition may lead to non-functional
angiogenesis as has been previously reported in other models[19,20].

The importance of sustained and localized delivery of VEGF and DAPT was next probed by
examining various combinations of bolus (intramuscular or intraperitoneal injection) and gel
delivery. In contrast to the hydrogel delivery, bolus injection of VEGF and DAPT led to little
increase in vessel densities, as compared to blank gel controls (Fig 5A-5E); vessel densities
were much lower than those obtained with gel delivery of these factors. When VEGF was
delivered from the hydrogel, simultaneous intramuscular or intraperitoneal injection of DAPT
led to a small increase in the vessel densities, but neither condition resulted in the same level
of increase as VEGF and DAPT delivery together from the gel system (Fig 5E). Not
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surprisingly, direct muscle injection of DAPT and VEGF, or gel delivery of VEGF combined
with intramuscular or intraperitoneal injection of DAPT significantly reduced perfusion
recovery (Fig. 5F). Tissue necrosis was also not relieved as effectively by IM or IP delivery
of DAPT combined with VEGF gel delivery (Fig. 5G)

Side effects of DAPT in vivo
A key concern with angiogenesis approaches that manipulate Notch signaling is side-effects
at distant sites, due to the broad impact of Notch signaling in many tissues and organs. The
influence of gel and intraperitoneal (IP) DAPT delivery on other tissues was probed by
examining intestinal tissue, as a significant limitation of past approaches to the delivery of
Notch inhibitors was their undesirable impact on the proliferation and differentiation of crypt
cells in the small intestine[19,42]. The morphology of the small intestine, as well as several
molecular markers of phenotype were examined to determine how IP and gel DAPT delivery
affected the crypt cells. Expression of HES-1 (hairy and enhancer of split 1), a member of basic
helix-loop-helix family of transcription factors and a known Notch target gene in crypts[43]
was first examined. IP delivery of DAPT significantly decreased HES-1 expression as
compared to control tissues (Fig 6c). Approximately 80% of cells in control tissues, and tissues
from animals with gel delivery of DAPT were HES-1 positive, but this was reduced to 50%
for mice subjected to intraperitoneal injection of DAPT. Loss of Notch signaling can alter the
proliferation rate of crypt cells, as shown by Ki-67 staining. IP delivery of DAPT led to a
cellular proliferation rate (40%), which was markedly reduced as compared to control and gel
delivery (70%) (Fig 6d-6f). In addition, Notch inhibition has been reported to alter the balance
between proliferative crypt cells and goblet cells, resulting in more deposition of
glycosaminoglycan molecules, as characterized by alcian blue staining. IP delivery of DAPT
led to greater glycosaminoglycan deposition in intestinal tissues than control tissues or tissues
from animals with gel delivery of DAPT (Fig 6g-6i), again indicating suppressed Notch
signaling with IP delivery of DAPT. Lastly, IP DAPT delivery resulted in a significant
alteration of the morphology of the small intestine as compared to controls, as demonstrated
by hematoxylin and eosin staining (Fig 6j, 6l). Gel delivery of DAPT, however, did not lead
to significant changes in gross tissue structure (Fig 6k). Altogether, these results suggested that
localized DAPT delivery from the alginate gel delivery system did not lead to adverse systemic
effects.

Discussion
Our studies demonstrate that optimal Notch inhibition combined with VEGF can enhance
functional angiogenesis, as indicated by accelerated recovery of tissue perfusion and reduction
of necrosis in the murine hindlimb ischemia model, as compared to VEGF alone. Further,
delivery of Notch inhibitors via the alginate system did not lead to significant side effects at
distant organs. These findings are in sharp contrast to the previous tumor angiogenesis studies
in which Notch inhibition, via bolus systemic injection of Notch inhibitors, led to excessive
and dysfunctional vasculature[19,20]. We believe the differences between the current and past
studies relate to the local and optimal level of Notch inhibition accomplished with localized
gel delivery in the current study. Our observation that an excessive amount of Notch inhibitors,
even with gel delivery, led to increased capillary densities, but failed to enhance tissue
perfusion, is consistent with past tumor angiogenesis studies[19,20].

The in vitro studies demonstrated that angiogenic behavior induced by VEGF exposure could
be enhanced by an optimal level of the Notch inhibitor DAPT, yet excessive DAPT inhibited
EC proliferation, migration and sprout formation. The angiogenesis assay studied in the
experiments, sprout formation in a 3-D fibrin-based artificial ECM, recapitulates the integrated
cellular behavior of proliferation, migration and differentiation required to form capillaries
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[19,44], and thus provides as a useful model to assess the effect of Notch inhibition. Our results
suggest that the relative strength of VEGF to Notch inhibition may be important in determining
endothelial cells' sprouting capability. The lack of an effect of Notch inhibition on EC
proliferation, migration and sprout formation in the absence of VEGF confirms previous
findings that Notch signaling acts downstream of VEGF signaling[21,22]. Previous studies
have also shown that Notch inhibition promoted endothelial cell proliferation and sprout
formation[19,22], and that activation of Notch signaling by the Notch ligand Dll4 inhibited
endothelial cell proliferation and migration[24,30]. In contrast, other studies have suggested
that inhibiting Notch signaling decreases endothelial cell proliferation and has an inhibitory
effect on migration[29,45]. These apparently contradictory findings likely indicate that the
exact role of Notch signaling in angiogenesis is highly dependent on the temporal and spatial
presentation of Notch signaling molecules. The effect of DAPT may be partially explained by
its effect on VEGFR2 localization. DAPT was found to upregulate VEGFR2 availability, and
counter the effect of VEGF exposure, and this may be related to the ability of Notch signaling
to provide feedback control of VEGF signaling. The biphasic relationship between DAPT
concentration and endothelial cell response in vitro correlated with the influence of DAPT on
the functionality of blood vessels in vivo.

A combination of an optimal level of DAPT and VEGF delivered from the gel led to increased
blood vessel densities, accelerated recovery of blood flow, and reduced necrosis in a murine
hindlimb ischemia model. While the blood vessel density increased monotonically with the
DAPT dose, the vessel density did not directly correlate to the blood flow and reversal of tissue
necrosis. An intermediate dose of DAPT together with VEGF generated an intermediate blood
vessel density, but this resulted in the most accelerated perfusion recovery and the least
necrosis. The dose of VEGF in the in vivo studies was based on previous studies with this gel
system[38] and we postulate that varying the dose of VEGF will alter the optimal DAPT dose,
as it is likely the relative strength of VEGF signaling to Notch signaling will be critical to the
angiogenesis response. The results of this study indicated that the delivery method used for
DAPT and VEGF is also crucial. Bolus delivery of DAPT and VEGF did not lead to as
significant of blood flow recovery, or necrosis recovery. Bolus delivery of DAPT also led to
side effects at distant organs while gel delivery of DAPT did not. In the future, fine-tuning
Notch signaling to regulate angiogenesis may also be accomplished by varying the spatial and
temporal presentation of exogenous Notch ligands. This process may require synergistic effects
with other peri-vascular cells, such as vascular smooth muscle cells and pericytes, as Notch
signaling has been found to be important in mediating the behavior of these cells as well[46,
47]. Altogether, these findings suggest the system and approach presented in this work could
be useful in treating diseases that result in local tissue ischemia, such as coronary and peripheral
ischemia.

Conclusion
Our studies demonstrate that optimal Notch inhibition combined with VEGF can enhance
functional angiogenesis, as indicated by accelerated recovery of tissue perfusion and reduction
of necrosis in the murine hindlimb ischemia model, as compared to VEGF or DAPT alone.
Further, delivery of Notch inhibitors via the alginate system did not lead to significant side
effects at distant organs.
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Figure 1.
Effect of DAPT on endothelial cell phenotype in vitro. (A) Fractional change in cell number
for cells cultured in the media supplemented with (+) or without (−) 10ng/mL VEGF, and
without (−) or with 0.25μM(+), 2.5 μM (++), or 25μM (+++) DAPT. (B) Fractional change in
cell number for cells exposed to surface-coated 1μg/mL Dll4 (− − + +), Dll4 with 10ng/mL
VEGF (− + + +), or Dll4, VEGF and 0.25μMDAPT (− − − +). Cell number ratio was calculated
based on the number of seeded cells. (C) Cell migration towards medium containing VEGF
and HGF (each 50ng/mL) as influenced by 0.25μM (+), 2.5μM (++) or 25μM (+++) DAPT.
(D) Sprout formation of endothelial cells, normalized to the total bead number. Mean values
are presented with standard deviations (n=4–6). * represents P<0.05 as compared to other noted
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conditions. ** represents P<0.05 as compared to all other conditions. NS, not statistically
significant.
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Figure 2.
Effects of VEGF and DAPT exposure on VEGFR2 expression of endothelial cells. Cells were
untreated (control), or treated with 10ng/mL VEGF, 2.5μM DAPT, or a combination of both
(VEGF+DAPT) for 15min. Cell lysates extracted using either lysis buffer A (LyA), or lysis
buffer B (LyB) buffer that extract all cellular components, were examined for the different
treatment conditions and analyzed using western blotting. A control protein, vinculin was also
shown for comparison.
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Figure 3.
In vitro factor release. DAPT release was analyzed from alginate hydrogels containing 86ng
DAPT alone (diamond), 860ng DAPT alone (square), 8600ng DAPT alone (triangle), or 860ng
DAPT and 3μg VEGF (horizontal line). VEGF release was monitored from gels containing
3μg VEGF alone (star). Mean values are presented with standard deviations (n=6).

Cao et al. Page 15

Biomaterials. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Analysis of angiogenesis in ischemic hindlimbs. Representative images (A-F) and quantities
of capillaries in muscle tissues adjacent to the injection site, measured from tissues
immunostained for CD31 (G). Tissues were retrieved from animals treated with either blank
gels (A, a), VEGF (3μg) (B, b), 860ng DAPT(C, c), VEGF+86ng DAPT (D, d), VEGF+860ng
DAPT (E, e), or VEGF+8600ng DAPT (F, f) delivered from alginate hydrogels. The insert
shows the lumen structure of a positively stained capillary. Scale bar, 100μm. (H) Blood
perfusion profile of hindlimbs treated with alginate hydrogels incorporating 860ng DAPT and
3μg VEGF (square), 86ng DAPT+VEGF (diamond),, VEGF alone (triangle), 860ng DAT
alone (open circle), 8600ng DAPT +VEGF (star), or blank gels (open triangle). Mean values
are presented with standard deviations (n=6). *, statistically significant difference (P<0.05),
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as compared to other conditions. (I) Quantification and distribution of hindlimb ischemia
severity observed in different experimental groups over time. Tissue necrosis of hindlimbs
subjected to surgery were visually examined, and grouped as normal (displaying limb integrity
from non-ischemic hindlimbs of the same animal, white regions), or presenting one necrotic
toe (gray), or multiple necrotic toes (black). Animals were treated with blank gels, 3μg VEGF,
or combinations of VEGF with 86ng DAPT (+DAPT), 860ng DAPT (++DAPT), or 8600ng
DAPT (+++DAPT).
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Figure 5.
Effects of the delivery method of DAPT on angiogenesis in vivo. Representative images (A-
D) and quantities of capillaries in tissues adjacent to the injection site measured by CD31
immunostaining of tissue samples (E). Tissues were retrieved from animals treated with gel
delivery of both VEGF and DAPT(A, a), intramuscular injection of VEGF and DAPT (B, b),
or gel delivery of VEGF combined with intramuscular injection of DAPT (C, c), or combined
with intraperitoneal injection of DAPT (D, d). The doses are 860ng for DAPT and 3μg for
VEGF respectively. Scale bar, 100μm. (F) Blood perfusion profile of hindlimbs treated with
gel delivery of VEGF and DAPT (diamond), gel delivery of VEGF and intramuscular delivery
of DAPT (triangle), gel delivery of VEGF and intraperitoneal delivery of DAPT (square), or
intramuscular delivery of DAPT and VEGF (circle). Mean values are presented with standard
deviations (n=6). *, statistically significant difference (P<0.05), as compared to other
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conditions. (G) Quantification and distribution of hindlimb ischemia severity observed in
different experimental groups over time. Tissue necrosis of hindlimbs subjected to surgery
were visually examined, and grouped as normal (displaying limb integrity from non-ischemic
hindlimbs of the same animal, white regions), or presenting one necrotic toe (gray), or multiple
necrotic toes (black). Animals were treated with gel delivery of VEGF and DAPT ((VEGF
+DAPT)gel), gel delivery of VEGF and intramuscular delivery of DAPT ((VEGF)gel+
(DAPT)im), gel delivery of VEGF and intraperitoneal delivery of DAPT ((VEGF)gel+
(DAPT)ip), or intramuscular delivery of DAPT and VEGF ((VEGF+DAPT)im).
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Figure 6.
Effect of DAPT delivery method on the structure and phenotype of small intestine.
Representative images of tissue sections from small intestines isolated from mice without any
treatment(control), mice treated with 860ng DAPT delivered from alginate gel ((DAPT)gel),
or 860ng DAPT injected intraperitoneally ((DAPT)ip), which were stained against Notch gene
HES-1 expression (A, B, C), Ki67 expression (D, E, F), alcian blue staining for
glycosaminoglycans (G, H, I), or hematoxylin and eosin staining (J, K, L). Scale bar, 100μm.
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