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Angiogenesis, the formation of new capillaries from
existing vasculature, plays an essential role in tissue
repair. The rapid onset and predominance of proan-
giogenic factors optimizes healing in damaged tis-
sues. One factor that directly mediates wound vessel
angiogenesis is vascular endothelial growth factor
(VEGF). Although much is known about the biology of
VEGF and its cognate receptors, VEGFR1 and VEGFR2,
the role of a recently identified co-receptor for VEGF,
neuropilin-1, is not well understood. Using a murine
model of dermal wound repair, we found that neuro-
pilin-1 was abundantly expressed on new vasculature
in healing wounds. Moreover, mice treated with anti-
neuropilin-1 antibodies exhibited a significant de-
crease in vascular density within these wounds (67%
decrease, P � 0.0132). In in vitro assays, VEGF in-
duced formation of endothelial cord-like structures
on collagen gel and endothelial cell migration toward
VEGF was inhibited by antibodies directed against
neuropilin-1. These results provide both in vitro and
in vivo evidence for a critical role of neuropilin-1 in
wound angiogenesis. (Am J Pathol 2002,
160:289–296)

Angiogenesis occurs in many biological processes such
as embryonic development, reproduction, wound heal-
ing, cancer, arthritis, retinopathies, and psoriasis.1,2 Vas-
cular endothelial growth factor (VEGF), a potent proan-
giogenic factor, has been extensively studied as a
mediator of angiogenesis. VEGF is expressed in high
levels and plays a functional role during embryonic de-
velopment, as the absence of a single VEGF allele in
embryos causes embryonic lethality and abnormal vas-
culogenesis.3–5 VEGF is also critical in angiogenic pro-
cesses of the adult, where antibody blockade of VEGF
leads to a significant decrease in angiogenic activity in
wound fluids and tumors.6–10 The three soluble isoforms
of VEGF, VEGF121, VEGF145, and VEGF165, induce angio-
genesis through the binding of cell surface receptors,
VEGFR1 and VEGFR2, which are expressed on the en-
dothelial cells of sprouting vessels. VEGFR2 is capable of
binding all three isoforms of VEGF, whereas VEGFR1
binds only VEGF121 and VEGF165.11 Both VEGFR1 and

VEGFR2 are functionally active during angiogenesis.12–19

Recently, a third VEGF receptor, neuropilin-1, has been
identified. Neuropilin-1 was originally characterized as a
semaphorin receptor that is important for guidance of
developing nerves.20,21 Neuropilin-1 also plays a role in
vasculogenesis as neuropilin-1-null mice are embryonic
lethal and exhibit cardiovascular defects.22 Recent stud-
ies have shown that expression of neuropilin-1 on endo-
thelial cells enhances the biological activity of VEGFR2 in
response to the VEGF165 isoform.23,24 This finding sug-
gests that neuropilin-1 is a co-receptor for VEGF, and has
led to the theory that neuropilin-1 is involved in VEGF-
mediated angiogenesis in vivo. More recent studies have
suggested a role for neuropilin-1 in tumor growth as
neuropilin-1 mRNA expression was observed to be three-
fold to fivefold higher in prostate tumor tissue compared
to normal prostate tissue.25 Overexpression of neuropi-
lin-1 in AT2.1 prostate carcinoma cells resulted in in-
creased tumor volume, enhanced angiogenesis, and in-
creased proliferation of endothelial cells in comparison to
controls.26 In contrast, overexpression of a soluble form
of neuropilin-1 in the AT2.1 prostate carcinoma cells re-
sults in increased tumor cell apoptosis.27 Although these
studies indicate that the expression of neuropilin-1 by
tumor cells themselves can influence tumor growth and
angiogenesis, direct documentation of a role for endo-
thelial-expressed neuropilin-1 in the adult organism is
scarce. To date, the strongest evidence for a role of
neuropilin-1 in angiogenesis in the adult is the description
of its expression on endothelial cells in the adult uterus, a
site of physiological angiogenesis.28

In healing wounds, a period of robust angiogenesis is
followed by a period of vascular regression during which
capillary density returns to normal levels.29 Previous inves-
tigations have demonstrated that the proangiogenic phase
of wound healing is mediated primarily by VEGF.6,9 The
present study examines the expression and functional sig-
nificance of neuropilin-1 in wound angiogenesis.

Materials and Methods

mRNA Analysis

Total RNA was prepared by homogenization of frozen
wound tissue in 4 mol/L guanidine isothiocyanate, pH 6.0,
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and purified over a 5.7 mol/L CsCl gradient, pH 6.0, by
centrifugation at 35,000 � g for 18 hours. For each total
RNA preparation, four to five wounds were pooled and
yielded 32 to 130 �g of RNA. Northern analysis was
performed by electrophoresis of 10 �g of total RNA per
lane through 0.8% agarose, 2 mol/L formaldehyde gels in
20 mmol/L MOPS buffer, pH 7.0. Gels were blotted onto
Gene Screen Plus (DuPont-NEN, Wilmington, DE) and the
membrane hybridized according to the manufacturer’s
directions. The following templates were created for
probe generation: a 760-bp reverse transcriptase-poly-
merase chain reaction (RT-PCR) product of the N-termi-
nal a2 domain of neuropilin-1 was cloned into pPCR-
Script Amp SK(�) (Stratagene, La Jolla, CA). A 502-bp
RT-PCR product of VEGFR-1 was cloned into pPCR-
Script Amp SK� (Stratagene). A 960-bp RT-PCR frag-
ment of VEGFR-2 was cloned into pBluescript KS� (Strat-
agene). VEGFR1, VEGFR2, and neuropilin-1-specific
probes were made using the RadPrime Labeling System
(Life Technologies, Inc., Gaithersburg, MD) to a specific
activity of at least 108 cpm/�g. GAPDH expression levels
were used for normalization.

Neuropilin-1 Antiserum Production and
Purification

Polyclonal anti-neuropilin-1 antibodies were generated
by immunizing a rabbit with a histidine-tagged neuropi-
lin-1 protein that was produced in the BL21(DE3)pLysS
strain of Escherichia coli and isolated as previously de-
scribed.21 Rabbits were immunized with 600 �g of the
protein in 0.6 ml of complete Freund’s adjuvant and were
boosted every 2 weeks with 300 �g of the protein in 0.5
ml of incomplete Freund’s adjuvant. Serum was collected
and purified by protein A-Sepharose chromatography to
obtain the IgG fraction. The amount of rabbit IgG was
determined by bicinchoninic acid protein assay (Pierce
Chemical Company, Rockford, IL). By Western blot anal-
ysis, the anti-neuropilin-1 antibodies recognized the
MAM fragment of neuropilin-1 as a single 40-kd band
(data not shown). The ability of the anti-neuropilin-1 anti-
bodies to block the functional activity of neuropilin-1 re-
ceptors on neurons has been previously described.21

Immunohistochemistry

Ten-�m sections from frozen embedded tissues were
prepared for immunohistochemical analysis of PECAM-1
and neuropilin-1 expression. The PECAM-1 analysis de-
tects both progenitor and differentiated endothelial cells,
as both populations express CD31.30,31 All incubations
and washes were performed at room temperature. Sec-
tions were fixed in acetone for 30 minutes. After three
3-minute washes in phosphate-buffered saline (PBS), pH
7.4, sections were treated with 0.3% H2O2 in methanol to
quench endogenous peroxidase activity. The slides were
washed in PBS, pH 7.4, and blocked with 1:10 dilution of
normal mouse serum (Sigma Chemical Company, St.
Louis, MO) in PBS, pH 7.4, for 30 minutes. For PECAM-1
staining, sections were incubated in 1.0 �g/ml of

MEC13.3 rat anti-mouse PECAM-1 antibody (anti-CD31;
Pharmingen International, San Diego, CA) in PBS, pH 7.4.
For the detection of neuropilin-1, sections were incubated
in 93 ng/ml of purified rabbit IgG from the anti-neuropi-
lin-1 antiserum. After a 30-minute incubation with either
primary antibody, the slides were washed for 3 minutes,
three times, in PBS, pH 7.4. Sections were then incubated
for 30 minutes with either 13.0 �g/ml of biotinylated
mouse anti-rat IgG antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA) for PECAM-1 detection or
3.0 �g/ml biotinylated goat anti-rabbit IgG antibody (Vec-
tor Laboratories, Burlingame, CA) for neuropilin-1 stain-
ing. After three 3-minute washes in PBS, pH 7.4, slides
were incubated with avidin-biotin-horseradish peroxi-
dase complex (Vector Laboratories) for 30 minutes. After
another set of three washes, slides were incubated in a
horseradish peroxidase substrate, 3,3�-diaminobenzi-
dine (Kirkegaard and Perry Laboratories, Gaithersburg,
MD) for 10 minutes and then counterstained with Harris
hematoxylin (Sigma Chemical Company). Coverslips
were mounted with Cytoseal (Stephens Scientific,
Kalamazoo, MI).

RT-PCR

For VEGF RT-PCR, sense (5�-CGAGACCCTGGTGGA-
CATCT-3�) and anti-sense (5�-CACCGCCTCGGCTTGT-
CAC-3�) primers were used. The �-actin control RT-PCR
was performed with sense (5�-GTGGGGCGCCCCAG-
GCACCA-3�) and antisense (5�-CTCCTTAATGTCACG-
CACGATTTC-3�) primers for �-actin. One �g of total
wound RNA was annealed with random hexamers and
reverse-transcribed at 42°C for 15 minutes using MuLV
reverse transcriptase (Applied Biosystems, Foster City,
CA). The concentrations of 10� PCR buffer II, MgCl2
solution, and dNTPs were used in accordance with the
manufacturer’s recommendations (Applied Biosystems).
The reaction mixture was then heated for 5 minutes at
99°C and chilled on ice. Ampli-Taq Gold was used in the
PCR reaction (Applied Biosystems). Primers were added,
and the reaction incubated at 95°C for 12 minutes fol-
lowed by 35 cycles of 1 minute at 95°C, 1 minute at 58°C,
1.5 minutes at 72°C, and a final extension of 7 minutes at
72°C. The PCR product was subjected to electrophoresis
in a 2% agarose gel.

Antibody Treatment and Injury Model

Female BALB/c mice aged 8 weeks (Harlan Sprague
Dawley, Inc., Indianapolis, IN) were anesthetized by in-
halation of methoxyflurane (Schering-Plough Animal
Health Corp., Union, NJ). Six full-thickness excisional
wounds of 3 mm in diameter were made on the shaved
dorsum of the mice with a biopsy punch (Acuderm, Inc.,
Ft. Lauderdale, FL). At day 5 after wounding, mice (n � 7)
were given an intraperitoneal injection of 1 mg of rabbit
IgG purified from anti-neuropilin-1 antiserum, PBS, pH
7.4, or 1 mg of purified preimmune rabbit IgG (Pierce
Chemical Company, Rockford, IL). At day 7 after injury,
the mice were euthanized by halothane inhalation (Halo-
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carbon Laboratories, Riveredge, NJ), and the wound with
its surrounding tissue was removed with a 5-mm biopsy
punch. Wounds were embedded in TBS Tissue Freezing
Medium (Triangle Biomedical Sciences, Durham, NC) for
histological analysis. All samples were stored at �80°C
until the time of analysis.

Analysis of Angiogenesis

Angiogenesis was analyzed by blinded observers as
previously described.29 Briefly, images of PECAM-
stained wound sections were captured using Scion Im-
age (Scion Corp., Frederick, MD). The wound bed was
outlined using a freehand drawing tool and the area
measured. The thickening of the epidermis at the top and
muscle edges at the bottom of the section were used to
identify the wound edges. The PECAM-positive area
within the entire wound bed was measured and the per-
cent vascularization was calculated as:

PECAM positive area
Total wound bed area

� 100%

In Vitro Cord Formation Assay

One ml of collagen gel containing 4 mg/ml of rat tail
collagen (Upstate Biotechnology, Lake Placid, NY) in
PBS, pH 7.4, was plated onto each 35-mm dish. Murine
endothelial cells, SVEC4-10 (American Type Culture Col-
lection, Rockville, MD), at a concentration of 5 � 105 cells
per ml, were first incubated for 30 minutes at room tem-
perature in Dulbecco’s modified Eagle medium contain-
ing 10% fetal bovine serum and 100 ng/ml of murine
VEGF164, a homologue of the human VEGF165 (R&D Sys-
tems Inc., Minneapolis, MN). Some cell suspensions also
received either 10 �g/ml of anti-neuropilin-1 or 10 �g/ml
of rabbit IgG. After this incubation, 1 ml of the cell sus-
pension was then plated on the prepared collagen gel.
After 4 hours of incubation on collagen gels, the cells
were photographed at five randomly chosen fields on the
culture dish. Cord-like structures were counted per field
and the average number of cord-like structures per field
calculated for experimental and control groups. For each
independent experiment, the numbers of endothelial cords
formed in the presence of murine VEGF164 were considered
as maximal (100%), and experimental values were calcu-
lated as a percentage of maximal cord formation.

Endothelial Cell Migration Assay

The cell migration assay was performed as previously
described.32 Briefly, human dermal microvascular endo-
thelial cells (Cell Systems, Kirkland, WA) were starved
overnight in media containing 0.1% bovine serum albu-
min, harvested, resuspended into Dulbecco’s modified
Eagle medium (DME) with 0.1% bovine serum albumin,
and plated on one side of a modified Boyden chamber
(Nucleopore Corporation, Cabin John, MD). Test sub-
stances were added to the other side of the well and the
cells were allowed to migrate for 4 hours at 37°C. Mem-

branes were recovered, fixed, stained, and the number of
cells that had migrated from one side of the semiporous
gelatinized membrane per 10 high-power fields counted.
Data are reported as the mean number of cells migrated
per 10 high-power fields (�400). Each substance was
tested in quadruplicate. Human VEGF165 (R&D Systems
Inc.) was used at a concentration of 100 pg/ml. The
optimal concentration for VEGF was determined by dose-
response experiments (data not shown). Anti-neuropilin-1
antibody was tested at the concentrations of 1, 10, 20, 25,
and 50 �g/ml. The antibody was tested alone and found
to be neutral in that it neither stimulated nor reduced
basal levels of migration, indicating that the doses used
were neither stimulatory nor toxic (data not shown).

Statistics

Data were analyzed using GraphPad Prism, version 2.01
(GraphPad Software Inc, San Diego, CA). The means and
SEM were calculated for each data set. An unpaired t-test
was used for comparison of groups. Values of P � 0.05
were considered significant.

Results

VEGF and VEGF Receptor mRNA Expression in
Wounds

The mRNA expression pattern of VEGFR1, VEGFR2, and
neuropilin-1 in wounds was examined by Northern blot
analysis of normal skin and wound mRNA from day 1 up
to day 21 after wounding (Figure 1). Expression for both
VEGFR1 and VEGFR2 mRNA was at maximal levels by
day 1 after wounding. In contrast, neuropilin-1 mRNA was
observed to reach peak expression around day 7 after
wounding. The expression of VEGFR1, VEGFR2, and
neuropilin-1 mRNA is very low in normal skin suggesting
that the effect of remnants of normal skin in wound sam-
ples would be minimal. Previous characterization of
wound angiogenesis in this model has shown wound
vascularity reaches maximal levels from day 10 to 14
(Figure 1B).29 Interestingly, peak neuropilin-1 mRNA ex-
pression was seen just before the maximal wound vas-
cularity. The results show that the pattern of neuropilin-1
mRNA expression correlates with wound angiogenesis.

VEGF Isoforms mRNA Expression in Wounds

Because neuropilin-1 interacts solely with the VEGF165

isoform, the production of the soluble VEGF isoforms was
examined in wounds by RT-PCR.33 Using a single set of
primers, murine VEGF120 and VEGF164 isoforms could be
detected as differentially sized products of 279 and 411
bp, respectively. Both murine VEGF120 and VEGF164

were detected by RT-PCR at all time points examined
(Figure 2). Densitometry of RT-PCR products revealed
that the levels of the murine VEGF120 and VEGF164 iso-
forms were nearly equal in the wound, suggesting that
both isoforms may contribute to wound angiogenesis.
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Immunohistochemical Localization of Neuropilin-
1 in Wounds

Neuropilin-1 protein expression in the wound bed was
examined by immunohistochemistry of day 5, 7, 10, and
14 wounds (Figure 3A). In early wounds (day 5) few
vessels and little neuropilin-1 were observed in the
wound bed. However, developing vasculature was noted
immediately adjacent to the wound bed at this time point.
By day 7 after wounding, both the infiltration of vessels
into the wound bed and robust expression of neuropilin-1
were evident. The immunostaining patterns for PECAM-1,
an endothelial cell marker, and neuropilin-1 were very
similar and examination of neuropilin-1 staining at high
magnification (�1000) showed neuropilin-1 localized to
endothelial cells (Figure 3B). Neuropilin-1 seemed to lo-
calize to the developing vasculature in the wound bed at
days 7, 10, and 14 after wounding.

Functional Analysis of Neuropilin-1 in Wound
Angiogenesis

To examine the functional activity of neuropilin-1 during
wound angiogenesis, mice were treated with anti-neuro-
pilin-1 antibodies. In these experiments, mice were in-
jected with a single dose of either rabbit IgG purified from
anti-neuropilin-1 antiserum or control preimmune rabbit
IgG at day 5 after injury, a time point that precedes
maximal neuropilin-1 mRNA expression. In this model,
complete re-epithelialization of the wound occurs before
day 5, so anti-neuropilin-1 antibody treatment had no
effect on wound closure. After antibody treatment, the
degree of wound angiogenesis was examined at day 7, a
time point when robust angiogenesis occurs in this
model. As compared to control, the wounds of mice
treated with anti-neuropilin-1 exhibited a 67% decrease
in wound angiogenesis (P � 0.0132) (Figure 4). These
results indicate that antibody treatment of neuropilin-1
has a negative impact on wound angiogenesis, and
strongly suggest that neuropilin-1 plays a role in the
angiogenesis of healing wounds.

Functional Analysis of Neuropilin-1 in Vitro

To provide further support for the role of neuropilin-1 in
VEGF-mediated angiogenesis, in vitro cord formation and
endothelial cell migration assays were used. When cul-
tured in the presence of murine VEGF164, endothelial

Figure 1. VEGF receptor mRNA expression in wounds. A: Neuropilin-1,
VEGFR1, and VEGFR2 mRNA levels were analyzed in normal skin and
wound samples isolated at selected times from day 1 to 21 after wounding.
Neuropilin-1 mRNA (7.5-kb band) was observed to reach maximal levels at
day 7. In contrast, VEGFR1 and VEGFR2 mRNA (each represented by a 6.5-kb
band) reached peak expression at day 1. The Northern blot for neuropilin-1
is representative of seven experiments. The Northern blots for VEGFR1 and
VEGFR2 were performed in duplicate. GAPDH was used as a control for RNA
loading. NS, normal uninjured skin. B: The mRNA expression pattern for
each receptor was assessed by densitometry of the Northern blots depicted
in (A). For each receptor, mRNA levels were normalized to GAPDH and the
values are relative to those of normal skin. The bar above the graph repre-
sents the peak of angiogenesis in this model.

Figure 2. Expression of VEGF isoforms in wounds. A: VEGF isoform mRNA
expression was examined by RT-PCR analysis of wound mRNA from day 3,
day 5, and day 7 wounds. The murine VEGF120 and VEGF164 isoforms
correspond to 279- and 411-bp bands, respectively. B: Densitometric analysis
of the RT-PCR results demonstrated that VEGF120 and VEGF164 levels were
approximately equivalent in wounds. The mRNA levels of each isoform were
normalized to �-actin.
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cells form cord-like structures on collagen gels. When
cells stimulated with murine VEGF164 were treated with
anti-neuropilin-1 antibodies, the formation of cord-like
structures was completely inhibited (Figure 5). The effect
of anti-neuropilin-1 on endothelial cell chemotaxis was
also examined. In the presence of the antibodies, the
migration of human microvascular endothelial cells to
human VEGF165 was severely inhibited (Figure 6). This
inhibition was dose-dependent, because the ability of
endothelial cells to migrate toward human VEGF165 con-
tinued to decrease as the concentration of antibodies
was increased. Together, these findings confirm that neu-
ropilin-1 plays a critical role in VEGF-mediated angiogen-
esis and support the in vivo observation that anti-neuro-
pilin-1 treatment leads to decreased wound vascularity.

Discussion

Since its initial discovery nearly 2 decades ago, a grow-
ing body of evidence has demonstrated the importance
of vascular endothelial growth factor in angiogenesis.

Within the healing wound, VEGF has been well-described
as a critical proangiogenic growth factor.6,9 In addition,
many other conditions, including tumor growth, are de-
pendent on VEGF-mediated angiogenesis.34 The emer-
gence of VEGF as a central regulator of angiogenesis has
led to widespread interest in its production and functional
interactions. These intensive investigations have docu-
mented that VEGF is a potent inducer of both mitogenic
and chemotactic responses in endothelial cells, and that
both the regulation of the production of VEGF and its
receptor interactions are complex. The exceptional com-
plexity of VEGF function has been increased with the
description of a role for neuropilin-1 in VEGF-mediated
angiogenesis.23,24,35

Our studies provide three pieces of evidence to sup-
port a functional role for neuropilin-1 in wound angiogen-
esis. First, the protein expression pattern of neuropilin-1
coincides with the observed pattern of wound angiogen-
esis, as neuropilin-1 protein can be immunohistochemi-
cally localized to the developing vasculature. Secondly,
in vitro introduction of anti-neuropilin-1 antibodies blunts

Figure 3. PECAM-1 and neuropilin-1 localization in wounds by immunohistochemistry. A: Histological sections from days 5, 7, 10, and 14 after wounding were
stained with anti-neuropilin-1 or anti-PECAM-1 antibodies. Top: PECAM-1 staining at a �50 original magnification. Capillary growth was minimal at day 5, with
increasing numbers of capillaries observed at days 7, 10, and 14. The boxed region represents the area depicted at an original magnification of �100 in the
middle and bottom panels. Serial sections stained for PECAM-1 (middle) and neuropilin-1 (bottom) demonstrate coincident patterns of expression on the
developing capillaries in the wound bed. B: Neuropilin-1 staining of a day 7 wound is shown at the left at an original magnification of �100. Two vessels in
cross-section are indicated by the arrows numbered 1 and 2. Vessel 1 and 2 are depicted at an original magnification of �1000 in the panels labeled 1 and 2.
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the endothelial cell chemotactic response to human
VEGF165 and inhibits VEGF-induced cord formation. Fi-
nally, and perhaps most significantly, in vivo neutralization
of neuropilin-1 causes a significant decrease in capillary
growth in healing wounds. Taken together, the evidence

strongly supports the contention that neuropilin-1 plays a
functional role in VEGF-mediated wound angiogenesis.

Results from the RT-PCR experiments show that mRNA
of both the 120- and the 164-amino acid isoforms of
murine VEGF (VEGF120, VEGF164) are present in healing
dermal wounds. Although both are proangiogenic, neu-
ropilin-1 binds only to human VEGF165 .33 If anti-neuropi-

Figure 4. Effect of neutralization of neuropilin-1 on in vivo wound angio-
genesis. A: The vascular density of the wounds of mice receiving an intra-
peritoneal injection of 1 mg of anti-neuropilin-1 (anti-NP1), rabbit IgG, or
PBS was determined by image analysis. Whereas control mice injected with
rabbit IgG or PBS exhibited a vessel density of 6.7 � 4.1% and 5.7 � 1.9%,
respectfully, mice injected with anti-neuropilin-1 exhibited a vessel density of
just 2 0 � 12 1.0% (*, P � 0.0132 compared to rabbit IgG; *, P � 0.0005
compared to PBS; n � 7). B: Immunohistochemical localization of vessels in
the wound bed was performed using anti-PECAM-1. The photographs depict
stained sections of wounds from mice treated with anti-neuropilin-1 antibod-
ies (anti-NP1), rabbit IgG, and PBS. The wounds of mice injected with
anti-neuropilin-1 exhibited greatly reduced wound vascularity. Original mag-
nification, �200. E, epithelium.

Figure 5. Effect of anti-neuropilin-1 endothelial cell cord formation in vitro.
A: Endothelial cells were cultured on collagen matrix, photographed 4 hours
after plating, and counted for cord-like structures. For each individual ex-
periment, cord formation in cultures with VEGF was set at 100%. The
percentage of cord formation in cultures with VEGF and anti-neuropilin-1
(anti-NP1) was 5.6 � 2 3.2%. Control cultures with VEGF and the control
antibody (rabbit IgG) or media alone showed 112.0 � 18.0% and 18.0 �
17.0% cord formation, respectively. B: The photographs of cell cultures are
shown for VEGF, anti-NP1, rabbit IgG, and media groups at �100 original
magnification.
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lin-1 antibody treatment does abrogate only murine
VEGF164-mediated angiogenesis, then VEGF164 may ac-
count for the majority of the soluble proangiogenic activ-
ity in our experiments. The presence of murine VEGF120

may account for the residual angiogenic response seen
in mice treated with anti-neuropilin-1 antibodies. Overall,
these observations suggest that the complex of VEGF165-
VEGFR2-neuropilin plays an essential role in wound an-
giogenesis.

Although our findings provide supporting evidence for
a functional role for neuropilin-1 in angiogenesis, the
mechanism by which neuropilin-1 transduces a cellular
signal on ligation with VEGF165 is not yet clear.36,37 Neu-
ropilin-1 is thought to act as a co-receptor for VEGFR2, as
neuropilin-1 co-immunoprecipitates with VEGFR2 and in-
creases the signaling potency of VEGF165 as compared
to VEGF121.23,24 Although many studies have established
the signaling pathway for VEGFR2, the signal transduc-
tion events of VEGFR2 in coordination with neuropilin-1
remains to be elucidated.38–43

Neuropilin-1 may have many other functional roles be-
yond mediating VEGF165-induced angiogenesis. Expres-
sion of neuropilin-1 has been detected in the epicardium,
myocardium, and endocardium of the human fetal
heart.44 Hematopoietic cells have also been shown to
express the neuropilin-1 receptor.45 An incidental finding
in our own experiments was the immunohistochemical
identification of neuropilin-1 on epidermal keratinocytes
(data not shown). Although the role of neuropilin-1 on
keratinocytes remains to be examined, the identification
of neuropilin-1 on a diverse number of cell types sug-
gests a multifunctional role for this receptor.

Our studies provide good evidence for a functional role
for neuropilin-1 in VEGF-mediated wound angiogenesis.
As such, the current findings are complementary to pre-
vious studies that have suggested a role for neuropilin-1
in the angiogenesis of solid tumors, rheumatoid arthritis,
and diabetic retinopathy.25,46,47 To our knowledge, the
current study is the first to correlate the production of
neuropilin-1 with active angiogenesis and the first to use
anti-neuropilin-1 antibodies to block angiogenesis in vivo.

Additional studies are needed to more fully dissect the
mechanism of neuropilin-1 activity in both pathological
and nonpathological angiogenesis.
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