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Background and purpose: Intact endothelium plays a pivotal role in post-ischaemic angiogenesis. It is a phenomenon finely
tuned by activation and inhibition of several endothelial receptors. The presence of a;-adrenoceptors on the endothelium
suggests that these receptors may participate in regenerative phenomena by regulating the responses of endothelial cells
involved in neo-angiogenesis.

Experimental approach: We evaluated the expression of the subtypes of the a-adrenoceptor in isolated endothelial cells
harvested from Wistar-Kyoto (WKY) rats. We explored the possibility these o;-adrenoceptors may influence the pro-angiogenic
phenotype of endothelial cells in vitro. In vivo, we used a model of hindlimb ischaemia in WKY rats, to assess the effects of o
adrenoceptor agonist or antagonist on angiogenesis in the ischaemic hindlimb by laser Doppler blood flow measurements,
digital angiographies, hindlimb perfusion with dyed beads and histological evaluation.

Key results: In vitro, pharmacological antagonism of o4-adrenoceptors in endothelial cells from WKY rats by doxazosin
enhanced, while stimulation of these adrenoceptors with phenylephrine, inhibited endothelial cell proliferation and DNA
synthesis, ERK and retinoblastoma protein (Rb) phosphorylation, cell migration and tubule formation. In vivo, we found
increased oq-adrenoceptor density in the ischaemic hindlimb, compared to non-ischaemic hindlimb, suggesting an enhanced
og-adrenoceptor tone in the ischaemic tissue. Treatment with doxazosin (0.06 mgkg ' day ' for 14 days) did not alter
systemic blood pressure but enhanced neo-angiogenesis in the ischaemic hindlimb, as measured by all our assays.
Conclusions: Our findings support the hypothesis that the o;-adrenoceptors in endothelial cells provide a negative regulation
of angiogenesis.
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Introduction

Angiogenesis is considered an important feature of a viable
endothelium. Its mechanism entails specific, composite
and coordinated sequences (Papetti and Herman, 2002) of
several cellular and molecular processes, intimately regulated
by the endothelial cells (Carmeliet, 2000). Proliferation,
cell migration and tubule formation by endothelial cells
represent the first steps in angiogenesis, leading to the
sprouting of immature sinusoidals around which a more
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complex capillary will develop (Kanda et al., 2004). The
connection between angiogenesis and endothelial cells is so
close that angiogenesis is now considered to be an aspect of
endothelial function and several models of endothelial
dysfunction show impaired angiogenesis (le Noble et al.,
1998; Martin et al., 2003). Although cytokines such as
vascular endothelial growth factor (VEGF) and platelet-
derived growth factor are considered the most important
mediators of neo-angiogenesis, a growing body of molecular
partners have been shown to regulate this phenomenon at
different levels.

The sympathetic nervous system is a central mechanism
in the control of vascular biology. Catecholamines activate
a-adrenoceptors localized on vascular smooth muscle cells,



thus increasing peripheral vascular tone and vascular
resistance (Guarino et al.,, 1996; Guimaraes and Moura,
2001; Liggett, 2006). The presence of a;-adrenoceptors on
endothelial cells has been long postulated, based on
physiological vasodilatation responses (Tuttle and Falcone,
2001; McKee et al., 2003). So far, there are no detailed
investigations into the specific biological actions of o;-
adrenoceptors on neo-angiogenesis, although a;-adrenoceptor
blockade may enhance neo-angiogenesis (Fulgenzi et al.,
1998). Nevertheless, the underlying mechanisms have not
been extensively investigated in vitro and mostly ascribed to
increased circumferential wall stress levels (Franke et al.,
1984). In fact, antagonism of o;-adrenoceptors has been
considered to be analogous to the action of vasodilators,
such as dipyridamole (Picano and Michelassi, 1997), adeno-
sine (Dusseau et al., 1986) or prostaglandins (Koller et al.,
1995). Some authors have used high doses of o,-adrenocep-
tor antagonists to induce neo-angiogenesis through a
massive vasodilatation, even in the absence of natural
stimulants of neo-angiogenesis such as exercise or chronic
ischaemia (Dawson and Hudlicka, 1989; Hudlicka, 1998;
Zhou et al., 1998). These studies, though, all lack an
exploration of the role of a4-adrenoceptors on the pro-
angiogenic phenotype of the endothelium, in a context
where there is no haemodynamic perturbation.

Our investigation starts from the hypothesis that
aj-adrenoceptors negatively regulate the pro-angiogenic
phenotype of endothelial cells and therefore inhibit neo-
angiogenesis. We looked for expression of a4-adrenoceptor
subtypes in endothelial cells and then we evaluated the in
vitro effects of aj-adrenoceptor blockade and stimulation
with doxazosin and phenylephrine, respectively, on relevant
signalling and biological responses in endothelial cells (Zou
et al., 2006). Moreover, we performed in vivo experiments
using low doses of doxazosin, without effect on systemic
blood pressure, to confirm that chronic o,-adrenoceptor
blockade enhances ischaemia-induced neo-angiogenesis,
independently of vasodilatation.

Materials and methods

In vitro studies

Aortic endothelial cells harvested from Wistar-Kyoto
(WKY) rats were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, Milano, Italy) as previously
described (Lembo et al., 1997) and validated (Iaccarino et al.,
2002, 2004). All experiments were performed in triplicate
with cells between passages 5 and 8.

In vitro hypoxia. Hypoxia was induced overnight in a
medium saturated at 1 atm with 95% N, and 5% CO,, as
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previously described (Morisco et al., 2007) and containing
(mM) concentrations of 116 NaCl, 5.4 KCl, 0.8 MgSQOy, 26.2
NaHCOs3, 1 NaH,POy, 1.8 CaCl, and 0.01 glycine, and 0.001
(% w/v) phenol red using a hypoxia chamber (temperature:
37°C; atmosphere: 5% CO, and 95% N,). The pH, PO,
and PCO, of the medium was 7.36+0.2, 45.3+1.2,
35.3£0.8mmHg, and 7.32%0.9, 32.6+1.1 and
37.9+2.1mmHg, before and at the end of hypoxia,
respectively.

Reverse transcriptase-PCR. Total RNA was extracted and
isolated from endothelial cells or rat hearts by use of TRIzol
reagent kit (Invitrogen, San Giuiliano Milanese, Milano,
Italy). RNA was then reverse transcribed into cDNA using
Moloney murine leukemia virus Reverse Transcriptase
(Stratagene) by standard methods (laccarino et al., 1998);
cDNA samples were then used as templates for the PCR
amplification using the pairs of specific primers reported
in Table 1. Glyceraldehyde-3-phosphate dehydrogenase
expression was used as loading and integrity control. PCR
amplification was performed as previously described
(Taccarino et al., 2004; Lanni et al., 2007).

Cell proliferation assay. Endothelial cells were seeded at a
density of 10000 per well in six-well plates, serum starved,
pre-incubated overnight with doxazosin or phenylephrine
(1078-10"°M) and then stimulated with 5% fetal bovine
serum (FBS) (Iaccarino et al.,, 1999). Cell number was
measured at 24h after stimulation as previously described
(Taccarino et al., 2005).

DNA synthesis. Endothelial cells were serum-starved for
24 h and then incubated in DMEM with [3H]thymidine and
5% FBS. After 24h, [*H]thymidine incorporation was
assessed as previously described (Iaccarino et al., 1999).

Migration assay. Cellular migration was measured using a
wounding assay (Galasso et al., 2006). A grid pattern was
drawn on the underside of six-well plates before endothelial
cells were plated on them to serve as landmarks for the start
of the migration period. Endothelial cells were grown to
confluency and allowed to remain so for a further 24 h.
Cultures were then starved for 12 h with DMEM without FBS.
A cell scraper was used to wipe away the cell monolayer on
one side of the start line that had been drawn on the bottom
of the plate. The cells were challenged with FBS (5%) with
or without doxazosin (10~”M) or phenylephrine (107 Mm).
Images were captured with a fluorescence digital microscope
(Zeiss) at x 10 magnification 12h after incubation with the
assistance of the landmarks drawn on the underside of
the plate. Several fields of view were captured per well,
and experiments were repeated three times. Migration was

Table 1 Primers used for amplification of rat o,-adrenoceptor subtypes

Subtype Forward Reverse Expected band size (bp)
oA 5'-GTGAACATTTCCAAGGCCAT 5'-GGTCGATGGAGATGATGCAG ~300

g 5'-ACTTCACTGGCCCCAACCAG 5'-TACTGCAGAGAGTAGCGCAC ~388

op 5'-ACCTGCAGACCGTCACCAACTA 5'-GGTGCAGAGGCTGAGGA ~190
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quantified by measuring the number of the cell migrated
into the scraped area (Rocnik et al., 2006).

Matrigel assay. The formation of network-like structures by
endothelial cells on Matrigel (BD Biosciences, Buccinasco,
Milano, Italy) was performed as previously described
(Galasso et al., 2006). The 12-well multidishes were coated
with growth factor-reduced Matrigel (10mgml *; Becton
Dickinson, Bedford, MA, USA) according to the manufac-
turer’s instructions. Endothelial cells (4 x 10%) were plated
and incubated at 37 °C for 24 h in 500 pl of DMEM medium.
Tubule formation was defined as a structure exhibiting a
length four times its width. Network formation was observed
using an inverted phase-contrast microscope (Zeiss). Repre-
sentative fields were taken, and the average of the total
number of complete tubes formed by cells was counted in 15
random fields by three independent investigators (GG, GS
and MC).

In vivo study design

All animal procedures were in accordance with University
guidelines for research in animals. We studied two groups of
healthy WKY rats: doxazosin treated (pumps filled with
doxazosin, dissolved in 0.002% ascorbic acid, 0.06 mg per kg
per day; n=14); sham treated (vehicle only: 0.002% ascorbic
acid, used as control; n=7). See the experimental protocol
depicted in Figure 1.

Experimental animals and surgical procedures

Experiments were carried out with 12-week-old normoten-
sive WKY male rats (n=21), weighing 240-310 g, which had
access to food and water ad libitum. Animals were allowed to
acclimatize for 3-4 days prior to the start of treatments. The
model of unilateral hindlimb ischaemia was prepared as
described previously (Takeshita et al., 1994; Lee et al., 2003).
Briefly, anaesthesia was performed with an intramuscular
injection of a mixture of tiletamine (50mg per kg) and
zolazepam (50 mg per kg); the right common femoral artery
was exposed, isolated and permanently ligated using two
non-reabsorbable sutures (5-0 silk; Ethicon); then, it was
excised between the two sutures, after the emergence from
the inguinal ligament. Afterwards, a small pocket was
created by spreading apart connective tissue as far as the
peritoneum; in this pouch, we implanted a mini-osmotic
pump (Alzet Model 2002), filled to deliver over a period of 14
days. Finally, the wound was closed in layers.

0
DOXA &

Laser Doppler perfusion analysis. We measured hindlimb
blood flow by means of laser Doppler (laser Doppler blood
flow; Perimed Italy, Cuggiono, Milano, Italy) at six time
points: before and after surgery (data not shown) and on
postoperative days 3, 7, 10 and 14 (Galasso et al., 2006).
Excess hair was removed by commercial depilatory cream
from the lower limbs, and rats were put on a heating pad at
37°C to minimize temperature variations. However, to
account for other variables such as ambient light and
temperature, calculated perfusion was expressed as a ratio
of ischaemic to non-ischaemic hindlimb. For each time point
described, we performed three consecutive measurements
over the same region of interest. Variability between
measurements was 3 + 1%. Finally, the average perfusions of
the ischaemic and non-ischaemic limb were calculated on
the basis of coloured histogram pixels (Murohara et al.,
1998).

Blood pressure measurement. At 7 and 12 days after surgery, in
three rats per group we measured invasive blood pressure as
previously described (Iaccarino et al., 2001a). Briefly, rats were
anaesthetized as above, and a polyethylene catheter (PE-10)
was inserted into the external carotid artery. The catheter was
heparin-filled (100mU ml~") and exteriorized subcutaneously
in the interscapular area. After surgery, animals were housed
in single cages and allowed to recover. Arterial pressure was
measured in conscious freely moving rats. The arterial
catheter was connected to a low-volume pressure transducer
connected to a computer for analysis of the blood pressure
record (Powerlab; ADI Instruments). Arterial blood pressure
and heart rate were measured in each animal for 30 min, daily
over the next 3 days. Heart rate was calculated from the
arterial pressure records. For each rat, the average of the
measurements performed during the 3 days was considered.

Digital angiographies and blood flow determination. These
experimental procedures were performed as described
previously (laccarino et al., 2005). Briefly, on day 14, animals
were anaesthetized and a catheter was inserted into the left
common carotid and advanced to the abdominal aorta right
before the iliac bifurcation. Blood flow was assessed by
digital angiographies of the ischaemic and non-ischaemic
hindlimb after injection of nitroglycerine (20 pug) to induce
maximal vasodilatation. We counted the number of cinean-
giographic frames (TIMI frame count, TFC) as the contrast
medium advanced to the dorsal paw artery (Gibson et al.,
1996). We also used dyed beads to evaluate blood flow by
injection of 6 x 10° yellow dyed beads (Triton Technologies)
through the catheter previously introduced. Animals were
killed with a lethal dose of pentobarbital. Samples of the

14 days
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Figure 1 Scheme of the in vivo experimental protocol.
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gastrocnemius muscle (520-880 mg) were collected and frozen
with liquid nitrogen. Next, samples were homogenized and
digested, the beads were collected and suspended in
dimethyl formamide. The release of dye was assessed by
light absorption at a wavelength of 448nm. Data are
expressed as the ratio of dye extracted from ischaemic to
that extracted from non-ischaemic muscle (Iaccarino et al.,
2005).

Histology. Tissue specimens (tibialis anterior muscle) were
dissected and immediately fixed by immersion in phosphate-
buffered saline (0.01 M, pH 7.2-7.4)/formalin for at least 12 h.
They were then treated as previously described (Iaccarino
et al., 2005) and processed for histochemistry to count the
number of capillary blood vessels per examined area, so as to
evaluate capillary density. Final values are expressed as mean
capillary number/muscle fibre.

Radioligand binding assay. Receptor binding on muscular
membranes was performed, partially modifying a previously
described technique (Iaccarino et al., 2001a, b, 2005). Briefly,
reactions were conducted in triplicate, in a volume of
200pul of binding buffer (150mM NaCl, SmM EDTA,
50mM Tris-HCl, pH 7.4) containing protease inhibitors,
using the oj-adrenoceptor selective antagonist ['2°TJHEAT
(***iodo-2-[beta-(4-hydroxyphenyl)-ethyl-amino-methyl]-
tetralone, 250 000 c.p.m.; PerkinElmer Italia, Monza, Milano,
Italy) and the non-selective B-adrenoceptor antagonist
ligand ['*’iodo]cyanopindolol  (['*I]CYP). Nonspecific
binding was determined by the addition of prazosin
(5 x 107°Mm) for az-adrenoceptors (laccarino et al., 2001b) or
ICI 118551, a selective Pp-adrenoceptor antagonist
(3x1077M) (Gong et al., 2002) for By-adrenoceptors. After
incubation in a shaking water bath at 37°C for 60min,
unbound radioactivity was separated from membrane-bound
radioactivity by vacuum filtration through glass-fibre filters
(Iaccarino et al., 1998). After extensive ice-cold washing
(50mM Tris buffer), bound radioactivity remaining on the
filters was assessed on a gamma counter and receptor density,
expressed in picomoles, was normalized to milligrams of
membrane proteins.

Immunoblot analysis. Muscles or endothelial cells were
homogenized in lysis buffer at 4°C as described (Akhter
et al., 1998; laccarino et al., 2004, 2005). Insoluble materials
were removed by centrifugation at 20 000 g for 15 min. Equal
amounts of soluble proteins were electrophoresed by
SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membrane filters (Amersham Biosciences).
Serine-tyrosine phosphorylated ERK1/2 (extracellular signal
regulated kinase; Cell Signaling Technology, Danvers, MA,
USA), pRb (retinoblastoma), total ERK (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), pAkt (Santa Cruz Biotechnol-
ogy), total Akt (Santa Cruz Biotechnology) were visualized
with specific antibodies, anti-rabbit and anti-goat horse-
radish peroxidase-conjugated secondary antibody (Santa
Cruz Biotechnology) and standard chemiluminescence
(Pierce) on autoradiographic films. Autoradiographies were
then digitalized and densitometry quantification performed
using dedicated software (ImageQuaNT; Molecular Dynamics).
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Systemic levels of VEGEF, used as marker of the ischaemic
insult (Seko et al.,, 1997; laccarino et al., 2005), were
determined in non-ischaemic hindlimb muscle samples by
immunoprecipitation (Akhter et al., 1998; laccarino et al.,
1999) of VEGF (protein A/G + agarose beads conjugated with
a rabbit polyclonal antibody raised against VEGF (Santa Cruz
Biotechnology) visualized by a goat polyclonal IgG (Santa
Cruz Biotechnology).

Experiments were performed in triplicate to ensure
reproducibility. Data are presented as arbitrary densitometry
units after normalization for the total corresponding protein
or actin as internal control.

Data presentation and statistical analysis

Values are presented as meanz*s.e.mean. For normally
distributed values, the Student’s t-test was used, otherwise
the non-parametric Mann-Whitney U-test was applied; two-
way ANOVA was performed to compare the different para-
meters among the groups. A significance level of P<0.05 was
assumed for all statistical evaluations. Statistics were com-
puted with GraphPad Prism Software (San Diego, CA, USA).

Results

Endothelial expression of o-adrenoceptor subtypes

Reverse transcriptase-PCR showed that a4- and o;p-adreno-
ceptors but not the a;p subtype were expressed in cultured
rat aorta endothelial cells. As a control, we used cDNA
prepared from rat hearts, which show the presence of the
three isoforms of the oj-adrenoceptor (Figure 2). After
hypoxia, a;-adrenoceptor gene expression (as measured by
reverse transcriptase-PCR) was upregulated (0.90+0.06 vs
0.60 + 0.07; densitometric units normalized by actin expres-
sion (CDU); P<0.05, ANOVA), whereas there was no
significant increase in the expression of the o;5-adrenoceptor
gene (0.40+0.03 vs 0.35+£0.02, NS).

Effects of doxazosin and phenylephrine on endothelial cell
proliferation

To evaluate the effects of «;-adrenoceptors on the prolif-
erative phenotype, we studied endothelial cells in active

WKY ECs WKY Heart

400 bp

- 300 bp
400 bp B

300 bp 200 bp

200 bp 100 bp

100 bp [

Markers GAPDH oA o,B o,D Markers o,A a,B o,D
Figure 2 Expression of a-adrenoceptor subtypes in Wistar-Kyoto
(WKY) endothelial cells and WKY heart by reverse transcriptase-PCR.
The figure shows that o44- and o4g-adrenoceptors but not the aqp
subtype were expressed in cultured rat aorta endothelial cells.
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proliferation induced by the mitogenic agent, FBS. Antagonism
of oy-adrenoceptors with doxazosin alone did not change
endothelial cell number, but chronic exposure (24h) to
10~7 M doxazosin enhanced endothelial cell proliferation to
FBS (FBS: +45+4.1% vs doxazosin+FBS: +89.4+7.1%,
P<0.05; Figure 3a). Similar results were obtained by
measuring DNA synthesis, when doxazosin increased the
[*H]thymidine incorporation following FBS (Figure 3c).

Opposing effects were obtained after chronic stimulation
of endothelial «;-adrenoceptors with an agonist, 10~"M
phenylephrine. Chronic exposure (24h) to phenylephrine
antagonized FBS-induced endothelial cell proliferation (FBS:
+49+3.7% vs phenylephrine+FBS: —13.1%+2.2%,
P<0.05; Figure 3b). Also, phenylephrine did not increase
FBS induced [*H]thymidine incorporation and antagonized
DNA synthesis (Figure 3d).

Effects of doxazosin and phenylephrine on endothelial cell signal
transduction

Consistent with the results on cell proliferation, doxazosin
treatment did not stimulate per se the mitogen-activated
protein ERK, but pre-incubation with this agent resulted in
an enhancement of FBS-induced ERK activation (P<0.05;

EC proliferation at 24h
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Figure 4a). Similar effects were observed when the phosphory-
lation of retinoblastoma (Rb) protein, a check point for
cell proliferation (Deshpande et al., 2005) was measured:
doxazosin did not induce phosphorylation of Rb by itself,
but enhanced phosphorylation after FBS stimulation
(P<0.05; Figure 4c). Here also, phenylephrine produced
effects opposite to those produced by doxazosin. Chronic
phenylephrine exposure inhibited FBS-induced phosphory-
lation of ERK and Rb (P<0.05; Figures 4b and d). Similarly to
Erk, doxazosin and phenylephrine show reciprocal effects on
FBS induced AKT activation (Figures 4e and f).

Doxazosin stimulates endothelial cell migration and vascular tube
formation

Angiogenesis requires migration of endothelial cells to the
sites of new capillary formation in ischaemic tissues, and
cellular migration in vitro is an indicator of the angiogenic
potential of an agent. Therefore, we determined the effect of
doxazosin and phenylephrine on the migration of endothe-
lial cells using a cell monolayer-wounding assay performed
in the presence of DMEM with and without 5% FBS. As
expected, endothelial cells cultured in the presence of
DMEM + 5% FBS displayed a greater capacity to migrate
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Figure 3

In vitro effects of doxazosin (DOXA; a, ) and phenylephrine (PE; b, d) on endothelial cell biology. All experiments depicted in this

figure were performed from three to five times in duplicate. Role of increasing doses of doxazosin (a) and phenylephrine (b) on fetal bovine
serum (FBS)-induced cell proliferation. Given alone, doxazosin did not affect endothelial cell proliferation. However, chronic incubation (24 h)
with doxazosin enhanced endothelial ceII proliferation in response to the mitogenic stimulus, FBS (5%; 24 h) (*P<0.05 vs basal + FBS) with a
peak effect at a concentration of 107 M doxazosin. In contrast, chronic incubation with phenylephrine reduced endothelial cell number and
decreased prollferatlon (*P<0.05 vs basal + FBS). DNA synthesis assayed by [>H]thymidine incorporation. FBS (5%, 24 h) increased DNA
synthesis (*P<0.03 vs basal); and this response was augmented by doxazosin (c) and reduced by phenylephrine (d) treatment (24 h) (*P<0.05

vs basal + FBS).
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Figure 4 In vitro effects of doxazosin (DOXA) and phenylephrine (PE) on endothelial cell signal transduction. (a, b) Extracellular signal
regulated kinase (ERK)/mitogen-activated protein kinase activation: western blot of activated (phosphorylated: pERK) ERK1/2 after stimulation
with fetal bovine serum (FBS). Equal amounts of proteins were confirmed via blotting for total ERK. Representative blots are presented in the
inset. Densitometric analysis (bar graph) shows that FBS stimulation caused ERK activation (*P<0.05 vs basal). Doxazosin alone did not increase
ERK phosphorylation but significantly improved FBS-induced ERK activation (a). Phenylephrine 1078 M pre-incubation (24 h) did not change
ERK activation but attenuated responses to FBS (b) (*P<0.05 vs basal + FBS; ANOVA; n=3-5 experiments, repeated in trlpllcate) (c, d)
Progression in cell cycle evaluated by retinoblastoma phosphorylation (pRb). This protein regulates cell cycle progression through the
restriction point within the G; phase. After 12 h of stimulation with FBS Rb was phosphorylated, as assessed by western blot (*P<0.05 vs
basal). Densitometric analysis shows that doxazosin pre-incubation (107 M, 24 h) enhanced Rb activation after FBS (c), whereas phenylephrine
(107°M, 24 h) reduced this response (d) (*P<0.05 vs basal + FBS). Equal amounts of proteins were verified by blotting for total ERK; n=3,
repeated in duplicate. (e, f) Akt activation (pAkt) after FBS stimulation. FBS induced phosphorylation of Akt, doxazosin alone did not activate
Akt, but hastened FBS activation (e). Conversely, phenylephrlne (1078M, 24h) decreased FBS-induced activation of Akt (f) (*P<0.05 vs
basal + FBS; ANOVA; n=3-5 experiments, repeated in triplicate). Equal amounts of proteins were verified by blotting for total Akt. ADU
indicates arbitrary densitometry units, after correction for total protein content; representative blots are presented in the inset.
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Figure 5 Cellular migration and vascular network formation. (a)
Endothelial cell migration was measured 12 h after plating using a
wounding assay. Migration of confluent endothelial cells was
measured after the cell monolayer was partially wiped away.
Photomicrographs show cells migrating into the wounded area.
The area of the migrating cells was measured in several fields of view
and is shown in the graph below. Data are presented as percent of
migration with respect to fetal bovine serum (FBS) alone (*P<0.05
vs FBS 5%; P<0.01 vs basal). (b) Endothelial cell network formation
in vitro. Representative phase contrast photomicrographs of
endothelial cells are shown plated on Matrigel in control conditions,
in the presence of doxazosin 10~”M or phenylephrine 107 M.
Microscopy revealed numbers of network projections (branches)
formed in each group after 12 h of incubation (*P<0.05 vs basal). It
is interesting to note that phenylephrine modifies cell refraction,
which is probably due to the favourable effects of phenylephrine on
apoptosis. Data are presented as mean £ s.e.

into the wounded area at 12h following wounding of the
cell monolayer (Figure 5a). With doxazosin pretreatment,
the ability of endothelial cells to migrate into the wounded
area was enhanced; whereas treatment with phenylephrine
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resulted in an inhibition of FBS-induced cell migration.
Furthermore, we investigated the ability of doxazosin to
enhance vascular network formation in vitro. We plated
endothelial cells on Matrigel matrix, which induces
network organization of the endothelial cells. As represented
in Figure S5b, culture of endothelial cell on a Matrigel
matrix revealed that the total number of network projections
per microscopic field was significantly higher when cells
were cultured in the presence of doxazosin compared
with endothelial cells cultured with DMEM only.
Taken together, our in vitro results illustrate the ability of
doxazosin to regulate migration and the formation of
vascular structures by endothelial cells. Once again,
phenylephrine inhibited this pro-angiogenic property of
endothelial cells.

Effects of doxazosin during chronic ischaemia in vivo

Blood pressure measurements. To transpose our findings to an
in vivo situation, we explored oy-adrenoceptor in the rat
ischaemic hindlimb. Ischaemia is known to cause increased
sympathetic discharge, with stimulation of both «- and -
adrenoceptors. We aimed to antagonize the o;-adrenoceptor
activation through chronic infusion of doxazosin at low
dosages, to rule out the possibility that changes in haemo-
dynamics could influence the adaptative response to ischae-
mia. We measured blood pressure invasively in rats at days 7
and 12, and direct measurements of arterial blood pressure
showed no significant differences in treated and not treated
rats (mean arterial pressure: 7 days: doxazosin:
85+2.7mm Hg; sham: 85+ 1.8 mm Hg; 12 days: doxazosin:
84+3.1mmHg; sham: 85+2.4mmHg; all differences are
not significant).

az-Adrenoceptor density. Chronic ischaemia resulted in an
increase of oj-adrenoceptor density (from 22.3+4.4 to
39.2+2.9pmolmg~" of protein), suggesting a role of ;-
adrenoceptors in the adaptative response of the ischaemic
muscle. Moreover, o,-adrenoceptor blockade with doxazosin
for 14 days resulted in the expected upregulation of o;-
adrenoceptor density (96+14.8pmolmg' of protein;
P<0.05 vs untreated ischaemic hindlimb), thus indicating
an effective oy-adrenoceptor blockade by the low dosage of
this agent, despite the lack of effect on blood pressure and
vascular resistance.

B-Adrenoceptor binding in ischaemic hindlimb. In our previous
publication (laccarino et al.,, 2005), we proposed that
endothelial B,-adrenoceptors, which are downregulated in
chronic ischaemia, contributed to neo-angiogenesis driven
by the sympathetic system. We therefore explored the effect
of ay-adrenoceptor blockade on f,-adrenoceptor density in
the ischaemic hindlimb. As expected, B-adrenoceptor den-
sity downregulates during chronic ischaemia, but o;-adre-
noceptor blockade with doxazosin restored normal p-
adrenoceptor density and in particular increased expression
of the f-adrenoceptor (Figures 6a and b). This result
suggested a contra-regulation of o4- and B,-adrenoceptors
during ischaemia.
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Figure 6 Increased neo-angiogenic responses by doxazosin (DOXA) treatment during chronic ischaemia in vivo. (a, b) B-Adrenoceptor

density in rat hindlimbs. Total B-adrenoceptor (e) and B,-adrenoceptor (f) density were analysed in rat muscles from the ischaemic and non-
ischaemic hindlimbs. We observed a reduction in both B-adrenoceptor and B,-adrenoceptor density within the ischaemic hindlimb (*P<0.03
vs not ischaemic). Rats receiving doxazosin in chronic infusion showed a significant upregulation of - and B,-adrenoceptors (*P<0.02 vs
ischaemic; 'P<0.05 vs non-ischaemic). (c) TIMI frame count (TFC) of digital angiographies. This technique allows a better assessment of the
deep vascular tree, which in the laser Doppler analysis is mostly affected by the cutaneous circulation. After 14 days of chronic ischaemia,
digital angiographies showed a reduced number of TFCs in ischaemic hindlimbs treated with doxazosin, compared with sham rats (*P<0.05);
the smaller TFC is indicative of improved blood perfusion. (d) Dyed beads dilution assay, where doxazosin treatment increased blood flow in
ischaemic hindlimb, with respect to controls. Data shown are the dyed beads contained per milligram of hindlimb muscle tissue, expressed as
the ratio between the ischaemic and non-ischaemic muscle (*P<0.05). (e) Histological analysis of capillaries in the rat tibialis anterior muscle.
Compared with sham hindlimb, doxazosin increased capillary density, evaluated as number of capillaries corrected for number of muscle fibres,
in the ischaemic tissue (*P<0.05). (f) Systemic levels of vascular endothelial growth factor (VEGF) in the non-ischaemic contralateral muscle.
Fourteen days after femoral artery resection, we evaluated VEGF levels in the contralateral hindlimbs by western blots, as an indicator of
systemic VEGF. Using muscle of rats that were not subjected to femoral artery resection as the non ischaemic reference (not ischaemic), we
found that ischaemia caused an increase in systemic levels of VEFG (*P<0.01 vs non-ischaemic). Doxazosin treatment leads to a limitation of
the ischaemic insult and consequently to a reduction of systemic levels of VEGF after 14 days (*P<0.05 vs ischaemic) (n=3, repeated in
duplicate; a representative blot is presented in the inset; ADU: arbitrary densitometry units).

Ischaemic hindlimb perfusion. Laser Doppler analysis (Fig- Systemic VEGF levels. Chronic ischaemia leads to increased

ure 7) showed impairment in ischaemic hindlimb perfusion
compared with the contralateral hindlimb. Interestingly,
concomitant infusion of doxazosin improved blood flow in
the ischaemic limb (P<0.0S5, repeated measurements ANO-
VA). This effect was confirmed by the analysis of digital
angiographies (Figure 6¢; Supplementary Movies 1 and 2)
performed on day 14, showing an improvement in hindlimb
perfusion of the doxazosin-treated rats (doxazosin: 11+ 3.6;
sham: 24+6.3; number of TFC; P<0.05, ANOVA). No
changes were observed in terms of perfusion in the
contralateral, non-ischaemic, hindlimb.

Another evaluation of regional blood flow was performed
by infusion of dyed microspheres (Figure 6d), which
confirmed the beneficial effects of doxazosin on ischaemic
hindlimb blood flow.

Histology. Data on capillary density (Figure 6e) derived from
histological analysis of the tibialis anterior muscle also
showed the benefits of doxazosin treatment. Capillary
density decreased with ischaemia, but the density in
doxazosin-treated ischaemic muscle was identical to that in
non-ischaemic muscles, after 14 days of treatment.

circulating VEGF levels. Once the ischaemic insult is
removed, VEGF levels return to the basal values. In our
model, a reduction of VEGF levels indicated a reduction in
the ischaemic insult. We therefore measured VEGF;45 by
western blot, in the contralateral, non-ischaemic hindlimb,
as it is related to the circulating levels of this cytokine.
Indeed, serum and non-ischaemic muscle contents of VEGF
are closely related (laccarino et al., 2005). As indicated in
Figure 6f, systemic levels of VEGF were reduced in the
doxazosin-treated rats compared with the sham group,
suggesting that ischaemia in the experimental hindlimb
was significantly reduced after doxazosin (Seko et al., 1997).

Discussion

Our report shows for the first time that endothelial
a;-adrenoceptors downregulate ischaemic angiogenesis
through a direct action on the pro-angiogenic responses of
endothelial cells. So far, studies on the role of o;-adreno-
ceptor blockade on angiogenesis proposed mainly a haemo-
dynamic mechanism to explain the improved blood flow in
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Figure 7 Laser Doppler analysis. Determination of laser Doppler blood flow on postoperative days 3, 7, 10, 14 shows a deficit in ischaemic
hindlimb perfusion, compared with the contralateral hindlimb, that is significantly attenuated in doxazosin as compared with sham rats
(*P<0.05, repeated measurements, ANOVA; laser Doppler blood flow data are expressed as percent of ischaemic to non-ischaemic limb).

animal models of chronic ischaemia and did not explore the
role of endothelial cells. Previous papers have shown that
high doses of a;-adrenoceptor antagonists (approximately
Smg per kg per day vs therapeutic doses (Ben-Dov et al.,
2006) of 0.06 mg per kg per day, tested for clinical practice)
may have pro-angiogenic effects (Dawson and Hudlicka,
1989; Price and Skalak, 1996; Fulgenzi et al., 1998; Zhou
et al., 1998). Similar findings have been obtained with other
vasodilators (Dusseau et al., 1986; Koller et al., 1995; Picano
and Michelassi, 1997) and attributed directly to their
haemodynamic effects (Franke et al., 1984; Cooke and
Losordo, 2002). In several papers, Hudlicka’s group has used
high doses of the a;-adrenoceptor blocker prazosin to induce
angiogenesis, even in the absence of ischaemia (Dawson and
Hudlicka, 1989), and has proposed an initial involvement of
endothelial cells (Hudlicka, 1998; Carmeliet, 2000). How-
ever, the published literature does not allow us to determine
which part of the neo-angiogenesis after high doses of o,
blockers is due to vasodilatation and which (if any) is due to
the direct inhibition of endothelial cell «;-adrenoceptors.
Our paper is the first to provide the evidence that o;-
adrenoceptor blockade favours angiogenesis, independently
of vasodilatation. To support this statement, we provide two
sets of evidence, gathered in vitro and in vivo.

In vitro, the absence of any haemodynamic component
allows a better assessment of the biological properties of
endothelial «o;-adrenoceptors. It is well established that
endothelial cells are the key modulator of angiogenesis
(Carmeliet, 2000; Augustin, 2001). In this study, in vitro,
chronic o4-adrenoceptor stimulation inhibited and chronic
az-adrenoceptor blockade enhanced endothelial cell proli-
feration to the mitogenic stimulus, 5% FBS. This mitogen
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was chosen because it is a nonspecific stimulator of cell
proliferation acting through multiple intracellular pathways.
Therefore, the effect of o4-adrenoceptors cannot be
attributed to the inhibition of a single signal transduction
pathway, but rather it is a phenomenon that involves all of
endothelial cell biology. Doxazosin and phenylephrine not
only interfered with endothelial cell proliferation, DNA
synthesis and molecular activation of ERK and Rb in
response to FBS but also affected endothelial cell migration
and vascular tube formation in Matrigel cultures. These in
vitro data are in good agreement with previous results
(Alexandrov et al., 1998; Yamauchi et al., 2001), showing,
in different tissues, a regulatory role of a;-adrenoceptors on
cell proliferation. Further studies will be necessary to identify
the intracellular signal transduction pathways leading to o;-
adrenoceptor-mediated inhibition of neo-angiogenesis. To
follow up our in vitro experiments, we chose to treat rats with
a low dose of doxazosin, which was a fraction of dosages
used in previous studies (Dawson and Hudlicka, 1989; Zhou
et al., 1998). Although blood pressure was not different
between doxazosin-treated and sham rats, doxazosin en-
hanced angiogenesis induced by chronic ischaemia. In this
situation, the pro-angiogenic action of doxazosin cannot be
explained by a haemodynamic mechanism (Benning and
Kyprianou, 2002) and is probably attributable to the cellular
effects of ay-adrenoceptor blockade.

Neo-angiogenesis has long been known to be a highly
ordered multistep molecular process under tight regulation
by endothelial cells (Papetti and Herman, 2002) and closely
associated with endothelial cell proliferation and migration
and to the capability of these cells to modulate the levels of
VEGF, the most important cytokine system involved in the



formation of new vessels (Carmeliet, 2000). A series of
biological, chemical, hormonal effectors can interfere with
this process. Our data support the notion that o4-adreno-
ceptor should also be ranked among these agents. We have
recently demonstrated that the f,-adrenoceptors participate
in angiogenesis, by enhancing endothelial cell proliferation
and survival (Iaccarino et al., 2002; Ciccarelli et al., 2007).
The present work adds the oj-adrenoceptor to the list of
factors influencing angiogenesis, and magnifies the role of
endogenous catecholamines, the neurotransmitter agonists
at adrenoceptors, in the regenerative response to chronic
ischaemia. We hypothesize that o;- and f,-adrenoceptors
mediate opposite effects on neo-angiogenesis, comparable
to their regulation of the vascular tone. In particular, the
ap-adrenoceptor is inhibitory, whereas the p,-adrenoceptor is
stimulant to neo-angiogenesis. Interestingly, in ischaemia,
the aj-adrenoceptors are upregulated, thus causing a pre-
dominance of oj-adrenoceptor signalling over that of
B2-adrenoceptors, which is downregulated. Furthermore, in
conditions such as hypertension, where the o;-adrenoceptor
tone is higher than that of the p,-adrenoceptors, there is also
an impairment in neo-angiogenesis (Emanueli et al., 2001;
laccarino et al., 2005). It is interesting to note that in the
ischaemic hindlimb, «;-adrenoceptor blockade resulted in a
normalization of p,-adrenoceptor density together with
improved neo-angiogenesis. Whether this association of
events is mechanistic or just incidental is the object of
ongoing experiments. o;-Adrenoceptor upregulation, in
particular, might be a regulatory mechanism aimed at
preventing excessive angiogenesis. This upregulation might
be triggered by ischaemia, through regulatory sequences
within the gene promoter, which have been demonstrated
for both the o44- and a4p-adrenoceptor (Eckhart et al., 1997;
Michelotti et al., 2003).

In summary, o;-adrenoceptors appear to play a critical role
in endothelial cells and this finding adds a new dimension to
the intricate network of signals triggered by the adrenocep-
tor system (Liggett, 2006). Our results do not offer a
molecular definition of the regulation of angiogenesis by
aj-adrenoceptors, which could be further investigated in
knock-out models. On the other hand, the pharmacological
approach of our study provides the background for evaluating
the clinical implications of oy-adrenoceptors in ischaemia in
patients.
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