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Adrenomedullin augments collateral development
in response to acute ischemia
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Abstract

Expression of adrenomedullin, discovered as a vasodilatory peptide, is markedly up-regulated under pathological conditions such
as tissue ischemia and inflammation, which are associated with neovascularization. Here, we tested the hypothesis that overly
expressed adrenomedullin may augment collateral flow to ischemic tissues. We induced hindlimb ischemia in wild-type mice and
injected a naked plasmid expressing human adrenomedullin or an empty vector into the ischemic muscle, followed by in vivo
electroporation. Adrenomedullin markedly enhanced blood flow recovery as determined by Laser Doppler imaging. The mice
treated with an empty vector suffered frequent autoamputation of the ischemic toe, which was completely prevented by adreno-
medullin. Anti-CD31 immunostaining revealed that adrenomedullin significantly increased capillary density. The angiogenic effect
of adrenomedullin was abrogated in endothelial nitric oxide synthase (eNOS)-deficient mice. These results indicate that adreno-
medullin may promote collateral growth in response to ischemia through activation of eNOS.
© 2003 Elsevier Science (USA). All rights reserved.
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Adrenomedullin is a vasodilatory peptide [1] and the
major source of circulating adrenomedullin is the vas-
cular wall [2,3]. The vascular action of adrenomedullin
was at first considered to be solely due to elevated
cAMP production, i.e., endothelium-independent vaso-
dilation. However, we found that endothelial denuda-
tion substantially reduced the vasodilatory action of
adrenomedullin in rodent aortic rings [4,5]. Further-
more, this adrenomedullin-induced endothelium-de-
pendent vasorelaxation is exerted mostly through
activation of the phosphatidylinositol 3-kinase (PI3-K)/
Akt pathway [5]. It has been well established that this
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pathway is involved in various important actions such
as anti-apoptosis and tissue protection as well as acti-
vation of endothelial nitric oxide synthase (eNOS).
Expression of the adrenomedullin gene is up-regu-
lated by hypoxia [6,7] and inflammation [8], which are
associated with neovascularization. Adrenomedullin
abrogates ischemia/reperfusion renal injury. Studies
using adrenomedullin gene knockout mice revealed that
adrenomedullin plays an important role in vascular
formation in embryos [9-11]. These findings suggest
similarity of action of adrenomedullin to that of vas-
cular endothelium growth factor (VEGF), a potent
angiogenic factor. VEGF, either protein or gene, de-
livery to the ischemic limb resulted in collateral devel-
opment even in patients with peripheral vascular
diseases [12]. Thus, we hypothesized that overly
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expressed adrenomedullin may augment collateral flow
to ischemic tissues.

Here, we studied the effect of adrenomedullin on
collateral development in a murine ischemic hindlimb
model. Adrenomedullin markedly augmented blood
flow recovery in wild-type mice. The beneficial effects
were abrogated in mice deficient for eNOS. Our findings
suggest that adrenomedullin may promote angiogenesis
in ischemic tissues through activation of eNOS.

Materials and methods

Animals. C3H/He mice and C57BL/6J mice were purchased from
SLC Japan (Shizuoka, Japan). Endothelial nitric oxide synthase-defi-
cient (eNOS~/~) mice (C57BL/6] background) were purchased from
Jackson Laboratory (Bar Harbor, ME) [13]. All protocols involving
experimental animals were in accordance with the local institutional
guidelines for animal care of the University of Tokyo and complied
with the “Guide for the Care and Use of Laboratory Animals” (NIH
publication No. 86-23, revised 1985).

Mouse ischemic hindlimb model. Unilateral hindlimb ischemia was
induced in 30-35-week-old female mice [14]. The animals were anes-
thetized by intraperitoneal injection of pentobarbital (50 mg/kg). The
proximal and distal portions of the right femoral artery and the distal
portion of the saphenous artery were ligated. After that, the arteries
and all side branches were dissected free and excised. The skin was
closed with 5-0 surgical suture.

Gene transfer and measurement of plasma adrenomedullin concen-
tration. Human adrenomedullin cDNA was subcloned into pcDNA3 at
EcoRI and Xbal sites (W AMpcDNA3). We injected either hAMp-
c¢DNA3 or pcDNA3 (naked plasmid 50 pg/50 pl PBS) into the right
thigh muscles followed by in vivo electroporation (100V x 50 ms x 6
times) [15]. Gene delivery was repeated every week starting 1 week
before surgery. The efficacy of adrenomedullin gene transfer was
evaluated by measuring the concentration of plasma human adreno-
medullin. At sacrifice, blood was drawn from the heart and transferred
to chilled tubes containing 2mM EDTA2Na and 500 IU/ml aprotinin.
Plasma was separated by centrifuging at 4 °C and 3000 rpm for 15 min,
and stored at —70°C until the assay. The concentration of adreno-
medullin in plasma was measured by radioimmunoassay as previously
reported [16]. The sensitivity of this RIA system was 2 fmol/ml. The
antiserum used crossreacts with mouse adrenomedullin by less than 2%.

Monitoring of hindlimb blood flow. Hindlimb blood perfusion was
measured using a Laser Doppler perfusion imager (LDPI) system
(Moor Instruments, Devon, UK) [14]. Excess hairs were removed from
the limbs using depilatory cream before imaging and mice were placed
on a heating plate at 40 °C. To avoid the influence of ambient light and
temperature, the results are expressed as the ratio of perfusion in the
right (ischemic) versus left (untreated) limb.

Measurement of capillary density in the ischemic leg. Five weeks
after surgery, mice were sacrificed by intraperitoneal injection of an
overdose of pentobarbital. The whole limbs were fixed in methanol
overnight. The femora were carefully removed and the ischemic thigh
muscles were embedded in paraffin. Sections (5um) were de-paraffi-
nized and incubated with a rat-monoclonal antibody against murine
CD31 (clone MEC13.1, BD PharMingen, San Diego, CA). Antibody
distribution was visualized using the avidin-biotin-complex technique
and Vector red chromogenic substrate (Vector Laboratories, Burlin-
game, CA), followed by counterstaining with hematoxylin. Capillaries
were identified by positive staining for CD31 and their morphology.
Ten different fields from each tissue preparation were randomly se-
lected and capillaries were counted. Capillary density was expressed as
the number of capillaries per square millimeter.

Aortic tension and ischemic hindlimb model in eNOS~/~ mice. To
explore the role of NO in AM-induced collateral formation, we
examined the vascular effects of adrenomedullin in eNOS~/~ mice.
The thoracic aortas were carefully dissected from 15-week-old eN-
OS~/~ mice and age-matched control mice (n = 5, each), as already
described [5]. Moreover, we examined the effects of adrenomedullin
on aortic tension in 30-35-week-old PI3-K knockout mice [17] and
wild-type mice (n =135, each). Aortic rings (Smm in length) were
mounted in organ chambers filled with 20ml of an oxygenated
Krebs—Ringer bicarbonate solution at 37°C. Isometric tension was
recorded using a force transducer (Oriental, Tokyo). The aortic
rings were precontracted with 10~ mol/L L-norepinephrine and re-
sponses to adrenomedullin were studied in the presence or absence
of vascular endothelium. The endothelium of the aortic ring was
removed by gentle rubbing with a twist of cotton. Relaxation in
aortic rings was expressed as the percent decrease in tension. Col-
lateral formation after hindlimb ischemia was also examined in 15-
week-old eNOS™/~ mice and age-matched control mice (7 =5,
each).

Statistics. All data are expressed as mean values + SEM. Statistical
comparisons of mean values were performed by ANOVA followed by
the Student-Neumann—Keuls test. A p value of <0.05 was considered
as statistically significant.

Results
Blood flow recovery by adrenomedullin

To evaluate the angiogenic effect of adrenomedul-
lin, we generated hindlimb ischemia in wild-type
C57BL/6J mice, which were treated with pcDNA3 or
hAMpcDNA3 (n = 8 for each group). The blood flow
in the ischemic and non-ischemic legs was monitored
weekly by Laser Doppler imaging (Fig. 1A). In the
control mice, blood flow of the ischemic leg recovered
gradually, reaching about 60% of the blood flow of
the non-ischemic left leg by week 5 (Fig. 1B). Adre-
nomedullin dramatically enhanced blood flow recov-
ery. In the mice treated with adrenomedullin, blood
flow of the ischemic leg recovered to almost the same
level observed in the non-ischemic limb in 2 weeks
(Fig. 1B).

Collateral formation was evaluated based on the
capillary density of the ischemic hindlimb muscle
harvested 5 weeks after surgery. Consistent with the
measurement by Laser Doppler imaging, anti-CD31
immunostaining revealed that adrenomedullin signifi-
cantly increased the number of detectable capillaries in
the ischemic leg (Figs. 2A and B).

Efficacy of adrenomedullin gene transfer

Plasma concentration of human adrenomedullin was
detected only in mice treated with the adrenomedullin
gene. As shown in Fig. 3, the plasma concentration of
human adrenomedullin was significantly higher in mice
transfected with the adrenomedullin gene than in
control mice. The plasma adrenomedullin level in
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Fig. 1. Blood flow recovery by adrenomedullin. Unilateral hindlimb ischemia was induced in 30-35-week-old female wild-type C57BL/6J by resecting
the right femoral artery. Hindlimb blood perfusion was measured using a Laser Doppler perfusion imager system (A). Either pc-DNA or
hAMpcDNA3 (50 pg/week) was injected intramuscularly every week starting 1 week before surgery. The blood flow of the ischemic hindlimb was
expressed as the ratio to that of the uninjured limb (B). *p < 0.01 vs AM.
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Fig. 2. Capillary density in the ischemic muscle 5 weeks after surgery. (A) Mice were sacrificed 5 weeks after surgery and capillaries in the ischemic
muscles were visualized by anti-CD31 immunostaining. Bar, 50 um. (B) The capillaries in 10 different fields were counted. Data are expressed as mean
values = SEM. *p < 0.05 vs Control.

adrenomedullin-treated mice exceeded that reported in Effects of adrenomedullin on blood flow recovery in
healthy humans [18]. Immunoblotting using anti-human eNOS-deficient mice

adrenomedullin antibody also showed a positive signal

in thigh muscular tissues where the adrenomedullin gene Accumulating evidence indicates that NO produc-

was injected (data not shown). tion by endothelial cells mediates the angiogenic effect
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Fig. 3. Plasma adrenomedullin concentration in mice subjected to
gene-transfer. We injected either hAMpcDNA3 or pcDNA3 (naked
plasmid 50 pg/50 pul PBS/week) into the right thigh muscles followed by
in vivo electroporation (100 V x 50 ms x 6 times). Plasma of mice was
collected 5 weeks later (n =8 for each group). The plasma concen-
tration of adrenomedullin was higher in mice treated with adreno-
medullin, demonstrating the efficacy of adrenomedullin gene transfer.

of many growth factors [19-22]. To investigate the
role of eNOS in the enhancement of blood flow re-
covery by adrenomedullin, we evaluated the effects of
adrenomedullin in eNOS-deficient mice. These mice
lack the ability to dilate the capillaries via NO pro-
duction in endothelial cells [23]. Surgical resection of
the right femoral artery induced hindlimb ischemia in
both eNOS™/~ mice and wild-type mice to a similar
extent (Fig. 4). However, blood flow recovery was
severely impaired in eNOS™/~ mice, as reported pre-
viously [19]. In contrast to the marked enhancement
of collateral development observed in wild-type mice,
adrenomedullin had no significant effects on blood
flow recovery in eNOS™/~ mice. Anti-CD31 immuno-
staining revealed that adrenomedullin treatment did
not induce an increase in the number of visible cap-
illaries in the ischemic leg.
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Fig. 4. Effects of adrenomedullin on blood flow recovery in eNOS-
deficient mice. Hindlimb ischemia was induced in 15-week-old female
eNOS~/~ mice. The mice were treated with either pc-DNA or adre-
nomedullin (50 pg/week) (n = 8 for each group). Blood flow recovery
was monitored weekly by a Laser Doppler imager.

Effects of adrenomedullin on tension of aortic rings

The effects of AM were examined in eNOS~/~ mice.
In control mice, adrenomedullin decreased aortic ten-
sion in a dose-dependent manner (Fig. 5). Although
adrenomedullin reduced aortic tension, the extent was
significantly smaller in eNOS™/~ mice than in controls.
Endothelial denudation did not affect aortic responses to
AM in eNOS~/~ mice. Furthermore, PI3-K~/~ mice also
showed an attenuated response to adrenomedullin,
compared to wild-type mice. Adrenomedullin-induced
vasorelaxation was again reduced in the aortas without
endothelium and the extent of endothelium-independent
vasorelaxation was similar between PI3-K~/~ mice and
wild-type mice (Fig. 5).

Discussion

Angiogenesis is a physiological response to ischemia
and inflammation [24]. Recent progresses in this field
have allowed the identification of many transcription
factors, growth factors, and cytokines that are essential
for spontaneous neovascularization [25]. It has been
shown that administration of those factors to ischemic
tissues effectively augments collateral development in
animals [26] and humans [27]. In this study, we found
that overly expressed adrenomedullin augmented col-
lateral development in response to acute ischemia in
murine hindlimbs. Endogenous adrenomedullin expres-
sion is markedly up-regulated during tissue ischemia and
inflammation [6-8], which enhance capillary formation.
Moreover, it was recently shown that targeting of the
adrenomedullin gene leads to severe impairment of vas-
cular formation [9-11]. Taken together, these findings
suggest that adrenomedullin may play an important role
in angiogenesis and that adrenomedullin may have a
therapeutic utility by promoting collateral development
in ischemic tissues.

The mechanism for adrenomedullin-induced angio-
genesis was not elucidated by this study. However,
adrenomedullin-induced development of collateral for-
mation in the ischemic hindlimb was abolished in
eNOS~/~ mice. This suggests that the effects of adre-
nomedullin in the ischemic hindlimb were exerted
through NO release by activation of eNOS. In fact,
recent studies indicate that NO may promote angio-
genesis because most of angiogenic factors, including
VEGF, promote NO release from endothelial cells;
these angiogenic effects are blocked by NOS inhibitors;
angiogenesis is attenuated when NO bioactivity is re-
duced, e.g., hyperlipidemia [28,29]; furthermore, overly
expressed eNOS increases the angiogenic response [30].
NO functions to promote migration [31] and survival
of endothelial cells, although NO does stimulate their
proliferation in vitro.
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Fig. 5. Effects of adrenomedullin on aortic tension in eNOS-deficient mice (A) and in PI3-K-deficient mice (B). The thoracic aortas were dissected,
mounted in a Krebs—Ringer bicarbonate solution, and precontracted by 10~° mol/L L-norepinephrine (7 = 5 for each group). The effects of endo-
thelial denudation on the response to adrenomedullin were also examined. E(+), with endothelium; E(—), without endothelium.

In the present study, we transfected the adrenomed-
ullin gene using electroporation. We have already con-
firmed the efficacy of the method with other genes. The
expression of adrenomedullin peptide was still detected
1 week after plasmid injection. Adrenomedullin began
to decrease aortic tension at around 10~ °mol/L; a 10-
fold higher concentration than the circulating adreno-
medullin attained by the present transfection method.
However, it is possible that the locally expressed adre-
nomedullin level may be much higher, suggesting that
adrenomedullin may exert some vascular action in the
injected muscle.

In conclusion, we have demonstrated that adreno-
medullin markedly enhances blood flow recovery after
acute ischemia. Blood flow recovery correlated with the
increase in the number of detectable capillaries. The
plasma concentration of adrenomedullin was elevated in
mice treated with adrenomedullin gene transfer. Adre-
nomedullin failed to promote blood flow recovery, when
eNOS was genetically ablated. These results provide a
mouse genetic evidence that eNOS is essential for
adrenomedullin to promote collateral growth in re-
sponse to tissue ischemia. Our findings suggest that
adrenomedullin may potentially be used for therapeutic
angiogenesis.

Acknowledgments

This study was supported in part by Grant-in-Aid #10218202 from
the Japanese Ministry of Education, Science, Sports and Culture
awarded to Dr. Hirata.

References

[1] K. Kitamura, K. Kangawa, M. Kawamoto, Y. Ichiki, S.
Nakamura, H. Matsuo, T. Eto, Adrenomedullin: a novel hypo-
tensive peptide isolated from human pheochromocytoma, Bio-
chem. Biophys. Res. Commun. 192 (1993) 553-560.

[2] S. Sugo, N. Minamino, H. Shoji, K. Kangawa, K. Kitamura, T.
Eto, H. Matsuo, Production and secretion of adrenomedullin
from vascular smooth muscle cells: augmented production by
tumor necrosis factor-o, Biochem. Biophys. Res. Commun. 203
(1994) 719-726.

[3] S. Sugo, N. Minamino, K. Kangawa, K. Miyamoto, K. Kitamura,
J. Sakata, T. Eto, H. Matsuo, Endothelial cells actively synthesize
and secrete adrenomedullin, Biochem. Biophys. Res. Commun.
201 (1994) 1160-1166.

[4] Y. Hirata, H. Hayakawa, Y. Suzuki, E. Suzuki, H. Ikenouchi, O.
Kohmoto, K. Kimura, K. Kitamura, T. Eto, K. Kangawa, H.
Matsuo, M. Omata, Mechanisms of adrenomedullin-induced
vasodilation in the rat kidney, Hypertension 25 (1995) 790-795.

[5] H. Nishimatsu, E. Suzuki, D. Nagata, N. Moriyama, H. Satonaka,
K. Walsh, M. Sata, K. Kangawa, H. Matsuo, A. Goto, T.
Kitamura, Y. Hirata, Adrenomedullin induces endothelium-de-
pendent vasorelaxation via the phosphatidylinositol 3-kinase /Akt-
dependent pathway in rat aorta, Circ. Res. 89 (2001) 63-70.

[6] X. Wang, T.L. Yue, F.C. Barone, R.F. White, R.K. Clark, R.N.
Willette, A.C. Sulpizio, N.V. Aiyar, R.R. Ruffolo Jr., G.Z.
Feuerstein, Discovery of adrenomedullin in rat ischemic cortex
and evidence for its role in exacerbating focal brain ischemic
damage, Proc. Natl. Acad. Sci. USA 92 (1995) 11480-11484.

[7] D. Nagata, Y. Hirata, E. Suzuki, M. Kakoki, H. Hayakawa, A.
Goto, T. Ishimitsu, N. Minamino, Y. Ono, K. Kangawa, H.
Matsuo, M. Omata, Hypoxia-induced adrenomedullin production
in the kidney, Kidney Int. 55 (1999) 1259-1267.

[8] S. Ueda, K. Nishio, N. Minamino, A. Kubo, Y. Akai, K.
Kangawa, H. Matsuo, Y. Fujimura, A. Yoshioka, K. Masui, N.
Doi, Y. Murao, S. Miyamoto, Increased plasma levels of
adrenomedullin in patients with systemic inflammatory response
syndrome, Am. J. Respir. Crit. Care Med. 160 (1999) 132-136.



M. Abe et al. | Biochemical and Biophysical Research Communications 306 (2003) 10-15 15

[9] K.M. Caron, O. Smithies, Extreme hydrops fetalis and cardio-
vascular abnormalities in mice lacking a functional Adrenomed-
ullin gene, Proc. Natl. Acad. Sci. USA 98 (2001) 615-619.

[10] T. Shimosawa, Y. Shibagaki, K. Ishibashi, K. Kitamura, K.
Kangawa, S. Kato, K. Ando, T. Fujita, Adrenomedullin, an
endogenous peptide, counteracts cardiovascular damage, Circu-
lation 105 (2002) 106-111.

[11] T. Shindo, Y. Kurihara, H. Nishimatsu, N. Moriyama, M.
Kakoki, Y. Wang, Y. Imai, A. Ebihara, T. Kuwaki, K.H. Ju, N.
Minamino, K. Kangawa, T. Ishikawa, M. Fukuda, Y. Akimoto,
H. Kawakami, T. Imai, H. Morita, Y. Yazaki, R. Nagai, Y.
Hirata, H. Kurihara, Vascular abnormalities and elevated blood
pressure in mice lacking adrenomedullin gene, Circulation 104
(2001) 1964-1971.

[12] 1. Baumgartner, A. Pieczek, O. Manor, R. Blair, M. Kearney, K.
Walsh, J.M. Isner, Constitutive expression of phVEGF 45 follow-
ing intramuscular gene transfer promotes collateral vessel devel-
opment in patients with critical limb ischemia, Circulation 97
(1998) 1114-1123.

[13] P.L. Huang, Z. Huang, H. Mashimo, K.D. Bloch, M.A. Mosko-
witz, J.A. Bevan, M.C. Fishman, Hypertension in mice lacking the
gene for endothelial nitric oxide synthase, Nature 377 (1995) 239—
242.

[14] T. Couffinhal, M. Silver, L.P. Zheng, M. Kearney, B. Witzenb-
ichler, J.M. Isner, Mouse model of angiogenesis, Am. J. Pathol.
152 (1998) 1667-1679.

[15] H. Aihara, J. Miyazaki, Gene transfer into muscle by electropo-
ration in vivo, Nat. Biotechnol. 16 (1998) 867-870.

[16] K. Nishio, Y. Akai, Y. Murao, N. Doi, S. Ueda, H. Tabuse, S.

Miyamoto, K. Dohi, N. Minamino, H. Shoji, K. Kitamura, K.

Kangawa, H. Matsuo, Increased plasma concentrations of adre-

nomedullin correlate with relaxation of vascular tone in patients

with septic shock, Crit. Care Med. 25 (1997) 953-957.

Y. Terauchi, Y. Tsuji, S. Satoh, H. Minoura, K. Murakami, A.

Okuno, K. Inukai, T. Asano, Y. Kaburagi, K. Ueki, H. Nakajima,

T. Hanafusa, Y. Matsuzawa, H. Sekihara, Y. Yin, J.C. Barrett, H.

Oda, T. Ishikawa, Y. Akanuma, I. Komuro, M. Suzuki, K.

Yamamura, T. Kodama, H. Suzuki, S. Koyasu, S. Aizawa, K.

Tobe, Y. Fukui, Y. Yazaki, T. Kadowaki, Increased insulin

sensitivity and hypoglycaemia in mice lacking the p85 o subunit of

phosphoinositide 3-kinase, Nat. Genet. 21 (1999) 230-235.

[18] J. Kato, K. Kobayashi, T. Etoh, M. Tanaka, K. Kitamura, T.
Imamura, Y. Koiwaya, K. Kangawa, T. Eto, Plasma adrenomed-
ullin concentration in patients with heart failure, J. Clin. Endo-
crinol. Metab. 81 (1996) 180-183.

[19] T. Murohara, T. Asahara, M. Silver, C. Bauters, H. Masuda, C.
Kalka, M. Kearney, D. Chen, J.F. Symes, M.C. Fishman, P.L.
Huang, J.M. Isner, Nitric oxide synthase modulates angiogenesis in
response to tissue ischemia, J. Clin. Invest. 101 (1998) 2567-2578.

(17

[20] M. Ziche, L. Morbidelli, R. Choudhuri, H.T. Zhang, S. Donnini,
H.J. Granger, R. Bicknell, Nitric oxide synthase lies downstream
from vascular endothelial growth factor-induced but not basic
fibroblast growth factor-induced angiogenesis, J. Clin. Invest. 99
(1997) 2625-2634.

[21] M. Ziche, L. Morbidelli, Nitric oxide and angiogenesis, J.
Neurooncol. 50 (2000) 139-148.

[22] A. Parenti, L. Morbidelli, F. Ledda, H.J. Granger, M. Ziche, The
bradykinin/B1 receptor promotes angiogenesis by up-regulation of
endogenous FGF-2 in endothelium via the nitric oxide synthase
pathway, FASEB J. 15 (2001) 1487-1489.

[23] T. Matoba, H. Shimokawa, M. Nakashima, Y. Hirakawa, Y.
Mukai, K. Hirano, H. Kanaide, A. Takeshita, Hydrogen peroxide
is an endothelium-derived hyperpolarizing factor in mice, J. Clin.
Invest. 106 (2000) 1521-1530.

[24] J. Folkman, Y. Shing, Angiogenesis, J. Biol. Chem. 267 (1992)
10931-10934.

[25] S. Freedman, J.M. Isner, Therapeutic angiogenesis for ischemic
cardiovascular disease, J. Mol. Cell. Cardiol. 33 (2001) 379-393.

[26] A. Yanagisawa-Miwa, Y. Uchida, F. Nakamura, T. Tomaru, H.
Kido, T. Kamijo, T. Sugimoto, K. Kaji, M. Utsuyama, C.
Kurashima, H. Ito, Salvage of infarcted myocardium by angio-
genic action of basic fibroblast growth factor, Science 257 (1992)
1401-1403.

[27] P.R. Vale, D.W. Losordo, C.E. Milliken, M.C. McDonald, L.M.
Gravelin, C.M. Curry, D.D. Esakof, M. Maysky, J.F. Symes,
J.M. Isner, Randomized, single-blind, placebo-controlled pilot
study of catheter-based myocardial gene transfer for therapeutic
angiogenesis using left ventricular electromechanical maping in
patients with chronic myocardial ischemia, Circulation 103 (2001)
2138-2143.

[28] T. Couffinhal, M. Silver, M. Kearney, A. Sullivan, B. Witzenb-

ichler, M. Magner, B. Annex, K. Peters, J.M. Isner, Impaired

collateral vessel development associated with reduced expression
of vascular endothelial growth factor in ApoE~/~ mice, Circula-

tion 99 (1999) 3188-3198.

E. Van Belle, A. Rivard, D. Chen, M. Silver, S. Bunting, N.

Ferrara, J.F. Symes, C. Bauters, J.M. Isner, Hypercholesterol-

emia attenuates angiogenesis but does not preclude augmenta-

tion by angiogenic cytokines, Circulation 96 (1997) 2667—

2674.

[30] K. Amano, H. Matsubara, O. Iba, M. Okigaki, S. Fujiyama, T.
Imada, H. Kojima, Y. Nozawa, S. Kawashima, M. Yokoyama, T.
Iwasaka, Enhancement of ischemia-induced angiogenesis by
eNOS overexpression, Hypertension 41 (2003) 156-162.

[31] T. Murohara, B. Witzenbichler, I. Spyridopoulos, T. Asahara, B.
Ding, A. Sullivan, D.W. Losordo, J.M. Isner, Role of endothelial
nitric oxide synthase in endothelial cell migration, Arterioscler.
Thromb. Vasc. Biol. 19 (1999) 1156-1161.

[29



	Adrenomedullin augments collateral development in response to acute ischemia
	Materials and methods
	Results
	Blood flow recovery by adrenomedullin
	Efficacy of adrenomedullin gene transfer
	Effects of adrenomedullin on blood flow recovery in eNOS-deficient mice
	Effects of adrenomedullin on tension of aortic rings

	Discussion
	Acknowledgements
	References


