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Angiogenesis depends on cytokines and vascular cell adhesion events. Two cytokine- 
dependent pathways of angiogenesis were shown to exist and were defined by their 
dependency on distinct vascular cell integrins. In vivo angiogenesis in corneal or cho- 
rioallantoic membrane models induced by basic fibroblast growth factor or by tumor 
necrosis factor-a depended on avP3, whereas angiogenesis initiated by vascular endo- 
thelial growth factor, transforming growth factor-a, or phorbol ester depended on avp5. 
Antibody to each integrin selectively blocked one of these pathways, and a cyclic peptide 
antagonist of both integrins blocked angiogenesis stimulated by each cytokine tested. 
These pathways are further distinguished by their sensitivity to calphostin C, an inhibitor 
of protein kinase C that blocked angiogenesis potentiated by avP5 but not by avp3. 

Angiogenesis, the growth of new blood 
vessels. occurs in most tissues and can be 
induced by a variety of cytokines (I ). How- 
ever, vascular cells proliferate in an anchor- 
age-dependent manner, which suggests that 
adhesion-mediated signals may be impor- 
tant in the growth of new blood vessels (2). 
The dependence of angiogenesis on vascu- 
lar cell adhesive events in vivo (3, 4) is 
evidenced by the fact that antagonists of 
a$, integrin block angiogenesis on chick 
chorioallantoic membrane (CAM) induced 
by basic fibroblast growth factor (bFGF) 
and fragments of human tumors. In this 
model, a..B, promoted a survival signal that 

or VEGF into rabbit corneas. A series of 
eight animals was used for paired eye exper- 
iments, and each animal received a Hydron 
[poly(hydroxyethyl) methacrylate; Interfer- 
on Sciences, New Brunswick, New Jersey] 
implant containing cytokine and monoclo- 
nal antibody (mAb) LM609 (anti-c.wvp3) in 
one cornea, and cytokine and mAb P1F6 
(anti-a,$5) or nonimmune immunoglobulin 
in the other cornea (Fig. 1) (1 3). The mAb 
LM609 inhibited bFGF-induced angiogene- 
sis by 86% (P < 0.005, Student's t test) 
compared with eyes treated with mAb PlF6, 

and by 72% compared with immunoglobulin 
G controls (P < 0.005). However, when 
VEGF was used to induce angiogenesis, P1F6 
reduced angiogenesis by 60% compared with 
LM609 (P < 0.03; Fig. 1). Preexisting peri- 
limbal vessels were unaffected by either an- 
tibody, suggesting that the effects observed 
were restricted to newly forming blood ves- 
sels in the cornea. That aVP5 functions in 
VEGF-induced angiogenesis may be clini- 
cally relevant, because VEGF is reported 
to be temporally and spatially associated 
with ischemia-induced ocular angiogene- 
sis ( I  I )  and is increased in intraocular 
fluids obtained from patients with active 
neovascular eye disease (1 2). 

To confirm these results, we examined 
another model of angiogenesis, the chick 
CAM (Fig. 2, A and B). The mAb LM609 
(anti-a#,) disrupted angiogenesis induced 
by bFGF, whereas mAb P1F6 (anti-crvP5) 
had no effect. However, as shown in the 
preceding corneal model, LM609 had only a 
slight effect on angiogenesis on the CAM 
stimulated by VEGF (Fig. 2, A and B), 
whereas P1F6 blocked this event. As pre- 
dicted, a cyclic peptide antagonist (RGMV) 
specific for both a,$, and avP5 (14) abol- 
ished angiogenesis induced by either cyto- 
kine (Fig. 2, C and D). These results, to- 
gether with those from the cornea, suggest 
that bFGF- and VEGF-induced angiogenesis 
depend on distinct a, integrins. 

To extend these findings, we examined 
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angiogenesis on the chick CAM induced 
with a series of cytokines in the presence of 
anti-avP3 or anti-avp5. Angiogenesis was in- 
duced with bFGF, VEGF, tumor necrosis 
factor* (TNF-a), transforming growth fac- 
tor* (TGF-a), or phorbol 12-myristate 13- 
acetate (PMA). One day later, embryos were 
injected with a single dose of mAb LM609 or 
mAb P1F6 (Fig. 3). LM609 blocked angio- 
genesis in response to bFGF and TNF-a, yet 
had minimal effect on angiogenesis induced 
by VEGF, TGF-a, or PMA. In contrast, 
P1F6 blocked angiogenesis induced by 
VEGF, TGF-ci, and PMA, but had minimal 
effects on that induced by bFGF or TNF-a. 

The phorbol ester PMA, a potent induc- 
er of angiogenesis, is capable of activating 

A 
bFGF VEGF 

protein kinase C (PKC), an intracellular 
family of serine-threonine kinases. There- 
fore, we also examined the effects of cal- 
phostin C, a PKC inhibitor, on angiogene- 
sis on the chick CAM (Fig. 3). Calphostin 
C blocked angiogenesis induced by PMA, 
VEGF, and TGF-a, but had only a.smal1 
effect on bFGF- or TNF-a-mediated angio- 
genesis. These results suggest the presence 
of two pathways of angiogenesis: one that 
depends on avP3 and that is largely inde- 
pendent of PKC, and a second that is po- 
tentiated by avP5 but also critically depends 
on PKC activation. These data are consis- 
tent with our previous observations that 
cell motility mediated by avP5, but not by 

depends on prior activation of a PKC- 
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was Induced n 10-day-olcl c t ~ c k  ernbryos by filter disks sat~rrated w th  bFGF or TNF-u as descr~bed 131 
IA ana Bl Twenty-four hours later embryos were Injected ntravascularly w th  phosphate-buffered sallne 
(PBSl or wth  LMG09 1300 pg1 or w t h  PI F6 (300 pgl  rC and D) Alternat~vely embryos were either 
injected or top~call) treated v t h  PBS alone or with PBS contanlng 300 pg  of cycl~c peptide RGDN act~ve 
aga~nst ru p and n p 11.1 7 61 or wth  the control cvcllc pept~de RADN as descr~bed (4)  Representat~ve 
CAMS were ptiotographed through a stereomlcroscope !A and C) and the rnean anglogenic Index I ZSEI 
was deterrn~ned for 6 to 12 CAMS per condt~on iB and D) Ang~ogeness was scored for each embryo In 
a do~ible-blind procedure that analyzed the number and extent of branch~ng of blood vessels w ~ t h ~ n  the 
area of each disk The scores ranged from 1 - [low) to 4+  !hghi and the angogenesls ndex was 
deternilfled by subtract~ng a hackgrodnd score of 1 from a data Magn~f~caton In tA) and IC) r 1 5 

dependent signaling pathway (1 5). 
Angiogenesis is associated with an ar- 

ray of pathologic processes, including can- 
cer, blindness, and inflammatory disease 
(1, 3).  Our results suggest that antagonists 
of avP3 and avP5 may be effective in 
treating such processes. The LM609 mAb 
to avP3 causes variable regression of four 
types of human tumors grown on chick 
CAM (4). It is conceivable that tumors 
showing less susceptibility to LM609 
might secrete several cytokines, including 
one such as VEGF that promotes angio- 
genesis in an avP5-dependent manner. 
This contention is supported by the find- 
ing that the cyclic peptide R G D N  (Fig. 

Fig. 3. Effect of anti-a$,, anti-avp,, and calphos- 
tin C (Cal. C) on CAM angiogenesis induced by 
multiple cytokines. CAM tissue from 10-day-old 
chick embryos was stimulated by filter disks sat- 
urated with 1.0 pg/ml of bFGF, TNF-(Y, VEGF, or 
TGF-a, or with 20 ng/ml of PMA. Embryos were 
then injected intravascularly with 300 pg per 0.1 
ml per embryo of mAbs LM609 (anti-(Y,P,) or 
PI F6 (anti-avp,) or topically treated with 100 nM 
calphostin C (0.1 ml) daily for 3 days. On day 13, 
filter disks and associated CAM tissue were dis- 
sected and analyzed for angiogenesis with a ste- 
reomicroscope. Angiogenesis was scored in a 
double-blind procedure that analyzed the number 
and extent of branching of blood vessels within 
the area of each disk. The scores for angiogenesis 
ranged from 1 + (low) to 4+ (high). The angiogen- 
esis index was determined by subtracting a back- 
ground score of 1 from all data. Experiments were 
repeated two to four times with five to six embryos 
per condition. 
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2),  which blocks both av integrins (16) ,  
showed the greatest antiangiogenic and 
antitumoral activity when compared with 
either ant i -avp3 alone or ant i -aJj  alone 
116). , ' 

Most ocular diseases that cause cata- 
strophic loss of vision have as a common 
pathologic feature the growth of new blood 
vessels. Although ischemia-associated reti- 
nal neovascular diseases such as orolifera- 
tive diabetic retinopathy are associated 
with increased VEGF (12), nonischemic 
subretinal neovascular diseases such as aee- - 
related macular degeneration have no such 
clear association. Our observation that 
VEGF-stimulated angiogenesis proceeds by 
an integrin-mediated angiogenic pathway 
distinct from that stimulated bv FGF sun- 
ports the concept that different I;athogene;- 
ic mechanisms may operate in retinal and 
subretinal diseases (I  7). 

Angiogenesis is a critical biologic pro- 
cess and, as such, may depend on redundant 
molecular events that not only initiate 
blood vessel cell proliferation but also reg- 
ulate the invasion and, ultimatelv, the dif- , , 
ferentiation of newly forming vessels. Re- 
dundancy in this process is supported by an 
experiment of nature, Glanzmann's throm- 
basthenia, in which individuals lacking ex- 
pression of the p, integrin gene neverthe- 
less develop fully mature blood vessels. 
Thus, an alternative angiogenic mechanism 
must exist in the absence of a\,p,. The 
evidence presented here suggests that avp,  
can orovide such a mechanism of biologic " 

redundancy. We conclude that there are at 
least two cytokine-dependent patha,ays 
leading to angiogenesis in vivo, and these 
are distinguished by their dependency on 
specific av integrins and on the intracellu- 
lar serine-threonine kinase PKC. 
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Essential Ca2+-Binding Motif for Ca2+-Sensitive 
Inactivation of L-Type Ca2+ Channels 
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lntracellular calcium (Ca2+) inhibits the opening of L-type (a,,) Ca2+ channels, providing 
physiological control of Ca" entry into a wide variety of cells. A structural determinant 
of this Ca2+ -sensitive inactivation w a s  revealed by chimeric Ca2+ channels derived from 
parental a,, and a,, channels, the latter of which is a neuronal channel lacking Ca2+ 
inactivation. A consensus Ca2+-binding motif (an EF hand), located on the a,, subunit, 
w a s  required for Ca2+ inactivation. Donation of the a,, EF-hand region to the a,, channel 
conferred the Ca2+-inactivating phenotype. These results strongly suggest that Ca2+ 
binding to the a,, subunit initiates Ca2+ inactivation. 

L-type Ca2+ channels manifest Ca2+-sen- 
sitive inactivation (1 ), a biological feedhack 
mechanis~n in which elevation of intracel- 
lular Ca2+ concentration ([Ca2+]) speeds 
channel inactivation. As L-type Ca2+ 
channels are widely distributed, this inacti- 
vation process influences Inany cellular ac- 
tivities, including neuroendocrine secretion 
12), cardiac excitation-contraction cou- , , 

pling (3) )  and neuronal gene regulation (4) .  
Although the existence of Ca2+ inactiva- 
tion was delnonstrated over a decade ago 
( I ) ,  its underlying ~nolecular mechanism 
remains unknown. Competing candidates 
for the chemical "switch" that initiates in- 
activation include Ca2+-induced (de)phos- 

M, de Leon, Y Wang, L. Jones, D. T Yue, Program in 
Molecular and Cellular Systems Physology Department 
of Biomedical Engineer~ng, Johns Hopklns Unlverslty 
School of Medicne, 720 Rutland Avenue Baltmore, MD 
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phorylation of the channel (5), Ca2+ acti- 
vation of callnodulin (6), and direct Ca2+ 
binding to the channel (7) .  Recent work 
18-10) favors the latter, but evidence to 
date has been debated. Here, we present 
molecular evidence suggesting that an EF- 
hand Ca2+-binding  noti if ( I  1 ), located on 
the ale s ~ ~ b u n i t  of the cardiac L-type Ca2+ 
channel, orovides the Ca2+ bindine site - 
that initiates Ca2+-sensitive inactivation. 

L-type Ca2+ channels, expressed tran- 
siently in HEK 293 cells from complemen- 
tary DKAs encoding ale (1 2) and P2 ,  (1 3 )  
subunits (14))  possessed Ca2+ -sensitive in- 
activation (Fig. 1, A through C ) .  With 10 
mM Ba2+ as the charge carrier, a,hole-cell 
a,, currents (Fig. 1A, top) slhowed little 
inactivation during 300-111s test depolariza- 
tions, as expected from the high selectivity 
of Ca2+ inactivation for Ca'+ over Ba2+ 
(1). Average data confirlned that Ba2+ cur- - 

E. Perez-Reyes, Department of Physiology, Loyola Un -  rents decayed ollly slightly over the elltire 
versity C h c ~ g o ,  2160 South Flrst Avenue, Maywood, IL 
601 53, USA. range of test depolarizations; peak currents 
X Wel, Institute for Molecular Mediclne and Genetics. were iust larger than residual currents (Fie. - - 
Medcal College of Georga, 11 20 15th Street. Augusta, 1.A. bottom). Bv contrast, snecilnell current 
GA 3091 2, USA. 
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T, W, Soong and T, P, Snutch, Biotechnology Laborato. much Inore with l 0  mM 
ry. Unversty of Brltsh Columba. Vancouver, Brltsh C o  external Ca2+ as charge carrier (Fig. lB, 
umbia V6T 123, Canada. top), which suggests the onset of Ca2+ in- 
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