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Eng t + embryos at E10.5, the nlajor yes- 

Defective Angiogenesis in Mice vessels. sels including branchial the arches. dorsal aortae. and carotid intersonlitic arteries 

Lacking Endoglin lvere atretic and disorganized in Eng - .  - 
embryos (Fig. 1, J and K. and Fig. 2. I and J) .  

Because TGF-P signaling has been sho\?;n 
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Beth B. Bsak,' Daniel P.  ende ell,^ s ~ z e d  that the dlsl-upted anglogenesls ~n Eng 

- - embryos n a s  due to poor lrsmc dexel- 
Endoglin is a transforming growth factor+ (TGF-P) binding protein expressed oplnellt (6) .  U e  stained embl>os w ~ t h  an 
on the surface of endothelial cells. Loss-of-function mutations in the human anthod? to alpha smooth muscle cell act111 
endoglin gene ENG cause hereditary hemorrhagic telangiectasia (HHTI), a ( a - S I ~ C  actln) to assess \ smc de\ elopment 
disease characterized by vascular malformations. Here it is shown that by 4 t  E8 5 (10- to 12-somlte stage). Eng + + 
gestational day 11.5, mice lacking endoglin die from defective vascular devei- and Eng -1- ernbrvos were indistinguish- 
opment. However, in contrast to mice lacking TGF-P, vasculogenesis was un- able. u i th  a foci of vsnlc forming at the 
affected. Loss of endoglin caused poor vascular smooth muscle development clan~al-most aspect of the dolsal aoltae (Flg 
and arrested endothelial remodeling. These results demonstrate that endoglin 2. C and D) B; E9 5 (18- to 20-somlte 
is essent~al for anglogenesls and suggest a pathogenic mechanism for HHTI stage). Ellg T + \slnc had extended lostlallg 

to the calotld altelles and caudall; t h~ough  
HHT IS an autosomal donn~lant \ ascular dg s- normal, 11on e l  el no homoz? gotes n ere the dolsal aortae (Flg 2G)  At E 10 5. \ smc of 
plasia characterized by recurrent epistaxis, found among I50 nen-born animals from het- the Eng + '+ embryos surrou~lded the dorsal 
telangiectasia. gastrointesti~lal hemorrhage; erozygous intercrosses. By exalni~li~lg em- aortae; branchial arches; and carotid arteries 
and pulmonal-y, cerebral, and hepatic arterio- b q o s  from heterozygous intercrosses at dif- (Fig. 2K). In contrast, there \?;as poor ~ s m c  
Yenous malfolmations ( I ) .  E:lTG, the gene ferent developmental stages. we detel~lli~led forlnation of Eng - .  - enlbryos at both E9.5 
responsible for HHT1, encodes an endotheli- that no Eng - .  - mice survive after E l  1.5. and E10.5 (Fig. 2. H and L).  Thus, significant 
a1 transinernbrane protein that binds to mem- At E10.5, Eng - ' -  mice were three tinles differences in development of Eng +. + and 
bers of the TGF-f3 superfamily and their re- smaller than Eng +'+ mice and had fever Ellg / \.smc were apparent by E9.5 and 
ceptor complexes (2, 3). TGF-P sig~laling is sonlites (18 to 22 in Eng ' nlice and 32 to preceded the differences in endothelial orga- 
required for the first stage of vascular devel- 35 in Eng +,'+ mice). These Eng -1- embly- nization obse r~ed  between E9.5 and E10.5. 
o~ inen t .  vasculogenesis, when the prirnary os exhibited an absence of ~ascular  organiza- The failme in endothelial remodeling was 
capillal-,. network, conlposed of interconnect- tion and the presence of nlultiple pockets of red not restricted to embrvonic tissue. Vascular 
ed and homogeneously sized endothelial blood cells on the surface of the yolk sac (Fig, organization of E8.5 Eng + t and Eng - #  - 

tubes, is formed (4) .  The second stage of 1; F and G). Expression of endothelial marliers yolk sacs was similar and consisted of a 
~ascu la r  development. angiogenesis, involves such as Flk-I. Flt-1, Tie-1. and Tie-2 and he- primary endothelial networl< (Fig. 3. A and 
senlodeling the primary endothelial network lnatopoietic marl<ers Gata-1 and 11-3s \\-ere not B).  At E9.5, distinct ~ e s s e l s  were fo~lning in 
into a inatuse circulatory system (5, 6). To disr~~pted in Eng -1- mice (9). Thus, in con- Eng t't yolli sac (Fig. 3E). In contrast. the 
understand the role of e~ldoglin in ~ a s c u l a r  trast to TGF-P1 or its sigllali~lg receptor. there ~ ~ a s c u l a h ~ r e  of E9.5 Eng . - yolk sacs failed 
de~elopment.  we used gene targeting to gen- is no evidence that e~ldoglin is required for to organize (Fig. 3F).  By E10.5, distinct ves- 
erate mice lacking endoglia. endothelial differentiation or pri~nitive hemato- sels were promi~lrllt in Eng + + mice but 

The targeting Yector \?;as designed to re- poiesis (4). The absence of organized vessels in absent in Eng - .  - mice (Fig. 1. H and I ) .  
place the first two exons with a gene that the Eng ' -  yolk sacs was confirmed b? im- Although dismption of endothelial organiza- 
conferred neomycin resistance ( 7 )  (Fig. 1 4 ) .  1n~1nol1istocl1e111ical staining for the endothelial tion occurs betxveen E9.5 and E10.5. poor 
Three targeted embryonic stem (ES) cell marker platelet-endothelial cell adhesion mole- ~ s m c  developnle~lt is evident by E8.5 in Eng 
clones were identified and used to generate cule (PECAM) (Fig. 1; H and 1) (10). The - ' -  yolk sacs. At E8.5, vsnlc coated selec- 
chimeric mice by ~ n o m l a  aggregation. South- 
el11 blot analysis confirined germ line trans- 
inission of the targeted allele (Fig. 1B). Im- 
rnunohistocl~emistry hias used to detect en- 
doglin in the endothelium of Eng +. t and 
Eng +. - mice b? enlbryonic dav 8.5 (E8.5). 
but neither e~ldoglill protein nor lnRNA was 
detected in Ellg - mice ( 8 )  (Fig. 1. C to 
E). The life expectancy, fertility. and gross 
appearance of Eng t ' -  F ,  and F, mice were 

persistellce of an inullah~re peiineural \rasc~llar 
plexus indicated a failure of endothelial rernod- 
eling in Eng - - enlblyos (Fig. 1; J and K). At 
E10.5. the cardiac hlbe did not complete rota- 
tion in Eng - .  - inice and was associated with 
a serosanguinous pericardial effusion (11). Al- 
though the cardiac h ~ b e  continued to circulate 
blood at E10.5, by El  1.5 there \?;as evidence of 
resorption and necrosis in Eng - - enlblyos. 

PECATvI imnlunostains denlollstrated that 

tiye endothelial n ~ b e s  in the Eng + '+ yolk 
sac but were scarce in the Eng - - volk sac 
(Fig. 3. C and D). By E9.5, ~ s m c  in Ellg +/+ 
yolk sacs outlined distinct vessels, whereas 
no progressioll was seen in Eng . ! -  yolk 
sacs (Fig. 3. G and H) .  Thus; the vsmc defect 
in Eng - - extraealbryo~~ic tissue m-as evi- 
dent by E8.5 and preceded the defect in en- 
dothelial remodeling. 

We used histologic analysis, in situ hv- 
the first organ system affected in E ~ l g  - .  - bridization, and ultrastructural analysis to - - - 
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bryo at E9.5 (Fig. 4C). No vsmc are observed early molecular marker o f  vsmc develop- bryos (12) (Fig. 4, E, F, G, and H). Electron 
in a comparable section o f  an Eng -1- em- ment, SM22a, showed a failure o f  vsmc to micrographs o f  E9.5 Eng -1- yolk sacs il- 
bryo (Fig. 4D). In situ hybridization for an develop in E9.5 Eng -1- yolk sac and em- lustrated the absence o f  supporting cells, pre- 

Fig. 1. Targeted inactivation of murine Eng 
results in defective vascular development. (A) 
Restriction maps of Eng genomic fragment, tar- 
geting construct, and predicted structure of 
targeted Eng allele. Hatched boxes represent 
regions of homology shared by the targeting 
vector and genomic Eng. The probe for South- 
ern blot analysis detects an 11.3-kb Hind Ill 

, fragment from the disrupted allele and a 4.5-kb 
Hind Ill fragment from the wild-type allele. (B) 
Southern blot analysis of yolk sac DNA from 
E10.5 embryos probed for homologous recom- 
bination. (C) Absence of Eng transcript in E9.5 
Eng -1- mice. Primers amplifying a 282-base 
pair region of Eng were used t o  amplify cDNA 
from total RNA. (D and E) Endoglin immuno- 
stain of E8.5 embryos demonstrates the pres- 
ence and absence, respectively, of endoglin in 
Eng +I+ and Eng -1- mice. (F and G) Pho- 
tomicrographs of E10.5 yolk sacs. The vascula- 
ture of the Eng +I+ yolk sac is well defined. 
Pockets of red blood cells are observed in the 
Eng -1- yolk sac with no discernible vessels. 
(H and I) PECAM immunostain of yolk sacs at 
E10.5. Eng -1- endothelium fails t o  organize 
into vitelline vessels. (1 and K) PECAM immu- 
nostain of head vessels at E10.5. The perineural 
capillary plexus fails t o  organize and the carotid 
artery (CA) is atretic in Eng -1- embryos. (D 
t o  C, J, and K) Bar = 1.0 mm; (H and I) bar = 
0.1 mm. 

V ~ S C U ~ ~ T  Smooth Muscle Fig. 2. Poor vascular smooth muscle develop- 
ment in Eng - / -  embryos precedes disruption 

+/+ -1- in endothelial remodeling. Immunohistochem- 
? istry with antisera t o  PECAM (A, B, E, F, I, and J) 

k* > F. and a-smc actin (C, D, C, H, K, and L). (A and B) 
At E8.5 the organization of Eng +I+ and Eng 
-1- endothelial tubes is indistinguishable. (C 
and D) At E8.5, initiation of vsmc differentia- 
tion occurs at the cranial-most aspect of the 
dorsal aortae (arrowheads). (E and F) At E9.5 
the endothelial organization of Eng +I+ and 
Eng -1- embryos remains similar. The dorsal 
aorta (DA), branchial arches (BA), and inter- 
somitic vessels (ISV) are identified. (G and H) 

;j' vsmc formation in the Eng +I+ embryos ex- 
tends caudally in the dorsal aortae and rostrally 
to  the carotid arteries (arrowheads). vsmc de- 
velopment in Eng -1- embryos fails to  
progress from E8.5 to  E9.5. (I and J) There is a 
marked maturation of endothelial organization 
in Eng +I+ embryos that is lacking in Eng -1- 
embryos. Large arteries like the carotid arteries, 
dorsal aortae, and intersomitic vessels are 
atretic in Eng -1- embryos. (K and L) vsmc 
surround the carotid arteries and the dorsal 
aortae in Eng +I+ embryos (arrowheads). In 

4- comparison, Gsmc formation in Eng -1- em- 
bryos remains incomplete and sparse. (A, B, C, 
H, K, and L) Bar = 1.0 mm; (C, D, E, F, I, and J) 
bar = 0.2 mm. 
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sumably pericytes or vsmc precursors, 
around the endothelium of the capillary net- 
work (13) (Fig. 4 , I  and J). Because vascular 
defects in Eng -1- mice are observed before 
embryonic circulation is established and be- 
fore defects in cardiogenesis are documented, 
it is unlikely that failed vsmc development 
and arrested angiogenesis are secondary to 
impaired blood flow. These data support our 
conclusion that endoglin is required for nor- 
mal vsmc development. 

Angiogenesis involves the differential 
growth and sprouting of endothelial tubes and 
recruitment and differentiation of mesenchymal 

Fig. 3. Poor vascular smooth muscle development in Eng -1- yolk sacs precedes disruption in 
endothelial remodeling. lmmunohistochemistry using antisera to  endothelial markers Flk-1 (A and 
B) and PECAM (E and F) and the vsmc marker a-smc actin (C, D, G, and H). (A and 8) At E8.5, a 
prima endothelial network is present in both Eng +I+ and Eng -1- yolk sacs. (C and D) At E8.5 
vsmc &rowhead) develop around selective endothelial tubes from Eng +I+ yolk sacs. vsmc 
formation is scarce and unorganized in Eng -1- yolk sacs. (E and F) At E9.5, the primary 
endothelial network remodels into distinct vessels in Eng +I+ yolk sacs (arrowheads). There is no 
evidence of endothelial remodeling in E9.5 Eng -1- yolk sacs. (G and H) At E9.5, vsmc define 
distinct vessels in Eng +I+ yolk sac but not in Eng -1- yolk sac (arrowhead). Bar = 0.1 mm. 

-.. 

cells into vsmc and pericytes (5). Our experi- 
ments demonstrate that endoglin is required for 
both processes. Because endoglin binds mern- 
bers of the TGF-P superfamily and interacts 
with their recepton, it is likely that endoglin 
regulates TGF-P signaling. This conclusion is 
subr ted  by in vi& hetektypic coculture ex- 
b e n t s  in which endothelial cells induced 

Fig. 4. Poor vsmc formation in Eng -1- mice. (A to  D) Transverse sections of anti-smc 
actin-stained embryos and yolk sacs at E9.5. (A and 8) vsmc can be identified between the 
endoderm and endothelium in Eng +I+ and are scarce in Eng -1- yolk sacs (arrowheads). Cross 
reactivity of a-smc actin antisera with the mesothelium is observed in both Eng +I+ and Eng -1- 
yolk sacs. (C and D) vsmc form around the dorsal aortae (DA) of Eng +I+ embryos. No vsmc are 
identified in the dorsal aortae of Eng -1- embryos. (E t o  H) In situ hybridization of yolk sacs and 
embryos at E9.5 using an RNA probe for the vsmc marker SM22a. (E and F) Expression of SM22a 
outlines Eng +I+ vessels and is absent in Eng -1- yolk sacs. (G and H) Expression of SM22a is 
present throughout the dorsal aortae of Eng +I+ embryos (arrowheads). but is absent from Eng 
-1- embryos. (I and J) Electron micrographs of Eng +I+ and Eng -1- yolk sac at E9.5. Supportin 
cells (X), presumably vsmc or pericytes, are seen between the endoderm (N) and endothelium (Ef 
of Eng +I+ yolk sacs but are absent in the Eng -1- yolk sac. M indicates mesothelium. (A, B, C, 
and D) Bar = 0.1 mm; (E, F, G, and H) bar = 1.0 mm. 

ksu la r  smooth muscle differentiation through 
a TGF-P pathway (14). Thus, our experiments 
indicate that TGF-9 signaling is essential for . -  - 
angiogenesis. 

Communication between the endothelium 
and mesenchyme is important for angiogenesis 
(5). Mesenchymal cells signal endothelial cells 
via the angiopoietin/Tie-2 signaling pathway, 
whereas endothelial cells induce differentiation 
of pericytes through the platelet-derived growth 
factor (PDGF) signaling pathway (15, 16). Al- 
though PDGF signaling is important for micro- 
vascular pericyte formation in the brain, we 
demonstrate that endothelial expression of en- 
doqlin is essential for vsmc development 
thrkghout the circulatory system. The subse- 
auent failure of the endothelium to remodel in 
Eng -1- mice after arrested vsrnc develop- 
ment suggests that vsmc may also play a role in 
regulating endothelial organization. Thus, we 
conclude that endoglin mediates a third path- 
way of endothelial-mesenchymal communica- 
tion that is essential for angiogenesis and im- 
portant to the pathogenesis of vascular disease. 
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Equivalence in Yield from 
Marine Reserves and Traditional 

Fisheries Management 
Alan Hastings'" and Louis W. Botsford2 

Marine reserves have been proposed as a remedy for overfishing and declining 
marine biodiversity, but concern that reserves would inherently reduce yields 
has impeded their implementation. It was found that management of fisheries 
through reserves and management through effort control produce identical 
yields under a reasonable set of simplifying assumptions corresponding to a 
broad range of biological conditions. Indeed, for populations with sedentary 
adults (invertebrates and reef fishes), reserves have important advantages for 
sustainability, making marine reserves the preferred management approach. 

IbIarine reseilies have been recolnn~e~lded as 
an alternative to existing fisheries manage- 
ment and as a means of conserx-ing declining 
biodiversity. Where fisheries are concer~led. 
reserves have been proposed to pro\:ide great- 
er fishery yields v'hen effort is high (I,  .?), to 
prevent overfishing in the presence of param- 
eter uncertainty (3). and to reduce variability 
in catch (2). Ho\vever, the irnplernentation of 
reserves has been slo\ved by concerns that 
they n-ould reduce fishery yields substantial- 
ly. In our study, we examined whether re- 
serves can produce a yield equivalent to har- 
\.esting a fixed fiaction or a fixed number of 
the population and determined a sirnple 
formula for the optirnal fraction of area in 
reserxm 

To assess this coinplex multifaceted prob- 
lem, \ve made a nurnber of simplifying, but 
robust, assumptions ( 4 )  that allowed us to 
focus on the essential issues. The most iin- 
portant assu~nptions are that adults are sta- 
tionary, that larvae are distributed so broadly 
that the density of settling juveniles along the 
coastline is independent of location, and that 
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all density dependence occurs at the time of 
settling and depends only on the density of 
settling juveniles. For the reserve case, \ve 
present the details of the analysis for the case 
in \vhich all adults outside the reserves are 
caught in the fishel?.-there is 110 reproduc- 
tion outside the reserves. We also describe 
results for the case of a mixed strategy em- 
ploying resen-es and managed harvests. 

We set up simple optimization models 
describing the yield in each case of interest. 
There are a number of parameters and func- 
tions comrno~l to both models. The number of 
settling juveniles produced per year by each 
adult is assurned to be m. adults reach matu- 
rity at age j ,  and annual adult sur\-ival is ir. In 
the case of reserl-es, n-e assume that a fraction 
c of the coastline is set aside in reserves. We 
denote the density of adults in year t by 11,. 

We nornlalize the length of the coastli~le we 
are considering to be 1. so that if the density 
of organisms is constant over space, then the 
number (density multiplied by length of 
coastline) of adult organisms is also TI,. 
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simple coilclusions could be d r a m .  To estab- 
lish an initial benchmark for reasonably com- 
moil c011ditio11~. \ve first analyzed a illode1 in 
~vhich \ve only allo\v postdispersal density 
dependence and only consider the effect of 
settliilg juveniles on density dependence. 
Thus, if the density of larvae atteinptiilg to 
settle is I .  then the density successfully reach- 
~ n g  the adult. reproductive class (perhaps 
years later) is J ' (1) .  Our results do not depend 
011 the form of density depe~ldence, f :  

Traditional fishe~y models are often 
phrased in telmls of removing a fraction. or a 
fixed a~nount,  of the available resource each 
year. producing the same yield in each case. 
When a fixed kaction H is harvested, the 
number of adults the following year is the 
sum of those reachi~lg maturity and those 
surviving from the previous year lnultiplied 
by the probabilit) of escape fi.0111 bar\ est 

At equ~l~br ium.  the populatioil size 11 satisfies 

The nlaximir~n si~stainable yield in this nlodel 
is 

nrhich is subject to Eq. 2. By solvi~lg Eq. 2 for 
the expressio~l on the right-hand side of Eq. 3. 
one can rewrite the equatio~l for the maxi- 
mum sustainable yield for traditional harvest- 
ing as 

where n is the variable that can be chose~l to 
nlaxiinire yield. 

In the case of reserves. \ve assillne that the 
density of orga~lisms in the reserves is ii ' , ,  so 
the number (not density) of juveniles pro- 
duced is thus c r ~ l i l ' , .  Because \ve mal<e the 
simplifying assu~nptioil that the larvae are 
widely dispersed. we posit that the density of 
settling juveniles is once again indepeiideat 
of locatio~l. Therefore, the density of postdis- 
persal juveiiiles is equal to C T ~ I ~ I ' ~  both inside 
reserves and in the fished areas outside re- 
serves. Thus, inside the reserves, the dynain- 
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