
the rabbits. Although these d t s  are cer- 
TECHVIEW:  MEDICAL TECHNOLOGY tainly encouraging, the response of the hu- 

man cardiovascular system to vascular 

Replacement Arteries ' remains grafts that unknown. are made from Whether animal these collagens grafts 

Made to Order will stimulate an inflammatory response in 
humans and whether they will develop the 
host endothelial layer that may have con- 

L E Nibson tributed to their patency in animals, are 
u n m &  questions. 

lood vessels are the life-giving con- sponse to external stimuli. The outer adven- Other researchers have reported the use ' duits that connect our tissues and our titial layer, composed primarily of fibrob- of firillar intestinal collagen in vascular  ow to the heart and to each other. lasts and extncellular matria, harbors the g d l  models (49). Intestinal coIlagenous 
Diseases of the blood vesseIs, prikipally of microscopic blood supply of the artery as layers have been treated with formalde- 
the small- and medintn-di'ber muscular ar- well as its nerve supply. W~imicry of m e  hyde to improve their stifkess, and then 
teries, account fix the rmnjority of deaths in hrrve been used to "buttress" native vein 
the United States annually (I).-The high in- 
cidence of -s, in which forma- 
tion of .fatty phpes leads to clogging of the 
arkries,;andrelateddbsesmeansthatdis- si 
e d  muwd$r mtaies am surgically re- a 
placed more ikxpedy than any other tissue replacement (4). They prepared artery has been 
in the b&y. In adiac OF p&kml bypass tubes of s.tlbmucosa1 collagen iown to decrease 
surpry, diseatled atteries are usually re- from porcine small intestine and -b incidence of 
placed with autologous veins (that is, coated them with bovine scarring and vessel 
healthy veins fiom the same patient) or, less fibrillar callagen. The in- blockage at the su- 
hpently, with autologos airteries. Howev- ner surface of each vas- ture line. Another 
er, many patients who are in need of bypass cular graft was treated intriguing report 
surgery do not possesis sdfiiient veins to. with heparin-benzab- , e w d l  describes a model 
act as: q1- for their disearsed arter- nium chloride. This miwasoulature 

. . for partial liver re- 
ies. These individuals then face palliative heparin complex in- ' admmai @ placement in which 
medical therapy and o h  d e r  myomdial hibited the coagula- 1 jneasrrl smooth submuco~al colla~ 
infarctions (heaft or endure limb , tion cascade and "Ad' layer gen layers horn rat 
amputations a s  the Mood flaw becomes helped to prevent endometia~ cell intestine are loaded 
more and more eowtrictr:d Such medical clotting in the graft. , with liver cells and 
'realities have spurred many investigtoors to The layers of colla- nerve piexi @ed into the in- 
attempt to develop bkdagieal mplaaments gen were chemically testinal circulation 
for small-caliber arteries. If replacements cross-linked with 1- % 1.. b h m a l  arteries are compo~d of three of rat recipients (9). 
were available, surgery would be possible ethyl-3-(3-dimethyl- comPO"e"t l v n :  the inner endotMia[ layer# In con- to win$ 
for the many thousands of patieats with aminopropyl) car- the layer* and the Outer fibrillar collagen 
athefoscle~is ,who -t &- bodiimide hydro- adventitkt @- The endotheliai cdl leer is f& the en&m&g 
go bypass surgery. Although tissue engi- chloride to give the ' O m W d  Of a eonflwnt of arteries, several 

th.1 pvar ~ r ~ ~ i s  and m3ubt= -- investiga!or. have neeing of blood vessels has bsen tmikmq grafts mechanical (xunmth mde cell mediallayer is f o r m 0 r e t h a n t m ~ ( t , 3 h t h e l a s t 1 8  stren@'Theseaon- composedof a[ternatingmicrolayersof prepared t u h I a r  
months have important ad- living grafts smooth -te cells and extrace[tubr matrix gels made from de- 
vances to this exciting field (4-6). prepared components arranged around the circumfer- n-& ke 

Normal muscular arteries haw a tri- minimum of cham- em, ,,+,jch confer of the mbnical in- lagan. Weiaberg 
lamellar structure (Fig. I), and & of the cal cross-linking to t a w  to the arbry, l-he adventitiai Layer is a and Bell (2) fir& 
three layers confers specific functional preserve their bio- loosdy organized connective tissue that con- described this ap- 
properties on the blood ve~~eh (7). The in- compatibility and to fib- a& mattix potejm and is h e  proach in their 
ner endothelial layer is a single dl layer enable cellular S d -  source of the miammsct&ure and syrnpathet- landmark paper in 
that j n t ~ ~ t ~  @OX&UEOUS blood cbtthg in trstion in vivo. Eigh- ic innervation that sustains the muscular 1986, wherein dzey 
the vessel and regulates vascular smooth teen of these grafts artery walL eultured vascular 
muscle cell tone. The intmndhte or medi- were implanted in cells in preformed 
a1 layer is wmposed of smooth muscle cells rabbits and monitored for peribds of 4, 8, collagen gels to form a three-layered 
and extracellular matrix components such or 13 weeks, During these. time periods, all structure analogous to a native vessel. 
as collagen, elastin, and proteqlycans. The of the grafts fy:&ed open and no olots Ziegler and Nerem (11) have pursued this 
medial layer contributes the bulk of the me- were observed. This impressive mutt was approach further arad have made an exten- 
chanical strength to the vessel as well as its accompanied by the infiltration of the sive study of the interactions between cul- 
native ability to contract or relax in re- graft with smooth muscle cells and a- tured vascular cells and the collagen gel 

dothelial cells from the rabbit recipient. matrix. Collagen gel techniques have been 
The implanted grafts incorporatei host well studied a;ld Gntinue tohold promise, 
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sity Medical centw, m h ,  NC ~n14 "yl E-mak small contractile responses to p-0- comparable to native vessels has not yet 
nikldX)l@mc.duke.edu logic agents after they were removed fiom been obtained with these approaches. 
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Exogenous extracellular matrices such gous vascular smooth muscle and en- ities (Fig. 2). Nonliving tubular grafts have 
as submucosal collagen and denatured col- dothelial cells on highly porous, degrad- been produced frorxi natural biological ma- 
lagen gels have been used to support the able polymer scaffolds. Scaffolds with terials that can become functioning neo-ar- 
growth of vascular cells in vivo and in vit- growing vascular cells are subjected to teries after implantation in vivo. Liviag 
ro, respectively. Taking another approach, pulsatile radial distensions during culture vascular grafts that possess remarkable 
L'Heurew and colleagues last year report- that mimic @e human cardiovascular sys- mechanical properties have been cultured 
ed a unique strategy for arterial replace- tem. A perfusion system containing a bel- in vitro from animal vascular cells and 
ment that incorporates cultmid cells with- lows pump provides a pulsatile flow of from non-autologous neonatal human 
out any type of exogenous extracellular sterile fluid through the lumens of the ves- cells. Although seeding living vascular 
matrix (6,12). These investigators cultured sels, which distends the developing ar- grafts with xenogeneic 
smooth muscle cells from umbilical vein teries with each pulse. cells (cells from another 
and skin fibroblasts into flat sheets. The After about 8 weeks, species that have been 
cellular sheets were then rolled around a the polymer scaffold rendered immunologi- 
mandrel in sequential layers to construct a degrades substantial- cally neutral) is a 
tubular vessel. After a suitable amount of ly and is repIaced long-term possibility, it 
time in culture, the inner lumen of the by a dense smooth is likely that any cell- 
tubular construct was seeded with en- muscle cell medial vascular grafts 
dothelial cells that grew to form a third, in- layer and an in- the near future will 
ner layer. In this way, a multilayered ner endothe- incorporate auto- 
artificial vessel was created in vitro that lial lining. logous vascular 
mimicked the three-layered structure of Engineered cells. The eventu- 
a normal artery. These artificial vessels vessels cul- a1 structure of 
could withstand impres- living vascular 
sive pressure stress, dis- 

Fig. 2. Different components of en- grafts may incor- 
NPture gineered arteries. The most authentic porate ceIls cul- 

of greater than 2000 mm engineered blood vessels are likely to in- tused alane or may 
Hg' corporate some combination 'of autologous include cells combined 
are -Ie to those of cells, kynthetic materials, and natural materials de- with synthetic ar natural 
native human rived either from animals or humans. Autologous materials. Lastly, there 
arteries. This vascular cells can be harwsted from a small biopsy of remain the challenging 
result was the first the patient's W e .  These cells may then be used ei- - hurdles of creating a fimc- 
demonstration of the fea- ther to produce Mood vessek immediately, or may be tional nerve supply and cap- 
sibility of creating a me- cryopreserved for vessd growth at some later date. Vessels illary network in vitro to sup- 
chanically robust vascu- may be cultured exdusively from vascular cells, or may be port living vascular tissues (Fig. 1). 
lar structure solely from produced from cells that are grown on suitably processed Although innervation and microcircu- 
cultured cells and their polymer scaffolding or exogenous extracellular matrix corn- lation may not be essential require- 
secreted extracellular ponents. Alternatively, natural materials such as collagen or ments for vascular conduits, their pro- 
matrix proteins. When elastin may be processed sb that they can function ade- duction in any cultured tissue would 
grafted into a dog m- quately as vascular grafts, without any cellular components, constitute a giant leap forward for the field 
plant model, the vessels Regardless of which technique emerges as superior, the clini- of tissue engineering. Functional engi- 
displayed a 50% thrOm- cal goal will be to produce implantable arteries that cause a neered arteries may one day revolutionize 
basis rate afta one week minimum of inftammatory, infectious, and thrombotic com- the treatment of vascular disease. They 
of implantation. N ~ ~ ~ ~ -  plkationr These artefles will be used primarily in restoring 

theless, this work raises circulation to the heart and the extremities of patients with 
will also be a crucial enabling technology 

vaxular disease. 
for the development of other engineered 

the possibility that func- tissues, all of which will require a blood 
tional vessels could be supply to sustain them after transplantation 
produced in culture from cellular compo- tured under pulsatile conditions possess into humans. 
nents alone. many of the physiologic and mechanical 

The biology of native arteries is characteristics of native arteries, including Refmnces 
strongly influenced by the pulsatile heme burst pressures of more than 2000 mm J-V.TU et JL, N. En& J. ~~1~ (1997). 
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Increased blood pressure is known to implanted the fist autologous tissue-en- (1974). 
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(13). As early as 1974, vascular grafts to 4 weeks. Although these preliminary Auger, FASEB J. 12.47 (1998). 
were created in animals by placing a pul- results are encouraging, much more work 7. p. R Wheater, H. C. Bwljtt, V. C. Daniels, Functional 

sating balloon pump subcutaneously (3). needs to be done before we fully under- 
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possibility of culturing arterial grafts in the future look like? Although the final 13: ~ ~ ~ ~ ~ ~ J i & w ~  D.J. -OeY, 
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