
vestibular labyrinth (12). This mutant gene 
is also located on chromosome 2. A chromo- 
some 11 mutant   teeter in^) that also resem- 
bles the diver mutant is defective in swirn- 
ming ability and does not have neuropath- 
ological defects visible by light microscopy 
(13). It differs, however, from diver translo- 
cation in that the homozygotes survive as 
long as a month after birth and have mark- 
edly reduced numbers of neurons through- 
out the central nervous system. 

The neurological symptoms are clearly 
associated with the reciprocal exchange be- 
tween chromosomes 2 and 14. As far as is 
known, this is the only neurological mutant 
in the mouse that resulted from a reciprocal 
nonhomologous chromosome exchange; all 
others are either recessive or dominant gene 
mutations. The translocation marks the ge- 
netic location of the defect and provides an 
avenue for future investigations. The find- 
ings also raise the question whether certain 
human genetic disorders that have been 
assumed to be the result of single gene 
mutations may instead be associated with 
chromosomal rearrangements. 

It has been generally assumed that bal- 

anced reciprocal translocations do not in- 
volve loss or gain in chromosomal compo- 
nents. For example, high-resolution karyo- 
type analysis (at the level of light microsco- 
py) of 13 human carriers of balanced 
translocations did not demonstrate any net 
loss or gain of chromosomal material (14). 
However, an increasing number of clear 
associations between balanced exchange and 
deleterious effects suggest that either the 
breakpoint may be located inside a structural 
gene or that it may affect the activity of 
genes in the immediate vicinity. In a female 
patient with Duchenne muscular dystrophy 
resulting from a translocation involving one 
X chromosome, the breakpoint is located 
close to the Duchenne muscular dystrophy 
gene (15). Little is known about the molec- 
ular mechanism involved in the formation of 
mutagen-induced nonhomologous chromo- 
somal exchange. The diver translocation 
mutant may prove usell  not only in neuro- 
biology, but also in understanding the mo- 
lecular nature of chemically induced chro- 
mosome exchange and the way in which 
deleterious effects of the exchange are ex- 
pressed. 
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A Blood Vessel Model Constructed fkom 
Collagen and Cultured Vascular Cells 

A model of a blood vessel was constructed in vitro. Its multilayered structure 
resembled that of an artery and it withstood physiological pressures. Electron 
microscopy showed that the endothelial cells lining the lumen and the smooth muscle 
cells in the wall were healthy and well differentiated. The lining of endothelial cells 
functioned physically, as a permeability barrier, and biosynthetically, producing von 
Willebrand's factor and prostacyclin. The strength of the model depended on its 
multiple layers of collagen integrated with a Dacron mesh. 

A MODEL OE A BLOOD VESSEL THAT 

reproduces in vitro many of the 
physical and biological characteris- 

tics of a mammalian artery would be useful 
for the study of vascular cell biology, physi- 
ology, and pathology. Such a model might 
also be used as a living vascular prosthesis to 
replace or bypass small caliber arteries (<6 
mrn inside diameter) for which synthetic 
and processed biological grafts have not 
been entirely successful (1). Vascular cells 
have been extensively studied in tissue cul- 
ture (2). Some aspects of the vascular wall 
have been replicated in vitro when endothe- 
lid cells were grown, not on plastic sub- 
strates, but in more physiological environ- 
ments--on extracellular matrix materials, on 
layers of smooth muscle cells, under flow, or 

in a mock circulatory loop (3). Combining 
these approaches might result in the ideal 
blood vessel model, a multilayered tube 
capable of withstanding physiological pres- 
sures, allowing access to luminal and ablu- 
mind fluid compartments, and able to be 
incorporated into a mock circulatory loop. 
The layers corresponding to the intima, 
media, and adventitia would consist of a 
confluent monolayer of endothelial cells lin- 
ing the lumen, a middle layer with a high 
density of smooth muscle cells and matrix 
materials, and an outer layer with adventitial 
fibroblasts and matrix materials. 

We have developed a blood vessel model 
that meets these criteria. The construction of 
the model is based on the observations that 
fibroblasts can contract a hydrated collagen 

gel by a factor of 10 to 20 to produce a 
tough tissue-like lattice and that such a 
lattice is a suitable substrate for epithelial 
cells (4). In this report, we describe the 
constr~ction of our model, demonstrate that 
the layer of endothelial cells functions much 
like the endothelium of a normal blood 
vessel, and examine the effects of various 
parameters on the strength of the model. A 
preliminary report of this model has been 
presented (5). 

Bovine aortic endothelial cells, smooth 
muscle cells, and adventitial fibroblasts were 
isolated and cultured by standard methods 
(2). The middle layer of the blood vessel 
model, corresponding to the media of an 
artery, was prepared by casting culture me- 
dium, collagen, and smooth muscle cells 
together in an annular mold (4, 6). The 
mixture jelled after a few minutes at 37°C 
and contracted within a few days to produce 
a tubular lattice around the central mandrel. 
After 1 week, an open Dacron mesh sleeve 
was slipped over the lattice to provide addi- 
tional mechanical support. The outer layer, 
corresponding to the adventitia, was cast 
around the first lattice with adventitial fibro- 
blasts rather than smooth muscle cells. Two 
weeks later, when the outer layer was l l ly  
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contracted, the tube was carefully slipped off 
the mandrel with jeweler's forceps and either 
used for mechanical testing or lined with 
endothelial cells. For the latter, the model 
was cannulated, a suspension of endothelial 
cells was injected into the lumen, and the 
vessel was rotated around the longitudinal 
axis at 1 revlmin for 1 week to distribute 
endothelial cells uniformly on the luminal 
surface. 

The model grossly resembled a muscular 
artery, except for the Dacron mesh (Fig. 
1A). Electron microscopy showed that the 
smooth muscle cells are well-differentiated ' bipolar cells containing bundles of filaments 

- with dense bodies (Fig. 1B). They frequent- 
ly appeared to be secreting collagen into the 

Fig. 1. Structure of the blood vessel model. (A) 
Whole mount of a blood vessel model cut 
obliquely to reveal the lumen. Scale bar, 5 rnm. 
(B) Electron micrograph of the wall of the blood 
vessel model showing a smooth muscle cell and 
collagen fibers (c). Bundles of filaments (F) with 

C dense bodies (arrowheads) characterize the 
smooth muscle cell. (C) Electron micrograph 
showing parts of two endothelial cells (EC) lining - . --- -- the lumen (L) with an intercellular junction (ar- -~ .-- - 3 ., row), and patches of basement membrane (arrow- 

,E C S 
j. - heads). (B) and (C) were fixed in buffered glutar- 

. -.---- _ I aldehyde, postdved with osmium, embedded in 
Spurr's resin, sectioned, and stained with uranyl 

,...- * acetate and lead citrate. Scale bars m (B) and (C), 
2 pm. 

Fig. 2. Function of the endothelial lining. (A) Montage showing localization 
of von Wiebrand factor (factor VIII-related antigen) by indirect immuno- 
fluorescence. A cryostat section of a 2-mm model was incubated with a 
rabbit antiserum to von Wiebrand factor (Calbiochem-Behring) and then 
with fluorescein-conjugated goat antibody to rabbit immunoglobulin G 
(.Cappel .Laboratories). Control models prepared without an endothelial 
M g  &d not show fluorescence on the luminal surface. Inset: Light 
micrograph of the wall of a model showing the monolayer of endothelial cells 
(EC), smooth muscle cells (SMC), and the collagen matrix (M). A 6-pm 
par& cross section was stained with Milligan's trichrome so that cell 
bodies are darkly stained and collagen fibers are distinct. Scale bars, 250 pm 

(A); 50 pm (inset). (B) Diffusion of albumin across the vessel model wall. 
Models were cannulated, placed in a bath of culture medium, and perfused 
with 14C-labeled bovine serum albumin (New England Nuclear), 0.3 
pCiIrnl, in culture medium. Duplicate 10-pl aliquots were removed from the 
lumen at intervals, dried on filter paper, and counted in a liquid scintillation 
counter. Values shown are averages of duplicate aliquots from individual 
models (open circles, n = 4) and from control models prepared without an 
endothelial lining (closed circles, n = 2). Curves were fitted by linear 
regression, giving half-times of 28.1 + 1.5 hours and 2.8 + 0.3 hours, 
respectively. 
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Fig. 3. Burst strength of the blood vessel model. (A) Burst strength as a 
function of collagen concentration in the wall. Models were prepared with l o o  - 

B - 

collagen solutions ranging from 2 to 5 mgiml to give the initial concentra- A 

tions shown. More concentrated collagen solutions were too viscous to be 75 80 - 
mixed with the remaining lattice components. Models were tested 2 weeks 5 
after the second layer was cast. Values shown are individual determinations 5 
and the line was drawn by linear regression. (B) Models were tested at P 60 various times after the second layer was cast. Values shown are means 5 r SEM (a= 4 to 6). Burst strengths were measured by cannulating the - 40 
models in a buffered saline bath and filling them at 5 d r n i n  with saline 2 2s containing a blue dye for contrast. Pressure was monitored with a pressure 
transducer connected to a chart recorder. Burst strength was defined as the 
pressure at which the model either ruptured or developed a visible leak. o 

0.6 1.0 2.0 0 

in gel (mglml) 
Collagen concentration O 20 40 60 80 100 120 

Time (days) 

extracellular space, thus contributing to the 
matrix (7). The endothelial cells formed a 
monolayer of flattened cells with intercellu- 
lar junctions, numerous vesicles, occasional 
Weibel-Palade bodies, and patches of base- 
ment membrane by 1 week (Fig. 1C). Scan- 
ning electron microscopy showed that virtu- 
ally the entire lurninal surface was covered 
by endothelial cells. Histological measure- 
ments demonstrated that endothelial cells 
covered at least 92.1 + 2.5 percent [mean- 
+ standard error of the mean (SEM), 
n = 31 of the surface. This value is a lower 
limit for coverage since some of the endo- 
thelial cells were lost during processing for 
histology. The distribution of cells in the 
inner layers of the model was examined by 
light microscopy (Fig. 2A, inset). 

The endothelial lining of the blood vessel 
model functioned like a normal endothelium 
in several respects. It produced von Wille- 
brand factor (Fig. 2A), a widely used marker 
for vascular endothelium (8), and it formed 
a permeability barrier for large molecules 
such as albumin (Fig. 2B). Endothelial cells 
release prostacyclin, which is a potent inhib- 
itor of platelet aggregation and is believed to 
prevent thrombosis in vivo (9) .  Prostacyclin 
production was measured by radioim- 
munoassay of 6-keto-prostaglandin F,,, the 
stable metabolite of prostacyclin, after the 
model was stimulated with 20 p.44 arachi- 
donic acid for 2 minutes (10). The endothe- 
lialized model released prostacylcin at a rate 
of 3.4 r 1.2 ng . cm-2 . min-', whereas the 
model without an endothelial lining released 
very little prostacyclin (0.4 ng . cm-2 
.rnin-I). The rate for the endo- 
thelialized model is comparable to rates 
calculated from published data (10) for 
endothelial cells grown on plastic and for 
normal rabbit aorta (4.8 r 0.9 and 8.4 
-+ 2.2 ng . cm-* . min-', respectively). 

The ability of the blood vessel model to 
withstand intraluminal pressure depended 
on several factors including the mesh, colla- 
gen concentration, initial cell density, and 
time elapsed after casting. The role of these 

factors was assessed by measuring the burst 
strengths of models made by varying these 
parameters from the standard protocol (6). 
A model made without the mesh was so 
highly distensible that it dilated and rup- 
tured with a longitudinal tear (1 to 2 cm 
long) at very low pressures (110 mmHg). 
The standard model made with one mesh, 
while still quite compliant, had a burst 
strength of 40 to 70 mmHg and typically 
failed by delaminating and tearing. A model 
constructed with thiee layers of collagen 
lattice alternating with two meshes had a 
burst strength of 120 to 180 mmHg and 
usually failed by developing a pinhole leak. 
The burst strength of the model was propor- 
tional to the logarithm of the collagen con- 
centration (Fig. 3A). Over a wide range of 
initial cell densities (2 x lo4 to 2 x 105 
cells per milliliter in the casting mixture) 
there was no significant variation in burst 
strength. At m&h lower cell densities the 
lattice contracted poorly (4) and was too 
Aimsy to be tested. At much higher cell 
densities the lattice contracted so tightly 
around the mandrel that it could withstand 
only slight dilation and failed at 10 to 30 
r n t n ~ ~ . - A  blood vessel model attained its 
maximal burst strength 3 to 6 weeks after 
casting (Fig. 3B). The increase in strength 
with &ne is probably due to cross-linlung of 
the collagen. The decrease in strength after 
long times may be caused by collagenase 
secreted by the smooth muscle cells and 
fibroblasts in the lattices (1 1). To maximize 
the burst strength, we optimized the above 
parameters (12) and produced models with 
a burst strength of 323 t 31 mmHg (mean 
rt SEM, n = 5). 

Thus, our model meets many of the phys- 
iological and physical criteria for a blood 
vessel model; however, there are substantial 
differences between the model and normal 
arteries in addition to the requirement for 
the Dacron mesh. A major difference is that 
we are unable to include elastin, the princi- 
pal arterial connective tissue protein besides 
collagen, in the matrix mixture, although 

small amounts of elastin may be synthesized 
by the smooth muscle cells after long peri- 
ods in culture. A significant structural differ- 
ence is that the smooth muscle cells and 
collagen fibers have a largely longitudinal 
orientation, because the contraction of the 
lattice layers around the mandrel is primarily 
radial rather than in the alternating left- and 
right-handed spirals of blood vessels. This 
may explain why a model that was not 
supported by a mesh failed by splitting 
lengthwise. A third difference is that the 
densities of smooth muscle cells and colla- 
gen in the model are one-eighth to one- 
fourth those in normal blood vessels. 

We have demonstrated that our model 
reproduces in vitro many of the characteris- 
tics of a mammalian muscular artery. The 
model is appropriate for studying the inter- 
actions of vascular cells with each other, 
with components of the extracellular matrix, 
and with rheological forces, and for study- 
ing transport across the endothelium. It may 
be possible to use the model to replicate in 
vitro aspects of atherogenesis, tumor inva- 
sion, and other pathological processes. If the 
model is sufficiently durable after implanta- 
tion in animals, and the immunological bar- 
rier to allografts can be overcome, as has 
been possible for some cell types (13), then 
models constructed with human cells might 
serve as living vascular prostheses for small- 
caliber arteries. Our blood vessel model is 
attractive for this application since it is lined 
with a functional endothelium and since it 
could heal at an anastomosis to become truly 
integrated with the host's vasculature. 
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Sevenless: A Cell-Specific Homeotic 
Mutation of the Drosophila Eye 

Each ommatidium in the compound eye of the Drosophila mutant sevenless lacks 
photoreceptor number seven (R7) from the normal ommatidial complement of eight 
photoreceptors. A comparison of mutant and normal development reveals that this 
deficit is caused by the cell-specific transformation of the cell normally fated to produce 
R7 into a lens-secreting accessory cell, a cone cell. 

D URING DEVELOPMENT, CELLS SE- ular cell types. Disturbances of this selection 
lect pathways of specialization that process can lead to the substitution of a 
lead to the differentiation of partic- 1 normal pattern element with one appropri- 

6 5 4 3 2 1 

A Wild type 
Basal 

Anterior 

Fig. 1. Schematic side view of ommatidial assembly in wild type (A) and sevenless (B) (not all precursor 
cells shown). ALL cells (except for dividing cells, not shown) extend from the apical surface to the 
basement membrane of the epithelium. The nuclei are located in the cell bodies. Photoreceptor R7, 
black; cone cells, dark gray; photoreceptors R1 to R6 and R8, light gray; all other cells, white; and mf, 
morphogenetic furrow. Arrows indicate plane of sections shown in Fig. 2. (A) Region 1 comprises a 
five-cell precluster. In region 2, R1, R6, and R7 rise to join the precursor. Region 3 contains a 
symmetrical cluster. In region 4, as R7 completes apical migration, two cone cell nuclei rise. In region 5 
two more cone cell nuclei rise. In region 6 four cone cell nuclei overlie the photoreceptors. (B) Regions 
1,2, 3, and 4 are as described in (A). In region 5 only a single cone cell nucleus rises. In region 6 the cell 
in the R7  position remains apical and joins the cone cell unit; only seven photoreceptors sink basally. 

ate to another location; the term homeosis 
was introduced to describe this condition 
(1). For example, in Drosqhila the homeotic 
mutation bithorm directs cells normally des- 
tined to differentiate metathoracic structures 
to produce their mesothoracic counterparts 
(2). We studied compound eye development 
in the Drosqhila mutant sevenless (3) ,  in 
which each ommatidium lacks photorecep- 
tor number seven (R7) from the normal 
ommatidial complement of eight photore- 
ceptors (4, 5 ) .  In the developing mutant 
ommatidium, a cell occupies the site normal- 
ly taken by the prospective R7 cell. Instead 
of becoming a photoreceptor, however, the 
cell differentiates into a lens-secreting cone " 
cell. Thus sevenless is a cell-specific homeotic 
mutation, precisely switching the develop- 
mental fate of one cell to that of another. 

The developing compound eye of Dro- 
sophila is well suited to an examination of 
pathway selection at the level of individual 
cells. Each of the approximately 750 omma- 
tidia that comprise the compound eye is a 
stereotyped cellular assembly in which every 
cell can be identified bv its uniclue position. 
This architectural sterkotypy aipliei also to 
the developing ommatidia, permitting the 
fate of a cell to be read from its characteristic 
position as it joins the assembly (6, 7 ) .  

The compound eye grows by the sequen- 
tial addition of new ommatidial precursors 
to its anterior margin (8); anterior omma- 
tidia are younger than posterior ones. Since 
each ommatidial precursor is slightly more 
developed than its anterior neighbor, a mat- 
urational gradient is laid out spatially along 
the anterior-posterior axis of the epithelium. 
Electron microscopic reconstruction of a 
series of precursors lying along the matura- 
tional axis thus reveals the smooth progres- 
sion of stages through which an individual 
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