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Reorganization of Basement Membrane
Matrices by Cellular Traction Promotes the
Formation of Cellular Networks In vitro

RoOBERT B. VERNON, JOHN C. ANGELLO, M.

LuisA IRUELA-ARISPE, TiIMOTHY F. LANE,

AND E. HELENE SAGE

Department of Biological Structure, University of Washington, Seattle, Washington

Vascular endothelial cells that are cultured on layers of gelled basement membrane matrix
organize rapidly into networks of cords or tubelike structures. Although this phenomenon is a
potential model for angiogenesis in vivo, we questioned whether basement membrane matrix
directs the differentiation of endothelial cells in a specific manner. In this study, we have examined
factors that influence the formation of cellular networks in vitro in an attempt to define a basic
mechanism for this process. We found that endothelial cells, fibroblasts, smooth muscle cells, and
cells of the murine Leydig cell line TM3 formed networks on basement membrane matrix in much
the same fashion. Light and electron microscopy, combined with time-lapse videomicroscopy,
revealed that cells organized on a tesselated network of aligned basement membrane matrix that
was generated by tension forces of cellular traction. Cellular elongation and progressive motility
across the surface of the gel were restricted to tracks of aligned matrix and did not occur until the
tracks appeared. The formation of cellular networks on basement membrane matrix was inhibited
by reducing the thickness of the matrix, by including native type I collagen in the matrix, or by
disrupting cytoskeletal microfilaments and microtubules. Cell division was not required for net-
work formation. Bovine aortic endothelial cells that formed networks did not simultaneously
transcribe mRNA for type I collagen, a protein synthesized by endothelial cells that form tubes
spontaneously in vitro. Moreover, levels of mRNA for fibronectin and SPARC (Secreted Protein
that is Acidic and Rich in Cysteine) in network-forming cells were similar to levels seen in
endothelial cells that did not form networks. Endothelial cells and TM3 cells that were plated on
highly malleable gels of native type I collagen also formed cords and aligned matrix fibers into
linear tracks that resembled those generated on basement membrane matrix, although the struc-
tures were not as well-defined. Our observations suggest that the mechanochemical properties of
extracellular matrices are able to translate the forces of cellular traction into templates that direct
the formation of complex cellular patterns.

Additional key words: Endothelial cells, TM3 cells, Angiogenesis, Extracellular matrix, Matri-
gel, Type I collagen, SPARC.

Resuits of studies in vivo and ir vitro suggest that the
extracellular matrix (ECM) influences a variety of cell
behaviors that potentially contribute to morphogenesis.
ECM is thought to activate or direct cell migration (4,
21, 28, 35, 39, 40, 41, 54), alter expression of gene prod-
ucts (2, 5, 6, 9, 33, 38), influence cell division (1, 25, 34,
45), and modify both cell shape and intercellular associ-
ation (3, 13, 16, 20, 47, 55).

A striking example of the influence of ECM on mul-
ticellular organization is seen in vitro when vascular
endothelial cells are cultured on layers of gelled basement
membrane matrix (BMM). On plastic, endothelial cells
grow as monolayers and assume flattened, polygonal
shapes, whereas on BMM the cells organize within a few
hours into two-dimensional networks of cellular cords or
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tubelike structures that resemble beds of capillaries (14,
15, 31). The mechanism that generates the cellular net-
works has not been elucidated; however, the phenomenon
is thought to be an example of cell-specific differentiation
that is induced by components of the ECM. This inter-
pretation is called into question by our current finding
that murine Leydig cells grown on BMM organize into
cords that closely resemble networks of endothelial cells
(50). Moreover, similar networks are formed by bovine
retinal pigmented epithelial cells and lens cells that are
cultured under similar conditions (29). We have con-
ducted further studies of network formation by cells in
vitro to define a mechanism that explains this apparent
lack of cellular specificity. Our observations indicate that
formation of tesselated cords on BMM by several cell
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types, including endothelial cells, results from an inter-
action between cell contractility and matrix malleability.
Cellular networks arise when cells associate with narrow,
linear tracks of matrix that are generated by forces of
cellular traction. These data support the notion that the
formation of networks by endothelial cells on layers of
BMM is not, by itself, an indicator of specific morpho-
logical differentiation. However, traction-induced reor-
ganization of ECM might play an important role in
directing certain aspects of cell behavior that contribute
to angiogenesis and other morphogenetic processes in
vivo.

EXPERIMENTAL DESIGN

To compare the ability of different cell types to form
networks, bovine aortic endothelial cells (BAEC), cells
of the murine Leydig cell line TM3, human fibroblasts,
human smooth muscle cells, and murine PYS-2 cells
were cultured for up to 48 hours on layers of BMM
(Matrigel) that were gelled on a slope to generate a
continuous gradient of thickness. After 24 hours, the
cultures were assayed for the presence of cellular net-
works by phase-contrast and dark-field light microscopy.
BAEC, TM3 cells, and fibroblasts that were cultured
either on plastic or on layers of BMM of uniform thick-
ness were monitored for up to 24 hours by time-lapse,
phase-contrast videomicroscopy to follow cell divisions
and to observe the movements of cells and/or matrices.
The capability of cells to reorganize BMM was studied
by culturing BAEC, TM3, or PYS-2 cells for up to 24
hours on layers of highly malleable BMM and viewing
the result by light- or scanning electron microscopy. The
influence of the cytoskeleton on the formation of cellular
networks was examined by culturing cells on BMM in
the presence of drugs that disrupt microfilaments (cyto-
chalasin D) or microtubules (colchicine). To assess net-
work formation on BMM of modified composition,
BAEC or TMS3 cells were cultured on BMM supple-
mented with fibrillar native type I collagen, heat-dena-
tured type I collagen, or culture medium. The ability of
BAEC or TM3 cells to reorganize forms of ECM other
than BMM was studied by culturing the cells on gels
made of native type I collagen at concentrations of 0.12-
2.5 mg/ml. Northern blot analyses were performed to
determine whether BAEC altered the synthesis of spe-
cific components of ECM during cord formation on
BMM. RNA from BAEC that were cultured on plastic,
gels of type I collagen, or BMM was resolved by agarose
gel electrophoresis, transferred to nitrocellulose, and hy-
bridized with probes specific for the a1(I) chain of type
I collagen, fibronectin, and SPARC.

RESULTS AND DISCUSSION

The ability of BMM to modulate cell shape and asso-
ciation was examined by culturing different cell types on
Matrigel with a gradient of thickness. Results are shown
in Figure 1. BAEC, TMS3 cells, fibroblasts, and smooth
muscle cells attached to BMM within 15 minutes. After
16 to 24 hours of culture, cells on thin (10 to 50 um)
layers of BMM had assumed flattened, irregular shapes,
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whereas cells on regions of BMM that were thicker (60
to 600 um) became bipolar and organized into cords that
were arranged in tesselated networks of triangles, quad-
rilaterals, and polygons. As the thickness of BMM in-
creased, cells formed longer cords, which defined the
borders of increasingly larger tesserae. For all cell types,
this transition occurred more abruptly on layers of BMM
prepared with a greater slope (Fig. 1C).

The observation that the thickness of BMM influenced
the formation of cellular networks suggested that the
mechanical properties of this substrate might be impor-
tant in determining the shape and spatial arrangement
of cells. We explored this concept further by culturing
BAEC or TM3 cells on gelled BMM of constant thick-
ness (1.0 mm) that was made more rigid by the addition
of varying amounts of gelled native type I collagen. Cells
of either type grown on BMM that was supplemented
with 0.6 mg/ml collagen organized within 24 hours into
clearly demarcated networks (Fig. 24, D). In contrast,
cells cultured on BMM containing collagen at 2 mg/ml
were flattened, spread, and unorganized (Fig. 2B, E) and
resembled cells cultured on uncoated tissue culture plas-
tic (Fig. 2C, F). Cells grown on BMM containing inter-
mediate concentrations of type I collagen (1.3 mg/ml)
developed poorly defined networks intermixed with flat-
tened, unorganized cells (not shown). The ability of type
I collagen to suppress cord formation was not due to
simple dilution of constituents of BMM by the collagen
solution, because networks formed readily when BMM
was diluted with a similar volume of Dulbecco’s modified
Eagle’s medium (DMEM) that lacked collagen. BMM
that was supplemented with 2 mg/ml of denatured type
I collagen formed highly malleable gels that did not
suppress network formation by BAEC or TM3 cells. The
mild heat-denaturation rendered the collagen unable to
gel at physiologic pH, ionic strength, and temperature
but did not affect its ability to support the attachment
of BAEC and TMS3 cells when applied to bacteriologic
plastic as an air-dried layer.

To examine the process of network formation in
greater detail, BAEC or TM3 cells were plated at 25%
confluency on 1.0 mm thick layers of undiluted BMM
and monitored by time-lapse videomicroscopy. The be-
haviors of both cell types were similar. Two to 4 hours
after attaching to the BMM, adjacent cells moved slowly
toward one another and cohered to form small, randomly
distributed aggregates. Cells approached one another as
a consequence of local distortions of the BMM. Cells
were not progressively motile. They remained spherical,
exhibited no lamellipodia, and did not move past fixed
reference points (i.e., small granular inclusions) in the
gel. As cells aggregated, some cells elongated, acquired a
bipolar shape, and formed bridges between adjacent ag-
gregates. With time, networks of multicellular cords be-
came clearly defined. Networks were remodeled contin-
uously: some polygonal tesserae closed in a sphincter-
like manner as cellular cords that defined their walls
began to shorten, whereas other polygons opened and
linearized to form the sides of larger tesserae. Reorgani-
zation of cellular cords was accompanied by distortion of
underlying BMM. BAEC did not divide on BMM,
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whereas occasional divisions of TM3 cells were observed
after cords were fully formed. Occasionally, the sides of
tesserae were composed of straight, narrow, acellular
lines (Fig. 34 and B) rather than of cellular cords. Time-
lapse monitoring revealed that the lines, which measured
from 25 pum to over 500 pum in length, were formed
between cells by “condensing” from the surrounding
BMM. Matrix lines were never curved, but the lines
elongated, grew shorter, or changed their angle with
respect to other matrix lines or cords of cells as the BMM
was remodeled. All single bipolar cells rested upon a
single matrix line which passed directly beneath the long
axis of the cell (Fig. 3B). Moreover, multicellular cords
which were incomplete revealed an underlying line of
BMM. BAEC and TM3 cells rapidly assumed a bipolar
morphology upon contact with matrix lines. After con-
tacting the lines, cells remained permanently associated
with them and in many cases began to move progressively
back and forth along them. Isolated cells which did not
make contact with matrix lines neither altered their
spherical shape nor moved progressively over the matrix,
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FiG. 1. The formation of networks by
different cell types is influenced by the
thickness of the underlying ECM. A,
BAEC cultured 19 hours on BMM with
a gradient of thickness that increases
from 10 pum (far left) to 500 um (far
right). On thin BMM, cells are flattened
and arranged randomly. As the matrix
increases in thickness, cells elongate and
organize into tesselated networks of pro-
gressively longer, narrower cords (ar-
row). In this photomontage, distance
from far left to far right is 17 mm. B,
TM3 cells cultured on a substrate similar
to A. The relationship between matrix
thickness and network formation is
nearly identical between TM3 cells and
BAEC. C, TMS3 cells cultured 19 hours
on BMM with a steep gradient of thick-
ness increasing from 10 um ( far left) to
400 pum (far right) over a distance of 4
mm. Transition from flattened, stellate
cells ( far left) to networks (right) occurs
more abruptly than that seen in A or B.
Twenty hours after plating, SK5 fibro-
blasts (D, F') and human smooth muscle
cells (E, G) assume flattened shapes on
thin (20 um) layers of BMM (D, E) but
form tesselated networks on thick (300
um) layers of this matrix (F, G). A, B, C,
F are darkfield images; D, E, G are
viewed by phase-contrast. Figure 14, B,
and F, x8; C, x13; D and E, x130; G,
%39.

even after 48 hours of culture. Matrix lines were also
observed in association with networks of smooth muscle
cells (Fig. 3C) and fibroblasts (not shown).

Our time-lapse studies suggested that matrix lines
(which from now on will be referred to as “tracks”
because progressive cell movement is restricted to them)
served as templates for the formation of cellular cords.
The manner in which tracks were formed was investi-
gated in greater detail by plating either BAEC or TM3
cells on a highly malleable gel prepared from freeze-
thawed Matrigel. Time-lapse analyses revealed that both
cell types dramatically remodeled the substrate into a
network of matrix cables that resembled the pattern of
tracks within untreated BMM. After 24 hours of culture,
aggregated cells had pulled nearly all of the BMM into
islands upon which the cells rested. Cellular aggregates
remained connected, however, by narrow, straight cables
of matrix that formed a geometric network (Fig. 44 to
D). The cables were connected to cellular aggregates at
their ends but were elevated above the tissue culture
plastic throughout most of their length. Although many
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Fic. 2. Addition of native type I col-
lagen to BMM inhibits the formation of
cellular networks. TM3 cells (4, B, C)
or BAEC (D, E, F) were cultured 19
hours. Cells organize into networks on
BMM supplemented with 0.6 mg/ml of
gelled native type I collagen (A, D). Cells
grown on BMM supplemented with 2.0
mg/ml of native type I collagen (B, E)
are flattened, spread, and unorganized
like cells on plastic (C, F). A, D are
darkfield images; B, C, E, F are viewed
by phase-contrast. Figure 24 and D, X26;
B, C, E, and F, x128.

FiG. 3. Cells generate lines in BMM. A, BAEC cultured 24 hours
on a 300-um thick gel of BMM. A thin, straight line of reorganized
matrix (small arrows) has appeared between adjacent cell aggregates
(large arrows). Similar lines are often covered by overlying cellular
cords. B, Line in BMM (narrow arrows) generated by aggregated TM3

cables were free of cells, most bore cellular cords or
smaller numbers of motile, bipolar cells (Fig. 4E and F').
Cellular cords formed on highly malleable BMM and on
more rigid, untreated BMM in a similar manner, i.e., by
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cells (beyond photo) bears two cells (broad arrows) that are moving
toward one another. C, Line in BMM (arrows) formed by human
smooth muscle cells bears several elongated, refractile cells. Three are
indicated by arrowheads. A-C are viewed by phase-contrast. Figure 34
and B, x200; C, x120.

elongation and cohesion of groups of cells that were

situated over developing linear tracks of matrix, or by

migation of cells from aggregates onto cell-free tracks.
Scanning electron microscopy showed that the BMM
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FiG. 4. Cells reorganize highly malleable BMM into networks. A to
C, TM3 cells were grown on a 200-um layer of Matrigel that was freeze-
thawed before gelation. After 6 hours of culture (A), fibers of BMM
are pulled toward spherical cellular aggregates (arrowheads) to form
radiating patterns, the perimeters of which are indicated by arrows.
After 14 hours of culture (B) three cellular aggregates (thin arrows)
rest on circular islands of BMM (2 islands are indicated by broad
arrows). BMM is being pulled from the geometric center (X) between
the aggregates and aligned into poorly defined tracts (arrowheads
indicate linear stretches of matrix) that link the cellular aggregates.

within the cables was aligned into long, closely-associ-
ated parallel strands (Fig. 5A and B). A correlation
between the formation of cellular cords and reorganiza-
tion of BMM was further suggested by the negative
response of PYS-2 cells to these matrices. PYS-2 cells
attached firmly and spread on highly malleable BMM
but did not form cellular networks or reorganize the
matrix into networks of cables (Fig. 5C).
Reorganization of BMM required forces generated by
living cells because linear tracks did not appear within
BMM that was incubated for 72 hours in culture medium
lacking cells, in medium containing concentrated lysate
from frozen-thawed BAEC cells, or in the presence of

LABORATORY INVESTIGATION

After 24 hours of culture (C), 7 cellular aggregates have pulled nearly
all of the BMM beneath them but remain connected by narrow, cell-
free cables of matrix (arrowheads). BAEC (D) form similar cables
(arrowheads) after 24 hours of culture on malleable BMM. In E, three
consequences of matrix reorganization by BAEC are seen. One cable
of matrix is cell-free (narrow arrow), whereas another cable bears
isolated cells (arrowheads). Cells are forming a cord (broad arrow) on
a third cable of matrix. In F, elongated, highly refractile TM3 cells
(arrowheads) surround a narrow cable of BMM (two-tone lines). A to
F are viewed by phase-contrast. Figure 4A-E, x120; F, %300.

BAEC or TM3 cells that were killed with formaldehyde
either before or immediately after their attachment to
the matrix. Since the cytoskeleton is involved in the
generation of cellular forces, we examined whether net-
work formation by BAEC was affected by interfering
with the formation of cellular microfilaments or micro-
tubules. We observed that the microfilament-disrupting
drug cytochalasin D inhibited network formation in a
dose-dependent manner (Fig. 64 to F). The effects of
cytochalasin were reversible. Cultures on BMM that
were inhibited by exposure to cytochalasin D for 19 hours
formed matrix tracks and cellular cords within 24 hours
after the drug was washed from the wells (Fig. 6G).
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Fic. 5. Small (A) and large (B) cables generated by cellular reor-
ganization of highly malleable BMM are comprised of closely-associ-
ated parallel strands of matrix. A, Two strands are indicated by two-
tone lines. B, One strand is indicated by the arrowhead. PYS-2 cells
(C) cultured 48 hours on similar layers of BMM acquire a flattened
shape, do not form cellular networks, and do not reorganize matrix
into cables. A, B are viewed by scanning electron microscopy. C is
viewed by phase-contrast. Figure 5A, x8,600; B, x6,600; C, x150.

Network formation by BAEC was also inhibited by col-
chicine, a microtubule-disrupting drug (Fig. 6H). The
inhibitory effects of colchicine, like those of cytochalasin,
were overcome by removal of the drug from the cultures.

At this juncture, we questioned whether the reorgani-
zation of BMM by cellular contractile processes and the
associated formation of cellular networks were unique to
this substrate or could occur on other forms of ECM.
Therefore, we studied the behavior of BAEC on gels of
native type I collagen, since this protein is not a com-
ponent of Matrigel. Cells cultured 19 hours on 1 mm
thick hydrated gels of 2.5, 2.0, or 1.0 mg/ml collagen
resembled cells grown on plastic. They were unorganized
and assumed flattened, spread shapes (Fig. 74). Cells did
not align collagen fibers within the gels. In gels formed
from 0.25-0.4 mg/ml collagen, limited alignment of fibers
and cells over short distances (2-4 cell lengths) contrib-
uted to poorly-defined networks (Fig. 7B). Cells reorga-
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nized fibers in highly malleable gels of 0.12-0.16 mg/ml
collagen into linear arrays up to 300 um in length. Like
the tracks in BMM, the aligned collagen fibers bridged
adjacent cells or cell aggregates (Fig. 7C). Elongated cells
were arranged along the aligned collagen in linear chains
and occasionally formed thicker cords (Fig. 7D). Orga-
nization of cells into polygonal networks was not as
extensive as on BMM. TMa3 cells aligned fibers within
type I collagen gels in a manner similar to that of BAEC
(not shown).

Our observations suggested that cells exerted tension
to align fibers and to generate networks of tracks within
ECM. We further examined the relationship between
tensile and compressive forces exerted by BAEC and
TMa3 cells by culturing the cells on thin films of silicone
rubber (18, 19, 48) and observing the distortion patterns
that arose in this substrate as a consequence of cell
contractility. BAEC and TM3 cells adhered to films of
rubber within 24 to 48 hours of plating. The rubber was
not cytotoxic to either cell type, since the rate of cell
division was not affected after 7 days of culture. Distor-
tion of the rubber was most apparent around and beneath
cellular aggregates. Aggregates were surrounded by a
radiating field of linear tension wrinkles. Adjacent aggre-
gates were frequently linked by one or more tension
wrinkles that were deeper and much longer than wrinkles
projecting from other regions of the aggregates (Fig. 84).
Moreover, smaller cellular aggregates and isolated cells
were often linked by a network of tension wrinkles that
resembled the network of tracks generated by cells on
BMM (Fig. 8B). The projecting tension wrinkles arose
as the result of compression of the rubber substrate
beneath cells. Compression was particularly notable be-
neath cellular aggregates, where the rubber film was
tightly packed to form folds that were oriented circum-
ferentially (Fig. 8C) or creases that were arranged in a
dense, disorganized mass. Distortion of the rubber film
could be completely reversed by a partial dislodgment of
the aggregates from the substrate with a microneedle.
Reduction in cell contact with the rubber caused all
tension and compression wrinkles to disappear within a
few seconds as the rubber expanded from beneath the
aggregates to assume its original smooth contour.

Endothelial cells isolated from capillaries and selected
clones of BAEC are capable of forming networks of cords
or tubelike structures after several days or weeks of
culture in the absence of exogenously supplied layers of
ECM (11, 12, 23, 26). Cells that form these structures
are associated with fibronectin (11) and exhibit elevated
levels of protein and messenger RNA (mRNA) that
correspond to type I collagen and SPARC (26) (a protein
which has been shown to be associated with morphoge-
nesis and changes in cellular shape) (44). As components
of the ECM, these proteins might be important in pro-
moting spontaneous tube formation by endothelial cells
in vitro and angiogenesis in vivo. We were interested,
therefore, in determining whether the BAEC used in our
studies (which do not form cords in the absence of
exogenous ECM) expressed elevated levels of mRNAs
for these three proteins during their formation of cords
on BMM. Relative amounts of mRNA, normalized to
levels of 28S ribosomal RNA (rRNA), are shown in the
bar graph in Figure 9. BAEC that formed networks on



BMM and BAEC that assumed flattened shapes on
plastic or gelled type I collagen expressed similar levels
of mRNA for fibronectin. Cells grown on BMM ex-
pressed levels of SPARC mRNA that were the same as
those expressed by cells grown on type I collagen, but
which were slightly lower than those found in cells cul-
tured on plastic. mRNA for type I collagen was not
detected in BAEC grown on plastic, collagen, or BMM.
In contrast, cells comprising cords that formed sponta-
neously in culture (26) expressed high levels of mRNA
for type I collagen and contained levels of mRNA for
SPARC and fibronectin that were, respectively, 2.1- and
3.8-fold higher than levels expressed by BAEC that
formed cords on BMM.

The organization of cells into networks of cords or
tubes on layers of BMM has been interpreted in previous
studies as a morphological expression of cellular differ-
entiation in vitro (14, 15, 31, 53). Our studies indicate,
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F1G. 6. Disruption of microfilaments
or microtubules suppresses formation of
cellular cords on BMM. BAEC were cul-
tured 19 hours in the presence of cyto-
chalasin D or colchicine on uncoated
plastic or on gels of BMM. In 1.5 ug/ml
cytochalasin (A, B), cells on BMM (A)
are spherical and do not form networks.
Cells on plastic (B) are not spread. At-
tachment of cells to BMM or plastic was
firm and was not affected by cytochal-
asin. In 0.75 pg/ml cytochalasin (C, D),
some cells on BMM (C) form short lin-
ear chains (arrows), whereas approxi-
mately 50% of cells on plastic (D) ex-
hibit some degree of spreading. Net-
works on BMM were developed to a
greater extent in 0.5 pg/ml of the drug
(not shown). In control cultures exposed
to 0.2% DMSO, cells on BMM (E) or-
ganize into fully developed networks,
and cells on plastic (F) are fully spread.
When cytochalasin is removed from the
cell culture depicted in A, networks (G)
of matrix tracks (right arrow) and asso-
ciated cells (left arrow) begin to form
within 24 hours. Network formation on
BMM is also blocked by 2.5 uM colchi-
cine (H). A to H are viewed by phase-
contrast. Figure 6A to D and F to H,
x105; E, x217.

however, that different cell types form networks by a
physical/mechanical process that is not necessarily a
consequence of specific cellular differentiation. Cells pull
BMM toward them, which draws neighboring cells to-
gether, promotes cellular aggregation, and aligns BMM
in narrow tracks that connect adjacent cells or cell ag-
gregates. The tracks, which promote cellular elongation
and migration, act as templates for the formation of
cellular cords.

CELLULAR TRACTION INDUCES CO-ALIGNMENT OF
CELLS AND BMM

Our results indicate that cellular force-generating
processes involving microfilaments and microtubules
provide the energy for tension-based reorganization of
BMM and subsequent formation of cellular cords. The
formation of linear tracks in BMM as a consequence of
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Fic. 7. BAEC cultured 19 hours on a gel of native type I collagen
at concentrations of 2 mg/ml (A), 0.32 mg/ml (B), or 0.16 mg/ml (C,
D), exhibit different morphologies. A, Cells are flattened, spread, and
unorganized. B, Cells have elongated along bundles of collagen fibers

Fic. 8. BAEC and TM3 cells distort
films of silicone rubber. A, In this pho-
tomontage, a narrow array of parallel
tension wrinkles, which appear as alter-
nating light and dark lines by phase-
contrast (large arrow), bridges adjacent
aggregates (agg) of TM3 cells. Tension
wrinkles that radiate from other regions
of the aggregates (one wrinkle is indi-
cated by the small arrow) are much
shorter. B, Small aggregates of BAEC
(arrows) are connected by narrow ten-
sion wrinkles (arrowheads). C, Rubber
has been compressed beneath an aggre-
gate of TM3 cells to form many closely
spaced wrinkles (one wrinkle is indicated
by the small, black arrow). Tension wrin-
kles (arrowheads) project from the curv-
ing edge of the aggregate (broad arrow)
at right angles to the compression wrin-
kles. Figure 84 and C, X97; B, x117.

forces applied by cells is a phenomenon that is not unique
to this form of ECM. Tensile forces exerted by dispersed
fibroblasts or fragments of explanted tissue cause fibers
within type I collagen gels to align into an interlocking
network of triangles, quadrilaterals, and polygons (17)
that closely resembles cell-generated patterns within
BMM. The distance over which type I collagen fibers
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to form a poorly organized network. C, Reorganized collagen fibers
form linear arrays (arrows) that bridge adjacent spherical cells. Occa-
sionally (D), cells form a cord (arrows). A to D are viewed by phase-
contrast. Figure 7A, B, and D, x120; C, x250.

¥

can be aligned is comparable to BMM and can exceed 1
cm (18, 48). Cell-generated patterns within BMM resem-
ble the linear tension wrinkles that develop between
aggregates of fibroblasts (18, 19), TMS3 cells, or BAEC as
they deform films of silicone rubber. Tension is generated
as cells compress the rubber into a series of folds that
form directly beneath each cell. This process has been
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FiGc. 9. Expression of mRNAs for
ECM components by BAEC cultured on
different substrates. Total RNA from
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referred to as “traction” (48) to distinguish it from con-
tractile shortening (e.g., as demonstrated by muscle
cells). A cell exerting traction does not shorten along its
length but in fact elongates in the direction of primary
lines of tension. Forces of cellular traction are transmit-
ted to the substrate through focal contacts (52) and are
generated by the same mechanism that causes fibroblasts
and other cell types to move slowly over rigid surfaces
such as glass or plastic. It has been estimated, however,
that the traction force exerted by fibroblasts in vitro is
100 to 1000 times greater than that which is sufficient
to accomplish locomotion (18). It has been proposed that
fibroblasts in vivo exert forces of this magnitude for the
purpose of reorganizing ECM into highly aligned struc-
tures (e.g., tendons, ligaments, organ capsules) rather
than for cell movement. Indeed, we find that cells cannot
move progressively over gelled BMM until they have
generated paths of aligned matrix. Evidence that cells in
vivo align fibers of ECM and subsequently use them as
paths for migration was obtained by Markwald et al. (35),
who described the alignment of the disorganized, acellu-
lar ECM of the cardiac atrioventricular cushion into
tracks that projected from the ends of endocardial cells
toward the myocardium. Migrating endothelial cells were
associated with these tracks and formed putative adhe-
sive connections with them. ECM of atrioventricular
cushions did not become aligned after cellular microfil-
aments were disrupted by cytochalasin.

MECHANICAL PROPERTIES OF BMM MODULATE
CELLULAR ORGANIZATION

The shape that cells assume when they are attached
to a substrate in vitro is dependent, at least in part, on

B

BAEC that were cultured 24 hours on
uncoated plastic (4), 2.0 mg/ml type I
collagen gel (B), or gelled BMM (C), and
total RNA from cells that comprise net-
works of cords/tubes that form sponta-
neously on plastic (D) were subjected to
Northern blot analysis. Image I is a
Northern blot hybridized with fibronec-
tin (fn) and SPARC (sp) cDNA probes.
Images 2 and 3 show the same blot re-
probed with an «1(I) collagen (cn) cDNA
(arrowheads denote 4.8 kb and 5.8 kb
mRNAs) and a 28S rRNA probe (28S),
respectively. The bar graph shows the
relative quantities of mRNAs for fn, sp,
and cn that were measured from auto-
radiographs I and 2 by densitometry and
corrected for RNA sample quantity ac-
cording to the levels of 285 rRNA shown
in 3. mRNA for type I collagen is ex-
pressed at high levels in BAEC undergo-
ing spontaneous cord formation, but is
not detectable in flattened BAEC cul-
tured on plastic or collagen, or in cord-
forming cells on BMM. BAEC undergo-
ing spontaneous cord formation ex-
pressed levels of SPARC and fibronectin
that were, respectively, 2.1- and 3.8-fold
higher than levels expressed by cord-
forming BAEC on BMM.

the equilibrium between the forces of cell contractility
and the opposing elastic forces generated within the
substrate as it is deformed (22, 24). Cells flatten and
spread on rigid substrates such as plastic, thin layers of
collagen, or aldehyde-fixed matrices of either collagen or
BMM. Conversely, cells acquire rounded forms on malle-
able supports such as floating collagen gels or unfixed
ECM (6, 10, 38, 47). We find that the mechanical prop-
erties of BMM not only modulate the shapes of individ-
ual cells but also influence the two-dimensional organi-
zation of cells into networks. Decreasing the malleability
of BMM by either reducing its thickness over a rigid
support, or adding type I collagen, suppresses tension
lines and cellular cords, and enhances cell spreading.
Type I collagen might facilitate cell spreading by provid-
ing cell attachment sites that are highly adhesive and/or
present in large numbers. We find, however, that cord
formation by murine Leydig cells, which attach very
poorly to gels of type I collagen, is inhibited in vitro by
the same concentrations of type I collagen that suppress
cord formation by TM3 cells and BAEC, both of which
bind firmly to type I collagen (50). It appears more likely
that the long, stiff, randomly oriented bundles of fibrils
that form during the gelation of native type I collagen
(8) suppress cord formation by decreasing the malleabil-
ity of BMM. Accordingly, cord formation is not inhibited
by supplementing BMM with heat-denatured type I col-
lagen, which will not form long fibers under physiological
conditions.

ECM AND ANGIOGENESIS IN VITRO

Vascular endothelial cells form interconnecting, tes-
selated cords or tubelike arrays when cultured on layers
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of BMM (31). Since these structures resemble microvas-
culature in vivo and do not form on tissue culture plastic,
it has been proposed that they arise by a type of cell-
specific morphological differentiation (14, 15, 31), trig-
gered by the binding of specific molecules of BMM to
complementary receptors on the endothelial cell surface.
The YIGSR sequence within the B1 chain of laminin is
reported to induce individual endothelial cells to assume
a ringlike appearance in vitro that has been interpreted
as the basic unit of capillary structure (15). However, it
is apparent that these highly flattened, spread cells with
lumens that seem to be large vacuoles bear little resem-
blance to cells of the capillary wall. Moreover, a role for
laminin as a primary signal for differentiation is ques-
tionable because endothelial cells rapidly form tubelike
structures when they are exposed to other forms of ECM
that include substrate-bound fibronectin (23) or fibrils
of type I collagen introduced into culture medium (27).
The best evidence that the organization of endothelial
cells into networks on BMM is not by itself an indicator
of vascular differentiation is that the phenomenon occurs
among nonvascular cell types, including rat osteoblasts
(563), murine Leydig cells (50), the murine Leydig cell
line TM3, human fibroblasts, and human smooth muscle
cells. Moreover, Kennedy et al. (29) observed that bovine
retinal microvascular endothelium, retinal pigmented ep-
ithelial cells, and lens cells formed branching tubes on
BMM that were very similar in appearance. Formation
of networks can also be uncoupled from certain aspects
of cellular differentiation. For example, murine Leydig
cells grown on BMM form either tesselated cords or
spherical aggregates that lack cords, depending on the
thickness of the matrix layer. Cells of either morphology,
however, appear equally “differentiated,” in that they
express high levels of 38-hydroxysteroid dehydrogenase
and do not divide. In contrast, flattened, “undifferen-
tiated” Leydig cells grown on plastic proliferate rapidly
and cease production of this steroidogenic enzyme (50).
A physical/mechanical mechanism for network for-
mation in vitro could explain why the process lacks cell-
and matrix-specificity. In such a model, cellular networks
form when (a) cells exert traction, (b) traction forces are
transmitted to the ECM by adhesive couplings between
cell and matrix, and (c) the ECM is sufficiently malleable
to be aligned by traction forces. Tubelike structures could
form when elongated cells ensheathed linear cords of
ECM (12). Indeed, tubes made by cultured endothelial
cells within 2 to 4 hours after exposure to a solution of
fibrillar type I collagen contain bundles of collagen in
their lumens (27). Amorphous and fibrillar material is
also found within the lumens of endothelial tubes that
arise on substrates of BMM (31) and fibronectin (23).
Moreover, ECM has been found in lumens of endothelial
cell tubes that develop spontaneously in the absence of
exogenous ECM (11, 12, M. L. Iruela-Arispe and E. H.
Sage, unpublished observations). Ingber and Folkman
(23) report that cultures of capillary endothelial cells
undergoing spontaneous tube formation accumulate elas-
tic, branching, filamentous webs of ECM upon which
cells align and elongate. These webs and their associated
endothelial cells, which resemble the structures formed
by BAEC and TMS3 cells as they reorganize layers of
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highly malleable BMM (e.g., Fig. 4F), are likely to arise
through tractional restructuring of endogenously synthe-
sized ECM. Although different cell types can utilize ECM
from exogenous sources to form networks in vitro, there
are no reports that cell types other than vascular endo-
thelial cells can organize endogenously synthesized ECM
into a template for network formation in vitro. Capillary
formation in vivo might therefore be a consequence of
the specific ability of endothelial cells to synthesize gene
products that generate a unique combination of ECM
malleability, cytoskeletal tension, and cell-ECM adhe-
sion. The elevated synthesis of mRNA for type I collagen
and fibronectin by endothelial cells undergoing sponta-
neous angiogenesis in vitro suggests that these proteins
play an important (and most likely structural) role in
promoting the formation of tubes. Additional controls
over angiogenesis might be mediated by proteins such as
SPARC and thrombospondin. These proteins bind to
specific components of ECM and reduce adhesion of
endothelial cells to surfaces in vitro (42, 44). SPARC and
thrombospondin might therefore limit the rate or extent
of traction-driven alignment of ECM by interfering with
cellular adhesive contacts that couple the force-generat-
ing elements of the cytoskeleton to the ECM. Limitations
imposed on traction forces during angiogenesis might
enhance the stability of newly-formed capillary tubes.
The validity of our hypotheses can be determined by
further studies of the relationships between cellular trac-
tion, matrix synthesis and organization, and cellular
morphology.

METHODS

CELL CULTURE

Endothelial cells from adult bovine aorta were isolated,
cloned, and passaged as previously described (43). Experiments
were performed on cells between passages 4 and 8. The murine
Leydig cell line TM3 (37) was purchased from the American
Type Culture Collection (Rockville, Maryland). Cultures of
smooth muscle cells from newborn human aorta (passages 5-
7) and adult human dermal fibroblasts of the line SK5 were
gifts from Elaine Raines (Department of Pathology, University
of Washington). Cells of the murine line PYS-2, which have
characteristics of parietal yolk sac endoderm (32), are cultured
routinely in our laboratory. TM3 cells were grown in a 1:1
mixture of DMEM and Ham’s F12 (GIBCO BRL, Gaithers-
burg, Maryland) that contained 5% normal horse serum (Flow
Laboratories, McLean, Virginia), 2.5% fetal calf serum (Hy-
Clone Laboratories, Logan, Utah), 100 units/ml of penicillin,
and 100 ug/ml of streptomycin. All other cell types were cul-
tured in DMEM (GIBCO) containing 10% fetal calf serum and
penicillin/streptomycin. Stock cultures of cells were main-
tained in 75 cm? plastic tissue culture flasks (Corning Glass
Works, Corning, New York) in 5% CQ,/95% air at 37° C and
100% humidity. In most experiments, cells were plated at
densities of 1,200 to 1,800/mm?

PREPARATION OF CELL CULTURE SUBSTRATES

Substrates of BMM components were formed from Matrigel,
an extract of material secreted by the Englebreth-Holm-Swarm
murine sarcoma (Collaborative Research, Inc., Bedford, Mas-
sachusetts). Hydrated gels of type I collagen were prepared by
combining 6 volumes of Vitrogen-100*" (a solution of 0.012 N
HCI containing 3 mg/ml type I collagen from bovine skin -
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Collagen Corporation, Palo Alto, California) with 1 volume of
7-fold concentrated DMEM containing NaHCOj; at saturation
(50). The concentration of collagen was varied by diluting the
mixture of Vitrogen/7-strength DMEM with DMEM. Hybrid
gels were made by combining Vitrogen/7-strength DMEM with
liquid Matrigel in varying volume ratios. In some experiments,
the native type I collagen in the hybrid gels was replaced with
Vitrogen that was heat-denatured under mild conditions (55°
C for 15 minutes). Routinely, 300 ul of the solutions of Matrigel,
type I collagen, or collagen/Matrigel were dispensed into plastic
tissue culture wells of 16 mm diameter (24 well cluster plate,
Corning) and gelled by warming to 37° C for 1 hour. For some
experiments, the malleability of BMM was increased by sub-
jecting liquid Matrigel to one freeze-thaw cycle prior to gelling
at 37° C.

Substrates of BMM with a gradient of thickness (30) were
made by combining 50 ul of DMEM with 250 ul of Matrigel
and spreading the ice-cold mixture in an even layer on a 22
mm X 50 mm flame-sterilized coverslip. The Matrigel was
applied 10 mm from one narrow edge to provide an uncoated
surface for handling. The long axis of the coverslip was main-
tained at an angle of 8° as the Matrigel was heated at 37° C for
1 hour. In this manner, a gel was formed of a thickness that
varied along its 40 mm length from less than 10 um to approx-
imately 600 um. The sloped BMM gels were placed in 100 mm
diameter tissue culture dishes (Corning) and covered with
culture medium to a depth of 6 mm. Cells were seeded at a
density of approximately 1,600/mm?. After the cells had settled,
the coverslips were examined to ensure that the cells were
dispersed evenly. To eliminate gravitational effects during cul-
ture, dishes were maintained at an angle of 8° and the coverslips
were oriented such that the slope of the dish opposed the slope
of the gel to form a level culture surface.

To form films of silicone rubber, thin layers of dimethylpo-
lysiloxane (60,000 centistokes; Sigma Chemical Company, St.
Louis, Missouri) were applied to 22 mm glass coverslips and
polymerized by heating as described in Stopak and Harris (48).
The coated coverslips were placed in 35 mm tissue culture
dishes and washed in three changes of cell culture medium
before cells were plated.

MICROSCOPY

Cultures were examined by dark-field or phase-contrast il-
lumination with a Zeiss inverted microscope. Photographs were
taken with Kodak ASA 160 color slide film. In some studies,
the behavior of cells on layers of BMM was monitored contin-
uously by time-lapse videomicroscopy as described previously
(50). Examination of cord-forming cultures by scanning elec-
tron microscopy was performed by Thomas N. Wight (De-
partment of Pathology, University of Washington). Cultures
were fixed 45 minutes in 3% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.3) that contained 6% sucrose and 2 mM CaCl,,
postfixed 30 minutes with 1% OsO, in cacodylate/sucrose/Ca
buffer, dehydrated in ethanols, critical point dried, and coated
with gold/palladium. Samples were viewed with a JEOL JSM
35C at 15 kV.

DRUG TREATMENTS

BAEC and TMS3 cells were treated with cytochalasin D
(Sigma) at concentrations that ranged from 0.5-1.5 ug/ml, or
with colchicine (Sigma) at 2.5 uM. A stock solution of 1 mg/ml
cytochalasin was prepared with dimethylsulfoxide (49). A stock
solution of 2.5 mM colchicine was prepared with DMEM + 10%
fetal calf serum. Stock solutions were stored at —20° C. Cells
were plated on BMM or plastic and allowed to attach for 2
hours before the drugs were added.

VERNON ET AL.
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ANALYSIS OF RNA

BAEC were grown 24 hours in 6-well cluster plates (Corning)
on gels formed from BMM, 2.0 mg/ml Vitrogen, or uncoated
plastic. Total RNA was extracted from 10° cells (from each
substrate), purified, resolved by agarose gel electrophoresis, and
subjected to Northern blot analysis as described previously
(26). [**P]-labeled ¢cDNA probes included a 1.1 kb sequence of
a1(I) chain of human type I collagen (7, 26); a 557 bp sequence
of murine SPARC (26, 36, 51), and a 2.2 kb sequence of human
fibronectin (46). Ten micrograms of total cellular RNA was
loaded per lane. Verification of equal loadings was accomplished
by re-hybridizing the blots with a [*°P]-labeled cDNA derived
from 28S rRNA (26). Relative amounts of mRNAs were deter-
mined by quantitative densitometry of autoradiographs and
were normalized to levels of 28S rRNA. Northern blot analyses
were also performed on RNA from cord-forming cells of a clone
of BAEC that generates cords and tubes in the absence of
exogenous ECM (26).

Acknowledgments: We thank Dr. Thomas N. Wight
and Stephanie Lara for electron microscopic analyses

and Elaine Raines for human smooth muscle cells and
SK5 fibroblasts.

Date of acceptance: December 10, 1991.

This work was supported by National Institutes of Health Grants
HD25059, GM40711, and HL03174.

Address reprint requests to: Dr. Robert B. Vernon, Department of
Biological Structure, SM-20, University of Washington, Seattle, WA
98195.

REFERENCES

1. Bates GP, Schor SL, Grant ME: A comparison of the effects of

different substrata on chondrocyte morphology and the synthesis
- of collagen types IX and X. In Vitro Cell Dev Biol 23:374, 1987

2. Ben-Ze’ev A, Robinson GS, Bucher NLR, Farmer SR: Cell-cell and
cell-matrix interactions differentially regulate the expression of
hepatic and cytoskeletal genes in primary cultures of rat hepato-
cytes. Proc Natl Acad Sci USA 85:2161, 1988

3. Blau H, Guzowski DE, Siddiqi ZA, Scarpelli EM, Bienkowski RS:
Fetal type 2 pneumocytes form alveolar-like structures and main-
tain long-term differentiation on extracellular matrix. J Cell Phys-
iol 136:203, 1988

4. Bronner-Fraser M, Lallier T: A monoclonal antibody against a
laminin-heparan sulfate proteoglycan complex perturbs cranial
neural crest migration in vivo. J Cell Biol 106:1321, 1988

5. Carey DJ, Todd MS, Rafferty CM: Schwann cell myelination:
induction by exogenous basement membrane-like extracellular ma-
trix. J Cell Biol 102:2254, 1986

6. Chen L-H, Bissell MJ: A novel regulatory mechanism for whey
acidic protein gene expression. Cell Regulation 1:45, 1989

7. Chu ML, Myers JC, Bernard MP, Ding TF, Ramirez F: Cloning
and characterization of five overlapping cDNAs specific for the
human pro «(I) collagen chain. Nucleic Acids Res 10:5925, 1982

8. Elsdale T, Bard J: Collagen substrata for studies on cell behavior.
J Cell Biol 54:626, 1972

9. Emerman JT, Burwen SJ, Pitelka DR: Substrate properties influ-
encing ultrastructural differentiation of mammary epithelial cells
in culture. Tissue and Cell 11:109, 1979

10. Emerman JT, Pitelka DR: Maintenance and induction of morpho-

logical differentiation in dissociated mammary epithelium on float-
ing collagen membranes. In Vitro 13:316, 1977

"~ 11. Feder J, Marasa JC, Olander JV: The formation of capillary-like

tubes by calf aortic endothelial cells grown in vitro. J Cell Physiol
116:1, 1983

12. Folkman J, Haudenschild C: Angiogenesis in vitro. Nature (Lon-
don) 288:551, 1980

13. Gospodarowicz D, Greenburg G, Birdwell CR: Determination of
cellular shape by the extracellular matrix and its correlation with
the control of cellular growth. Cancer Res 38:4155, 1978



Vol. 66, No. 5, 1992

14. Grant DS, Kleinman HK, Martin GR: The role of basement

15.

16.

17.

18.
19.
20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

membranes in vascular development. Ann NY Acad Sci 588:61,
1990

Grant DS, Tashiro K-I, Segui-Real B, Yamada Y, Martin GR,
Kleinman HK: Two different laminin domains mediate the differ-
entiation of human endothelial cells into capillary-like structures
in vitro. Cell 58:933, 1989

Hadley MA, Byers SW, Suarez-Quian CA, Kleinman HK, Dym M:
Extracellular matrix regulates Sertoli cell differentiation, testicular
cord formation, and germ cell development in vitro. J Cell Biol
101:1511, 1985

Harris AK, Stopak D, Warner P: Generation of spatially periodic
patterns by a mechanical instability: a mechanical alternative to
the Turing model. J Embryol Exp Morph 80:1, 1984

Harris AK, Stopak D, Wild P: Fibroblast traction as a mechanism
for collagen morphogenesis. Nature (London) 290:249, 1981
Harris AK, Wild P, Stopak D: Silicone rubber substrata: A new
wrinkle in the study of cell locomotion. Science 208:177, 1980
Hay ED: Extracellular matrix, cell skeletons, and embryonic de-
velopment. Am J Med Genet 34:14, 1989

Herbst Td, McCarthy JB, Tsilibary EC, Furcht LT: Differential
effects of laminin, intact type IV collagen, and specific domains of
type IV collagen on endothelial cell adhesion and migration. J Cell
Biol 106:1365, 1988

Ingber DE, Folkman J: How does extracellular matrix control
capillary morphogenesis? Cell 58:803, 1989

Ingber DE, Folkman J: Mechanochemical switching between
growth and differentiation during fibroblast growth factor-stimu-
lated angiogenesis in vitro: role of extracellular matrix. J Cell Biol
109:317, 1989

Ingber DE, Folkman J: Tension and compression as basic deter-
minants of cell form and function: utilization of a cellular tensegrity
mechanism. In Cell Shape, edited by Stein WD, Bronner F, pp 3-
31. San Diego, Academic Press, 1989

Ingber DE, Madri JA, Folkman J: Endothelial growth factors and
extracellular matrix regulate DNA synthesis through modulation
of cell and nuclear expansion. In Vitro 23:387, 1987

Iruela-Arispe ML, Hasselaar P, Sage H: Differential expression of
extracellular proteins is correlated with angiogenesis in vitro. Lab
Invest 64:174, 1991

Jackson CJ, Jenkins KL: Type I collagen fibrils promote rapid
vascular tube formation upon contact with the apical side of
cultured endothelium. Exp Cell Res 192:319, 1991

Katow H, Hayashi M: Role of fibronectin in primary mesenchyme
cell migration in the sea urchin. J Cell Biol 101:1487, 1985
Kennedy A, Frank RN, Sotolongo LB, Das A, Zhang NL: Prolif-
erative response and macromolecular synthesis by ocular cells
cultured on extracellular matrix materials. Curr Eye Res 9:307,
1990

Kliman HJ, Feinberg RF: Human trophoblast-extracellular matrix
(ECM) interactions in vitro: ECM thickness modulates morphology
and proteolytic activity. Proc Natl Acad Sci USA 87:3057, 1990
Kubota Y, Kleinman HK, Martin GR, Lawley TJ: Role of laminin
and basement membrane in the morphological differentiation of
human endothelial cells into capillary-like structures. J Cell Biol
107:1589, 1988

Lehman JM, Speers WC, Swartzendruber DE, Pierce GB: Neo-
plastic differentiation: characteristics of cell lines derived from a
murine teratocarcinoma. J Cell Physiol 84:13, 1974

Li MJ, Aggeler J, Farson DA, Hatier C, Hassell J, Bissell MdJ:
Influence of a reconstituted basement membrane and its compo-
nents on casein gene expression and secretion in mouse mammary
epithelial cells. Proc Natl Acad Sci USA 84:136, 1987

Madri JA, Williams SK, Wyatt T, Mezzio C: Capillary endothelial
cell cultures: phenotypic modulation by matrix components. J Cell

CELLULAR NETWORKS IN VITRO

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

547

Biol 97:153, 1983

Markwald RR, Fitzharris TP, Bolender DL, Bernanke DH: Struc-
tural analysis of cell:matrix association during the morphogenesis
of atrioventricular cushion tissue. Dev Biol 69:634, 1979

Mason 1J, Taylor A, Williams JG, Sage H, Hogan BLM: Evidence
from molecular cloning that SPARC, a major product of mouse
embryo parietal endoderm, is related to an endothelial cell ‘culture
shock’ glycoprotein of M, 43000. EMBO J 5:1465, 1986

Mather J: Establishment and characterization of two distinct
mouse testicular epithelial cell lines. Biol Reprod 23:243, 1980
Michalopoulos G, Pitot HC: Primary culture of parenchymal liver
cells on collagen membranes. Exp Cell Res 94:70, 1975

Nakatsuji N, Johnson KE: Experimental manipulation of a contact
guidance system in amphibian gastrulation by mechanical tension.
Nature (London) 307:453, 1984

Newgreen DF: Physical influences on neural crest cell migration
in avian embryos: contact guidance and spatial restriction. Dev
Biol 131:136, 1989

Perris R, Lofberg J, Fallstrom C, Von Boxberg Y, Olsson L,
Newgreen DF: Structural and compositional divergencies in the
extracellular matrix encountered by neural crest cells in the white
mutant axolotl embryo. Development 109:533, 1990

Sage H, Bornstein P: Extracellular proteins that modulate cell-
matrix interactions. J Biol Chem 266:14831, 1991

Sage H, Crouch E, Bornstein P: Characterization of cell matrix
associated collagens synthesized by aortic endothelial cells in cul-
ture. Biochemistry 20:436, 1981

Sage H, Vernon RB, Funk SE, Everitt EA, Angello J: SPARC, a
secreted protein associated with cellular proliferation, inhibits cell
spreading in vitro and exhibits Ca*?>-dependent binding to the
extracellular matrix. J Cell Biol 109:341, 1989

Sawada N, Tomomura A, Sattler CA, Sattler GL, Kleinman HK,
Pitot HC: Effects of extracellular matrix components on the growth
and differentiation of cultured rat hepatocytes. In Vitro Cell Dev
Biol 23:267, 1987

Sekiguchi K, Klos AM, Kurachi K, Yoshitake S, Hakomori S:
Human liver fibronectin complementary DNAs: Identification of
two different messenger RNAs possibly encoding the o and 8
subunits of plasma fibronectin. Biochemistry 25:4936, 1986
Shannon JM, Pitelka DR: The influence of cell shape on the
induction of functional differentiation in mouse mammary cells in
vitro. In Vitro 17:1016, 1981

Stopak D, Harris AK: Connective tissue morphogenesis by fibro-
blast traction. Dev Biol 90:383, 1982

Tomasek JJ, Hay ED: Analysis of the role of microfilaments and
microtubules in acquisition of bipolarity and elongation of fibro-
blasts in hydrated collagen gels. J Cell Biol 99:536, 1984

Vernon RB, Lane TF, Angello JC, Sage H: Adhesion, shape,
proliferation, and gene expression of mouse Leydig cells are influ-
enced by extracellular matrix in vitro. Biol Reprod 44:157, 1991
Vernon RB, Sage H: The calcium-binding protein SPARC is se-
creted by Leydig and Sertoli cells of the adult mouse testis. Biol
Reprod 40:1329, 1989

Verschueren H: Interference reflection microscopy in cell biology:
methodology and applications. J Cell Sci 75:279, 1985

Vukicevic S, Luyten FP, Kleinman HK, Reddi AH: Differentiation
of canalicular cell processes in bone cells by basement membrane
matrix components: regulation by discrete domains of laminin. Cell
63:437, 1990

Wood A, Thorogood P: An ultrastructural and morphometric
analysis of an in vivo contact guidance system. Development
101:363, 1987.

Zuk A, Matlin KS, Hay ED: Type I collagen gel induces Madin-
Darby canine kidney cells to become fusiform in shape and lose
apical-basal polarity. J Cell Biol 108:903, 1989



	lab536.jpg
	lab537.jpg
	lab538.jpg
	lab539.jpg
	lab540.jpg
	lab541.jpg
	lab542.jpg
	lab543.jpg
	lab544.jpg
	lab545.jpg
	lab546.jpg
	lab547.jpg



