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Three-dimensional (3D) cell–matrix cultures provide a useful model to analyze and dissect the
structural, functional, and mechanical aspects of cell–matrix interactions and motile behavior
important for cell and tissue morphogenesis. In the current studies we tested the effects of serum
and physiological growth factors on the morphogenetic behavior of human fibroblasts cultured on
the surfaces of 3D collagen matrices. Fibroblasts in medium containing serum contracted into
clusters, whereas cells in medium containing platelet-derived growth factor (PDGF) were
observed to migrate as individuals. The clustering activity of serum appeared to depend on
lysophosphatidic acid, required cell contraction based on inhibition by blocking Rho kinase or
myosin II, and was reversed upon switching to PDGF. Oncogenic Ras transformed human

fibroblasts did not exhibit serum-stimulated cell clustering. Our findings emphasize the
importance of cell-specific promigratory and procontractile growth factor environments in the
differential regulation of cell motile function and cell morphogenesis.

© 2009 Elsevier Inc. All rights reserved.
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Introduction

Three-dimensional (3D) cell–matrix cultures provide useful models
to analyze and dissect the structural, functional, and mechanical
aspects of cell–matrix interactions and motile behavior important
for cell and tissue morphogenesis [1–5]. Unlike conventional 2D
cell cultures (e.g., plastic or glass), cells can penetrate into 3D
matrices, cell–matrix adhesive interactions are localized to matrix
elements, and matrix fibrils can be reorganized mechanically.
Mechanical remodeling of the extracellular matrix has been
implicated in diverse aspects of normal tissue physiology and
pathology including wound repair [6–9], fibrosis [10,11], tumor-
igenesis [12–14], and aging [15]. Matrix remodeling also has
become an important design consideration for tissue engineering
[16–18].

Compared to cell migration on 2D surfaces [19,20], tissue cells
interactingwith 3Dmatrices exhibit greater plasticity andmultiple
.
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mechanisms of migration [21–25]. Local matrix remodeling can
produce collagen fibril alignment and formation of tension lines
along which cell migration occurs [26–31]. If the matrix is stiff
enough to resist cell tractional force, then the cells move. If
the matrix cannot resist cell tractional force, then the matrix
moves [32].

Fibroblast migration frequently has been analyzed in serum-
containing medium, and platelet-derived growth factor (PDGF)
has been reported to be the major promigratory factor for fibro-
blasts in serum [33,34]. However, in experiments using 3D
collagen matrix assays of fibroblast migration and contraction,
we observed that unlike PDGF, serum stimulation established a
procontractile rather than promigratory environment [35]. If
human fibroblasts were transformed by oncogenic Ras, then serum
became as promigratory as PDGF [36].

Fibroblasts and endothelial cells cultured in serum-containing
medium on polyacrylamide surfaces contract into cell clusters if
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the surface is sufficiently compliant [37,38]. In light of our pre-
vious observations, we speculated that cells cultured on the
surfaces of collagen matrices might exhibit differential responses
to serum and PDGF growth factor environments. The current
work was carried out to test this possibility. We found that fibro-
blasts in serum medium formed clusters on 1.5 mg/ml collagen
matrices, exhibited less clustering on 4 mg/ml matrices, and did
not cluster on collagen-coated coverslips. Cells in PDGF medium,
on the other hand, migrated as individuals and did not form
clusters. Individual cell migration and cell clustering were com-
pletely reversible upon switching from serum to PDGF. The
clustering effect of serum could be attributed to lysophosphatidic
acid and was not observed using oncogenic Ras transformed
human fibroblasts. Our findings emphasize the importance of
cell-specific promigratory and procontractile growth factor envi-
ronments in the differential regulation of cell motile function and
cell morphogenesis.
Materials and methods

Materials

Type I collagen (high concentration, rat tail) was purchased from
BD bioscience (Bedford, MA). Dulbecco's modified Eagle medium
(DMEM), CO2-independent DMEM and 0.25% trypsin/EDTA solu-
tion were purchased from Invitrogen (Gaithersburg, MD). Fetal
bovine serum (FBS) was purchased from Atlanta Biologicals
(Lawrenceville, GA). Rho kinase inhibitor Y-27632 was obtained
from Calbiochem Corp. (La Jolla, CA). Blebbistatin was obtained
from Toronto Research Chemicals, Inc. (Toronto, Canada). Platelet-
derived growth factor BB isotype (PDGF) was obtained from
Fig. 1 – Fibroblast spreading in PDGFmedium on 1.5 and 4mg/ml co
ml collagen matrices in PDGF medium. At the end of incubations, s
from appearance of stress fibers and focal adhesions, cells on 4 mg/
Scale bar, 50 μm (insert; 20 μm).
Upstate Biotechnology, Inc. (Lake Placid, NY). Fatty acid-free
bovine serum albumin (BSA), lysophosphatidic acid (LPA), sphin-
gosine-1-phosphate (S1P), anti-vinculin antibody, and activated
charcoalwere obtained from Sigma (St. Louis,MO). Alexa Fluor 488
phalloidin and propidium iodine (PI) were obtained
from Molecular Probes, Inc. (Eugene, OR). RNase (DNase free)
was purchased from Roche (Indianapolis, IN). Fluoromount G
was obtained from Southern Biotechnology Associates (Birming-
ham, AL).

Cell culture and preparation of collagen matrices

Use of de-identified human foreskin fibroblasts was approved by
the University Institutional Review Board (Exemption #4). BR-5
cells (hTERT immortalized early passage human foreskin fibro-
blasts) and oncogenic Ras transformed BR-5 cells [36] were
cultured in DMEM supplemented with 10% fetal bovine serum
at 37 °C in a 5% CO2 humidified incubator. Cell culture and expe-
rimental incubations were carried out at 37 °C in a 5% CO2

incubator. Collagen matrices were prepared at the concentrations
indicated according to manufacturer's instructions. Experimental
incubation media was DMEM with 10% FBS (serum medium) or
DMEM with 5 mg/ml BSA and 50 ng/ml PDGF (PDGF medium)
and other reagents added as indicated in the figure legends.
Cells (1–5×104/matrix) were seeded on top of polymerized
collagen matrices or incubated on glass coverslips that had been
coated 15 min at 37 °C with 50 μg/ml collagen in DMEM.

Immunofluorescence microscopy

Preparation of samples for actin staining with Alexa Fluor 488-
conjugated phalloidin and propidium iodine (PI) was carried out
llagenmatrices. Fibroblasts were cultured 4 h on 1.5 and 4mg/
amples were fixed and stained for actin and vinculin. Judging
ml collagen matrices developed high cell–matrix tension state.
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as previously described [39]. Images for morphometric analysis
were collected at 22 °C with a Nikon Elipse 400 fluorescent
microscope using 10×/0.45, 20×/0.75, and 40×/0.75 Nikon Plan
Apo infinity corrected objectives, Photometrics SenSys CCD
camera and MetaVue acquisition and imaging software (Mole-
cular Devices). Morphometric measurements were made using
MetaVue. Dendritic cell index – perimeter2/4π·area (=1.0 for a
round cell) – was measured with the Integrated Morphometry
Analysis function. For each condition, data shown are the average
of region measurements made on 20 cells. Image processing was
carried out using Adobe Photoshop.

Time-lapse microscopy

For time-lapse microscopic analyses, cells were incubated on
collagen matrices polymerized in 24-well dishes within a 37 °C
environmental chamber using CO2-independent DMEM in place of
Fig. 2 – Fibroblast spreading in PDGF and serum (FBS) media on 1.5
Fibroblasts were cultured 4 h (A) and 16 h (B) on 1.5 and 4 mg/ml
serum media. At the end of incubations, samples were fixed and st
favored formation of dendritic extensions. Serummedium delayed
Cells in serum medium were clustered. Formation of dendritic exte
on collagen-coated coverslips. Scale bar, 50 μm.
DMEM. Images were collected at 10–15 min intervals using an
Axiovert 200 M inverted microscope (Zeiss, Thornwood, NY) with
10×/0.25 Achroplan objective (Zeiss), DXM1200F camera (Nikon),
and Metamorph acquisition software.
Results

Cell spreading in PDGF and serum media on 1.5 and 4 mg/ml
collagen matrices and collagen-coated coverslips

Initial studies were carried out to compare effects of PDGF and
serum on cell spreading on collagen matrices. Preliminary findings
indicated that the pattern of spreading variedmarkedly depending
on the collagen concentration of the matrix. For instance, Fig. 1
shows fibroblasts in PDGF medium after 4 h on 1.5 and 4 mg/ml
collagen matrices. On 1.5 mg/ml matrices, fibroblasts exhibited
and 4 mg/ml collagen matrices and collagen-coated coverslips.
collagen matrices and collagen-coated coverslips in PDGF and
ained for actin. On 1.5 mg/ml collagen matrices, PDGF medium
cell spreading. After 16 h, cells in PDGFmediumwere dispersed.
nsions, delayed cell spreading, and cell clustering did not occur
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dendritic morphology and contained few stress fibers or vinculin-
staining focal adhesions. However, on 4 mg/ml matrices, fibro-
blasts appeared lamellar with prominent stress fibers and focal
adhesions. Therefore increasing the collagen matrix density from
1.5 to 4 mg/ml permits cells to acquire high cell–matrix tension
state [40].

Fig. 2 (A, 4 h; B, 16 h) and Fig. 3 (morphometric measure-
ments at 1, 4 and 16 h) compare fibroblast spreading in PDGF
and serum media on 1.5 and 4 mg/ml collagen matrices and
collagen-coated coverslips. Initially the biggest differences in cell
behavior concerned cell shape, and these differences were most
evident with cells on 1.5 mg/ml collagen matrices. In PDGF
medium, the cellular dendritic index was 20–25 after 1 h and
increased further by 4 h by which time the area of cell spreading
was ∼7500 μm2. In serum medium, the cellular dendritic index
was ∼1 (round) after 1 h and increased only slightly by 4 h at
which time the area of cell spreading was ∼500 μm2, i.e., little
spreading had occurred.

The dendritic index of cells in PDGF medium decreased
between 1 and 4 h on 4 mg/ml matrices and was low at all
times on collagen-coated coverslips where the fibroblasts became
lamellar more rapidly and the area of cell spreading increased
fastest. In serum medium, cells on 4 mg/ml matrices and collagen
coverslips also tended to be round, but spreading was less delayed
compared to 1.5 mg/ml matrices and could be observed even after
1 h.

By 16 h , the biggest difference in cell behavior in PDGF and
serum media concerned cell distribution rather than shape. Here
Fig. 3 – Morphometric analysis of fibroblast spreading in
PDGF and serum media on 1.5 and 4 mg/ml collagen matrices
and collagen-coated coverslips. Fibroblasts were cultured 1, 4
and 16 h on 1.5 and 4 mg/ml collagen matrices and
collagen-coated coverslips in PDGF and serum media. At the
end of incubations, cells were fixed and stained for actin and
evaluated by morphometric analysis. Marked differences
between PDGF and serum media in formation of dendritic
extensions and time of cell spreading occurred for cells on
1.5 mg/ml collagen matrices. These differences were less
evident with 4 mg/ml collagen matrices and not detected with
collagen-coated coverslips.
also, the differences were most evident with cells on 1.5 mg/ml
collagen matrices. In PDGF medium, fibroblasts appeared to be
dispersed. In serum medium, the cells had formed clusters.
Clusters were less evident on 4 mg/ml matrices and did not
occur on coverslips.

Differential effects of PDGF and serum media on cell
migration and contraction-dependent cell clustering

To learn more about the differences in cell morphogenesis and
redistribution that occurred over 16 h , we carried out time-lapse
video microscopy. Fig. 4 presents phase-contrast images from
representative videos of cells interacting with 1.5 mg/ml collagen
matrices in PDGF medium (Supplemental Video 1) and serum
(FBS) medium (Supplemental Video 2). In PDGF medium, cell
spreading initially was dendritic as described above. Over time,
dendritic extensions reorganized into a more bipolar organization
and cell migration began. In serum medium, spreading was
delayed. Cell protrusions formed and retracted. The combination
of cell extension, migration and contraction resulted in formation
of large cell clusters. Tension lines between clusters became
increasingly apparent in the collagen matrix (e.g., arrows).
Occasionally, cells began to migrate away from the clusters, but
cell–cell interactions remained sufficiently strong to keep the
clusters together.

To gain a more quantitative view of cell clustering, fibroblasts
were visualized by staining for nuclear distribution and actin
cytoskeleton. Fig. 5 (PDGF) shows that even with cells in close
proximity, the nuclear distribution remained dispersed indicating
that little tendency for cell clustering occurred in PDGFmedium. In
serum medium (Fig. 5, FBS), clusters containing 25–50 cells
formed under similar conditions. Serum stimulation of fibroblasts
activates the small G-protein Rho [41], and Rho activation causes
cell contraction [42,43]. Blocking the Rho effector Rho kinase with
the pharmacological inhibitor Y27632 (Fig. 5, FBS+Y) or blocking
myosin II activity with blebbistatin (Fig. 5, FBS + Bleb) completely
prevented clustering.

Additional experiments were carried out to learn about the
serum factor responsible for cell clustering. Serum lysopho-
spholipids originally were identified as the Rho activators in
serum based on use of activated charcoal to remove lipid agonists
[41]. Fig. 5 (FBS+charcoal) shows an experiment in which cells
were incubated with serum that had been subjected to two rounds
of treatment with activated charcoal. The serum activity respon-
sible for cell clustering was lost as a result of this procedure.
Protein profiles of control and charcoal-treated serumwere almost
identical (not shown).

Serum contains two lysophospholipid activators of Rho, LPA
and S1P [42,44–46]. Previously, we observed that LPA and S1P
both stimulate fibroblast contraction in collagen matrices [35].
Fig. 6 compares cell clustering in LPA and S1P at two different
cell concentrations. With LPA, cell clustering occurred similarly
as observed in serum. S1P, on the other hand, was unable to
stimulate formation of large cell clusters. Rather, clusters that
formed in the presence of S1P were much smaller than in LPA or
serum. This finding was consistent with our observation that S1P
inhibits protrusion of dendritic extensions and cell migration
[35].

Cell migration generally is thought to occur through the
combination of cell protrusion and contraction [19,20]. How-
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ever, for cells migrating in 3D matrices, the requirement for
actomyosin contractility under some conditions is low [23] or
absent [22]. Since PDGF did not stimulate contraction sufficient
for cell clustering in our studies, and fibroblasts in collagen
matrices exert little contractile force in response to PDGF [47],
we tested if PDGF-stimulated migration required myosin II
activity. Fig. 7 shows migration tracks of individual cells in PDGF
medium observed by time lapse microscopy and analyzed by
morphometric analysis. At blebbistatin concentrations that com-
pletely inhibited serum-stimulated cell clustering (Fig. 5) and
caused formation of long dendritic extensions (phase contrast,
arrows), blebbistatin had only a minimal effect on cell migration
(Supplemental Video 3). These findings indicate that PDGF-
stimulated cell migration on the surface of 1.5 mg/ml collagen
matrices requires little if any myosin II-dependent contractile
activity.
Fig. 4 – Cell migration in PDGF medium vs. clustering in serum me
interacting with 1.5 mg/ml collagen matrices in PDGF (Supplemen
same field shown after ∼6, ∼12, and 24 h. Alignment of collagen fib
serum but not PDGF medium. Cells moved as individuals in PDGF m
100 μm.
We also tested the reversibility of promigratory and pro-
contractile environments. Fig. 8 shows that the effects of PDGF and
serum on cell dispersion and clustering were completely revers-
ible. Cells preclustered for 6 h in serum (or LPA) medium,
dispersed upon switching to PDGF medium. Cells initially
dispersed in PDGF medium, clustered upon switching to serum
(or LPA) medium. Even large clusters that formed after 24 h
exhibited extensive dispersion when switched to PDGF medium
(Supplemental Video 4).

Two hours after addition of PDGF, little change could be
detected in the collagen matrix tension lines between cell clusters.
However, as illustrated by the typical example in Fig. 9, tension
lines were less apparent after 4–6 h in areas where fibroblasts
began to migrate out of the clusters. Therefore, changes in the
growth factor environment can have a rapid and profound effect
on collagen organization as well as cell distribution.
dium. Phase-contrast images from videos of fibroblasts
tal Video 1) and serum media (Supplemental Video 2) with the
rils between cells (arrows) becomes increasingly apparent in
edium but contracted into clusters in serummedium. Scale bar,



Fig. 5 – Role of Rho kinase andmyosin II in cell clustering. Fibroblasts were cultured 16 h on 1.0mg/ml collagenmatrices in PDGF or
serum (FBS)media as indicated. Other additions were 10 μMY27632 (Y) (Rho kinase inhibitor) or 20 μMblebbistatin (Bleb) (myosin
II inhibitor). For FBS+charcoal, serum was treated with two rounds of activated charcoal. At the end of incubations, samples were
fixed and stained for actin and with propidium iodide. Fibroblasts remained dispersed in PDGF medium, in medium containing
charcoal-treated serum, and in serum medium with Rho kinase or myosin II inhibitors added. Scale bar, 100 μm.

237E X P E R I M E N T A L C E L L R E S E A R C H 3 1 6 ( 2 0 1 0 ) 2 3 2 – 2 4 4



Fig. 6 – Effects of LPA and S1P on cell clustering. Fibroblasts at the cell numbers indicated were cultured 16 h on 1.0 mg/ml collagen
matrices in 10 μM LPA or 1 μM S1P as shown. At the end of incubations, samples were fixed and stained for actin and with
propidium iodide. LPA caused cell clustering similar to serum. With S1P, clusters were smaller and limited to nearby cells. Scale bar,
100 μm.
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Oncogenic Ras transformed fibroblasts lose the cell
clustering response to serum

Since the differential response of fibroblasts to PDGF and serum/
LPA media reflected promigratory and procontractile environ-
ments, we predicted that oncogenic Ras transformed human
fibroblasts would no longer show this difference. Oncogenic Ras
transformed cells migrate in serum or LPA almost as well as
PDGF [36]. Fig. 10 presents phase-contrast images from videos
of control and oncogenic Ras transformed cells interacting
with 1.5 mg/ml collagen matrices in serum medium. Control
cells in serum medium formed clusters as already described. In
parallel experiments, oncogenic Ras transformed cells did not
(Supplemental Video 5).
Discussion

Previously, we demonstrated the importance of promigratory
and procontractile growth factor environments in the diffe-
rential regulation of cell motile function [35]. In the current
studies we extend our previous work and demonstrate that



Fig. 7 – PDGF stimulated migration is not inhibited by blocking myosin II. Fibroblasts were cultured 16 h on 1.5 mg/ml collagen
matrices in PDGF media with 20 μM blebbistatin added as indicated. Cell migration was recorded by time-lapse microscopy.
Randomly selected individual cell migration tracks were copied and combined into a single figure. Persistence of directional
migration was determined morphometrically by measuring D/T ratios (direct distance from start to end point [D] divided by
the total track distance [T]). Addition of blebbistatin caused cells to exhibit abnormally long dendritic extensions (arrows) but had
little effect on overall cell migration in PDGF medium (Supplemental Video 3). Scale bar, 100 μm.
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promigratory and procontractile growth factor environments
can differentially regulate the balance between individual cell
migration and cell clustering. Cells under promigratory condi-
tions (PDGF medium) migrate as individuals, whereas cells
under procontractile conditions (serum medium) form clusters.
In serum medium, as adjacent cells attempt to spread, they
contract and align the matrix in between and pull closer to each
other. Local matrix alignment establishes preferential paths of
further cell protrusion because of contact guidance [48,49]. A
positive feedback loop is established as more and more cells
contract and align the collagen in a given region resulting in
further clustering.

Since collagen did not accumulate in the cell clusters, cell–cell
interactions that formed during clustering must have been
stronger than and possibly even caused the release of cell–
collagen interactions. The mechanisms responsible for stabilizing
cell–cell interactions in serum-stimulated cell clusters requires
further investigation. Adherens junctions may play a role [50] and
are believed to be responsible for the synchronized contractile
activity of interconnected wound fibroblasts [51]. Alternatively,
fibronectin receptors interacting with cell surface fibronectin
matrix has been implicated in establishing cell–cell interactions
required to stabilize cell spheroids [52,53].

Fibroblasts and endothelial cells cultured in serum-containing
medium on polyacrylamide surfaces have been reported to
contract into clusters if the polyacrylamide surface is sufficiently
compliant [37,38]. Similarly, we found that cell clustering was
more apparent on 1.5 mg/ml collagen matrices compared to
4 mg/ml matrices and was not observed on collagen-coated
coverslips.

Serum activates cell contraction through the small G protein
Rho [41,44], and clustering was inhibited by blocking the Rho
effector Rho kinase and downstream target myosin II. Additional
experiments were carried out to learn about the serum factor
responsible for cell clustering. Serum lysophospholipids originally
were identified as the Rho activators in serum based on use of
activated charcoal to remove lipid agonists [41], and cluster-
promoting activity was lost when lipid growth factors were
removed from serum. Serum contains two lysophospholipid
activators of Rho, LPA and S1P [42,44–46]. Previously, we observed
that LPA and S1P both stimulate fibroblast contraction in collagen
matrices. However, S1P inhibits protrusion of dendritic extensions



Fig. 8 – Reversibility of cell clustering patterns. Fibroblasts were cultured for an initial period of 6 h on 1.0 mg/ml collagen
matrices in PDGF and serum media. Subsequently, the samples were rinsed and placed into PDGF and serum media as indicated
for an additional 18 h. At the end of the initial 6 h period and after 24 h, sampleswere fixed and stained for actin andwith propidium
iodide (PI). Morphogenetic cell patterns in PDGF and serum media were completely reversible. Scale bar, 100 μm.
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and cell migration [35]. In the current experiments, we observed
that cell clustering occurred similarly with LPA and serum. S1P, on
the other hand, was unable to stimulate formation of large cell
clusters. Rather, clusters that formed in the presence of S1P were
much smaller than in LPA. Therefore, we suggest that LPA is the
growth factor primarily responsible for serum-stimulated fibro-
blast clustering activity.

Cell clustering was completely reversible by switching from
serum to PDGF medium, in which case fibroblasts exhibited
individual cell migration. Rather than activation of the small G-
protein Rho, the initial response of fibroblasts to PDGF
stimulation is activation of the small G-protein Rac [41,54],
and fibroblasts in collagen matrices exert much less contractile
force in response to PDGF stimulation compared to serum or
LPA [47]. Previous analyses of collagen tension lines formed
between cell explants in collagen matrices showed that des-
truction of the cells or their actin cytoskeleton resulted in partial
reorganization of collagen and loss of tension lines [28,55].
Similarly, we found that when clustered fibroblasts were
switched from serum to PDGF, tension lines in the collagen
became less visible in regions where cells were migrating out of
the clusters.
Cell clustering on soft polyacrylamide surfaces and the
possibly related feature known as durotaxis – cell migration
from softer to stiffer polyacrylamide surfaces but not the reverse
[56,57] – are both characteristics of motile behavior that were
described in serum medium, i.e., a procontractile growth factor
environment. As shown in the current work, a promigratory
growth factor environment permits individual cell migration
instead of clustering. Similarly, a promigratory growth factor
environment permits cells to move in the opposite direction of
durotaxis. For instance, in PDGF but not serum or LPA medium,
fibroblasts in nested collagen matrices can migrate out of a
∼15 mg/ml collagen inner matrix (stiffness ∼600 Pa) into a
1.5 mg/ml collagen outer matrix (stiffness ∼6 Pa) [35,58]
(stiffness measurements, M. Miron-Mendoza, unpublished). The
foregoing differences emphasize the importance of carrying out
studies on cell motile function in both promigratory and
procontractile growth factor environments to gain a comprehen-
sive account.

Whether serum creates a promigratory or procontractile
environment likely will vary depending on cell type. The serum
lysophospholipids LPA and S1P interact with a family of G-protein
coupled receptors that are expressed differentially by different cell



Fig. 9 – Reversibility of morphogenetic patterns. Fibroblasts were cultured for an initial period of 16 h on 1.0 mg/ml collagen
matrices in serum (FBS) media. Subsequently, half the samples were rinsed and placed into PDGFmedia. At the end of an additional
4 h period, samples were fixed and stained for actin and also observed by phase contrast microscopy. Alignment of collagen fibrils
between cell clusters was evident in serum (arrows). In PDGF region, where cells were migrating out of clusters, the alignment of
collagen fibrils became less obvious (arrows) Scale bar, 100 μm.
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types [42,45,46]. Depending on receptor expression, LPA and S1P
potentially can activate cell contraction or cell migration signaling
pathways. S1P1 receptor links to Rac activation and cell migration,
whereas S1P2 receptor links to Rho activation, Rac inhibition, and
inhibition of cell migration [59–62]. With oncogenic Ras trans-
formed human fibroblasts, PDGF, LPA, and serum are all promi-
gratory [36], and serum stimulated cell clustering was not
observed.

Analysis of tissue cells interacting with 2D surfaces led to the
idea that actomyosin-generated cellular contractile force is
required for cells to migrate [19,20]. The situation with cells in
3D matrices is more complex. Under some conditions the
requirement for actomyosin contractility can be low [23] or
absent [22]. Since blocking myosin II with blebbistatin inhibited
serum-dependent fibroblast clustering but not PDGF-dependent
cell migration, our studies provide another example of cell migra-
tion that depends on little if any myosin II-dependent contractile
activity. In contrast to the current findings for cell migration on
the surfaces of collagen matrices, we showed previously that
blebbistatin blocks PDGF-dependent cell migration within nested
collagen matrices [58]. The difference between myosin II-
dependence of fibroblast migration on the surface vs. within
collagen matrices parallels the situation of leukocytes exhibiting
myosin II-independent or dependent migration depending upon
the absence or presence of steric hindrance in the collagen
matrices through which the cells are moving [22]. Without re-
sistance from strong adhesive forces or steric hindrance, a myosin
II-independent mechanism such as actin polymerization and
depolymerization [63,64] may be sufficient to provide the motor
for cell migration.

It has become increasingly clear that matrix mechanics plays
a critical role in cell and tissue morphogenesis [1–5]. We suggest
that whether the growth factor environment is promigratory or
procontractile will also play an important role. Differential cell
migration vs. clustering depending on growth factor environ-
ment has the potential to contribute to tissue morphogenetic
responses such as mesenchymal condensation [65,66]. In
addition, although connective tissue fibroblasts do not form
clusters, interconnected cell–cell networks have been shown to
play important roles in coordinated cell mechanical activity
[51,67]. Individual cell migration requires disruption of these
networks.



Fig. 10 – Migration of oncogenic Ras transformed cells in serum media. Phase-contrast images from videos of control (BR5) and
oncogenic Ras transformed BR5 fibroblasts interacting with 1.5 mg/ml collagen matrices in serum medium. Unlike control
cells that clustered, oncogenic Ras transformed cells moved as individuals in serum medium (Supplemental Video 5). Scale bar,
100 μm.
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