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Endothelial cells undergo branching morphogenesis to form capillary tubes. We have utilized an
in vitro Matrigel overlay assay to analyze the role of the cytoskeleton and Rho GTPases during this
process. The addition of matrix first induces changes in cell morphology characterized by the
formation of dynamic cellular protrusions and the assembly of discrete aggregates or cords of
aligned cells resembling primitive capillary-like structures, but without a recognizable lumen.
This is followed by cell migration leading to the formation of a complex interconnecting network
of capillary tubes with readily identifiable lumens. Inhibition of actin polymerization or actin-
myosin contraction inhibits cell migration but has no effect on the initial changes in endothelial cell
morphology. However, inhibition of microtubule dynamics prevents both the initial cell shape
changes as well as cell migration. We find that the small GTPase Rac is essential for the
matrix-induced changes in endothelial cell morphology, whereas p21-activated kinase, an effector
of Rac, is required for cell motility. We conclude that Rac integrates signaling through both the
actin and microtubule cytoskeletons to promote capillary tube assembly.

INTRODUCTION

Branching morphogenesis is a complex developmental pro-
gram that results in the formation of networks of hollow
tubes by epithelial or endothelial cell types (Metzger and
Krasnow, 1999). This morphogenetic program underlies the
development of many solid organs, including the lung, kid-
ney, and the vascular system. The study of model biological
systems such as Drosophila tracheal, mouse lung, and mouse
vascular development has provided much information
about the genetic control of branching morphogenesis (Ri-
sau, 1997; Hogan, 1999). Recently, considerable attention has
focused on vascular development in particular, driven
partly by the appreciation of the importance of blood vessel
formation in disease states such as inflammation and cancer
(Folkman, 1995).

Development of the circulatory system occurs in the main
by two apparently distinct mechanisms, vasculogenesis and

angiogenesis (Risau, 1997). Vasculogenesis is responsible for
the formation of the major vessels, the aorta, the large ves-
sels supplying the head and neck, and those supplying the
limbs (Ambler et al., 2001). During vasculogenesis, meso-
derm-derived precursor cells, angioblasts, differentiate into
endothelial cells, migrate, and then assemble to form cellular
cords and finally lumen-containing primitive vessels. This
leads to the formation of a primary vascular plexus, which is
then extensively remodeled to give rise to a vascular system
with a distinct pattern of arteries and veins. It has long been
thought that vasculogenesis occurred only during develop-
ment, but recent evidence suggests it may also occur in the
adult (Springer et al., 1998).

Angiogenesis is the process of budding and branching of
new capillaries from these preexisting vessels. During de-
velopment, this contributes to the expansion of the vascular
plexus and is the major mechanism of vascularization of the
brain and kidney and the formation of intersomitic vessels
(Carmeliet, 2000). Angiogenesis accounts for the neovascu-
larization that occurs during the female reproductive cycle
and wound healing and also in pathological conditions such
as retinopathy, tumor growth, and metastasis or inflamma-
tory states such as rheumatoid arthritis (Folkman, 1995).

During vascular assembly, endothelial cells must respond
to a variety of extracellular signals, including soluble factors
and cell-cell and cell-matrix interactions, and a number of
molecular mechanisms underlying blood vessel formation
have been described. Endothelial-specific growth factors
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such as vascular endothelial growth factors or angiopoietins
(Ang-1 and Ang-2) with their respective receptor families,
the vascular endothelial growth factors and TIE receptors,
have been identified (Gale and Yancopoulos, 1999). Re-
cently, it has become clear that other families of signaling
molecules more commonly associated with neuronal devel-
opment such as the ephrin/EPH receptor (Wang et al., 1998;
Adams et al., 1999) and semaphorin/neuropilin families
(Soker et al., 1998) may also play an important role in the
assembly and patterning of the vasculature. Cell-cell inter-
actions, mediated predominately by the endothelial-specific
VE-cadherin, are also required for angiogenesis both in vivo
and in vitro (Bach et al., 1998; Carmeliet et al., 1999). A wide
variety of extracellular matrix (ECM) and integrin receptors,
which bind the ECM, most notably �v�3 and �v� 5, have
been demonstrated to regulate endothelial function during
angiogenesis (Friedlander et al., 1995; Bazzoni et al., 1999).
These diverse patterning signals must be integrated by the
endothelial cell to control morphogenesis.

Surprisingly, little is known of the intracellular signaling
pathways that regulate the changes in cell shape and motil-
ity required for a complex process such as capillary forma-
tion. The Rho family of small GTPases are key molecules
controlling the organization of the actin cytoskeleton (Hall,
1998), and in fibroblasts, Cdc42 leads to filopodia formation,
Rac to membrane ruffling, lamellipodia, and focal com-
plexes, and Rho to actin stress fibers and focal adhesions
(Ridley and Hall, 1992; Ridley et al. 1992; Kozma et al. 1995;
Nobes and Hall, 1995). As such, they are important regula-
tors of cell migration, cell shape, and polarity (Nobes and
Hall, 1999; Etienne-Manneville and Hall, 2001). We are in-
terested in whether Rho GTPases play a role in capillary
formation, a morphogenetic program characterized by pro-
found changes in cell shape and migration.

MATERIALS AND METHODS

Reagents
Matrigel was purchased from Collaborative Research (Waltham,
MA). Rat anti-tyr tubulin (YL1/2) was from Serotec (Oxford, UK).
Monoclonal antibodies to cadherin 5 and b-catenin were from Trans-
duction Laboratories (Lexington, KY). Fluorescein isothiocyanate-
conjugated goat anti-rat, fluorescein isothiocyanate-conjugated goat
anti-mouse were purchased from Jackson Immunoresearch Labora-
tories (West Grove, PA). Rhodamine phalloidin, taxol (paclitaxel),
cytochalasin D, 2,3-butanedione monoxime (BDM), and ML7 were
all from Sigma Chemicals (St. Louis, MO). C3 transferase was pre-
pared as described (Ridley and Hall, 1992). Y 27632 was from
Upstate Biochemicals. Toxin B 10463 and 1470 were the kind gifts of
Dr. C. von Eichel-Streiber (Gutenberg University, Mainz, Germany).

Cell Culture
Primary human umbilical vein endothelial cells (HUVECs) were
purchased from TCS (New Hope, PA) and were used from passages
2 to 8. Cells were routinely cultured in large vessel endothelial basal
medium containing endothelial growth supplement according to
the manufacturer’s recommendations.

For experiments with all inhibitors, cell death was assessed by
nuclear staining with Hoechst 33342 (10 �g/ml in phosphate-buff-
ered saline [PBS]) for 20 min and counting apoptotic nuclei with
condensed chromatin. No significant increase in cell death was
noted with inhibitors at the concentrations used.

In Vitro Angiogenesis Assay
For the Matrigel overlay assay, cells (2–3 � 104) were seeded on
13-mm glass coverslips in 4-well plates and were grown in complete
medium overnight. The following day, medium was aspirated and
cells were overlaid with �25–50 �l Matrigel (without phenol red but
with growth factors) diluted 1:1 with sterile, cold PBS. The Matrigel
was allowed to polymerize for 1–2 h at 37°C before the addition of
1 ml of complete media. Capillary tube formation was assessed after
20–24 h using a DM IRB inverted microscope (Leica, Deerfield, IL)
fitted with a Coolsnap digital camera (Photometrics, Tucson, AZ).
Images were acquired and processed using Open Lab (Improvision,
Coventry, United Kingdom) software. To quantify tube formation,
three random areas were imaged and the length of continuous cords
of three or more cells was measured using Open Lab software.
Significance was determined by using unpaired t test. To identify
vacuoles and lumenal structures, cells were visualized using phase
contrast or Leica modulation contrast optics (based on Hoffman
modulation contrast principle) and were photographed as above. To
quantify lumen formation by light microscopy, six random areas on
each coverslip were photographed. Lumens were defined as vacu-
oles or phase light spaces that traversed the length of at least one cell
body. Lumen formation was assessed separately for branch points
and for interconnecting segments of the network.

For microinjection experiments, patches of �100–150cells on each
coverslip were injected with EGFP-C1(CLONTECH, Palo Alto, CA)
vector (0.1 mg/ml) and the indicated GTPase mutant in the vector
pRK 5 at 0.05- 0.1 mg/ml. Expression of all constructs was con-
firmed by staining with 9E10 monoclonal anti-myc antibody. In-
jected cells were identified using a inverted microscope (Leica)
fitted with fluorescence and were photographed. Cells incorporated
into capillary tubes were readily identified by their elongated mor-
phology. Green fluorescent protein (GFP)-positive cells incorpo-
rated into structures at least three cells in length were regarded as
positive and are expressed as a percentage of the total number of
GFP-positive cells. Results represent experiments carried out in
duplicate at least three times. Significance was determined by un-
paired t test.

Plasmids and Microinjection
Myc-tagged N17 Rac, N17 CDC42 (G25K isotype), V12 Rac 1, V14
Rho A, and V12 Cdc42 were as described. Myc-tagged versions of
Wiskott-Aldrich syndrome protein (WASP; 201–321), kinase dead
full-length p21-activated kinase (Pak; K299A), a gift from Dr. Lisa
Stowers, and auto-inhibitory fragment of Pak (83–149; Daub and
Hall, 2001) were subcloned into pRK5 and plasmid DNA prepared
using caesium chloride/ethidium bromide gradients. Cells were
viewed using an inverted microscope (Zeiss, Jena, Germany) and
DNA was injected into the cell nucleus using a micropipette con-
trolled by an Eppendorf micromanipulator. Patches of �100–150
cells on each coverslip were injected with EGFP-C1 (0.1 mg/ml) and
either empty vector (0.1 mg/ml) or the plasmid of interest in pRK 5
at 0.05–0.1 mg/ml. Expression of GFP and myc-tagged protein
could be detected 2 h after injection. In all cases, coexpression of
myc-tagged proteins was confirmed by staining with 9E10 mono-
clonal anti-myc antibody.

Electron Microscopy
Electron Microscopy was performed as described (Hopkins and
Trowbridge, 1983). Briefly, cells grown in Matrigel on 13 mm diam-
eter glass coverslips were fixed with 2% paraformaldehyde/1.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer for 20 min. The
cells were postfixed in 1% osmium tetroxide/1.5% potassium ferri-
cyanide and were treated with tannic acid. The cells were then
dehydrated and embedded “en face” in Epon. Coverslips were
removed by plunging the samples into liquid nitrogen, leaving the
cells on the epon. Transverse sections (60 nm) were cut on a
Reichert-Jung Ultracut E microtome. The sections were stained with
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lead citrate and viewed in an EM400 electron microscope (Phillips,
Shelton, CT).

For light microscopy examination, cells were embedded in Epon
containing methylene blue as above, and the block was trimmed
and then reembedded in Epon without methylene blue. This al-
lowed us to cut 1-�m sections perpendicular to the plane of Matrigel
with a dry glass knife using a Reichert-Jung E ultratome. These
sections were mounted on glass slides and were stained with 1%
toluidine blue in 1% borax. To further characterize lumens, serial
1-�m sections were cut to 30 �m from a single block, and the
presence of a lumen was scored in every fifth section. In all cases in
which the lumen was seen en face, lumens were present throughout
the tube.

Immunofluorescence
Cells were fixed in 4% paraformaldehyde (or 4% paraformalde-
hyde/0.5% glutaraldehyde for visualization of tubulin) for 15 min,
permeabilized in 0.2% Triton-100 (0.5% for Matrigel overlay cul-
tures) for 5 min, and quenched with 0.5 mg/ml sodium borohydride
in PBS for 10 min. Samples were incubated with primary antibody
diluted in PBS for 1 h, washed extensively with PBS, and then
incubated with secondary antibody (1:100) for 1 h in PBS. Finally,
coverslips were washed in PBS and mounted with Mowiol.

RESULTS

Matrigel Overlay Assay of Capillary Tube
Formation
Many in vitro assays have been developed to study capillary
tube formation and these usually involve the culture of
endothelial cells on or within fibrin, collagen, or basement
membrane-like Matrigel (Bischoff, 1995). A disadvantage
with these assays is that the three-dimensional nature of the
matrix renders the cells relatively inaccessible to further
study. We have modified a Matrigel assay (Grant et al., 1989)
by growing HUVECs on glass coverslips, then adding a thin
overlay of 1:1 mixture of Matrigel and PBS. After the Matri-
gel has polymerized, 1–2 h later, endothelial growth media
is added to the culture. After 24 h, a complex network of
branching capillary tubes can be seen. The tubes can be one
or several cells in diameter and by light microscopy have
intercellular spaces resembling early lumens (Figure 1A,
arrows). Lumens of at least one cell body in length were seen
in 74 � 10.5% (means � SD) of interconnecting segments
and 68 � 12.1% of branch points of the network. Cells
prepared for electron microscopy were also examined by
light microscopy and lumens were readily visible in �90%
of cases (Figure 1B). Serial 1- to 30-�m sections of these
samples confirmed the presence of lumens throughout the
cells. By electron microscopy, tubes are seen to have lumens
formed by two or more cells (Figure 1C). Lumens are fre-
quently seen to contain matrix material (Figure 1C) or apo-
ptotic cells (Figure 1E). In some instances, single cells have
lumens or large vacuoles (Figure 1D). Sections are also ex-
amined by light microscopy, and vacuoles and intercellular
spaces were readily identified by modulation contrast optics
(Figure 1 F). Vacuoles occurred in both junctional areas and
interconnecting segments of tube structures.

Endothelial cells growing on coverslips are well spread
with lamellae and membrane ruffles (Figure 2A). By time-
lapse videomicroscopy, they begin to send out multiple
cellular protrusions within 30–60 min after Matrigel over-
lay, and these can be seen to extend and retract rapidly with

marked membrane ruffling. Over the next 2–6 h, small ag-
gregates of aligned cells making short cord-like structures
are formed. The cellular cords do not have an identifiable
lumen by light microscopy at this stage (Figure 2A, T6 h).
Cell migration, often along neighboring cells, then leads to
expansion of these shorter structures into a complex inter-
connecting network of capillary tubes with readily identifi-
able lumens (Figure 2A, T 20 h). A representative set of
phase contrast micrographs demonstrates this time course in
Figure 2A.

Phalloidin staining of mature capillary structures demon-
strates that they contain little or no organized filamentous
actin; in fact, individual cells are not clearly distinguishable
(Figure 2B, i). At junctional areas, cells can be seen to be
arranged in a Y-shaped formation and extend lamellipodia
along adjacent cells (Figure 2B, ii, arrow). This form of
guided migration in capillary assembly has previously been
described (Nehls et al., 1998). The endothelial specific VE-
cadherin localizes to areas of cell-cell contact (Figure 2B, iii),
and microtubules are aligned along the long axis of the tube
(Figure 2B, iv).

Rho GTPases Are Required for Capillary Tube
Formation
To investigate the role of Rho GTPases in capillary tube
formation, we first made use of toxins from the bacterium
Clostridium Difficile, which inhibit small GTPase function.
Toxin B 10463 inhibits Rho, Rac, and Cdc42, whereas Toxin
B 1470 inhibits R-ras, Ral, Rac, and Rap (Aktories et al., 2000).
Cells were preincubated with toxin for 1 h before Matrigel
overlay and continuously after Matrigel polymerization.
Capillary formation was quantified by measuring total cord
length. Both toxins gave similar results and inhibited capil-
lary tube formation in a dose-dependent manner (Figure 3,
A and B). These results suggest that small GTPases, and in
particular Rac (a common substrate of both toxins), are likely
to play an important role in capillary assembly.

Rho Is Not Required for Capillary Tube Formation
To examine the role of Rho in capillary assembly, we made
use of C3 exoenzyme, which inactivates Rho by ADP ribo-
sylation. Pretreatment of growing HUVECs with recombi-
nant C3 at a concentration of 3 �g/ml for 18 h resulted in a
loss of actin stress fibers and focal adhesions (our unpub-
lished observations). Higher concentrations of C3 result in
cell rounding and loss of attachment. Treatment of growing
HUVECs with 10 �M Y27632, a specific inhibitor of the Rho
effector protein Rho kinase, also resulted in a loss of actin
stress fibers (Figure 3C, lower panels) and focal adhesions
(not shown). In both cases, the formation of lamellipodia or
filopodia was unaffected (Figure 3C, lower left panel).

Neither C3 nor Y27632 inhibited the assembly of capillary
tubes (Figure 3D). Tube structure formed in the presence of
Y27632 appeared less compacted or stable than control
tubes, but still contained intercellular spaces resembling lu-
mens (Figure 3C, upper panels). Similar results were ob-
tained with C3 exoenzyme. Phalloidin staining of capillary
structures showed that cells still contained many small la-
mellipodia and by time lapse microscopy, were highly mo-
tile, with extensive remodeling of the network (Figure 3C,
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lower right panel and our unpublished observations). We
conclude from these experiments that Rho-dependent cell
adhesion, stress fiber formation, and actin-myosin contrac-
tility are not required for assembly of capillary-like struc-
tures in this assay.

Rac Is Required for Capillary Tube Assembly

To examine the role of Rac and Cdc42, we microinjected
dominant-negative (N17Rac and N17 Cdc42) mutants of
each GTPase or a fragment of the effector WASp, which

Figure 1. Phase contrast and electron mi-
crographs of capillary tube formation. (A)
Endothelial cells overlaid with Matrigel
form a network of capillary tube-like struc-
tures composed of multiple cells with in-
tercellular spaces or lumens. Cells are bi-
polar and are aligned in the axis of the
tube. (B) High resolution phase contrast of
a 1-�m transverse section through capil-
lary-like tubes demonstrating lumen for-
mation (arrows). (C) Electron micrograph
demonstrating lumen in capillary tube. Lu-
mens frequently contain debris or matrix-
like material. (D) Some capillary tubes are
composed of single endothelial cells con-
taining a large vacuole or lumen. (E) Apo-
ptotic cell surrounded by three cells and
detached from matrix. (F) Modulation con-
trast image of capillary tube with vacuoles
(arrows) and intercellular spaces (arrow-
heads). Bar, 100 �m in A, and 1 �m in C-E.
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Figure 2. Morphological changes during capillary tube formation. (A) Phase contrast micrographs showing cell morphology changes during
capillary tube formation. Final panel is a higher resolution view of mature tubules. Bar, 100 �m. (B) Endothelial cells were fixed and labeled
with rhodamine phalloidin (i and ii), anti-VE cadherin antibody (iii), and anti-tyr-tubulin antibody (iv). Capillary tube structures had little
organized filamentous actin structures and formed branching networks, with some cells extending protrusions along one another (arrow in
iii). Cells formed adherens junctions (iii), and microtubules aligned along the long axis of the tubule (iv). Bar, 50 �m.
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inhibits Cdc42 activity. Up to 150 cells in patches were
coinjected with an expression vector for GFP and injected
cells were identified by GFP expression. Expression of the
GTPase construct was confirmed by immunofluorescence
detection of myc-tagged constructs and could be seen �2 h
after injection. Cells were overlaid with Matrigel and were
photographed 20–24 h later. This experiment was quantified
by counting the number of GFP-positive cells incorporated
into capillary tubes. Cells injected with N17 Cdc42, WASp
fragment, or control plasmid were incorporated into capil-
lary tubes as normal (Figures 4, A and C and our unpub-
lished observations), and it appears that Cdc42 activity is not
required for capillary formation or cell migration. However,
cells injected with N17 Rac were not incorporated into tube-
like structures, but remained as single cells or groups of cells
(Figure 4, A and C).

To investigate further the role of Rac function during
capillary assembly, cells were fixed 3 h after Matrigel over-
lay and were visualized with phalloidin to examine cell
morphology. Growing HUVECs show a wide array of or-
dered actin structures, including lamellipodia and actin
stress fibers (Figure 4B, upper panel). After Matrigel overlay,
the cells disassemble these ordered filamentous structures,

and phalloidin staining reveals a generalized reduction in
actin stress fibers and the presence of large cellular protru-
sions with actin-rich lamellipodia (Figure 4B, middle panel).
Cells injected with GFP alone or with N17Cdc42 or WASp
fragment still formed protrusive structures and lamellipodia
(Figure 4D). In contrast, cells injected with N17 Rac did not
form protrusions or lamellipodia, but displayed a character-
istic “scalloped” appearance (Figure 4B, lower panel and
Nobes and Hall, 1999). We conclude from these experiments
that Rac activity is essential for capillary assembly and is
required for the cell shape changes induced by Matrigel.

Actin Polymerization and Myosin-Dependent
Contractility Are Required for Cell Motility But
Not Early Morphological Change
It has been proposed that the formation of capillary struc-
tures in Matrigel and other matrices is influenced by cellular
traction or mechanical forces generated by the cell’s interac-
tion with ECM (Ingber and Folkman, 1989a; Vernon et al.,
1992). Therefore, it would be expected that the actin cy-
toskeleton would play a role in these events.

Figure 3. Rho is not required
for capillary tube formation. (A)
Cells were treated with the indi-
cated concentration of toxin B
10463 or 1470 and were overlaid
with Matrigel. (B) Capillary tube
formation was inhibited in a
dose-dependent manner. Results
represent mean � SD from at
least three independent experi-
ments performed in duplicate.
*P � 0.01, **P � 0.001 in un-
paired t test. Bar, 100 �m. (C)
Cells were treated with the Rho
kinase inhibitor Y-27632 (10 �M).
Capillary tube formation was not
affected, and intercellular spaces
(arrows) resembling lumens
were readily seen (upper panels).
Cells were labeled with rhoda-
mine phalloidin after overnight
treatment with Y-27361and after
tube formation in the presence of
the drug. Lamellipodia forma-
tion was not affected, but actin
stress fiber formation was inhib-
ited (lower panels). Bar, 50 �m.
(D) Cells were treated with C3
exoenzyme (3 �g/ml) or Y27632
(10 �M) and were overlaid with
Matrigel. Tube formation was as-
sessed after 24 h. Data represents
mean � SD from experiments
performed in duplicate at least
four times. No significant differ-
ences by unpaired t test.
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Figure 4. Rac is required for cap-
illary morphogenesis. (A and C)
Cells were injected with the indi-
cated constructs and GFP vector.
Injected cells incorporated into
capillary-like structures composed
of at least three cells were scored
as positive. Cells injected with
N17 Rac were not incorporated
into capillary tubes. Results
(mean � SD) from at least four
independent experiments per-
formed in duplicate are shown.
**P � 0.001 in unpaired t test. Bar,
100 �M. (B and D) Cells were mi-
croinjected with N17 Rac and GFP
or GFP expression vector alone,
overlaid with Matrigel, and fixed
and stained with rhodamine phal-
loidin after 3 h. A cell without Ma-
trigel overlay is shown for com-
parison (upper panel). Bar, 10 �m.
(D) Cells were injected with the
indicated constructs and the per-
centage that formed protrusions
after Matrigel overlay is shown.
Results show mean � SD from
least four experiments performed
in duplicate. *P � 0.05 in unpaired
t test.
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To analyze the role of actin polymerization, we have used
cytochalasin D, an inhibitor of actin polymerization. At a
concentration of 100 nM, cells were devoid of organized
actin filaments (higher concentrations resulted in loss of cell
attachment and an increase in apoptotic cells as assessed by
Hoechst staining), but this had no effect on the initial mor-
phological changes or on the formation of short capillary-
like structures. These short segments still contained vacuoles
(Figure 5A). However, it completely prevented the forma-
tion of an interconnecting network of tubes (Figure 5, A and
B). Using phalloidin staining to detect filamentous actin,
cells treated with cytochalasin D lacked lamellipodia but still
formed elongated extensions after 3 h and assumed a bipolar
aligned morphology after 24 h (Figure 5, A and C).

To determine whether actin-myosin-based contractility is
required, BDM, an inhibitor of myosin II, or ML7, an inhib-
itor of myosin light chain kinase, were used. Both inhibitors
blocked formation of an interconnecting capillary network,
resulting in the formation of short segments of capillary-like
structures (Figure 5, A and C and our unpublished obser-
vations). Cell shape change was not affected using these
contractility inhibitors (our unpublished observations). We
conclude from these experiments that actin polymerization
and actin-myosin-based contractility are not required for the
cell shape or morphogenetic changes induced by Matrigel.

However, cell motility is inhibited and is required for the
formation of an expanded interconnecting network of cap-
illary tubes.

Microtubule Dynamics Are Required for Cell Shape
Change and Motility
The microtubule cytoskeleton is required for migration of
several cell types, including astrocytes and neurons (Tanaka
at al, 1995; Etienne-Manneville and Hall, 2001). Growing
HUVECs contain a typical radial array of microtubules (Fig-
ure 6B), but after Matrigel overlay, cells elaborate protrusive
structures that contain organized microtubule filaments
(Figure 6B).

To examine the role of microtubules in the endothelial cell
shape changes seen during this assay, we inhibited micro-
tubule dynamics using low doses of nocodazole (0.1 �M) or
taxol (0.05 �M). At these concentrations, the microtubule
network appeared intact (Figure 6B), but in both cases, cap-
illary network formation was completely inhibited (Figure
6A and our unpublished observations). Closer inspection
revealed that the cells no longer adopted an elongated mor-
phology in response to Matrigel and that they remained
round and nonmotile (Figure 6A and our unpublished ob-
servations).

Figure 5. The actin cytoskeleton
is not required for the early mor-
phological response to Matrigel.
(A and B) Cells were treated with
Cytochalasin D (100 nM), ML7
(10 nM), and BDM (10 mM). Cap-
illary tube formation was quanti-
fied 24 h after Matrigel overlay
and results represent the mean �
SD from at least four indepen-
dent experiments performed in
duplicate. **P � 0.001 by un-
paired t test. Bar 100, �m. Lower
panel in A shows vacuole forma-
tion (arrows) still present in cells
treated with cytochalasin D. (C)
Cells treated with cytochalasin D
and labeled with rhodamine
phalloidin and antitubulin anti-
body. Protrusion formation was
not affected by treatment with cy-
tochalasin D. Bar, 10 �m.
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To further examine the relationship between Rac and
microtubule dynamics, we microinjected cells with L61 Rac
and after treatment with low-dose taxol, overlaid cells with
Matrigel. Three hours after overlay, injected cells had mem-
brane ruffling but no protrusion formation (Figure 6C). We
conclude that Rac regulates endothelial morphogenetic re-
sponses through a process that is dependent on microtubule
dynamics.

Pak Is Required for Motility But Not Microtubule-
Dependent Shape Change during Capillary
Morphogenesis
The serine-threonine kinase Pak is a downstream target of
Rac that has been shown to be important for endothelial cell
migration (Kiosses et al., 1999). Pak can also regulate micro-
tubule dynamics (Daub and Hall, 2001; Etienne-Manneville
and Hall, 2001). To investigate the role of Pak kinase activity
in capillary tube formation, we microinjected the kinase
auto-inhibitory fragment of Pak into growing HUVECs be-
fore Matrigel overlay (Zhao et al., 1998). This construct had
no effect on endothelial cell shape change or incorporation of
cells into primitive capillary-like tubes (Figure 7, A and B).
However, it did inhibit endothelial cell migration and pre-
vented the formation of an extensive branched capillary
network (Figure 7, A and B and our unpublished observa-
tions). This effect was similar to that seen with cytochalasin
D or contractility inhibitors. A kinase dead mutant of Pak

also had a similar effect (Figure 7A). We conclude from this
that Pak is required for endothelial cell migration but is not
essential for endothelial shape changes during capillary as-
sembly. Rac, on the other hand, is required for both.

DISCUSSION

Branching morphogenesis is a complex developmental pro-
gram that regulates the formation of the vascular system. A
wide variety of extracellular cues, including soluble growth
factors, matrix proteins, cell surface integrin receptors, and
cell-cell adhesion molecules, influence assembly and pat-
terning of the capillary plexus. These signals are integrated
by the cell to regulate the complex changes in endothelial
cell shape and motility required to form a network of endo-
thelial tubes.

Study of the morphological and cytoskeletal change dur-
ing capillary formation has been hampered by the nature of
the in vitro assays previously used. Cells in three-dimen-
sional matrix are relatively inaccessible to antibodies and
other molecular tools. To address this issue, we have devel-
oped an assay in which endothelial cells are overlaid with a
thin layer of Matrigel and in which an interconnecting net-
work of endothelial capillary tubes is rapidly formed. These
structures resemble capillaries in that they are multicellular
and contain lumens. Tube formation occurs through an or-
dered sequence of events. Cells first elaborate large, highly

Figure 6. The microtubule cytoskeleton is
required for morphological response to Ma-
trigel. (A) Cells treated with low-dose taxol
(0.05 �M) do not form capillary-like struc-
tures. (B) Cells were labeled with antitubulin
antibody and rhodamine phalloidin. Top
panel shows growing HUVECs. Bottom pan-
els show cells 3 h after Matrigel overlay either
untreated or treated with taxol (0.05 �M) or
Nocodazole (0.1 �M). Bar, 10 �M. (C) Taxol-
treated cells injected with L61 Rac and over-
laid with Matrigel. L61 Rac restored mem-
brane ruffling but not protrusion formation.
Bar, 10 �m in B and C.
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dynamic cellular protrusions and then form small capillary-
like aggregates or cords. These early cord structures do not
have lumens. Cells then migrate to form a complex network
of tube-like structures and eventually lumen-containing ves-
sels. Lumens appear to arise through the formation of vacu-
oles by engulfment of dead cells or by simple alignment and
structural contact between adjacent cells. Although the exact
extracellular stimulus in Matrigel that is responsible for
these complex changes is unknown, similar events have
been described in other in vitro assays using defined extra-
cellular matrix molecules (Folkman and Haudenschild, 1980;
Montesano and Orci, 1985; Meyer et al., 1997). The advan-
tages of the assay described here are the ability to directly
visualize the changes in cell morphology and the cytoskel-

eton during capillary tube formation and the ability to mi-
croinject cells before Matrigel overlay. Assays of this nature,
when interpreted with caution, provide important informa-
tion into the mechanisms of capillary assembly.

Cells stimulated to form capillary tubes in the presence of
Matrigel disassemble their organized actin stress fibers and
form dynamic protrusive structures, leading to migration
and capillary assembly. Many protrusions have membrane
ruffles or lamellipodia at their leading edge. Surprisingly,
however, inhibition of actin polymerization blocked lamel-
lipodia formation but did not affect protrusion formation or
the assembly of short primitive capillary-like structures. In-
hibition of actin polymerization did block subsequent cell
migration and expansion of the capillary network. Similarly,

Figure 7. Pak is required for endothelial
motility but not the morphological response
to Matrigel. (A) Cells were microinjected with
the Pak inhibitory fragment (amino acids 83–
149), kinase dead full-length Pak, or control
vector and E-GFPC1. The number of injected
cells incorporated into capillary structures is
shown in and represents mean � SD from at
least three experiments performed in dupli-
cate. No significant difference was detected
(unpaired t test). (B) Cells were injected with
Pak inhibitory fragment and photographed
24 h after Matrigel overlay (upper panels) or
were fixed and stained with rhodamine phal-
loidin to demonstrate cell morphology (lower
panels). Injected cells were incorporated into
capillary-like structures and adopted an elon-
gated bipolar morphology. Bar, 100 �m in
upper panels and 10 �m in lower panels.
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inhibitors of actin-myosin-based contractility also prevented
cell migration but not the initial morphological changes. The
loss of actin stress fibers and strong adhesion after Matrigel
overlay may allow cells to alter their morphology and mi-
grate freely. This likely promotes an increase in cell aggre-
gation and facilitates the cell-cell adhesion needed for cap-
illary assembly. Interestingly, the down-regulation of
adhesive proteins such as vinculin has been reported during
endothelial tube formation and differentiation (Deroanne et
al., 1996). However, it is clear that adhesion to the ECM and
integrin signaling are essential requirements for endothelial
cell survival and angiogenesis (Brooks et al., 1994).

Inhibition of Rho or of its effector, Rho-kinase, did not
block the morphogenetic response to Matrigel or capillary
tube formation, although cells retained lamellipodia and
capillary structures appeared less stable. Unfortunately, for
technical reasons, we have been unable to directly measure
Rho activity after Matrigel overlay, but the loss of actin
stress fibers seen during morphogenesis suggests that
down-regulation of Rho may in fact be required for capillary
assembly. In support of this, overexpression of an activated
mutant of Rho induces cell contraction and inhibits the
morphological response to Matrigel (our unpublished obser-
vations). A similar situation exists in neurons where activa-
tion of Rho has been shown to inhibit neurite migration and
induce growth cone retraction (Jalink et al., 1994). In this
context, it is interesting that many ECM proteins with an
antiadhesive function such as tenascin C, SPARC, or throm-
bospondin have all been shown to play a role in angiogen-
esis. Tenascin C, for example, induces an elongated mor-
phology in endothelial cells and has been shown to down-
regulate Rho activity and stress fibers in fibroblasts (Schenk
et al. 1999; Wenk et al., 2000).

Although the Matrigel-induced changes in endothelial cell
shape and the formation of primitive capillary-like struc-
tures are independent of actin polymerization, they are to-
tally dependent on microtubule dynamics. Relatively little is
known of the role of microtubules in endothelial function,
although complete disruption of the microtubule network
has been reported to inhibit endothelial migration in a
wound healing assay (Ettenson and Gotlieb, 1992). Microtu-
bules are required for migration and shape changes in other
cells types such as neurons and astrocytes but not in fibro-
blasts (Tanaka et al. 1995; Nobes and Hall, 1999; Etienne-
Manneville and Hall, 2001).

The protrusive structures we describe in endothelial cells,
like those seen in astrocytes and neurons, are also dependent
on Rac function. Because increased microtubule dynamics
(for example, after nocodazole treatment) has been shown to
result in Rac activation and lamellipodia formation (Water-
man-Storer et al., 1999), we wanted to examine whether the
role of microtubules in endothelial cells was simply to acti-
vate Rac. However, this was not the case because in cells
treated with low-dose taxol, injection of L61 Rac did not
restore protrusion formation. As Rac is essential for the
earliest changes in cell morphology, we were unable to test
directly whether it might also play a role in the later actin-
dependent events during capillary morphogenesis. Never-
theless, a dual role for Rac is strongly suggested by the
finding that the Rac effector, Pak, is required for endothelial
cell motility but not for the formation of microtubule-depen-
dent protrusions or primitive capillary-like structures.

The role of microtubules in capillary tube formation re-
sembles that in neuronal outgrowth where microtubules are
required for growth cone extension and guidance (Tanaka et
al., 1995). Recent evidence has uncovered a link between
neurogenesis and vascular development, with both pro-
cesses sharing many of the same patterning cues (Shima and
Mailhos, 2000). Our results suggest that as in neurons, Rho
family GTPases integrate the signals from these cues to
control endothelial morphogenesis. They control cell shape
and movement and are essential for formation of new cap-
illaries in the in vitro assay used here. Further study is
needed to define their role in other aspects of angiogenesis
such as the establishment of cell polarity, the control of
transcription, and the maintenance of capillary architecture.

The potent chemotherapeutic agent taxol, and another
antitumor drug, Combresatin A, target microtubules and
may also inhibit tumor angiogenesis (Belotti et al., 1996;
Grosios et al. 1999). It has been assumed that their antitumor
effects may be through inhibition of mitosis and cell divi-
sion. Our results outline a potential alternative mechanism
for this effect and suggest that targeting microtubule dynam-
ics may be a useful antiangiogenic strategy. The central role
of Rac in the control of microtubule-dependent morphogen-
esis suggests that the downstream effectors of Rac in this
pathway are deserving of further study and this may also be
a potential avenue for novel therapeutic research.
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