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Tubular Sprouting as a Mode of Vascular
Formation in a Colonial Ascidian (Tunicata)

Fabio Gasparini,” Fabrizio Longo, Lucia Manni, Paolo Burighel, and Giovanna Zaniolo

Although phylogenetically related to vertebrates, invertebrate chordate tunicates possess an open
circulatory system, with blood flowing in lacunae among organs. However, the colonial circulatory system
(CCS) of the ascidian Botryllus schlosseri runs in the common tunic and forms an anastomized network of
vessels, defined by simple epithelium, connected to the open circulatory system of the zooids. The CCS
originates from epidermal evagination, grows, and increases its network accompanying colony
propagation. New vessels are formed by means of mechanisms of tubular sprouting which, in their
morphogenesis and molecular regulation, are very similar to those occurring in other metazoans,
particularly during vertebrate angiogenesis. From the apex of new vessels, epithelial cells detach and
migrate into the tunic, while exploring filopodia extend toward the tunic and possibly guide vessel growth.
Immunohistology showed that growth factors fibroblast growth factor-2 and vascular endothelial growth
factor and the receptor vascular endothelial growth factor receptor-1 participate in sprouting, associated
with cell proliferation. As in vertebrates, these factors may regulate cell migration, proliferation, sprouting,
and tube formation. Our data indicate that similar, conserved signals were co-opted in the sprouting
processes of two nonhomologous circulatory systems, that of ascidian CCS, and vertebrate circulatory
systems, by recruitment of the same signaling pathway. Developmental Dynamics 236:719-731, 2007.
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INTRODUCTION

The process of branching, leading to
the formation of both tubes (as in cir-
culatory systems) and compact fibers
(as in nerves; Carmeliet and Tessier-
Lavigne, 2005), occurs frequently dur-
ing the development of various organs
in metazoans and is defined as sprout-
ing. Several studies focusing on simi-
larities in nerve and vessel sprouting
(e.g., Carmeliet and Tessier-Lavigne,
2005; Suchting et al., 2006) and on the
common mechanism of sprouting, sug-
gest that invertebrates and verte-

brates share a similar signaling path-
way (Bulloch and Ridgway, 1989;
Dent et al., 2003; Seipel et al., 2004;
Gerhardt and Betsholtz, 2005;
Holmes and Zachary, 2005).

In vertebrates, vascular sprouting
has received particular attention be-
cause of its importance in physiologi-
cal and pathological angiogenesis (Au-
guste et al., 2005). Angiogenesis is the
process of blood vessel formation from
existing vessels: ontogenetically, it oc-
curs after vasculogenesis, i.e., the pro-
cess giving rise to the heart and the

first vascular net of embryo and an-
nexes (Patan, 2000). Tubular sprout-
ing is the most important angiogenic
mechanism, and refers to the develop-
ment and growth of new vessels start-
ing from evagination of the endothe-
lial wall. It follows various steps
(Patan, 2000; Distler et al., 2003;
Costa et al., 2004) and involves prolif-
eration and migration of endothelial
cells regulated by several growth fac-
tors, including VEGF (vascular endo-
thelial growth factor, or VEGF-A) and
bFGF (basic fibroblast growth factor,
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or FGF-2) which play key roles (Dis-
tler et al.,, 2003; Cao et al., 2004).
FGF-2 induces angiogenesis and stim-
ulates vessel growth; it has a strong
mitogenic effect promoting prolifera-
tion, migration, and capillary tube for-
mation from endothelial cells (Li et
al., 2003; Fernandez, 2005; Zachary,
2005). VEGF is a critical inducer of
proliferation, migration, sprouting,
and tube formation in tissues during
angiogenesis (Tammela et al., 2005).
Its binding sites VEGFR-1/Flt-1 and
VEGFR-2/Flk-1 work in a competitive
way to regulate the VEGF signal in
response to variations in physiological
conditions (Ferrara et al., 2003; Kear-
ney et al., 2004; Roberts et al., 2004;
Ferrara, 2005; Marti, 2005; Nanka et
al., 2006).

The signal cascades induced by
growth factors produce the angiogenic
stimulus, the local effect of which is
degradation of the basement mem-
brane, followed by endothelial cell mi-
gration and proliferation to form blind
tubes (Risau, 1997; Kalluri, 2003; Au-
guste et al., 2005). The tips of newly
forming vessels extend filopodia,
which are used by the sprouts to sense
and navigate, by means of a mecha-
nism resembling axonal guidance
(Gerhardt et al., 2003; Carmeliet and
Tessier-Lavigne, 2005).

Notably, VEGF homolog and other
angiogenic factors are involved in the
development and maintenance of cir-
culatory or other branching systems
in several invertebrate taxa (de Egui-
leor et al., 2001; Cho et al., 2002; Tet-
tamanti et al., 2003; Seipel et al.,
2004; Gerhardt and Betsholtz, 2005).
This finding suggests that the basic
mechanisms of branching morphogen-
esis/tubular sprouting are well con-
served and have been repeatedly re-
cruited during the evolution of
metazoans for the development of var-
ious organs.

For better understanding of the pos-
sible presence of conserved signaling
cascades and the evolutionary origin
of sprouting, we studied this process
in ascidians. Due to their phylogenetic
position at the base of chordates, the
tunicates and their major representa-
tives, the ascidians, are of interest in
investigating aspects of vertebrate
evolution, because similar mecha-
nisms appear to have been recruited
in extant chordates, starting from

their common ancestor (Schubert et
al., 2006). In addition, thanks to the
relative simplicity of their structures,
ascidians allow us to study develop-
mental mechanisms that are much
more complex in vertebrates. In this
work, we used the ascidian Botryllus
schlosseri to examine the sprouting
mechanism that occurs during growth
of the colonial circulatory system
(CCS) and to compare it with that in
other metazoans, particularly verte-
brate angiogenic sprouting.

B. schlosseri is a colonial ascidian
representing a model species for stud-
ies of developmental and evolutionary
biology (reviewed in Manni and
Burighel, 2006; Manni et al., 2006).
Each colony derives from a swimming
larva that metamorphoses into an oo-
zooid, the founder of a new colony.
Colonies are formed of numerous
clonal individuals (blastozooids), orig-
inating by asexual reproductive cycles
and organized in star-shaped systems.
Each adult blastozooid bears a pair of
buds (primary buds), which in turn,
bear the successive generation of buds
(secondary buds). The blastogenetic
cycle lasts approximately 1 week at
18-20°C (Sabbadin, 1969) and ends
with a takeover, during which adults
stop filtering and degenerate, their
buds open the siphons, becoming the
new filtering adult generation, and
the secondary buds become primary
buds and produce a new bud genera-
tion (Lauzon et al., 2002; Cima et al.,
2003; Tiozzo et al., 2006).

All the zooids are embedded in the
common tunic, composed of a sort of
thin extracellular matrix (ECM) con-
taining numerous scattered cells. An
intricate network of anastomized
blood vessels runs throughout the tu-
nic, ending in sac-like ampullae
mainly located at the periphery of the
colony. The ampullae take part in ad-
hesion to the substrate and colony
movement by elongating an active
apex of thickened cells. They are also
contractile and can help the hearts in
maintaining blood flow (Brunetti and
Burighel, 1969; Katow and Watanabe,
1978; Zaniolo, 1981). The CCS grows
and participates in colonial asexual
propagation, adapting and increas-
ing its network to the demands of
the growing colony (Brunetti and
Burighel, 1969; Burighel and Bru-
netti, 1971). Its vessels are typically

Fig. 1.
seen in vivo from the ventral side with zooids
(asterisks) arranged in typical star-shaped sys-
tem. The colonial circulatory system with anas-
tomized vessels (v) and peripheral ampullae
(am) extends into the thin transparent tunic.
Scale bar = 0.3 cm.

Detail of a Botryllus schlosseri colony

defined by simple epithelium, and
are in continuity with the internal
open circulatory system running in
the tissue lacunae of each zooid.

Our results on B. schlosseri colony
propagation show that new vessels
are formed by a mechanism of tubular
sprouting from pre-existing vessels re-
sembling sprouting mechanisms ob-
served in other metazoans and during
vertebrate angiogenesis.

RESULTS

In Vivo and Ultrastructural
Observations

To examine the sprouting process, we
first used light microscopy of living
specimens. The thin tunic of B. schlos-
seri colonies adhering to glass slides is
transparent, allowing easy observa-
tion of the network of colonial vessels
with their ampullae and hemocytes
(Fig. 1); it also allows us to select ap-
propriate CCS regions for transmis-
sion electron microscopy observations.
The results showed that CCS vessels
are lined with a single epithelium,
composed of cubic or flat cells, whose
apical surface faces the tunic, whereas
the basement membrane faces the lu-
men of vessels. Tight junctions (see
below) are located apicolaterally (Fig.
2), so that the organization and polar-
ity of the CCS is as follows: vessel
lumen — basement membrane — ep-
ithelial cells — tunic.

This is the same polarity as that
found in zooid epidermis, and CCS
vessels do derive mainly as evagina-
tions of blastozooid epidermis, when
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radial vessels are formed as follows
(Fig. 3): at takeover, the new primary
buds extend a ventral epidermal evag-
ination in the form of a blind tube,
which grows toward the closest CCS
vessel; at the same time, a similar tu-
bular evagination moves from that
vessel and elongates toward the first
evagination; the two evaginations
eventually meet each other and fuse,
forming the radial vessel, connecting
the bud to the CCS in the tunic (Figs.
3c,d).

We observed that a typical sprout-
ing mechanism occurs during the for-
mation of the two rudiments of the
radial vessel. In addition, throughout
the life of the colony, we identified sev-
eral sprouts in the form of scattered
evaginations of the CCS wall. They
first appear as thickened regions of
vessel wall, forming blind tubes,
which either expand to give rise to
ampullae or fuse with existing vessels,
increasing network  anastomosis
(Figs. 4, 5). Ampullae develop from the
tips of new vessels, whose lumen en-
larges to form new sac-like structures
(Fig. 6). This finding frequently hap-
pens behind the peripheral ring of am-
pullae during propagation and en-
largement of the colony; later, the new
ampullae elongate forward and are in-
serted in the peripheral ring.

Both in vivo and ultrastructural ob-
servations revealed that the apexes of
new vessels are composed of thickened
cells (Figs. 7, 8), which extend long
filopodia into the surrounding tunic
(Fig. 8). Cells have basal nuclei, well-
developed rough endoplasmic reticu-
lum, and many secretory membrane-
bound granules (Fig. 9) discharging
their contents into the tunic.

The blind vessel apex also appear to
be the site of detachment of some ep-
ithelial cells that migrate toward the
tunic (Figs. 4, 8, 10). Typically, epithe-
lial cells have extended tight junctions
recognizable at the apicolateral level
and identifiable in thin sections as
punctate cell to cell appositions be-
tween adjacent cells (Figs. 8 inset, 10).
They present the typical feature upon
transmission electron microscopy and
correspond for position to the tight
junction already observed both with
conventional and freeze-fracture stud-
ies in several epithelia (epidermis in-
cluded) of B. schlosseri and other as-
cidians (Georges, 1979; Lane et al.,

1986; Martinucci et al., 1988). The mi-
grating cells abandon the basement
membrane and move from the epithe-
lium, for a time maintaining their
junctional connections with contigu-
ous cells. The tight junctions then look
like they shift from the apicolateral
toward a basolateral position of the
moving cells, as the latter progres-
sively protrude into the tunic. The
surface of moving cells contacting con-
tiguous cells becomes progressively
reduced, while the junctional belt of
tight junctions reduces. Thus, the cells
can finally detach without breaking
the epithelium, while the contiguous
cells close in to fill the space previ-
ously occupied by detaching cells
(Figs. 8, 10, 11).

Thus, initial sprouts are observable
as thick epithelial regions containing
cells in the process of migration. There
is no lumen in this first step (Fig. 4).
Subsequently, when the thickened re-
gion evaginates, a lumen is present in
the forming vessel, which has a single
epithelium, although the tip of the ep-
ithelium appears to be multilayered,
owing to the displacement of migrat-
ing cells and shifting of neighboring
cells (see Fig. 10).

Proliferative Activity

The presence of proliferating cell nu-
clear antigen (PCNA) is considered to
be evidence of cell proliferation. We
used a fluorescent immunohistological
approach on sections of B. schlosseri to
reveal cell proliferation in the CCS. As
positive control, an anti—«-tubulin an-
tibody was used; as negative control,
the primary antibody was omitted.
Both controls gave the expected re-
sults: in negative controls, only red
background fluorescence, given by
Evans Blue treatment (see the Experi-
mental Procedures section) was present
in tissues (Fig. 12), whereas in positive
controls, ciliary and cytoplasmic micro-
tubules were strongly stained (Fig. 13).
A search for blasts was also carried out,
using the recognizing sequence (amino
acids 111-125) of the antibody against
human PCNA (Roos et al., 1993), to
identify the homolog amino acid se-
quence in ascidians and other metazo-
ans specifically recognized by the mono-
clonal PCNA antibody. Blast search
revealed the presence of highly con-
served sequences, particularly when as-

cidian and mammalian epitopes were
compared (Fig. 14). To confirm these re-
sults, phylogenetic analysis was carried
out, using complete amino acid se-
quences of PCNA protein. Ascidians
clearly cluster with vertebrates in the
neighbor-joining tree, bootstrap analy-
sis being consistent (85%) with this to-
pology (Fig. 15).

Experiments showed that PCNA
was present in the apexes of new ves-
sels; in contrast, the other regions of
the circulatory system had rare la-
beled nuclei (Fig. 16). Double staining
with 4',6-diamidine-2-phenylidole-di-
hydrochloride (DAPI) indicated that
not all the nuclei were in proliferation
(Figs. 16b,d). It is noteworthy that the
apical epithelium of elongated ampul-
lae never showed PCNA, unlike the
active apexes of new vessels. A few
random blood cells also appeared
stained.

Angiogenic Signals

The presence of FGF-2, VEGF, and
receptor VEGFR-1 in the CCS was
tested by an immunoperoxidase ap-
proach. The same positive and nega-
tive controls used for PCNA immuno-
fluorescence were used, with similar
results (Figs. 17, 18). In addition, be-
cause we used a primary antibody
from rabbit in this approach, we intro-
duced a supplementary negative con-
trol, which showed that rabbit anti-
bodies do not react aspecifically with
any tissues from B. schlosseri colonies.
Because antibodies against FGF-2,
VEGF, and VEGFR-1 gave equivalent
responses in corresponding struc-
tures, labeled structures are now de-
scribed for all antibodies.

All the antibodies marked most of
the vessel sprouts, beginning from
their first appearance as an epithelial
region with cells evaginating toward
the tunic (Fig. 19a). A positive re-
sponse persisted at the apex of most of
the forming vessels when they elon-
gated and the lumen became recogniz-
able (Figs. 19b,c).

A positive response was also identi-
fied in the active apical region of many
peripheral ampullae (Fig. 19d-f), in
some hemocytes, and in cells scattered
in the tunic (Fig. 19¢,d). During radial
vessel formation, it was noteworthy
that a positive response occurred in
the anteroventral region of the bud



Fig. 2. Organization and basoapical polarity of colonial circulatory system (CCS) vessel epithelium. Basement membrane (bm) of epithelial cells (ec)
face the vessel lumen (vl); apex touches tunic (t); tight junctions (tj) are in an apicolateral position. a: Scheme. b: Electromicrograph. n, nucleus. Scale
bar = 1.8 um in b.

Fig. 3. a: Scheme showing the circulatory relationship between zooids and the colonial circulatory system (CCS). Adult blastozooid (z,) bears two
primary buds (z,), each with a pair of secondary buds (z;). Note radial vessels (arrowheads) connecting zooids to CCS vessel (v). am, ampullae. b—d:
Sketches showing blastogenetic cycle and radial vessel formation (arrowheads). Each zooid is identified by the same letters. b: Scheme of
blastogenetic phase of Figure 3a. c: At takeover, adult zooid (z,) regresses and its primary bud (z,) becomes a new adult (arrows); while z; grows and
becomes the new primary bud forming new budlets (z,); at same time, rudiments of radial vessels (arrowheads) are formed by evagination of epidermis
and vessel wall. d: Evaginated tubes of Figure 3c fuse to form fully developed radial vessel. v, CCS vessel.

Fig. 4. In vivo view of a sprout (s) starting as a swollen thick region of vessel epithelium. Note cells (arrowhead) detaching from sprout. vl, vessel lumen.
Scale bar = 20 pm.

Fig. 5. Two new growing vessels (arrowheads) touch in the tunic (t) before fusing. The vessel on the left is a radial vessel originating from zooid (asterisk)
epidermis; the vessel on the right derives from colonial circulatory system (CCS). Scale bar = 100 pm.

Fig. 6. Peripheral region of colonial circulatory system (CCS) as seen in vivo. Spherical ampullae (asterisks) lie below elongated ampullae and rise from
tips of new vessels (arrowheads). Scale bar = 250 pm.



Fig. 7. A growing sprouting vessel with active apex epithelium (arrowhead), formed of thickened cells. The remaining vessel wall is formed of flat cells.
vl, vessel lumen; t, tunic. Scale bar = 100 pm.

Fig. 8. Detail of active apex epithelium of a sprout. Several thin filopodia (arrows) extend into the surrounding tunic (t) from a protruding apex of cells.
Tight junctions (white arrowheads) have an apicolateral position. Blood cells (bc) adhere to the basement membrane (bm). The inset shows the tight
junction characterized by punctate cell to cell appositions (black bordered arrowheads). At these points, fusion of the outer half membrane leaflets of
the adjacent cells occurs. Scale bars = 2 pum, 0.1 pm in inset.

Fig. 9. Electromicrograph of a growing vessel apex, whose cells have basal nuclei (n) and possess well-developed rough endoplasmic reticulum (RER)
and many membrane-bound secretory granules (asterisks). vl, vessel lumen; t, tunic. Scale bar = 1 um.

Fig. 10. Electromicrograph of a sprout region showing migrating cells. A cell appears free in the tunic (black asterisk). Others (white asterisks) are still
attached to the epithelium by tight junctions (white arrowheads), displaced with respect to those (black arrowhead) of aligned epithelial cells. Arrows,
external tunic surface; t, tunic. Scale bar = 2 um.
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B. schiosseri sprout: CCS epithelial cell migration
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Fig. 11. Sketch of cell migration during sprouting in colonial circulatory system (CCS). a: Common aspects of epithelium: the basement membrane
(bm) faces the vessel lumen (vl), the tunic (t) touches the apical surface of epithelium, and tight junctions (tj) are in apicolateral position. ec, epithelial
cell; n, nuclei (see also Fig. 2). b: In the sprout apex, cells are thickened and form apical filopodia (arrows). ¢,d: During sprouting, a migrating epithelial
cell (m-ec) protrudes toward the tunic, but the basement membrane maintains its continuity. Tight junctions (arrowheads) of migrating cells shift from
an apicolateral position toward a basolateral position, while neighboring cells, which maintain the same junctions in the original apicolateral position,
converge and touch each other below the migrating cells.

epidermis, precisely where the radial
vessel began to evaginate (Fig. 19g—i).
These positive responses to antibodies
against factors and receptor were
identified not only before epidermis
evagination (Fig. 19i), but also in the
apical regions of the two radial vessel
rudiments, which, from bud and tunic
vessel, elongate to meet and fuse to
each other, to build up the radial ves-
sel. It was noted that the apexes of
growing vessels and ampullae some-
times did not show any response,
whereas, scattered epithelial regions,
without any recognizable morphologi-
cal characteristic of sprout or active
apex, were labeled.

DISCUSSION

Several investigations have shown
that branching morphogenesis in epi-
thelial tubules is an important feature
of development for several organs in
metazoans (e.g., Davies, 2002). Recent
studies have revealed structural,
mechanistic, and molecular analo-
gies between angiogenic sprouting in
vertebrates and the branching mor-
phogenesis of the tracheas in the ar-
thropod Drosophila melanogaster.
Drosophila tracheas develop from
clusters of ectodermal cells that in-
vaginate and elongate to form pri-
mary tubes. Then other branches
form and develop anastomoses,
forming a network inside the body
(Ghabrial et al., 2003; Myat, 2005).
As in vertebrate angiogenesis, guid-

ance of tracheal sprouts is mediated
by tip cell filopodia, and the protein
Branchless, a homolog of vertebrate
FGF, plays a role resembling that of
VEGF in vascular formation in ver-
tebrates (Gerhardt and Betsholtz,
2005). Our results now show that
branching morphogenesis also oc-
curs during development of the cir-
culatory system in a low chordate, by
means of mechanisms that, despite
some differences due to the charac-
teristics of ascidian tissues, in par-
ticular the tunic, resemble the typi-
cal tubular sprouting of Drosophila
tracheal development and verte-
brate angiogenesis (Gerhardt and
Betsholtz, 2005). These mechanisms
involve extension of exploring filop-
odia, proliferation, and migration of
cells, formation of lumen, and partic-
ipation of angiogenic factors.

The present study was made possi-
ble by the specific characteristics of
the circulatory system of the colonial
ascidian Botryllus schlosseri. Indeed,
like all other ascidians, this animal
has an open circulatory component,
running among organs in lacunae de-
void of a continuous epithelium, but it
also has a CCS, composed of vessels
lined with a simple epithelium, run-
ning in the common tunic. Thus, the
following characteristics make B.
schlosseri an optimal model for study-
ing aspects of tubular sprouting: (1) it
can be cultured in the laboratory on
glass slides; (2) its development can be

followed in vivo under the microscope
thanks to its transparency; (3) the
CCS extends into the thin tunic, fol-
lowing a sort of bidimensional propa-
gation, and all its variations during
asexual reproduction can be observed
without changing the physiological
conditions; and (4) collecting pieces of
the colony and experimental proce-
dures can be carried out easily at se-
lected developmental stages. In addi-
tion, thanks to the key phylogenetic
position of B. schlosseri and other as-
cidians, data from investigations on
these animals are crucial in under-
standing the mechanisms of morpho-
genesis and their evolution in chor-
dates, hence, in vertebrates.

Histogenetic Mechanisms in
B. schlosseri Sprouting

Cell proliferation.

Proliferative activity on the apex of
new sprouting vessels in B. schlosseri
resembles the process occurring in
vertebrates, in which tubules, stimu-
lated by several angiogenic factors, in-
cluding FGF-2 and VEGF, grow, elon-
gate, and proliferate to form lumen-
containing vessels (Cross and Claesson-
Welsh, 2001; Auerbach et al., 2003;
Cross et al., 2003; Bohman et al., 2005).
In vertebrates, studies of endothelial
cell proliferation have provided evi-
dence of the functional specialization of
the tip cells from those of the stalk (i.e.,
endothelial cells surrounding the tips of
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elongating vessels), with proliferation
observed only in the stalk (Gerhardt
and Betsholtz, 2005). In B. schlosseri, as
the PCNA signal occurs all along the
apex of sprouting vessels, it is not pos-
sible to identify a stalk-proliferative re-
gion versus a tip-nonproliferative re-
gion.

Filopodia and angiogenic
signals.

In B. schlosseri, the CCS branches
from short, blind evaginations of ex-

Fig. 12. A negative control for the immunofluo-
rescence protocol with Evans Blue to turn
background fluorescence of tissues red. The
wall of one vessel and tunic cells (tc) but not
tunic (t) display red fluorescence. vi, vessel lu-
men. Scale bar = 20 pm.

Fig. 13. A positive control for the immunofluo-
rescence protocol with anti-a-tubulin antibody.
In vessel cells, microtubules converge in micro-
tubule organizing centers (mtoc). vl, vessel lu-
men. Scale bar = 13 pm.

Fig. 14. Alignment of metazoan homolog amino
acid sequences of the protein region recog-
nized by antibody clone PC10 (Waseem and
Lane, 1990) in Homo sapiens proliferating cell
nuclear antigen (PCNA; Roos et al., 1993). Bold
type indicates ascidian species and respective
sequences. Sequences are conserved particu-
larly between ascidian and mammal epitopes.
GenBank  codes:  Arabidopsis  thaliana
NP_180517; Botryllus primigenus BAE47144;
Caenorhabditis elegans AAC48257; Drosophila
melanogaster P17917; Homo sapiens
NP_872590; Lycopersicon esculentum
CAD56690; Mus musculus NP_035175; Rattus
norvegicus NP_071776; Saccharomyces cer-
evisiae AAB31034; Styela clava AAC37303; Xe-
nopus laevis AAA49926. JGI code: Ciona intes-
tinalis fgenesh3_pg.C_chr_12q000454.

Fig. 15. Phylogenetic tree calculated using
metazoan amino acid sequences of whole pro-
liferating cell nuclear antigen (PCNA) proteins
downloaded from GenBank and JGI (for codes
see Fig. 14). Only topology is displayed. Bold
type indicates ascidian species. Ascidians clus-
ter with vertebrates (bootstrap analysis gives
85%).

Fig. 16. Section of vessels treated with the im-
munofluorescence protocol for proliferating cell
nuclear antigen (PCNA) staining. a,b: A longitu-
dinal section of a growing vessel apex. In a, left,
the tip of the sprout is thick and has stained
green nuclei (n) positive to anti-PCNA. In b, the
same section shows all nuclei stained blue by
DAPI. Not all nuclei react to anti-PCNA. ¢,d: A
transverse section of a vessel far from the
growing apex. In ¢, only one nucleus (n) is pos-
itive to anti-PCNA. In d, the same section
shows the nuclei stained blue by DAPI. t, tunic;
vl, vessel lumen. Scale bars = 15 um in a, 35
pmin c.
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Fig. 17. Negative control for the immunoperoxidase protocol. The section is at the level of ampullae (am) and a zooid (asterisk). All structures are
diaphanous. t, tunic. Scale bar = 120 pm.

Fig. 18. Positive control for the immunoperoxidase protocol with anti-a-tubulin antibody. Transverse section of an adult zooid. Cilia and microtubules
are highlighted in brown. Insert: section of vessel epithelium with stained cell (arrows). ed, endostyle; ep, zooid epidermis; st, stigmata; t, tunic. Scale
bar = 100 pm.

Fig. 19. Panel with sections of colonies treated with antibodies anti-vascular endothelial growth factor (VEGF), anti-VEGF receptor-1 (VEGFR-1) and
anti-fibroblast growth factor-2 (FGF-2); reactions to antibodies are highlighted in brown. Photos taken from experiments in which the same antibody
was used are ordered in columns (starting from left: anti-VEGF, anti-VEGFR-1, anti-FGF-2). Response of specific structures (sprouting vessels,
ampullae, sprouting radial vessels) to antibodies are shown in three rows, respectively. a: A longitudinal section of a small vessel from which a sprout
(asterisk) is forming and has strongly marked cells (note that this initial sprout lacks a lumen). vl, vessel lumen from which the sprout departs. b,c: A
longitudinal sections of elongating new vessels (arrows), which depart from pre-existing ones (asterisks) and show reaction to antibodies (arrowheads).
In ¢, some tunic cells are labeled (tc). d-f: Ampullae with apexes showing response to antibodies (arrowheads). In d, some labeled blood cells are
clearly visible (bc). g-i: Sections of buds (asterisks) with epidermis evaginating to form radial vessels, with tip cells positive to antibodies (arrowheads).
Note: the epidermal bud region from which vessels originate is marked at the onset of formation (h,i); later, when the vessel elongates, label persists
in the apical region (g). Scale bars = 20 um in a-f, 50 um in g-i.
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isting vessels. The tip cells of these
evaginations constitute the active
apex and extend filopodia toward the
tunic.

Sprouting studies have shown that
Drosophila tracheae and vertebrate
blood vessels are guided by means of
filopodial projections (Gerhardt et al.,
2003; Davies, 2005). These cytoplas-
mic extensions probably guide the
branches in the same way as filopodia
guide neural growth cones (Lawson
and Weinstein, 2002). In B. schlosseri
CCS tip cells, the filopodia that ad-
vance into the tunic probably have an
equivalent function and, by “tasting
the soil,” chemically attracted by fac-
tors, guide and orientate vessel
growth. This hypothesis is strongly
supported by the immunohistological
finding that VEGF, VEGFR-1, and
FGF-2, which play a role in the signal-
ing pathways occurring in branch
sprouting, particularly in vertebrate
angiogenic sprouting (Distler et al.,
2002; Ghabrial et al., 2003; Warbur-
ton et al., 2005), are also present in
the sprouting structures of B. schlos-
seri. Thus, our data agree with the
idea that these conserved signals were
co-opted during the evolution of
branched structures. Indeed, it ap-
pears that ascidian vessels too, like
vertebrate vessels (which arose later
in evolution than nerves), co-opted the
same evolutionarily conserved guid-
ance cues that help axons to navigate
to their targets (Suchting et al., 2006).

We observed that VEGF, VEGFR-1,
and FGF-2 are distributed in most
(but not all) of the sprouting struc-
tures of B. schlosseri CCS, and some-
times also in normal epithelial regions
that do not appear to be involved in
vessel formation. The absence of posi-
tive responses in some sprouting
structures may be associated with the
noncontinuous intense expression of
each signal during the sprouting pro-
cess. Conversely, the rare absence of
the signal may also be related to re-
gression of the vessel or a block in its
growth. Alternatively, the occurrence
of the signal in scattered regions of the
normal epithelium may indicate early
molecular activation of cells before
morphological changes toward sprout-
ing, and/or low, progressive produc-
tion of signals for the physiological
maintenance of CCS activity and de-
velopment.

FGF-2, VEGF, and VEGFR-1 ap-
pear to have an equivalent distribu-
tion in corresponding CCS structures,
and this finding agrees with the
known autocrine and paracrine roles
of the two factors and their synergic
induction of angiogenesis (Costa et al.,
2004; Hamden et al., 2005; Bikfalvi et
al., 1997). Of particular interest is the
finding that VEGF and VEGFR-1 are
expressed at the level of the same ter-
ritory.

Cell migration and basement
membrane.

Some epithelial cells detach from the
tips of growing vessels and migrate
toward the tunic. The migration of
cells out of the epidermis requires a
reorganization of the cytoskeleton in
such a way that cells lose their polar-
ity and abandon the attachment to the
basement membrane and to the con-
tiguous cells. However, during the cy-
toplasmic extension toward the tunic,
in the migrating cells, the tight junc-
tions are not rapidly disassembled,
but, although progressively reduced in
area, they maintain their contact with
junctional regions of contiguous cells.
So the epithelial integrity is main-
tained during the whole process of mi-
gration and detachment of the cells, as
evidenced also during other ascidian
morphogenetic mechanisms as fusion
and perforation of various epithelia
(Manni et al., 2002). The detachment
of cells from B. schlosseri CCS sprouts
finds a correspondence to angiogenic
sprouts of vertebrates at the tip of
which detachment of endothelial cells
toward the surrounding stroma occurs
(Distler et al., 2003). However, a strik-
ing difference appears when compar-
ing vertebrates and ascidians. In ver-
tebrates, the basement membrane lies
between stroma and endothelial cells,
and its degradation accompanies the
process of cell migration, allowing the
elongation of endothelial filopodia and
facilitating their contact with angio-
genic factors sequestered in the ECM
to direct cell migration (Parker et al.,
2002; Kalluri, 2003; Sund et al., 2004).
In B. schlosseri, the detachment and
migration of tip cells is not associated
with basement membrane degrada-
tion, because the vessel epithelium
has reversed basoapical polarity with
respect to vertebrate endothelium. Its

vessels originate from tubular evagi-
nation of epidermis or pre-existing
vessels: the basement membrane
faces the vessel lumen and the apical
plasmalemma faces the tunic (Fig.
20a,a’). Thus, cells migrating from ep-
ithelium to tunic do not cross the base-
ment membrane barrier (Fig. 11), as
opposed to vertebrate endothelial
cells, in which the basement mem-
brane, facing the ECM, acts as a bar-
rier to cell migration.

Lumen formation.

Another difference between verte-
brate and ascidian sprouting related
to cell polarity regards the basement
membrane of new vessel endothelium/
epithelium and its relationship with
the process of lumen formation (Fig.
20). Vertebrate sprouts possess a tip
region in which the endothelial cells
are organized as a compact string
without a lumen (Patan, 2000). Sub-
sequently, the sprouts mature into
new vessels with lumen, and a contin-
uous basement membrane is formed
(Davis and Senger, 2005; Fig. 20a—d).
The integrity of the basement mem-
brane appears necessary to guarantee
normal development and to protect
the endothelium against mechanical
stress caused by blood flow pressure.
In mice, deletion experiments of typi-
cal basement membrane molecules
(e.g., Collagen type IV) causes embry-
onic mortality when defects involve
cells exposed to pressure, as occurs in
the heart and blood vessels (Poschl et
al., 2004; Davis and Senger, 2005). At
the sprout tips, even though protec-
tion of the basement membrane is
lacking, compact strings of endothe-
lial cells can compensate for it. In B.
schlosseri, we observed that cavitation
extends to the tips of sprouting ves-
sels, and the basement membrane al-
ways maintains its integrity (Figs. 11,
20a’,b’,c’,d"). Thus, with respect to
vertebrates, the sprouting mechanism
of B. schlosseri is apparently simpler,
because there is a persistence of base-
ment membrane that may protect tip
cells from mechanical stress.

The role of the tunic.

The tunic is a urochordate structure
unique among metazoans. It consti-
tutes a connective-like tissue (Peres,
1948), produced by the epidermis on
the body surface, with collagen (Patri-
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Fig. 20. Sketch comparing vertebrate angiogenic sprouting (a—d) with the Botryllus schlosseri colonial circulatory system (CCS) tubular sprouting
(20a',b',c',d). a-a',b-b': Drawings of inactive vessels; 20a,a": enlargements of 20b,b'. Note the different positions of tight junctions (tj) and basement
membranes (bm), focusing on the inverse polarity of vertebrate endothelium (en) with respect to ascidian epithelium (ep). ECM, extracellular matrix;
vl, vessel lumen; t, tunic. c-d: In vertebrates, the sprout tip forms a compact string (cs) without a lumen and the basement membrane is lacking; during
vessel elongation in sprouting, a lumen forms behind the tip (n-vl) and a basement membrane is re-established. ¢'-d": In B. schlosseri, a lumen always
reaches the tip of the sprout, and the vessel elongates, maintaining a basement membrane as far as the tip of the sprout.

colo and Ferrarella, 1973; Vizzini et
al., 2002) and cellulose components
(De Santo, 1968; Matthysse et al.,
2004; Nakashima et al., 2004) in
which isolated cells are embedded
(Burighel and Cloney, 1997). There-
fore, epidermal cells are located be-
tween the external matrix (tunic) and
the basement membrane. As previ-
ously discussed, in vertebrates and
most metazoans, the typical epidermis
organization has reverse polarity
(starting from outside the organism:
epithelial cells — basement mem-
brane — lower ECM). In other meta-
zoans, as in insects, peripheral hemo-
lymphatic lacunae are bounded
directly by the basement membrane of
the epidermis, which produces an
ECM (cuticle) on the surface of the
body wall (Harrison and Locke, 1999),
resembling the same organization and
polarity as the epidermis in urochor-
dates. However, the cuticle never in-
corporates both connective elements
and isolated cells, and it is made up
of an amorphous, rigid substance
(chitin).

Thus, the peculiarity of the tunic in
B. schlosseri and Urochordata seems
to lie in the type of external matrix,
not only because it contains cellulose,
but also because it is collagenous and
populated by several cells. The apical
plasmalemma in the epithelial cells of
B. schlosseri vessels are exposed di-
rectly to the collagenous stroma, and
we assume that factors regulating
vessel sprouting are collagens and
other molecules embedded in the tu-
nic. This mechanism may parallel the
case of angiogenic sprouting in verte-
brates, which is activated by ECM af-
ter basement membrane degradation,
with subsequent exposure of the endo-
thelial plasmalemma to angiogenic
factors (Davis and Senger, 2005).
Thus, our results support the idea
that, in metazoans, the basement
membrane serves not only to maintain
the integrity of epithelia, but also to
separate the epithelial cell membrane
from interstitial factors dispersed in
the ECM. Except in ascidians, the
degradation of the basement mem-
brane is necessary to expose cells to

interstitial factors, activating the sig-
naling pathways that drive sprouting
morphogenesis.

CONCLUSION

The wall of B. schlosseri CCS is unlike
vertebrate endothelium, in embryonic
origin (the former is ectodermic, the
latter mesodermic) and epithelial po-
larity. However, in B. schlosseri, as in
vertebrate angiogenesis, new vessels
form by sprouting, and in both cases
the process involves filopodia elonga-
tion, cell proliferation and migration,
and the participation of homolog fac-
tors as FGF-2 and VEGF and the re-
ceptor VEGFR-1, which play a critical
role in sprout growth and tube forma-
tion.

This report is the first to indicate
the occurrence of the same histoge-
netic mechanisms and homologous
molecules in the development of ves-
sels in vertebrates and ascidians. In
addition, all our data on B. schlosseri
CCS support the view that parallel
evolution may have occurred in the
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sprouting process of two nonhomolo-
gous (i.e., ascidian CCS and verte-
brate circulatory) systems, with the
recruitment of the same signaling
pathway, during the origin and differ-
entiation of urochordates and verte-
brates.

EXPERIMENTAL
PROCEDURES

In Vivo and Ultrastructural
Procedures

B. schlosseri forms flat, variously pig-
mented colonies, extending on sub-
merged vegetal and rocky substrates.
Colonies, originally collected from the
Lagoon of Venice, were cultured in the
laboratory at 18°C, according to Sab-
badin’s technique (Sabbadin, 1955,
1960). Colonies adhere to and grow on
glass slides, and this makes them easy
to observe in vivo under a microscope
(Fig. 1). In vivo observation was car-
ried out by means of both Leica MZ75
stereomicroscopy (with image acquisi-
tion by a Leica DC100 digital photo
camera) and Leica DMR light micros-
copy (with image acquisition by a
Leica DFC 480 digital photo camera).

Transmission electron microscopic
analysis was carried out on colonies
prepared with the following proce-
dure: small colonies were anesthe-
tized with MS222, detached from the
glass with a blade, and fixed in 1.5%
glutaraldehyde buffered with 0.2 M
sodium cacodylate, pH 7.4, plus 1.6%
NaCl. After washing in buffer and
postfixation in 1% OsO, in 0.2 M ca-
codylate buffer, specimens were dehy-
drated and embedded in Epon 812.
Thanks to the transparency of the
resin, specimens could be oriented be-
fore cutting. Series of thick sections (1
pm) were stained with toluidine blue
and observed to check appropriate lev-
els for preparing ultrathin sections
(60 nm), which were given contrast by
staining with uranyl acetate and lead
citrate. Photomicrographs were taken
with a Hitachi H-600 electron micro-
scope operating at 80 V.

Immunohistology

Anesthetized colonies were fixed over-
night at 4°C in freshly prepared Bouin
fixative, dehydrated in graded series
of ethanol to absolute ethanol and xy-

lene, and embedded in Paraplast
(Sherwood Medical). Samples were
sectioned (7 pm), cleaned from Para-
plast by xylene (15 min), incubated for
30 min with a 6% H,0, solution in
methanol to eliminate endogenous
peroxidase (only immunoperoxidase
protocol), rehydrated in a graded se-
ries of ethanol to phosphate buffered
saline (PBS), and immediately used.
Antibodies were diluted in a solution
of 0.5% bovine serum albumin (BSA)
in PBS.

To check proliferative activity, an
immunofluorescence protocol (IFP)
was applied with a mouse anti-PCNA
(Clone PC10) monoclonal antibody
(Sigma, 1:500 dilution), which recog-
nizes an epitope conserved from man
to fission yeast (Waseem and Lane,
1990). As secondary antibody, a goat
anti-mouse immunoglobulin G (IgG),
fluorescein isothiocyanate—linked
whole antibody (Calbiochem), 1:150
dilution, was used. Sections were pre-
treated with Evans Blue to turn the
natural background fluorescence of
tissues red.

Antibodies  against  vertebrate
VEGF, VEGFR-1, and FGF-2 were
used to test their presence with an
immunoperoxidase protocol (IPP).
Sections were incubated with primary
antibodies at the following dilutions:
rabbit anti-human VEGF,45, poly-
clonal antibody (Oncogene, 1:100 dilu-
tion); rabbit anti-human VEGFR-1
(fit-1), polyclonal antibody (Santa
Cruz, 1:300 dilution); and rabbit anti-
human FGF2, polyclonal antibody
(Oncogene, 1:35 dilution). As second-
ary antibody, a donkey anti-rabbit
IgG, horseradish peroxidase (HRP)
-linked whole antibody (Amersham
Biosciences), 1:100 dilution, was used.

Rehydrated sections were processed
as follows: Triton X-100, 0.5% in PBS
(15 min); Trypsin, 0.1% in 0.01% CaCl
in PBS (12 min; only Anti-PCNA and
Anti-VEGF); Evans Blue 1% in PBS
(Sigma; 15 min; only IFP); BSA 1% in
PBS (90 min); incubation with pri-
mary antibody (overnight at 4°C); in-
cubation with secondary antibody (90
min at 37°C); treatment with 3,3'-dia-
minobenzidine, 0.7 mg/ml in Urea
H,0, 1.6 mg/ml Tris buffer 0.06 M
(Sigma Fast; 3 min 30 sec; only IPP); 1
pg/ml DAPI (Sigma; 4 min; only IFP).
Samples were then mounted in
Vectashield (Vector) for IFP, but dehy-

drated in graded series of ethanol and
a final step of xylene (15 min) and
mounted in Eukitt (Electronic Micros-
copy Sciences) for IPP. Sections were
photographed with a Leica DMR light
microscope accessorized with both flu-
orescence equipment and Normansky
interference contrast optics and a
Leica DFC 480 digital photo camera.
As positive control, a mouse anti—
sea urchin a-tubulin monoclonal anti-
body (Sigma, 1:10,000 dilution) was
used for each experiment. For nega-
tive controls, two different approaches
were used: (1) a solution of 0.5% BSA
in PBS, instead of primary antibody
solution, was used in a section of each
experiment; (2) a rabbit anti-goat IgG,
HRP-linked whole antibody (Dakocy-
tomation, 1:150 dilution) was used as
primary antibody, omitting the sec-
ondary antibody step, to verify the ab-
sence of aspecific reactions by primary
antibodies from rabbit. We did not use
the same procedure with an anti-IgG
from mouse, because both the nuclear
(mouse anti-PCNA) and filamentous
(mouse anti—a-tubulin) responses of
anti-mouse primary antibody used for
experiments gave good indications
about their specificity. In addition, the
monoclonal origins of the antibodies
and the high molecular conservation
in metazoans of the recognized mole-
cules (Waseem and Lane, 1990;
Tuszynski et al., 2006) support the
specificity of their antigen recognition.

Molecular Phylogeny

All sequences were downloaded from
Genbank or JGI. Alignment was con-
structed using CLUSTALX (Thomp-
son et al., 1997) and refined by eye. A
phylogenetic tree was built using the
neighbor-joining method (Saitou and
Nei, 1987) with the MEGAS3 program
(Kumar et al., 2004). Bootstrap anal-
ysis was carried out for phylogenetic
analysis: 5,000 iterations (Felsen-
stein, 1992).
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