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ARTICLE INFO ABSTRACT

The extracorporeal vasculature of the colonial ascidian Botryllus schlosseri plays a key role in several biological
processes: transporting blood, angiogenesis, regeneration, self-nonself recognition, and parabiosis. The
vasculature also interconnects all individuals in a colony and is composed of a single layer of ectodermally-
derived cells. These cells form a tube with the basal lamina facing the lumen, and the apical side facing an
extracellular matrix that consists of cellulose and other proteins, known as the tunic. Vascular tissue is
transparent and can cover several square centimeters, which is much larger than any single individual within
the colony. It forms a network that ramifies and expands to the perimeter of each colony and terminates into
oval-shaped protrusions known as ampullae. Botryllus individuals replace themselves through a weekly
budding cycle, and vasculature is added to ensure the interconnection of each new individual, thus there is
continuous angiogenesis occurring naturally. The vascular tissue itself is highly regenerative; surgical removal of
the ampullae and peripheral vasculature triggers regrowth within 24-48h, which includes forming new
ampullae. When two individuals, whether in the wild or in the lab, come into close contact and their ampullae
touch, they can either undergo parabiosis through anastomosing vessels, or reject vascular fusion. The
vasculature is easily manipulated by direct means such as microinjections, microsurgeries, and pharmacological
reagents. Its transparent nature allows for in vivo analysis by bright field and fluorescence microscopy. Here we
review the techniques and approaches developed to study the different biological processes that involve the
extracorporeal vasculature.
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1. Introduction system comprised of: a tubular heart, lacunae, and tissues bathed in

blood (Burighel and Brunetti, 1971; Gasparini et al., 2008). Second, a

Tunicates are marine invertebrate chordates considered the closest
living non-vertebrate to vertebrates (Delsuc et al., 2006; Kocot et al.,
2018). Botryllus schlosseri belong to the polyphyletic sub-phylum
Tunicata (tunicates), class Ascidiacea (ascidians), and family
Styelidae; a family where both solitary and colonial organisms have
been identified (Alie et al., 2018; Brown and Swalla, 2012; Delsuc et al.,
2018; Gasparini et al., 2015; Holland, 2016). Ascidians can reproduce
both sexually and asexually (Fig. 1B) (Brown and Swalla, 2012;
Gasparini et al., 2015; Rodriguez et al., 2017b, 2014). B. schlosseri
embryonic development results in a tadpole larva with typical chordate
characteristics, but then undergoes metamorphosis to give rise to a
sessile invertebrate known as an oozooid. This initial oozooid then
expands the colony through a lifelong asexual budding process termed
blastogenesis, in which genetically identical zooids are added (Fig. 1A).
Each adult individual has a fully functional heart, gastrointestinal tract,
nervous system, and germline.

The B. schlosseri vascular system is a unique combination of two
disparate structures. First, within each zooid exists an open circulatory

* Corresponding author.
E-mail address: drodriguez@lifesci.ucsb.edu (D. Rodriguez).

https://doi.org/10.1016/j.ydbio.2018.10.013

large ramified transparent extracorporeal vasculature forms a net of
monolayered vessels that extend out to the periphery of the colony and
terminate in specialized structures known as ampullae (Fig. 1C and D).
Ampullae are protrusions that adhere to a substrate and are also
involved in other biological processes as discussed later (Fig. 1E and F).
They are not all elongated and positioned at the periphery of the
colony, but are also found in other regions of the extracorporeal
vasculature where they are spherical. The intricate network of anasto-
mized blood vessels, including ampullae and zooids, are fully em-
bedded in an extracellular matrix (ECM) known as the tunic. This tunic
has a composition that includes four main macromolecules: collagens,
proteoglycans, glycoproteins, and cellulose (Gasparini et al., 2015;
Matthysse et al., 2004; Patricolo and Ferrarella, 1973; Wei et al., 2017).
Many cells are also found within the tunic; some that are directly in
contact with the blood vessels and others that are highly mobile
(Fig. 1D) (Ballarin et al., 2008). In B. schlossert, the tunic is thin and
transparent, which allows for easy observation and manipulation of the
vasculature (Gasparini et al., 2015; Zaniolo, 1981, 1987).

Received 28 March 2018; Received in revised form 29 September 2018; Accepted 17 October 2018

Available online 25 October 2018
0012-1606/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/00121606
http://www.elsevier.com/locate/developmentalbiology
https://doi.org/10.1016/j.ydbio.2018.10.013
https://doi.org/10.1016/j.ydbio.2018.10.013
https://doi.org/10.1016/j.ydbio.2018.10.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2018.10.013&domain=pdf

D. Rodriguez et al.

Developmental Biology 448 (2019) 309-319

Fig. 1. The extracorporeal vasculature of Botryllus schlosseri. A. Light micrograph of a Botryllus schlosseri colony; the zooids (z) arrange themselves into star-shaped structures called
systems. A colony can consist of multiple systems, all interconnected by a large common extracorporeal vasculature. One main blood vessel (mv) directly connects all individuals. From
the mv the vasculature extends out (radial vessel (rv)) to the periphery of the colony and terminates into pouch-like structures called ampullae (a). B. Close up light micrograph of a
zooid. Although the lacunae and sinuses in the body are not easily visualized, organs such as the heart (h) and stomach (s) are easy to identify as well as the asexually reproducing bud
(b). C. A close up view of the periphery of the colony showing ampullae. D. Zoom-in of a blood vessel embedded in the tunic and showing tunic cells (tc). E and F. Zoom-in of a
contracting and relaxing ampullae, respectively (dotted line on E provides comparison). Scale Bars: A) 2 mm, B) 1 mm C) 500 um D) 100 um E and F) 50 pm.

The extracorporeal vasculature, also described as the colonial
circulatory system (Gasparini et al., 2007), can be divided into four
components: 1) marginal/main vessel, 2) radial/peripheral vessels, 3)
ampullae, and 4) an intricate network of anastomosed blood vessels
that spread around the vascular bed and connect components 1-3. The
main vessel is a continuation of the zooid's open circulatory system,
and each zooid has at least two epidermal connections to the extra-
corporeal vasculature: one directly to the main vessel, and a second one
to the peduncular vessel (Brunetti, 1969). The radial vessel connects to
each zooid, including primary buds but excluding secondary buds, to
the surrounding vasculature. It is formed by the growth and fusion of
two converging close-ended extrusions, one from the zooid epidermis
and the other from a nearby vessel (Fig. 1A). Peripheral ampullae are
sac-like structures delimited by a monolayer epithelium that is
columnar, but only at the tip of the leading edge ampullae. Ampullae
are involved in adhesion and are contractile enough to collectively
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provide continuous blood flow (Fig. 1E and F; discussed below). All of
the components of the extracorporeal vasculature are highly regenera-
tive and characterized by their ability to expand with angiogenic-like
properties (Braden et al., 2014; Gasparini et al., 2008, 2014, 2007;
Tiozzo et al., 2008).

2. Similarities and difference with vertebrate vasculature
2.1. Vertebrate vasculature

Blood vessels are tubular structures that transport blood throughout
the body, and are formed by two mechanisms: vasculogenesis and
angiogenesis (Flamme et al., 1997; Risau and Flamme, 1995; Risau
et al., 1988). During vasculogenesis, precursor cells are differentiated into
endothelial cells that give rise de novo to a primitive vascular network
formation (Risau and Flamme, 1995). In contrast, angiogenesis is defined
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as the formation of new blood vessels from preexisting ones (Vailhe et al.,
2001). Vertebrate tubule formation initiates from a simple epithelial
pocket that sprouts branches to extend into a web-like network of
interconnected tubes (Davies, 2002, 2005; Lubarsky and Krasnow,
2003). Defects in tube formation often lead to major disorders, one
example being ductal plate malformations (Strazzabosco and Fabris,
2012). Tubular structures are diverse in size, shape, and origin, yet they
have a common characteristic; they are a wrapped epithelium with the
cells apical surface lining the lumen. Vertebrate blood vessels are lined on
the inside with mesodermally derived endothelial cells (Onat et al., 2011;
Shoda et al., 2016; Zecchin et al., 2017). They are externally layered by a
basement membrane (BM) that is further surrounded by smooth muscle.
The vessel morphology is characterized by having the apical side of the cell
surfaces lining the lumen, and BM and smooth muscle cells located
abluminal (Lubarsky and Krasnow, 2003). Endothelial cells are essential
for vertebrate angiogenesis because they express vascular endothelial
growth factor (VEGF) and angiopoietin receptors that control this process.
Angiogenesis first takes place during embryogenesis, and continues to
occur throughout life to provide regeneration (e.g. injury), renewal
conditions (e.g. menstruation), and also unwanted tumor vascularization
(Breier et al., 1997; Flamme et al., 1997; Hickey and Fraser, 2003; Treps
and Gavard, 2015; van der Bilt and Borel Rinkes, 2004; Xu et al., 2007).
Vertebrate angiogenesis first requires the degradation of BM followed by:
extension of exploring filopodia, proliferation, endothelial cell migration
towards angiogenic stimuli, secretion of new BM, recruitment of perivas-
cular cells, and finally lumen formation. All of these biological processes
are regulated by VEGF (Chavez et al., 2016; Craig and Sumanas, 2016;
Schittny, 2017). VEGF stimulus causes a local degradation of the BM, is
followed by cell migration, and leads to the formation of blind tubes
(Kalluri, 2003; Risau, 1997). The most common mechanism of vertebrate
angiogenesis is sprouting, which usually occurs in early processes such as
retinal vasculature formation during eye development (Fruttiger, 2002;
Gariano, 2003; Gerhardt and Betsholtz, 2005; Weinstein, 2005; Zacchigna
et al., 2008). The other type of angiogenesis is known as intussusceptive,
or splitting angiogenesis, and is poorly understood. In general, it refers to
the formation of new blood vessels by splitting existing ones into two (De
Spiegelaere et al., 2012; Makanya et al., 2009).

2.2. Botryllus vasculature

It has been hypothesized that endothelial cells lining the blood
vessels of vertebrates evolved from invertebrate hemocytes sporadically
binding to the BM of invertebrate blood vessels (Strilic et al., 2010). In
B. schlosseri, the blood vessels are a simple squamous epithelium
whose apical side faces the tunic, and basal side along with BM faces
the lumen (Fig. 2). These blood vessel cells are also myoepithelial and
can contract. The tissue architecture with the BM directly facing the
lumen and blood, allows circulating cells to directly attach to the BM.
Evolutionarily it can be postulated that amoebocytes, or a similar cell
type, are the cells that endothelial cells derived from.

Botryllus vascular cells are characterized by having apicolateral
tight junctions (Gasparini et al., 2007), and utilizing angiogenic growth
factors such as vascular endothelial growth factor (VEGF), fibroblast
growth factor-2 (FGF-2), epidermal growth factor (EGF) and receptors
(VEGFR-1, VEGFR-2, and EGFR). Gasparini et al. (2007) showed that
antibodies against vertebrate angiogenic growth factors and receptors
can cross-react and detect Botryllus protein homologs. These anti-
bodies showed positive signal in regenerating regions of the vessel
epithelium and were also detected at the active apex of peripheral
ampullae. Interestingly, the transcript for VEGFR was detected, using
fluorescent in situ hybridization (FISH), in blood vessels and ampullae,
but not in the epithelium lining the lacunae and sinuses of the zooids
(Fig. 3) (Braden et al., 2014; Tiozzo et al., 2008). In contrast to the
antibody staining, FISH revealed a positive signal for all vascular cells
including ampullae and potentially some tunic cells. The abundance
discrepancy between mRNA transcripts and proteins has been ob-
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served before and it is understood that these two do not always
correlate or have the same spatial localization (Wang, 2008).
Botryllus vascular cells, however, do seem to have high levels of
BsVEGFR mRNA, perhaps indicating that these cells have the ability
to rapidly respond to VEGF stimulus for tissue repair and remodeling.

Botryllus vascular cells express vascular progenitor cells markers
such as CD133 and VEGFR-2, and a marker for differentiated
vasculature, VE-Cadherin (Braden et al., 2014). To study the role of
BSVEGFR during homeostasis, siRNA was administered for three
weeks. During the first two weeks, the budding and physiology of the
colony appeared normal. At the beginning of the third week the typical
star-shaped zooid organization became disorganized, and the extra-
corporeal vasculature became leaky. Blood cells started to spill into the
tunic while the ampullae became deflated, and the overall tunic
appearance changed from transparent to opaque (Tiozzo et al.,
2008). In conclusion, BsSVEGFR plays a key role regulating homeostasis
in the extracorporeal vasculature.

It has been shown that some types of vertebrate tumors have blood
spaces that are not lined by an epithelium. These tumors can trigger de
novo vessel formation through a poorly understood mechanism known
as vasculogenic mimicry (Folberg and Maniotis, 2004; Kucera and
Lammert, 2009). These vessels are capable of distributing plasma and
blood, thereby mimicking the function of normal vessels (Folberg and
Maniotis, 2004). Tumors displaying vasculogenic mimicry have been
shown to upregulate genes involved in angiogenesis and vasculogenesis
(Paulis et al., 2010). It has been suggested that novel and potentially
useful anticancer therapies can be found by studying the molecular
mechanisms of invertebrate vascular tube formation given its simila-
rities between vasculogenic mimicry in tumor growth (Gasparini et al.,
2014; Kucera and Lammert, 2009).

The two major differences between invertebrate and vertebrate
blood vessels are the presence of the vertebrate endothelial cell layer,
and that Botryllus extracorporeal vasculature growth does not requires
degradation of a BM. The similarities between angiogenesis, however,
are found in the signaling pathways controlled by VEGF and VEGFR.
Because of these differences and similarities it has been suggested to
use the terms “endothelial angiogenesis” when referring to vertebrates
and “myoepithelial angiogenesis” when referring to invertebrates
(Munoz-Chapuli, 2011; Munoz-Chapuli et al., 2005).

3. Angiogenesis (natural expansion of the colony)

Angiogenesis has been defined in vertebrates as the process where
new blood vessels are formed from preexisting ones. This includes the
process of remodeling and expansion of blood vessels in both physio-
logical and pathological conditions such as recovering from trauma/
surgery, and the vascularization of tumors, respectively (DiPietro,
2016; Rocha et al., 2018). Angiogenesis starts in utero and continues
through the adult life of an individual (Walls et al., 2008). For example,
vessel regression is normally observed during luteolysis, and the
involution of the mammary gland (Guzman et al., 2015; Modlich
et al., 1996; O'Brien et al., 2010; Zarzynska and Motyl, 2008). Defects
in angiogenesis can lead to diseases such as age-related wet macular
degeneration, diabetic retinopathy, and cancer (Watson et al., 2017).

In Botryllus, the extracorporeal vasculature propagates by extend-
ing the vessel network through the tunic in a mechanism similar to
vertebrate angiogenic sprouting (Brunetti, 1969; Burighel and
Brunetti, 1971; Gasparini et al., 2008, 2014, 2007; Tiozzo et al.,
2008). As new individuals are added, the extracorporeal vasculature
adapts and grows to meet the demands of a larger colony. The natural
expansion of the extracorporeal vasculature starts with a thickening of
the vessel wall which will either form a blind tube to fuse with other
vessels, or differentiate into an ampullae (Braden et al., 2014;
Gasparini et al., 2008, 2014, 2007). During the expansion process,
blood vessels are formed to connect newly developing buds (Gasparini
et al.,, 2007). Ampullae development starts behind the outer-ring of
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Fig. 2. Architecture of a Botryllus blood vessel. A. Transmitted Electron Micrograph of frontal plane of a blood vessel with the lumen (lu) in the center surrounded by a monolayer of
endothelial cells (ec), and the tunic (t) directly outside. B. A zoom-in from A (white frame) depicting an endothelial cell with the basement membrane (bm) facing the lumen right across
from the nucleus (n). C-E. Projection of a confocal z-stack of a blood vessel stained with Phalloidin (C) and DAPI (D) and the merged imaged of both (E). Scale bars A) 200 nm B) 500 nm

C, D, E) 50 um.

existing ampullae, and then elongates outward to the same extent. The
apex of each ampullae use filopodia to extend into the tunic. Cells of the
extending ampullae are characterized by their basal nucleus, and by
having membrane bound secretory vesicles discharging their contents
directly into the tunic. It has been observed by transmitted electron
microscopy (TEM) that cells on sprouting apexes undergo epithelial-to-
mesenchymal transition during ampullae formation, stop proliferation
and migration, and retain their capability to produce tunic (Gasparini
et al., 2007).

4. Vascular regression

Angiogenesis is often thought of as the growth of blood vessels;
however, it includes and is balanced by vascular regression in order to
prune excess vessels formed during growth (Korn and Augustin, 2015).
It has been shown that milk-producing breast mammary glands
undergo vascular regression after weaning (McNally and Stein, 2017;
Silanikove, 2014), so to ensure blood supply for constantly changing
tissues, a homeostatic combination of blood vessel growth and regres-
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Fig. 3. Fluorescent in situ hybridization of BSVEGFR. A. Expression of BsVEGFR on ampullae, riboprobe shown in green. B. Same ampullae counter stained with DAPI shown in blue. C.

Merge image from A and B. Scale bar 25 pm.

sion is necessary (Sweat et al., 2017). Induced vascular regression is a
major target for new anti-angiogenic related drugs and therapies to
treat vascularized tumors (Ribatti, 2009; Ricciuti et al., 2017a, 2017b).

At the end of each budding cycle in Botryllus, zooids undergo a
massive apoptotic event and their corpses are engulfed by blood borne
phagocytes (Chang and Lauzon, 1995; Cima et al., 2003; Franchi et al.,
2016a, 2016b; Lauzon et al., 1993; Tiozzo et al., 2006; Voskoboynik
et al., 2004). This event is crucial to allow the new zooids to occupy the
vacant space of the previous generation (Ballarin et al, 2010;
Campagna et al., 2016; Cima et al., 2010; Lauzon et al., 1992, 2007,
2002; Rinkevich et al., 1992). During this process, termed “take over”,
there is a massive rearrangement of the extracorporeal vasculature. It
is characterized by regression of all blood vessels as the zooid corpses
are pulled to the center of each system, followed by expansion to allow
more space for new zooids and buds (Lauzon et al., 2002). This can be
considered as a natural regression followed by a natural expansion of
the extracorporeal vasculature.

Recently, our group has shown by FISH that lysyl oxidase 1 (LOX1)
homolog in Botryllus is expressed by vascular cells (Rodriguez et al.,
2017a). LOX1 is involved in the cross-linking of collagen and elastin, is
secreted by blood vessels (Rodriguez et al., 2008), and is crucial for ECM
stability and remodeling. Through pharmacological inhibition of LOX
activity using BAPN, a specific small molecule inhibitor, we were able to
manipulate the stiffness of the BM, which caused vascular regression of
the entire extracorporeal vasculature within 16 h (Fig. 4A and B). This
coordinated blood vessel regression maintaining blood flow without
bleeding, and displayed a disrupted collagen arrangement. A 10-fold
increase in apoptotic cells was observed in regressing vessels; however,
only a subset of vascular cells become apoptotic rather than the entire
vascular tissue. This type of apoptosis, termed anoikis, where pro-
grammed cell death is induced by an improper or lack of attachment to
the ECM (Taddei et al., 2012). Apoptotic cells are extruded directly into
the lumen while being ingested by circulating phagocytes; blood-borne
phagocytes are key in removing cells that are extruded basolaterally
across the BM during induced vascular regression. Further analysis of
the integrin pathway by inhibition of Focal Adhesion Kinase (FAK)
showed similar vascular regression patterns to LOX 1 inhibitor, and
BAPN regressing colonies did show low levels of FAK phosphorylation
when compared to controls. Our results suggest that disruption of
collagen crosslinking induces cells to undergo anoikis due to their lack
of integrin-mediated binding to the disrupted ECM.

5. Vascular regeneration upon injury

Botryllus extracorporeal vasculature can completely regenerate
vessels that have been injured through damage or surgical removal
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(Fig. 4 C and D). To study vascular regeneration, the vasculature and
peripheral ampullae are surgically removed to leave behind only the
main vessel. This type of surgery is known as an ampullectomy (Braden
et al., 2014; Gasparini et al., 2008; Tiozzo et al., 2008). It has been
shown that Botryllus blood vessel angiogenesis can be induced by
injecting human pro-angiogenic growth factors, VEGF and EGF, into
colonies following ampullectomies (Gasparini et al., 2014). Upon
surgical removal of ampullae and radial vessels, blood leakage occurs
for five to ten seconds until blood cells clot at sites of injury to stop the
bleeding (Gasparini et al., 2008, 2014; Tiozzo et al., 2008). Blood flow
then returns to normal about one-hour post-surgery. In the case that
the extracorporeal vasculature is partially removed (i.e. only half) it has
been observed that the remaining ampullae reposition toward the site
of surgery. The apexes of these ampullae become active and in some
cases penetrate the regenerating area to aid in the regrowth process
(Gasparini et al., 2008). Newly formed ampullae can be observed
around 24 h after surgical ablation (Braden et al., 2014; Gasparini
et al., 2008, 2014; Tiozzo et al., 2008). The post-surgery vessel stumps
become actively involved in vessel regeneration, and new vessels will
also form from branching points or start as sprouts that rapidly
bifurcate from the main vessel.

Some cells detach from the active apex of sprouts and migrate into the
tunic. Detaching cells change their tight junctions from apicolateral to
basal position while their neighbors maintain apicolateral. The apical
surface of a detaching cell extends out filopodia into the tunic, and as this
cell protrudes, it detaches and leaves the lumen intact. As the detaching
cells moves out, it maintains basal tight-junctions with neighbors, and
neighbors eventually converge and restore apicolateral tight junctions
providing continuous integrity to the BM (Gasparini et al., 2008).

The regeneration of the extracorporeal vasculature has been
classified into five stages: 1) blood clotting followed by small bulb
formation, 2) bulb formation growth and becoming round in shape, 3)
the structure becomes oval, 4) the main vessels have completed
regeneration and are actively extending newly formed ampullae, and
5) the ampullae gain back their average size.

In adult colonies it takes 3—7 days to fully regenerate the vessel
network to the same extent as before surgery (Braden et al., 2014;
Gasparini et al., 2008, 2007; Tiozzo et al., 2008). In contrast, an
oozooid can regenerate all ampullae in about 24 h (Tiozzo et al., 2008);
however, it is important to note that in the case of an oozooid, the
ampullae are proximal to the zooid and do not have expanded
vasculature. Therefore, young colonies containing 2—5 zooids with
expanded extracorporeal vasculature may take longer approximately
3-7 days, to fully regenerate.

siRNA-mediated knockdown of VEGFR prevented regeneration and
formation of new blood vessels and ampullae after ampullectomy
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Fig. 4. Vascular regression and regeneration. A. Bright field image of a young colony before induced regression. B. Same colony as after induced vascular regression by incubation of
BAPN for 16 h. C. Bright field image of a colony right after ampullectomy (all the extracorporeal vasculature and ampullae have been removed except for the vessels interconnecting
zooids). D. Same colony as C 6 days after ampullectomy; all newly regenerated extracorporeal vasculature has extended out to the same area as before the surgery. Scale bars A-D 2 mm.

(Tiozzo et al., 2008). The zooids did not present abnormalities; they
continued budding, and blood flow was present. In contrast, in the
BsVEGFR knockdown without ampullectomy, the zooids lost their
characteristic star-shaped association and presented a random position
in the colony (Tiozzo et al., 2008). The VEGFR siRNA results were
phenocopied using a pharmacological inhibitor of VEGF receptors
(PTK787), which was able to inhibit both vessel and ampullae
regeneration for 120 h post-ampullectomy. The authors concluded that
the extracorporeal vasculature serves as an important cue to modulate
the spatial organization and distribution of the zooids in a colony.
Similarly, mouse pancreas organogenesis requires growth factors to
dictate apicobasal polarization to maintain proper tissue organization
and architecture (Lof-Ohlin et al., 2017; Shih et al., 2013). During
pancreas organogenesis, individual cells acquire apicobasal polarity
with the apical side facing the lumen, and the basal side attached to the
ECM. These polarized cells form rosettes that fuse into a luminal
plexus, that in-turn forms a tubular monolayer epithelium attached to a
basement membrane (reviewed in Shih et al., 2013). It has been shown
that EGFR is capable of modulating both morphogenesis and cell
differentiation in a context specific manner, thereby modulating apical
polarity through pancreatic organogenesis (Lof-Ohlin et al., 2017).
Braden et al. (2014) developed a novel vascular lineage tracing
method that was also used as a marker for isolating vascular cells.
Lineage tracing was obtained taking advantage of proteins, in this case
Bovine Serum Albumin, bound to a pH stable Alexa Fluor that can
maintain fluorescence inside the low-pH lysosomal environment
(Fig. 5). Cells that engulf these pH stable protein-bound fluorophores
undergo proliferation and equally partition the number of lysosomes
between daughter cells, therefore maintaining the label. The molecular
mechanism underlying specific uptake of this conjugate into Botryllus
vascular cells is not well understood, yet it is clear that Botryllus
vascular cells intake and retain it, which serves as a cell linage tracing
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tool. Using this label, it is possible to study the role of vascular
epithelial cells in vascular regeneration, proliferation, mobility, and
differentiation into ampullae. Braden et al. (2014) also showed that
regenerative resident cells within the vascular tissue have the potential
to form newly regenerated blood vessels and differentiated ampullae,
and that Botryllus blood vessel regeneration occurs through a combi-
nation of proliferation and differentiation. Only a few studies have
addressed the molecular mechanism underlying regeneration of blood
vessels in Botryllus.

In mice, mutation of Vascular Endothelial (VE) Cadherin is lethal
due to vascular defects during embryogenesis (Carmeliet et al., 1999;
Gory-Faure et al., 1999). These studies concluded that VE-Cadherin
plays a key role in the survival of endothelial cells involved in embryo
vascularization. CD133, also known as Prominin-1, is a stem cell/
progenitor marker expressed at the apical side of several tissues and
may play a role in regeneration of tubular epithelial after injury
(Corbeil et al., 2014; Jang et al, 2017; Karbanova et al., 2014;
Kramann et al., 2015; Kusaba et al., 2014). It has been shown that
injury to ampullae causes a local up-regulation of Bs-Cadherin in
damaged tissue similar to how endothelial VE-Cadherin responds to
injury of blood vessels (Rosner et al., 2007; Wallez et al., 2006). CD133
is expressed by regenerating ampullae, which is in accordance with its
importance in regulating branching morphogenesis (Anderson et al.,
2011; Braden et al., 2014). It has been proposed that CD133 may have
a role in ampullae differentiation (Braden et al., 2014).

6. Self and non-self recognition

Several reviews have thoroughly covered this process (De Tomaso,
2006; McKitrick and De Tomaso, 2010; Rinkevich, 1996, 2002, 2004,
Rosengarten and Nicotra, 2011; Taketa and De Tomaso, 2015).
Ampullae are implicated in adherence of the colony to a substrate,
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Fig. 5. Microinjections of BSA-488 into the extracorporeal vasculature. A. Bright field image of a microinjection into an ampulla showing the glass needle injecting directly into the
blood stream. B. Fluorescent micrograph showing diffusion of BSA-488 and distribution throughout the extracorporeal vasculature. C. Overlay of A and B. D. Bright field image of a
microinjected ampulla 10 min after injection. E. Fluorescent micrograph showing the BSA-488 distribution through the extracorporeal vasculature; note that the vascular cells have not
up taken the BSA-488. Some auto florescent circulating pigment cells are detected in the blood stream. F. Overlay of D and E. G. Bright field image of blood vessels following 24 h of
microinjection. H. Fluorescent micrograph showing the BSA-488 uptake by the cells of the extracorporeal vasculature, note that the absence of circulating BSA-488. Some auto florescent

circulating pigment cells are detected in the blood stream. Scale bars A-C 250 um D-1 50 pm.

and are involved in the allorecognition process between two genetically
distinct colonies (Taketa and De Tomaso, 2015). When the ampullae of
two compatible colonies come in contact, they can initiate anastomosis
and form blood chimeras. In contrast, when colonies are genetically
incompatible, the tunic partially fuses and the ampullae leak cells to
form a necrotic spot (De Tomaso, 2006; McKitrick and De Tomaso,
2010; Rinkevich, 1996, 2002, 2004; Sabbadin, 1962; Taketa and De
Tomaso, 2015). The allorecognition process is dictated by a single locus
known as the fusion/histocompatibility (FuHC) locus. Individuals with
at least one identical allele are fusion compatible, and those with none
are incompatible and trigger rejection (De Tomaso et al., 2005; De

Tomaso and Weissman, 2003; Scofield et al., 1982; Weissman et al.,
1990). It has been shown that Fester, Uncle Fester, HSP40L, and BHF
play a key role during fusion and rejection, and can be used to predict
rejection outcomes (De Tomaso et al., 2005; McKitrick et al., 2011;
Nydam et al., 2013a, 2013b; Nyholm et al., 2006; Rinkevich et al.,
2012; Voskoboynik et al., 2013). Allorecognition proteins are differen-
tially expressed on ampullae compared to blood vessels (McKitrick
et al., 2011; Nydam et al., 2013a, 2013b; Nyholm et al., 2006).
Botryllus allorecognition system is highly polymorphic. It has been
suggested that its function is to limit vascular anastomosis because
blood-based chimeras result in a stem cell competition for the germline
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(Laird and De Tomaso, 2005; Laird et al., 2005; Rinkevich and
Yankelevich, 2004; Stoner and Weissman, 1996). Ampullae can thus
be considered the gatekeepers of invasive parasitic germline stem cells.

Ampullae are distinct tissues when compared to blood vessels. The
arrangement of epithelial cells on the leading edge are columnar
instead of the simple squamous epithelium that make the blood vessels.
Ampullar epithelial cells also express allorecognition genes that are not
otherwise expressed in any other tissue (Scofield et al., 1982; Taketa
and De Tomaso, 2015). The fusion event is rapid, can happen
overnight, and involves remodeling of the tips between fusing ampul-
lae. It has been observed that blood-borne phagocytic cells are present
in the fusing ampullae, indicating that they may play a major role
during this process (Rinkevich et al., 1998). In the hours following
fusion, newly fused ampullae will change their morphology to a blood
vessel that is indistinguishable from any other (Braden et al., 2014;
Rinkevich et al., 1998; Taketa and De Tomaso, 2015). Vascular and
ampullar epithelial cells have different cellular identity, yet they have
the plasticity to differentiate into the other cell type, therefore the
fusion process is an ideal scenario to study the molecular mechanisms
underlying this differentiation process.

7. Anastomosis and parabiosis

Parabiosis comes from Greek words: para meaning alongside, and
bios meaning life. It can be defined as the union between two
organisms that share a common vasculature and therefore blood
supply. Parabiosis in mammals is usually accomplished through
surgery, although it can occur naturally during abnormal development,
resulting in conjoined individuals (Conboy and Rando, 2012).
Experimental parabiosis in mice has lead to major breakthroughs in
transplantation, cancer, and rejuvenation of aged organs (Eggel and
Wyss-Coray, 2014). Natural occurring parabiosis in Botryllus is not age
restricted, meaning that it can be achieved between colonies of
different ages.

Once fusion of blood vessels between two distinct genotypes occur,
they become blood sharing chimeras, and two types of cell competition
occur: somatic and germline (Laird and De Tomaso, 2005; Laird et al.,
2005; Pancer et al., 1995; Rinkevich, 1996; Rinkevich and Yankelevich,
2004). It has been shown that Botryllus colonies have long-lived
germline stem cells that recurrently migrate to the newly established
niches inside developing buds (Gasparini et al., 2015; Sabbadin and
Zaniolo, 1979). A mobile germline is critical in maintaining sexual
reproduction in a colony that constantly replaces adult zooids on a
weekly basis. Clusters of follicle and germline progenitors become
mobile and migrate to niches in both primary and secondary buds
during a specific phase of the budding cycle (Langenbacher and De
Tomaso, 2016). The migration of germline progenitors to niches is
directed by a sphingosine-1-phosphate gradient in the secondary buds
(Kassmer et al., 2015). Because of the mobile nature of germline
progenitors, fusion between two colonies results in a phenomenon
known as germline parasitism, where gametes and progeny of one
genotype can be completely replaced by the other (Stoner and
Weissman, 1996). The parasitism is persistent through the budding
cycles and even after the colonies are disconnected (Stoner et al.,
1999). It has been shown that germline stem cells can be prospectively
isolated and transplanted directly into the blood stream of a fusible
host colony to recapitulate germline parasitism (Laird and De Tomaso,
2005; Laird et al., 2005). This is also true for somatic pigment cell
parasitism, although we do understand that cell lineages for somatic
and germline are separate.

Parabiosis experiments have been performed between young and
old mice to study the effect of young blood in different tissues of the old
fusion partner. In these experiments, cardiac hypertrophy in old mice
was dramatically reduced and accompanied by decreased cardiomyo-
cyte size after four weeks of parabiosis (Loffredo et al., 2013; Poggioli
etal., 2016). GDF11 was identified as a circulating factor in young mice
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responsible for rescuing cardiac hypertrophy in old mice. Research has
shown that aging causes a decline in blood flow leading to a reduction
in neural stem cells. Using heterochronic parabiosis caused aged
cerebral vasculature to undergo a remodeling, which led to greater
blood flow and proliferation of neural stem cells (Katsimpardi et al.,
2014).

Young and old vessel fusion may reveal how these differently aged
blood vessels and individuals influence each other, and Botryllus
natural parabiosis is a great model system to study this unique
situation.

8. Conclusions and future directions

The extracorporeal vasculature of Botryllus schlosseri plays a key
role in the life of a colony because it: delivers nutrients to all
individuals, regulates the orientation and organization of zooids,
dictates the directionality of the expansion and growth of the colony,
decides if a fusion or rejection event will happen, serves as a reservoir
for germline stem cells, and plays a role in the maturation of
developing oocytes. The health of the vasculature is so vital to the
survival of a colony that it rapidly regenerates upon injury. In extreme
cases when all zooids are removed, it is even able to maintain blood
flow and give rise to new zooids (reviewed elsewhere in this issue:
Kassmer et al.).

Many aspects related to the remarkable plasticity of the vasculature
still remain poorly understood: what signals induce vascular epithelial
cells to proliferate or undergo apoptosis? How do the cells interact with
the ECM and how do changes in the ECM affect the behavior of the
epithelial cells? What signals regulate differentiation into the columnar
epithelium of ampullae, and back into blood vessel epithelium?

Because of the accessibility of the BM facing directly to the lumen,
Botryllus vessels are an ideal model to study mechanotransduction and
how epithelial cells respond to chemical or physical stimuli. It has
recently been shown that by using small molecule inhibitors it is
possible to “soften” the BM, and it would be ideal to study “tightening”
the BM using similar approaches.

Long-term effects of parabiosis between age-mismatch colonies and
the potential consequences in the physiology of the blood vessels of
both parabionts have not been studied in Botryllus blood chimeras. We
are currently investigating the role of the extracorporeal vasculature
and its effects on the senescence of the entire colony.

To better understand the evolution of branching morphogenesis
and blood vessel formation it would be ideal to compare different
species of colonial ascidians and their ability to respond to either
induced regression or expansion of their extracorporeal vasculatures.
Earlier comparison have been done, but more modern molecular tools
will allow us to understand the specific mechanism behind angiogen-
esis of invertebrate blood vessels (Mukai and Taneda, 1978). In future
studies, analysis of transcriptomics and proteomics of purified popula-
tions of vascular cells will identify key genes, proteins, and signaling
pathways involved in all different biological aspects of the extracorpor-
eal vasculature.
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