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Abstract

Regeneration studies in the tunicate Ciona intestinalis have recently been focused on the
potential of adult stem cells to replace injured tissues and organs during the adult life cycle
using the oral siphon (0S) as a model. The OS has oral siphon pigment organs (OPO) along
its rim and an underlying network of muscle fibers in its tube. Different regeneration
processes are triggered by OS amputation at the tip, along the tube, or at the base. One
process involves the replacement of OPO without new cell division by direct differentiation
of locally deployed stem cells or stem cells that migrate from the branchial sac. Another
process involves blastema formation by the migration of progenitor cells produced from
branchial sac stem cells. The capacity for complete and accurate OS regeneration declines
continuously during the adult life cycle. Finally, after an age threshold is reached, OS
regeneration ceases in old animals. The loss of regeneration capacity in old animals
involves the depletion of stem cells in the branchial sac, the inability of brachial sac
progenitor cells to migrate to the sites of regeneration, and defective OPO replacement.
The significance of the OS model for studying regeneration, stem cells, and aging will be

enhanced by the application of molecular methods.
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1. Introduction

The ability to replace injured tissues and organs is a key feature of many different animals
(Brockes and Kumar, 2008). However, regenerative potential has been repeatedly lost during the
evolution of some animal groups (Bely, 2010; Poss, 2010). For example, although certain
vertebrates, such as teleost fishes and urodele amphibians, are able to completely replace severed
appendages, anuran amphibians, birds and mammals do not have this capacity, at least as mature
adults. The loss of regenerative capacity has a developmental basis. Anuran tadpoles can
replace severed limbs prior to metamorphosis, but not as adult frogs (Given et al., 2002). Young
opossums can replace their slowly developing hind limbs but not their rapidly developing
forelimbs (Mizell, 1968). Some human children also have the capacity to replace severed digits
but this ability disappears later during childhood (lllingsworth and Barker, 1980). Even species
with powerful regeneration and tissue repair capacities as young adults show subsequent
reduction in this ability during aging (Reed et al., 2003; Poss, 2010; Seifert and Voss, 2013;
Sousounis et al., 2014). Important clues about how and why the ability to regenerate has been
lost during evolution might be obtained by studying the decay of regenerative potential during
aging, a process termed “regenerative aging”.

To study regenerative aging we need to understand the general principles of regeneration in
an animal that has extensive tissue and organ replacement capacities. Questions to be answered
include: 1) what steps are necessary for regeneration, 2) what cells and molecules are involved in
replacing tissues and organs, and 3) how are regenerative processes regulated? Then, we need to

understand how aging affects regeneration. Ultimately, it would be desirable to obtain enough



information to reverse regenerative aging. This knowledge then might also be used to rescue
regeneration in animals that have evolved restricted regenerative capacity, such as mammals.

Achieving these goals requires a model animal with favorable attributes for studying
regenerative aging. These attributes include powerful regenerative capacities during youth and
more restricted capacities during aging. Other favorable attributes would be: the ability to study
aging in the laboratory over a reasonably short time period, a structurally simple organism
capable of rapid and accurate regeneration, and -since a long term goal is the reversal of lost
regenerative processes in vertebrates- the model animal should be closely related to vertebrates.

One of the most suitable organisms for this type of study is the ascidian tunicate Ciona
intestinalis (Kourakis and Smith, 2015). First, it can be grown in laboratory culture from eggs to
adults (Cirino et al., 2002; Joly et al., 2002), offering the opportunity of testing regenerative
potential in individual animals at any stage of the life cycle. Second, Ciona has a relatively short
life cycle of about 1.5 years (Berrill, 1947, Millar, 1952; Dybern et al, 1965; Peterson et al.,
1995; Kourakis and Smith, 2015). Third, it has a fairly simple body plan and contains fewer
different types of tissues and organs than vertebrates (Millar, 1953). Fourth, it has a long history
of use as a model in developmental biology (Satoh, 1994; 2013), and a large molecular toolkit is
available for studying this organism (Stolfi and Christiaen, 2012). Fifth, Ciona, like other
tunicates (Berrill, 1951; Rinkevich et al., 1995; Tiozzo et al., 2008), has powerful regenerative
capacities and displays regenerative aging (Jeffery, 2015a). Lastly and most importantly, Ciona
belongs to a chordate group (tunicates) that has been inferred as the closest living relative of the
vertebrates (Bourlat et al., 2006; Desuc et al., 2006).

There is a long history of regeneration research in adult Ciona (Jeffery, 2015b) but few

studies have considered regenerative phenomena during the life cycle or in the context of stem



cell function and aging. Here, we review recent studies on regeneration, stem cells, and aging in

Ciona using the oral siphon as a model.

2. Life Cycle, Adult Organization, and Growth

Ciona is a solitary ascidian with a life cycle consisting of larval and adult stages (Fig. 1A).
The motile non-feeding larva, which consists of a trunk (or head) and a tail, is formed from an
egg within about a day after fertilization by rapid stereotypical cleavages and post-gastrulation
cell movements (Satoh, 1994). Like other ascidians, embryonic development in Ciona is strictly
determinate: ablation or removal of blastomeres results in missing parts of the embryo or larva
(Jeffery, 2001). Likewise, excision of larval parts, such as the tail (Takamura et al., 2002), does
not result their replacement. Therefore, regenerative potential is not apparent during the
embryonic and larval stages of the Ciona life cycle.

After a free swimming period, the larva settles head first on a substrate and undergoes
metamorphosis, a process in which the larval tail is retracted into the trunk, and the latter then
undergoes re-organization and differentiation of new body parts to form a sessile filter feeding
adult (Fig. 1A, B). The newly formed distal body tissues and organs first become capable of
regeneration after metamorphosis (Jeffery, 2015b). The mechanisms responsible for the
conversion of a non-regenerating larva into a regenerating adult are unknown in Ciona and other
tunicates.

Adult Ciona have an elongate vase-like body consisting of proximal (toward the attached
base) viscera, a large pharynx containing a branchial sac, and two distal siphons (Fig. 1B). The
tunic, a protective layer containing cellulose-like material that is a defining feature of the

tunicates, covers the entire body. The perforated branchial sac is suspended in the pharyngeal



cavity leading into the oral siphon, the orifice through which food particles are driven into the
underlying branchial sac for filtration and passing to the stomach for digestion (Fig. 1B). The
endostyle, an elongate tube shaped organ, which is considered to be the ascidian homologue to
the vertebrate thyroid gland (Ogasawara and Satoh, 1998), runs along the ventral side of the
branchial sac, and the dorsal strand, a neural tissue, runs along its dorsal side. The viscera
include the stomach, intestine, heart, and hermaphroditic gonad. The gonad and intestine are
connected to gonoducts and a rectum respectively, which empty into the atrial cavity. The atrial
siphon is used to expel gametes and fecal materials (Fig. 1B). The neural complex (NC), which
consists of a single ganglion (brain) with an associated glandular organ (neural gland), lies in the
apex between the two siphons and tapers into the dorsal strand on its posterior side. The brain is
quite small, containing only a few hundred neurons and possibly some associated supporting
cells (Millar, 1953; Bollner et al., 1992, 1993, 1995, 1997; Dahlberg et al., 2009). Paired nerve
tracts exit the anterior and posterior ends of the brain and extend into the siphons, branchial sac,
and viscera, dividing into multiple tracts and fibers along the way (Millar, 1953; Markman,
1958; Mackie et al., 2006).

Ciona adults grow rapidly and isometrically, eventually developing gonads and becoming
gravid in only a few months (Berrill, 1947; Millar, 1952; Dybern et al. 1965; Peterson et al.,
1995). During the growth phase, the NC and siphons show remarkable regenerative potential.
However, the rate of regeneration declines continuously during the life cycle (Dahlberg et al.,
2009; Auger et al, 2010). After about a 1.5 years, gamete production ceases, the tunic thickens
and wrinkles, and the old animals eventually die (Fig. 1A). Regeneration capacity is severely

compromised or can cease entirely during old age (Jeffery, 2012; 2014).



In summary, the Ciona life cycle exhibits three different periods with regard to
regenerative capacity: 1) the embryonic/larval phase in which regeneration is absent, 2) the
young and middle-age adult growth phase in which regeneration is extensive, and 3) old age in
which regeneration is weak or non-existent (Fig. 1A). In this article, we focus on the second and

third periods of the life cycle.

3. Partial Body Regeneration

Mingazzini (1891) and Loeb (1892) independently discovered the remarkable regenerative
capacities of the Ciona NC and siphons. Subsequently, a detailed analysis showed that the NC
could be completely replaced within about a month after ablation (Schultze, 1899). Many
different investigators have now confirmed NC and oral siphon regeneration and contributed
additional details about the processes (Sutton, 1953; Whittaker, 1975; Bollner et al. 1992, 1993,
1995, 1997; Dahlberg et al., 2009; Auger et al., 2010). The capacity for complete regeneration
from body fragments has also been investigated. Hirschler (1914) separated adult body parts and
recorded their capacity to regenerate an entire animal. He bisected animals into two parts by
cutting across a horizontal plane immediately distal to the viscera and found that the proximal
(basal) portion was capable of regenerating the distal portion, and thus a complete animal, but
the distal portion could not regenerate the basal part and eventually died. Furthermore, if body
pieces were separated at positions more distal to the border between the branchial sac and
viscera, the basal parts, but not the distal parts, could regenerate complete animals. Using a
similar approach, Jeffery (2015c) separated the body into three parts across the distal-proximal
axis and showed that the middle part, which lacked the viscera, NC, or the siphons, but contained

part of the branchial sac, also has the potential to replace the oral siphon. Therefore, in Ciona the



branchial sac appears to be a general regenerative center that is involved in the replacement of
injured distal body parts, including the oral siphon.

The phenomenon of distal regeneration from proximal parts of the adult body was termed
“partial body regeneration” (Jeffery, 2015b) to distinguish it from other types of regeneration
displayed by ascidians: bipolar regeneration in Clavellina (Brien, 1968) and whole body

regeneration in colonial ascidians (Freeman, 1964; Tiozzo et al., 2008; Brown and Swalla, 2012).

4. The Oral Siphon Model

Recent studies of Ciona regeneration have focused on the oral siphon as a model (Auger et
al., 2010; Jeffery, 2012; 2015c). The oral siphon is a thin muscular tube covered by tunic on its
outer side (Fig. 1C; 2A). The siphon tube is bounded by inner and outer epidermal epithelia,
which cover a mesenchymal layer containing crisscrossing longitudinal and circular muscle
bands (Fig. 2B), nerve tracts, and loosely organized cells embedded in a dense extracellular
matrix. Different sensory organs are located at the distal and proximal ends of the oral siphon.
The proximal end contains a ring of sensory tentacles, which can inter-digitate and close off the
siphon aperture at its base. The distal rim contains pigmented sensory organs (oral siphon
sensory organs or OPQ) on its inner side, which lie in niches between extended lobes of siphon
wall tissue (Dilly and Wolken, 1973) (Fig. 1C, 2A). Each OPO has three parts: a crypt of
elongated epidermal cells, which are ciliated and rich in actin filaments, a cup-shaped layer of
orange mesenchymal pigment cells, and a ganglion-like neural structure at its base (Fig. 2C-F).
A yellow stripe of pigment cells, the inter-OPO pigment band, extends laterally along the siphon
rim between each OPO. A ring of OPO connected by an inter-OPO pigment band also rims the

atrial siphon (Fig. 2A), although there are no tentacles at its base. The OPO are thought to be



sensory organs (Dilly and Wolken, 1973; Auger et al., 2010), but their precise function is not
understood.

The siphons are highly contractile organs (Mackie et al., 2006; Dahlberg et al., 2009).
They have the capacity to shorten along their distal to proximal axis by contracting the
longitudinal muscle bands and their lateral axis by contracting the circular muscle bands.

Contractions can be elicited by water movements or by objects touching the surface of the body.

5. Oral Siphon Regeneration

Oral siphon regeneration has been separated into three steps (Auger et al., 2010). The first
step is wound epidermis formation, which involves epidermal cell division to produce a new
epithelium closing over the wound site (Fig. 3A). The wound epidermis forms within the first
day after amputation. After the wound epidermis is formed, the OPO are replaced (Fig. 3B-D).
The formation of the wound epidermis and the early steps in OPO replacement (see Section 5.1)
occur before the beginning of siphon re-growth (Fig. 3A-C). Several days after amputation, a
blastema of proliferating cells is formed proximal to the level of OPO replacement, the siphon
grows outward (first replacing only the lobes and then showing isometric growth along the tube)
(Fig. 3D-G), and new muscle bands and nerve tracts differentiate in the extending tube. A new
ring of basal tentacles is also formed if the original ring was removed by siphon amputation.
During the growth process, the neural ganglion at the base of each OPO is replaced, but the
process involved is not completely understood. An inter-OPO pigment band is gradually re-
formed during the period of siphon growth by differentiation of yellow pigment cells extending
along the siphon rim from the lateral sides of each new OPO. Depending on the level of siphon

amputation (at the distal tip, within the muscular tube, or at the base) and the age of the animal,

10



there are differences in the rate and details of oral siphon regeneration (Fig. 1C). The differences
in regeneration of siphon parts after amputation at different levels is described below and
summarized in Table 1.

5.1 Siphon Tip and Tube Regeneration

When the oral siphon is amputated at the tip (removing OPO and the inter-pigment band)
or along the muscular tube (above a level approximating the tentacle bands) the OPO are
replaced rapidly and with a high degree of precision (Table 1).

5.1.1. OPO replacement. The stages of OPO replacement during siphon tip or tube
regeneration is shown in Figure 3AA-DD, H. First, orange pigment cells differentiate in a band
of mesenchyme below the wound epidermis (Fig. 3AA, BB, H1). This region, called the OPO
regeneration band, is a vertical stripe of loosely organized mesenchymal cells located between
each longitudinal band of muscle fibers along the entire length of the siphon (Fig. 1C). There are
as many OPO regeneration bands as OPO in the oral siphon. Second, the differentiated orange
pigment cells migrate distally along the OPO regeneration band, line up along the wound
epidermis, and condense into pigment spots (Fig. 3CC, DD, H2, 3). Third, the surface
epithelium invaginates to form the ciliated epidermal crypt, and orange pigment spots surround
the crypt, which becomes the orange cup of the OPO (Fig. 3H4, 5). At about the same time, the
neural ganglion is re-formed at the base of the epidermal crypt, and the inter-OPO pigment band
begins to be replaced.

Most animals in a natural population have a ring of eight OPO surrounding the siphon rim,
although a small number of animals have rings of seven or nine OPO (Millar, 1953; Auger et al.,
2010). There is a high degree of fidelity in re-patterning the number of OPO during both siphon

tip and tube regeneration, as evidenced by their accurate replacement during multiple cycles of
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oral siphon regeneration. Multiple cycles of regeneration are carried out by: 1) amputating the
oral siphon along its tube, 2) allowing the siphon to re-grow, 3) amputating the regenerated
siphon along its tube again, 4) allowing siphon to re-grow again, and so forth. The number of
replaced OPO has been determined through four consecutive regeneration cycles (Auger et al.,
2010). After three consecutive cycles, animals with 8 original OPO always formed exactly 8
new OPO, whereas animals with 7 or 9 original OPO always formed exactly 7 or 9 new OPO
respectively. The response of the siphon to multiple amputations indicates that OPO
replacement is a precisely controlled process. After the fourth consecutive amputation cycle,
however, this there is no similarity between the numbers of original and new OPO, implying that
pattern regulation has been affected.

The siphon tip and tube regeneration processes are similar, both beginning with the formation
of a wound epidermis and subsequent replacement of the OPO and inter-OPO pigment band.
However, since part of the underlying muscle, nerve, and OPO regeneration band are also
removed, the tube regeneration process includes these tissues.

5.1.2. Short distance regeneration. The source of progenitor cells has been a major
question in Ciona regenerative biology (Jeffery, 2015a, b). In principle, regeneration could be a
short distance (local) process involving precursors from within the siphon tube itself, a long-
distance process involving precursors from another part of the body, or a combination of both
processes. Current evidence suggests that siphon tip regeneration involves a short distance
process, whereas siphon tube regeneration involves both short and long distance processes
(Table 1) (Auger et al., 2010; Jeffery, 2015c).

Two lines of evidence support a short distance process in siphon tube regeneration: UV

irradiation and siphon explants (Auger et al., 2010) (Fig. 4). First, UV irradiation of the siphon
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tube, which is carried out while shielding the remainder of the body, blocks OPO replacement
and siphon regeneration following siphon amputation: if one side of the siphon is irradiated,
OPO replacement occurs only on the non-UV irradiated side, whereas if both sides are irradiated
OPO replacement is blocked on both sides (Fig. 4B, C). The UV irradiation results imply that
siphon tube regeneration has a high degree of local autonomy. Autonomous replacement of the
OPO by short distance regeneration is also supported by the destruction of a single OPO by
microcautery, which quickly induces a new OPO to re-form in its place without affecting any
other part of the siphon (Auger et al., 2010). Second, if the siphon is amputated at its distal tip
and the tip and stump are cultured as explants, they show contrasting fates (Fig. 4G-1). The
stump explants form OPO with fidelity in structure in number on their distal but not their
proximal ends. The tip explants, which already have OPO on their distal ends, do not form new
OPO on their proximal ends. Thus, OPO regeneration in culture respects the original polarity of
the siphon. The UV irradiation and explant experiments suggest that the oral siphon responds to
injury by activating a local source of stem or progenitors cells for OPO replacement.

Short distance regeneration is independent of cell proliferation (Table 1). This has been
demonstrated by the inability of OPO to be labeled with the cell proliferation marker EJU and
the inability of the cell division inhibitors colchicine and nocodazole to affect OPO replacement
(Jeffery, 2015c). Accordingly, local stem or progenitor cells must differentiate directly into new
OPO, which explains their rapid replacement during siphon tube regeneration.

5.1.3. Long distance regeneration. Long distance regeneration, which occurs during
siphon tube and base (see below) regeneration, but not during siphon tip regeneration (Table 1),
involves the activity of progenitor cells originating from outside of the siphon. As OPO

replacement is occurring at the distal end of the regenerating siphon, a blastema appears in the
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proximal region of the siphon stump (Fig. 3J, K). The presence of a blastema indicates that long
distance regeneration occurs by epimorphosis. Blastema formation involves the proliferation and
migration of progenitor cells from the branchial sac (see Section 7), which are involved in the
replacement of muscle and nerves in the regenerated siphon tube.

During the first few days following amputation, there are no muscle cells in the
regenerating siphon and it is not able to contract. Muscle differentiation begins after blastema
formation. The first muscle cells to be replaced are circular muscle fibers, which begin to
differentiate and extend from a germinal area in the OPO regeneration band. The circular muscle
bands are formed de novo by the differentiation of progenitor cells in the blastema since the
original muscle cells (and any satellite cells associated with them) are completely removed when
the siphon is amputated. In contrast, the longitundinal muscle bands are replaced by the
outgrowth of preexisting longitudinal muscle fibers that were severed during the amputation
process. As a consequence of new muscle differentiation, the regenerating siphon eventually
regains the ability to contract. Considering the large number of muscle fibers in the siphon, a
significant part of siphon regenerative activity must be expended on their replacement after
injury.

The oral siphon is rich in nerve fibers, which ramify and radiate distally from a large nerve
tract beginning in the NC. When the oral siphon is amputated these siphon nerve fibers are also
severed. As observed in transgenic Ciona with GFP staining throughout the nervous system,
new neurons extend distally into the blastema from the severed tips of the pre-existing fibers,
eventually contacting the rim of the regenerating siphon (Auger et al., 2010). The replacement
of siphon nerves and OPO is independent of the NC: siphon nerves invade the blastema and OPO

are replaced after NC ablation or severing its neural connections, although regeneration occurs
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more slowly without the NC (Auger et al., 2010). Replacement of siphon axons by distal
extension is possible because of cell bodies are present in the nerve tracks of the oral siphon
(Dahlberg et al., 2009). Presumably nerves are directly involved the Ciona siphon regeneration,
as they are in the regenerating vertebrate limb (Brockes, 1987), but this is yet to be demonstrated
experimentally.

5.2 Siphon Base Regeneration

When the oral siphon is severed at its base other parts of the body must be involved in its
replacement, implying a long distance regeneration process. Accordingly, siphon base
regeneration occurs more slowly than siphon tip or tube regeneration (Table 1). Moreover, OPO
replacement does not show fidelity: multiple OPO are reformed even after a single cycle of base
amputation, suggesting that patterning mechanisms are changed (Auger et al., 2010). The ring of
tentacles is also removed and subsequently replaced during siphon base regeneration. Little is
known about tentacle regeneration except that it involves cell division (Jeffery, 2015c).

During the longer interval required for base regeneration, large numbers of orange
precursor cells differentiate in the OPO regeneration band and form thick lines along the wound
epidermis (Fig. 311-2). The thick lines of pigment cells then condense into pigment spots;
however, multiple spots and OPO develop in the place of a single original OPO (Fig. 313-5). For
each original OPO, two or three OPO can be formed (Fig. 3L, M). Thus, the regenerating siphon
of animals subjected to base amputation can show two (16) or three (24) times the normal
number of OPO. The multiple OPO are packed very close along the margin of the siphon
without increasing its girth (Auger et al., 2010).

Interestingly, if animals with multiple OPO produced by base regeneration are amputated a

second time, but along the siphon tube rather than the base, there is a tendency to reproduce the
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same number of (multiple) OPO developed in the previous cycle, rather than the original number
of OPO (Jeffery, unpublished). This suggests that there is a “memory” of pattern involved in
OPO replacement. The basis for this “memory” of pre-existing pattern is currently unknown, but
could involve structural cues in the siphon tube, possibly the number and/or width of new OPO

regeneration bands, which is under the influence of siphon base amputation.

6. Adult Stem Cells

The progenitor cells involved in animal regeneration are produced by pluripotent stem cells
(Weissman, 2000; Voog and Jones, 2010; Sanchez Alvarado and Yamanaka, 2014). In some
cases, these stem cells are located near the sites of regenerative activities. Examples are the stem
cells involved in replacement of the hair follicles in the epidermis of mammals, stem cells that
replenish cells lining the stomach, and the satellite stem cells that replace injured vertebrate
striated muscle cells. In other cases, stem cells are located in niches distant from the sites where
the progenitor cells derived from them ultimately function. Examples are the hematopoietic stem
cell niches in the pancreas and the bone marrow of mammals. The Ciona regeneration studies
discussed above suggest that stem cells located both within (short distance regeneration) and
outside (long distance regeneration) the siphon may be involved in the replacement of the oral
siphon.

6.1 Multiple Stem Cells

The location of Ciona adult stem cells has been addressed in Ciona using the stem cell
markers alkaline phosphatase (AP) and PIWI (Jeffery, 2015c). Pluripotent stem cells display
active AP on their surfaces, which can be detected using appropriate substrates of this enzyme.

AP has been used as a stem cell marker in a variety of animals (Riekstina et al., 2009), including
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ascidians (Akhmanieva et al., 2007). The piwi gene is expressed specifically in totipotent stem
cells (germ cells and gametes) and pluripotent adult stem cells throughout the animal kingdom
(Cox et al., 1998; Seipel et al., 2004; Palalkodeti et al., 2008) and has also been used to detect
stem cells in ascidians (Brown et al., 2009; Rinkevich et al., 2010; Suganaga et al., 2010;
Kawamura and Sunanaga, 2011).

Adult stem cell niches have been detected in four locations in the Ciona body according to
the expression of the AP and PIWI markers (Fig. 5A, C). First, stem cells are present in groove-
like structures in the stomach and intestinal epithelium (Fig. 5A). These stem cells replenish the
gut epithelial cells, which undergo continuous turnover during the digestion process (Ermak,
1975a; 1976a; 1981). Second, stem cells are detected in the basal stalk or stolon, the structure
that attaches the body to the substrate (Fig. 5A). The function of basal stalk stem cells is
unknown, however, they may be involved in forming a body growth zone. Third, stem cells are
present in the transverse vessels of the branchial sac where they are concentrated in lymph nodes
(Fig. 5A, C). Lymph nodes containing stem cells are also localized in the vessels lining the
pharynx, the endostyle, and the atrial cavity. Stem cells in lymph nodes are involved in the
renewal of coelomic hemoblast cells (Ermak, 1975b; 1976b), which are dispersed throughout the
animal and have many different functions (De Leo et al., 1987; Satoh, 1994). In colonial
ascidians, coelomic hemoblasts differentiate into body wall muscle (Sugino et al., 2007). Fourth,
small clusters of stem cells are present in the siphon walls, where they are localized within or
near the OPO regeneration bands (Fig. 5B). As mentioned above, orange pigment cells of the
OPO and circular muscle fibers begin to differentiate in the OPO regeneration bands. Thus, the
Ciona body contains multiple stem cell niches, and those of the branchial sac are especially

prominent (Fig. 5A).
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6.2. Branchial Sac Stem Cells

The branchial sac stem cells respond to siphon amputation by dividing to produce
progenitor cells. The response of branchial sac stem cells to siphon injury was determined by
subjecting Ciona adults to short pulses of EdU after oral siphon amputation (Jeffery, 2015c).
The results showed that cell proliferation occurred almost exclusively in the transverse vessels of
the branchial sac (Fig. 5D). Furthermore, double labeling with EJU and the AP stem cell marker
demonstrated that stem cells in the lymph nodes were induced to proliferate as a response to
siphon injury (Fig. 5D inset). Lower levels of cell proliferation were also noted in the stomach
and intestine during the short EdU pulses (Fig. 5D), however, their levels were unchanged after
amputation, suggesting that they represent a constitutive level of cell renewal not associated with
siphon injury. EAU pulse labeling also confirmed that cell proliferation is not involved in OPO
replacement after the siphon tube is amputated. Thus, the branchial sac appears to be the major

adult stem cell niche involved in long distance regeneration.

7. Stem and Progenitor Cell Mobilization and Deployment

The branchial sac contains two different cell types that are deployed in long distance oral
siphon regeneration: AP/PIWI stained stem cells and EdU labeled progenitor cells. After a delay
of a few days, progenitor cells are mobilized in the branchial sac and migrate into the siphon
stump, where they form a regeneration blastema. This has been demonstrated by EdU pulse-
chase experiments (Jeffery, 2015c). In these experiments, branchial sac cells labeled with EdU
during a short pulse beginning after oral siphon amputation were subsequently detected in the
blastema during the chase (Fig. 6B). If the same pulse-chase regime is applied, but the siphon is

not amputated, the EAU labeled cells are not chased into the siphon and remain in the branchial
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sac, demonstrating that siphon injury triggers the mobilization and deployment of branchial sac
progenitor cells (Fig. 6A).

It remains to be determined whether cells from the branchial sac are solely responsible for
blastema formation or if they join other progenitor cells that already present in the siphon stump.
However, it is likely that the local contribution of proliferating cells to the blastema is minimal.
Two lines of evidence support the possibility that long distance migration is responsible for
most, if not all, of the progenitor cells in the regeneration blastema (Jeffery, 2015c). First,
dividing cells are not revealed in the siphon (with the exception of the wound epidermis) by EdU
labeling during the first few days after amputation. Second, differentiation of orange pigment
cells and their incorporation into nascent OPO occurs without cell proliferation.

Techniques are not yet available to directly follow cell migration from the branchial sac
into the siphon. Accordingly, the evidence for long distance stem cell migration comes has been
obtained by branchial sac transplantation experiments (Fig. 7) (Jeffery, 2015c). In these
experiments, branchial sacs of small EdU labeled animals are isolated and transplanted into the
branchial sacs of larger unlabeled animals, and then the distribution of EAU labeled donor cells is
determined after oral siphon amputation of the unlabeled hosts (Fig. 7A). As a response to
siphon amputation, EdU labeled cells in the donor branchial sac migrate into the host
regeneration blastema (Fig. 7C). This migration is a specific response to amputation: if the host
siphon is not amputated then EdU labeled donor cells do not appear in the siphon. These
experiments suggest that progenitor cells originating in the branchial sac migrate distally to form
the regeneration blastema.

Unexpectedly, stem cells of the branchial sac also appear in the regenerating siphon

(Jeffery, 2015c). In contrast to progenitor cell migration, the stem cells migrate into the siphon
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early after amputation, particularly when siphon amputation occurs at the base (Fig. 6F). After
base regeneration, branchial sac stem cells, which continue to be detectable by AP labeling,
invade the regenerating siphon and differentiate directly into orange pigment cells of the OPO
without prior cell division (Fig. 6C-F). The branchial sac stem cells can be detected in the new
OPO because they still express stem cell markers for a short time after their differentiation into
orange pigment cells. This is in contrast to the situation for siphon tip and tube regeneration, in
which small clusters of stem cells located in the OPO regeneration bands (Fig. 5B), and not the
branchial sac stem cells, give rise to OPO components (Table 1).

In summary, two sources of stem cells are involved in oral siphon regeneration (Fig. 6F).
When the siphon is amputated at its tip, a source within the siphon is mobilized and deployed for
short distance regeneration. When the siphon is amputated along its tube both the local and long
distance (branchial sac based) sources are involved in regeneration: OPO are derived from the
local source and the blastema is derived from the long distance source. When the siphon is
amputated at its base only the long distance source is involved in regeneration: OPO are directly
formed from branchial sac stem cells and the blastema is derived from progenitor cells that also
originate in the branchial sac. The local clusters of stem cells normally present in the OPO
regeneration bands are likely to be replenished by the invasion of branchial sac stem cells during

long distance regeneration.

8. Aging and Oral Siphon Regeneration
The regenerative abilities of Ciona decline with age. Regenerative aging of the NC and
oral siphon have been observed in both natural marine environments and laboratory cultures

(Dahlberg et al., 2009; Auger et al., 2010; Jeffery, 2012; 2015c). In wild collected adults,
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regeneration capacity during the life cycle was evaluated using size (e. g. distal to proximal
length) as a proxy for age. Under favorable conditions, wild Ciona adults grow continuously
during a life span of about 1-1.5 years (Berrill, 1947; Millar, 1952; Dybern et al, 1965; Peterson
et al., 1995). NC ablation or oral siphon amputation of different sized animals resulted in the
discovery of an inverse relationship between body length (age) and the rate of regeneration
(Dahlberg et al., 2009; Auger et al., 2010): larger (older) animals regenerate much more slowly
than smaller (younger) animals (Fig. 8A). A similar decline in regeneration rate as a function of
age also occurs in laboratory cultures in which animals of precisely known age are grown from
fertilized eggs (Jeffery, 2015c¢).

Despite a decrease in the rate of regeneration during the adult life cycle, the regenerative
processes involved, for example OPO replacement, are still completed with accuracy. This
situation changes as animals reach an age threshold, when the capacity for regeneration
disappears (Jeffery, 2012). Oral siphon regeneration is compromised in the oldest animals
collected in the wild or cultured in the laboratory (Jeffery, 2012; 2015c). The old animals show
some morphological and reproductive abnormalities relative to their younger counterparts. They
exhibit a thickened and withered tunic, a reduction in gamete production, and have malformed
and larger OPO. Moreover, the pharynx and siphons of these animals appear to be inflamed due
to the overproduction of orange pigment cells, a condition that is possibly related to stress
(Parrinello et al., 2010). When the siphons of old animals are amputated at any position, the rate
of regeneration is either very slow or it does not occur at all, even after a month or more of
observation (Fig. 8B).

Even though there is no net siphon growth after amputation in old animals, OPO

replacement still occurs, although it shows several differences from normal replacement in
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younger animals (Jeffery, 2012). First, when the oral siphons of old animals are amputated in
the tube, OPO replacement occurs, but multiple OPO are formed in the place of the original
single OPO. Thus, siphon tube regeneration in old animals resembles siphon base regeneration
in younger animals. This difference could be due to the abundance of differentiated orange
pigment cells both in the siphons and elsewhere in the body of old animals. Second, OPO
replacement is arrested when old animals are subjected to an additional cycle of siphon
amputation. After two consecutive cycles of amputation, large numbers of orange pigment cells
differentiate in the siphon stump, and the pigment cell masses line up along the wound
epidermis, which seems to be formed normally, but the orange pigment cells but do not condense
into distinct pigment spots or form OPO. Instead, they arrest in lines along the siphon rim and
later mix with similar lines of yellow pigment responsible for inter-OPO pigment band formation
(Fig. 8B, C). Lastly, when the amputated siphon stumps of old animals are excised and cultured
as explants in vitro, the OPO regeneration bands overproduce orange pigment cells, but they do
not move distally to form OPO, as occurs in siphon explants derived from young animals (Fig.
41). Therefore, although orange pigment cells still differentiate, and in fact are over-produced,
OPO replacement is defective, suggesting that aging disrupts morphogenetic processes in old
animals.

The formation of a blastema of proliferating cells plays an important role in oral siphon
regeneration, contributing the precursors of new muscle and nerve cells during siphon growth
(Auger et al., 2010). As described above, the blastema is formed by stem cells that migrate from
the branchial sac early during regeneration and reform the OPO without undergoing cell division
and progenitor cells that proliferate in the branchial sac and migrate into the blastema later

during regeneration (Jeffery, 2015c). Although OPO replacement can occur (albeit defectively)
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in old animals, they do not develop a blastema of proliferating cells (Fig. 8D) (Jeffery, 2012).
Accordingly, old animals do not replace muscle cells and regain the ability for siphon
contraction. There is no information available about the effects of age on nerve cell replacement.

The absence of a blastema in old animals suggests that defects might occur in the
production or migration of proliferating cells. Branchial sac stem cells have been compared in
young and old animals following oral siphon amputation by EdU pulse labeling and expression
of AP and PIWI stem cell markers (Jeffery, 2015c). The structure of the branchial sac and
distribution of proliferating cells appears to be abnormal in old animals (Millar, 1952; Jeffery,
2015c¢). Furthermore, the branchial sac of old animals shows much lower levels of AP and PIWI
labeled adult stem cells compared to their younger counterparts. Thus, a reduction in stem cell
number, the failure of stem cells to produce progenitor cells, and/or the inability of progenitor
cells to migrate into the injured siphons may be responsible for regenerative aging. It is also
possible that the injured siphon stumps of old animals do not produce a normal signal for the
attraction of progenitor cells to the regeneration blastema.

Based on all the information currently available about siphon regeneration, stem cells, and
aging, a model has been suggested to explain the gradual decline and eventual abrupt cessation
of regenerative capacity of the Ciona oral siphon (Jeffery, 2015c). The model states (1) that all
of the branchial sac stem cells that are used in growth (and potentially in regeneration) are
produced early during the adult life cycle, (2) after a maximal number of stem cells is reached
they slowly lose potency or disappear as animals age, and (3) during old age, no additional stem
cells are available for further growth or, if necessary, regeneration. A test of this model would
entail the experimental reduction and elevation of stem cell number, and approaches to

accomplish this are currently under development.
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9. Concluding Remarks and Perspectives

We suggest that new animal models are needed to study the relationship between
regeneration and aging. As well as being able to reveal the principles underlying regenerative
during aging, these models should also help us understand how and why regeneration has been
lost during the evolution of some animals, including ourselves. Ultimately, using information
gleaned from these models, we might find ways to reverse the loss of regenerative potential that
is imposed during aging and evolution. Ciona intestinalis is an animal that fills the need for a
model in regenerative aging.

Although many avenues of regenerative biology research need to be explored further in
Ciona, in recent years there has been progress in deciphering the underpinnings of regeneration.
In Ciona it is possible to study regeneration in a small part of the animal while also observing
related changes in the entire animal, thus allowing both short and long distance regeneration
processes to be analyzed. This approach led to the discovery of the Ciona branchial sac stem cell
niche and its long distance contribution to the regenerating siphon (Jeffery, 2015c).

Most of the insights described in this article are derived from experiments on oral siphon
regeneration, however, Ciona also promises to be an excellent model to study the regeneration
capacity of other organs, such as the brain and heart, and these studies should be vigorously
pursued in the future. Although some vertebrates, namely amphibians, show partial brain
regeneration (Endo et al., 2007), no chordate group other than the tunicates can regenerate an
entire brain after its complete removal. Thus, insights about vertebrate brain regeneration may

be gained from studying the capacity for complete brain regeneration in Ciona.
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We have described recent results showing that adult stem cells are instrumental in Ciona
regeneration and aging. Similar properties of stem cells have been observed in other animals (e.
g. Conboy and Rando, 2005; Sharpless and Schatten, 2009; Waterstrat and VVan Zant, 2009). It
is remarkable that all stages in the life and function of adult stem cells, from their initial
formation during metamorphosis (or perhaps even during embryogenesis) to their possible
depletion or decay during old age, are accessible for study in Ciona. This attribute is likely to
have important impacts on understanding the life history of adult stem cells.

Molecular analysis of Ciona regeneration is still being developed. This approach will be
fostered by the existence of molecular and genomic tools that have been pioneered for the
studying the development of this organism (Stolfi and Christiaen, 2012). Thus, it will be
imperative to take advantage of these tools in future studies to reveal the molecular basis of

regenerative aging.
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Figure Legends

Figure 1. Ciona intestinalis. A. Life cycle. B. Body organization. C. Oral siphon structure
showing the approximate locations (red horizontal lines) of amputation at the tip, along the tube,
and at the base in regeneration studies. OS: oral siphon. AS: atrial siphon. NC: neural complex.
BS: branchial sac. V: Viscera. CM: circular muscle band. LM: longitudinal muscle band. PB:
Inter OPO pigment band. OPO: oral siphon pigment organ. TB: tentacle band. C: Modified

from Auger et al. (2010).

Figure 2. Oral siphon pigment organ structure. A. The distal portion of an adult showing
the oral siphon (OS), atrial siphon (AS), and a longitudinal muscle band (LMB). B. A phalloidin
stained oral siphon showing bands of circular muscle (CM) and longitudinal muscle (LM). C.
The oral siphon rim with an oral siphon pigment organ (OPO) and the inter-OPO pigment band
(PB). D. A drawing showing an oral siphon pigment organ in section. The inner side of the oral
siphon is on the right. PC: yellow pigment cells. OC: Orange pigment cup. RC: neuronal
receptor cells in the epidermal crypt. E. A section through the distal rim of an OS showing the
structure of an oral siphon pigment organ. F. A fluorescent micrograph of an oral siphon from a
transgenic animal with a GFP labeled neural ganglion (NG) located at the base of the OPO

(outlined). From Auger et al. (2010).

Figure 3. Oral siphon regeneration. A-G (including AA-DD). Oral siphon regeneration

and oral siphon pigment organ regeneration showing the first two steps in the absence of siphon

growth (A-C) and showing the third step involving growth (D-G). The time span from A to G is
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about a month. AA-DD are magnifications of the siphon rim in A-D respectively showing the
wound epidermis (WE) and orange pigment cell differentiation. OPO: oral siphon pigment
organ. PB: inter OPO pigment band. OPL: line of orange pigment cells. OPS. Orange pigment
spot. H, I. Diagram showing oral pigment organ replacement after siphon amputation at
thetip/tube (H) or base (I). J, K. Siphon tube regeneration showing (J) neural ganglion (NG)
replacement and (K) the blastema of proliferating cells. The diagonal dashed lines represent the
approximate location of amputations. L, M. Siphon base regeneration showing multiple oral
siphon pigment organ replacement. M. Enlargement of the siphon rim showing duplicated and

triplicated oral siphon pigment organs. From Auger et al. (2010).

Figure 4. Local source of progenitor cells for oral siphon pigment organ regeneration
demonstrated by oral siphon ultraviolet irradiation and explant experiments. Top. Ultraviolet
(UV) irradiation. A, D. Normal oral siphon pigment organ replacement after UV irradiation of a
shielded control animal prior to siphon tube amputation. B, E. No oral siphon pigment organ
replacement after UV irradiation of both sides of the oral siphon prior to siphon tube amputation.
C, F. No oral siphon pigment organ regeneration on the left side of an animal after UV
irradiation of the left side of the oral siphon prior to siphon tube amputation. Black rectangles
indicate the shielded areas during UV irradiation (downward pointing arrows). Vertical lines
indicate the amputation planes. Bottom. Explant cultures. G. Diagram of the two-step procedure
used to obtain explants of regenerating siphons. The first amputation (1) yields an oral siphon tip
explant and the second amputation (2) an oral siphon mid-section explant. H. A siphon mid-
section explant after 6 days in culture showing orange pigment cell accumulation in oral siphon

pigment organ regeneration bands (arrowhead). Arrow shows the exposed siphon tentacles. I.
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Explants after 9 days in culture showing an oral siphon distal explant containing the original oral
siphon pigment organs on its distal margin (top) and an oral siphon mid-section (bottom) explant
with oral siphon pigment organ formation on its distal (arrowhead) but not its proximal side.

From Auger et al. (2010).

Figure 5. Adult stem cell localization. A. A young adult showing the distribution of AP
labeled stem cells. B. A portion of an oral siphon (OS) showing clusters of AP labeled stem
cells (arrows). C. A section through the transverse vessel of the branchial sac showing PIWI
labeled stem cells (arrows). D. EdU pulse labeling following oral siphon amputation shows cell
proliferation primarily in the transverse vessels (TV) of the branchial sac (BS). The OS stump is
outlined by dashed lines. Insert: higher magnification of D showing proliferating cells in a
lymph node (LN). CG: central ganglion (neural complex). AS: atrial siphon. E: endostyle. R:
rectum. I: intestine. S: stomach. H: heart. Sk: basal stalk. OPO: oral siphon pigment organ.

From Jeffery (2015c).

Figure 6. Stem and progenitor cell contributions to the oral siphon regeneration blastema.
A, B. The results of a pulse chase EdU labeling experiment. After a 2 day EdU pulse followed
by a 4 day chase, animals show strong labeling in the oral siphon after amputation the tube (B)
but not if there is no amputation (A). C. AP labeled stem cells in the oral siphon of a
regenerating animal. Horizontal line indicates the original plane of amputation. D, E. Oral
siphon pigment organ of a regenerating animal showing pigment cells labeled with alkaline
phosphatase (D) but not EdU (E). F. Diagram illustrating temporal differences in appearance of

non-proliferating branchial sac stem cells (filled circles) and proliferating (open circles)
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branchial sac progenitor cells in the siphon regeneration blastema. OS: oral siphon. AS: atrial
siphon. NC: neural complex. E: endostyle. BS: branchial sac. TV: transverse vessels. R:
rectum. I: intestine. S: stomach. H: heart. Sk: basal stalk. Left. A non-regenerating animal is
shown with non-proliferating stem cells localized in the TV of the branchial sac. Middle. A
regenerating animal (1-3 h post-amputation) is shown with non-proliferating stem cells in the
distal regeneration blastema. Right. A regenerating animal (4+ days post-amputation) is shown
with branchial sac stem cells in the transverse vessels and the regeneration blastema and
proliferation of progenitor cells in the transverse vessels. Some of the branchial sac stem cells
have migrated into the regenerating siphon and differentiated into oral siphon pigment organs.
Dashed line: site of amputation: Open star shaped structures: original oral siphon pigment

organs. Closed star shaped structures: new oral siphon pigment organs. From Jeffery (2015c).

Figure 7. Branchial sac transplantation. A. Diagram showing the transplantation of a
donor branchial sac from a small EdU labeled animal into the host branchial sac (BS) of a large
unlabeled animal. The horizontal lines indicate the sites of oral siphon (OS) amputation in the
donor prior to BS transplantation and the host after transplantation. T: transplant. B. A chimeric
host animal containing the (red-stained) EdU labeled donor branchial sac. C. EdU labeling
(circle) in the regenerating oral siphon of a host animal containing a transplanted donor branchial

sac. CNS: NC. From Jeffery (2015c).

Figure 8. Aging and oral siphon regeneration. A. The time required for oral siphon

pigment organ replacement increases during the life cycle. A: From Auger et al. (2010). B.

Lack of oral siphon growth in an old animal subjected to two consecutive cycles of amputation.
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C. Oral siphon pigment organ (OPO) replacement has been arrested at an intermediate stage as a
line of mixed orange and yellow pigment cells (arrows). D. Cell proliferation determined by
phosphohistone H3 antibody staining in the regeneration blastema of middle aged animals and in
the siphon stump of old animals. The number of proliferating cells is significantly higher in the
region above the siphon amputation plane (A----A) compared to the region below it in middle
age animals but not in old animals. Asterisks represent significant differences. N is shown below
each bar. B-D: From Jeffery (2012). E, F. Lymph node cells stained with PIWI stem cell marker
in transverse vessels (TV) in the branchial sac of middle age (E) but not old (F) animals. E, F:

Fom Jeffery (2015c).
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Table 1. Characteristics of regeneration after amputation at different levels of the oral siphon

Amputation  Regeneration Replacement Source Blastema  Cell Division
Level Rate Type
Tip Fast Short distance SSC No No
Tube Fast Short distance SSC No No

Long distance BCSC Yes No

Long distance BSPC Yes Yes
Base Slow Long distance BCSC Yes No

Long distance BSPC Yes Yes

SSC: local siphon stem cells. BCSC: branchial sac stem cells. BSPC: branchial sac progenitor
cells.

Data compiled from Auger et al (2010) and Jeffery (2015c).
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