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Abstract

We provide an integrative view of mechanisms that enable regeneration of the digestive tube in
various animal models, including vertebrates, tunicates, echinoderms, insects, and flatworms. Two
main strategies of regeneration of the endodermal luminal (mucosal) epithelium have evolved in
metazoans. One of them involves proliferation of resident epithelial cells, while the other relies on
recruitment of cells from extramucosal sources. In any of these two scenarios, either pluri-/
multipotent stem cells or specialized differentiated cells can be used as the starting material.
Posttraumatic visceral regeneration shares some common mechanisms with normal embryonic
development as well as with organ homeostatic maintenance, but there are signaling pathways
and/or cellular pools that are specific to the regenerative phenomena. Comparative analysis of the
literature suggests that mammals share with spontaneously regenerating animals many of the
regeneration-related adaptations and are able to efficiently repair components of their digestive
tube at the level of individual tissues, but fail to do so at the whole-organ scale. We review what
might cause this failure in the context of the current state of knowledge about various regenerative
models.

If the latent capacity for regeneration persists [...], then the restoration of its overt
expression should be possible if the mechanisms of its inhibition could be discovered and
eventually rendered ineffectual

Richard Goss (1992)

1. INTRODUCTION

Comparative analysis of the mechanisms involved in gut regeneration is of considerable
interest for two main reasons. First, the digestive tube as a whole is arguably one of the few
organs whose homology throughout all major clades of the Eumetazoa raises few doubts.
Therefore, it is interesting to see how mechanisms of tissue homeostasis and posttraumatic
regeneration of the same structure have been evolving in animal phylogeny. Evolution of
regenerative mechanisms is still one of the most obscure issues in developmental biology.
There is no clear understanding in the field of why the regenerative potential varies so
greatly from species to species. The more widely accepted explanation, advocated by
Richard Goss (1992), assumes that regeneration is an intrinsic property of multicellular
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organisms, which has already been in place in all major ancestral groups and that could be
lost in evolution, but not gained again. The second hypothesis is that regeneration has
evolved independently de novo in some taxa as a result of secondary gains (Bely & Nyberg,
2010) and thus can depend on some locally evolved taxon-specific features, which have no
direct counterparts in other organisms (Garza-Garcia, Driscoll, & Brockes, 2010). Studying
regenerative mechanisms of the same conserved organ, such as the digestive tube, across
animal phylogeny may therefore turn out very informative for understanding fundamental
issues in evolutionary developmental biology.

The second reason attracting attention to comparative studies of gut regeneration is that
digestive diseases are a serious burden on human society worldwide. For example, in the US
alone, digestive diseases are diagnosed in about 35% of the population and account for
~10% of all deaths (Everhart & Ruhl, 2009). A better understanding of how structural and
functional properties of the digestive tube are restored in spontaneously regenerating animals
will eventually yield the necessary information to direct the design of new clinical
approaches to cure bowel diseases in human patients.

The digestive tube shows stereotypical organization across phylogeny. As the name implies,
it is generally a tubular structure with the central lumen communicating with the external
environment through terminal openings. This inner cavity is lined with a single layer of
endodermally derived luminal (mucosal) epithelium, whose functions and unique position
within the body place it under a range of adverse conditions. First, since the gut lumen is
technically an extension of the external environment, the luminal epithelium must act as an
effective protective barrier to prevent pathogen invasion. Second, the very function of food
digestion makes the gut lumen an extremely hostile environment for living cells. This
implies that the luminal epithelium must be protected from chemical, enzymatic, and
mechanical damage. On the other hand, this tissue cannot develop into a multilayered
impermeable barrier, like the epidermis, because it has to perform its vitally important
function of absorption of nutrients, ions, and water from the gut lumen. This multitude of
functional requirements poses paradoxical constraints: the luminal epithelium must be thin
and capable of efficient absorption, and, at the same time, it must be able to withstand a
variety of harsh and potentially damaging conditions. Thus, across animal phylogeny, we see
that the gut mucosal epithelium is a rapidly regenerating tissue with an extensive capacity to
constantly replace its old and damaged cells.

Here, we provide an overview of what is known about normal physiological cell renewal and
posttraumatic regeneration in the digestive system of various animal models with an attempt
to develop an integrative view of the different strategies that have evolved to repair visceral
damage and discuss what can be learned from comparative studies to improve the limited
regenerative capacity in the human bowel.
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2. MECHANISMS OF DIGESTIVE TRACT REGENERATION IN DIFFERENT
ANIMAL MODELS

2.1. Mammals

2.1.1 Physiological self-renewal of the luminal epithelium—Physiological self-
renewal of the intestinal epithelium has been extensively studied in the adult mammalian
small bowel. In this organ, the mucosal epithelium is organized into a series of numerous
projections, or villi, and depressions, called crypts of Lieberkiihn (Fig. 7.1A). Not only does
this organization increase the absorptive surface of the epithelium, but it also demarcates the
differentiated (villi) and proliferative domains (crypts) within the tissue. Intestinal stem cells
are localized to a well-defined niche at the base of the crypts, four to six cells per niche,
interspersed between Paneth cells (Barker et al., 2007; Crosnier, Stamataki, & Lewis, 2006).
Each crypt gives rise to ~300 new cells every day. The stem cells produce extensively
dividing transit amplifying cells, whose progeny are displaced toward the crypt-villus
junction where they differentiate into specialized cells (Figs. 7.1A and 7.2), such as
enterocytes, goblet cells, and enteroendocrine cells, which then continue to gradually
migrate toward the apex of the villus. After 2—7 days of performing their respective
functions, the worn-out differentiated cells are shed into the bowel lumen (Barker et al.,
2007; Crosnier et al., 2006). It has been recently shown that the intestinal crypt also harbors
a second population of progenitor cells, which are relatively quiescent (slow-cycling) and, in
normal physiological settings, give rise to only Paneth and enteroendocrine cells. In the
regenerating intestinal mucosa, however, these cells acquire a much broader developmental
potential, enter an extensively proliferative state, and give rise to all types of specialized
epithelial cells (Buczacki et al., 2013). The separation of the differentiated and proliferative
domains is a conserved feature of the intestinal luminal epithelium in vertebrates. In some
species, such as zebrafish, crypts never develop, but stem cells are still maintained in the
restricted zones of intervillus pockets (Crosnier et al., 2006).

2.1.2 Molecular control of the stem cell niche—The maintenance of the stem cell
niche and segregation of the proliferative and differentiated domains (crypt and villi,
respectively) is controlled by an interplay between Wnt, Notch, Hedgehog, and Bmp
signaling. The canonical Wnt pathway is essential for maintenance of the proliferative
activity in the crypt and, thus, for physiological cell turnover in the luminal epithelium of the
small intestine (Crosnier et al., 2006). The crucial role of Wnt allowed the use of
perturbations of its signaling to identify specific genetic markers of intestinal stem cells
among the Wnt target genes. One such gene, Lgr5 (leucine-rich repeat-containing G-protein
coupled receptor 5), has proved to be of particular value, as its expression allows easy
identification of the stem cells with high specificity (Barker et al., 2007). Other markers
expressed in the intestinal stem cells include Bmil, but its expression domain is broader as it
also includes committed progenitors of specialized cells (Doupé & Jones, 2013; van Es et
al., 2012).

2.1.3 Posttraumatic regeneration of the intestinal epithelium—Posttraumatic

regenerative response of the mammalian digestive tube epithelium has been probed in a
variety of injury paradigms and experimental settings, including surgical resection, gamma
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irradiation, transgenic ablation of stem cells, and exposure of the mucosal epithelium to
burns and toxic chemicals. Although generally considered poor regenerators, mammals
turned out to be capable of robust regeneration of their luminal epithelium after various
types of injury. A number of studies have shown that there is far more developmental
plasticity in the mucosal epithelium than was previously thought. For example, chemically
burnt intestinal mucosa is readily healed, provided that subepithelial structures (the basal
lamina and lamina propia) remain intact. The damaged necrotic cells are sloughed off into
the gut lumen, while the subsequent reepithelialization proceeds very quickly. The surviving
nongoblet epithelial cells surrounding the wound develop lamellipodia and migrate across
the denuded basal lamina of the injured area. After just 2 h, 80-90% of the damaged
mucosal surface is repaired (Feil et al., 1989). This early response is then followed by
increased proliferation to compensate for the cell loss (Sturm & Dignass, 2008). Most
importantly, the resident Lgr5* intestinal stem cells are not the exclusive source of new cells
in the regenerating intestinal epithelium (Fig. 7.2). After selective ablation of the stem cells,
either by making them susceptible to dijphtheria toxin or by radiation-induced damage, at
least some of the committed transit-amplifying progenitors of both the absorptive and
secretory lineages are capable of reverting back (dedifferentiating) to the Lgr5* phenotype
and thus replenishing the lost stem cell pool (Doupé & Jones, 2013; Tian et al., 2011; van Es
et al., 2012). Notably, even differentiated cells are able to revert to the stem cell phenotype.
For example, Paneth cells, the postmitotic differentiated cell component of the intestinal
stem cell niche, have been recently shown to dedifferentiate, stop expressing their cell-type-
specific markers, and assume stem cell identity after Lgr5* stem cells had been ablated by
sublethal doses of ionizing irradiation (Roth et al., 2012).

2.1.4 Contribution of nonintestinal cells to intestinal luminal epithelium repair
—Some reports even suggest that differentiated cells of the digestive organs can originate
from outside sources. Cell fate tracing in mice, as well as studies on human patients with
transplanted sex-mismatched bone marrow or peripheral blood hematopoietic stem cells,
have shown that the progeny of the adult stem cells from these grafted tissues can invade
various organs and tissues of the recipient and differentiate into the respective specialized
cell types, including mature epithelial cells of the gastrointestinal tract and liver hepatocytes
(Fig. 7.2). Importantly, the number of bone marrow-derived epithelial cells increased after
intestinal epithelium damage, suggesting that the bone marrow is recruited as an additional
source of cells to spur tissue regeneration (Gupta, Dixit, Sales, Winslet, & Seifalian, 2006;
Kdorbling et al., 2002; Krause et al., 2001; Okamoto, Matsumoto, & Watanabe, 2006;
Okamoto et al., 2002). It is interesting to note here, however, that although these
extraintestinal stem cells give rise to differentiated cells of the intestinal epithelium, they
have never been reported to produce intestinal stem cells (Okamoto et al., 2006). This
system of histogenetic relationships with bone marrow-derived stem cells localized outside
of the digestive organs, whose cells they replenish, is reminiscent of the situation in
planarians, whose neoblasts reside in the parenchyma and constitute the only proliferating
universal pluripotent stem cell pool in the body (Reddien, 2013) (see below).

2.1.5 Molecular signaling in intestinal regeneration—As in normal cell turnover,
Whnt signaling is one of the most essential signaling mechanisms required for regeneration of

Curr Top Dev Biol. Author manuscript; available in PMC 2017 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mashanov et al.

Page 5

the intestinal epithelium. One of the key downstream genes activated by Wnt is c-Myc,
whose elevated expression is required for regeneration to occur (Ashton et al., 2010; Bernal
et al., 2005). It has been noted that not only the mere presence but also a significant increase
in expression of the protein product of this gene is required for the biological effect. Forcing
c-Myc expression to remain within the normal physiological range results in poor generation
(Ashton et al., 2010). At the mechanistic level, it has been noted that Wnt signaling can
affect cell fate plasticity, as exposure to Wnt3a can revert committed trans-amplifying
secretory cell progenitors to the multipotent Lgr5* stem cell phenotype (van Es et al., 2012).

2.1.6 Regeneration of nonmucosal intestinal tissues—The mucosal epithelium is
not the only intestinal component that is able to regenerate. To different degrees, all tissue
layers of the digestive tube show regenerative capacities. This is the reason why functional
reconnection takes place after the intestine is transected and then sutured back in the course
of surgery. However, regeneration of nonmucosal tissue layers of the mammalian gut has
received much less attention than that of the luminal epithelium. Occasional studies have
shown that various components of the submucosa are able to regenerate following injury.
For example, smooth musculature grows and reestablishes the anatomical integrity across
the lesion site after surgical transection followed by end-to-end reanastomosis (Galligan,
Furness, & Costa, 1989). However, the origin of the new intestinal muscle tissue has not
been determined in mammals. It has been shown that the mesothelium, the outermost tissue
layer of the bowel wall, is also capable of developing a regenerative response. The
mesothelial cells surrounding the injury change their morphology (from flattened to
cuboidal), proliferate, and migrate into the wounded area (Nagai et al., 2013). Even the
enteric nervous system has been shown to regenerate. Both newly produced and previously
existing surviving neurons can grow axons that expand within the injured area and
reinnervate their targets (Galligan et al., 1989; Hanani et al., 2003; Laranjeira et al., 2011).

2.1.7 Limits to adult intestinal organogenesis—In spite of their extensive capacity to
renew and regenerate the intestinal epithelium, mammals do not regrow their digestive tube
at the whole-organ level, as they are not able to spontaneously regenerate full-thickness
wounds and entire ablated regions. In human patients, the intestinal tissue can be lost to
various disorders, such as intestinal ischemia, cancer, traumatic injury, and inflammatory
bowel disease. All these pathologies often require extensive surgery and removal of
considerable lengths of the digestive tube, resulting in the short bowel syndrome, a life-
threatening condition, in which the remnant of the digestive tube fails to support the needs of
the organism (Chen & Beierle, 2004; Levin & Grikscheit, 2012). Among the most common
therapeutic solutions to treat patients with the short bowel syndrome is organ transplantation.
However, application of this procedure is limited by donor availability, high incidence of
graft rejection, toxicity of immune suppression, and relatively low success rates (Howell &
Wells, 2011). Although alternative approaches involving tissue engineering are being
actively sought, their development is at its infancy as their progress heavily depends on still
incomplete fundamental biological knowledge of how to stimulate visceral regeneration in
mammals at the whole-organ level (Chen & Beierle, 2004; Gupta et al., 2006; Howell &
Wells, 2011; Jwo et al., 2013; Levin & Grikscheit, 2012; Ross et al., 2013).
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2.2. Amphibians

2.2.1 Intestinal regeneration following transection—Intestinal regeneration in
amphibians has been studied in two models: (a) posttraumatic regeneration after complete
surgical transection or removal of the intestine in larval and adult animals (O’Steen, 1959;
O’Steen & Walker, 1962) and (b) intestinal remodeling during metamorphosis (Fujimoto,
Matsuura, Hu-Wang, Lu, & Shi, 2012; Ishizuya-Oka, 2007). Unfortunately, the studies of
posttraumatic regeneration date back to about half a century ago (O’Steen, 1959; O’Steen &
Walker, 1962), that is, well before modern imaging and molecular biology techniques had
come into existence. Nevertheless, those studies did document some interesting phenomena.
It was established that, unlike in mammals, the rostral and caudal cut ends of the injured
intestine were able to grow across the injury gap to reconnect spontaneously and restore the
anatomical integrity and physiological function of the digestive tube. The luminal epithelium
(mucosa) was the first tissue layer to reform and it regenerated from its own cells. The
serosa, muscular layer, and submucosa contributed cells to the blastema, which then
underwent growth, remodeling, and differentiation to regenerate these tissue layers across
the site of the original transection (Fig. 7.2).

2.2.2 Intestinal remodeling during metamorphosis—The second model focuses on
the extensive reorganization of the digestive tube, which accompanies the switch from larval
to adult diet during amphibian metamorphosis. At the onset of this transformation, most of
the larval luminal epithelium is eliminated by extensive programmed cell death. Only some
of the specialized epithelial cells are spared. They dedifferentiate, transform into adult stem
cells, and then give rise to the new adult mucosa via extensive proliferation (Ishizuya-Oka,
2007; Ishizuya-Oka et al., 2009). There is a clear difference in histogenetic relationships in
the intestine of the larval and adult amphibians. Before metamorphosis, the larval luminal
epithelium does not contain undifferentiated stem cells and is composed of specialized
epithelial cells capable of reentering the cell cycle, whereas the adult intestine shows a clear
separation between the proliferative and differentiated domains, very much like in mammals
(Ishizuya-Oka et al., 2009). As to the molecular mechanisms underlying such a drastic tissue
transformation, it has been shown that c-Myc plays a central role in gut remodeling during
thyroid hormone-controlled metamorphosis in Xenopus. 1ts transcription is activated directly
by the thyroid hormone receptor. In its turn, c-Myc regulates differential expression of a
number of down-stream genes, including arginine methyltransferase 1, which is thought to
play an important role in specification of adult intestinal stem cells (Fujimoto et al., 2012).

2.3. Tunicates

The highest regenerative capacities among the Tunicata, the subphylum of invertebrate
chordates, are seen in those species that can reproduce asexually (Fujiwara, Isozaki, Mori, &
Kawamura, 2011; Kaneko, Katsuyama, Kawamura, & Fujiwara, 2010; Kawamura, Sugino,
Sunanaga, & Fujiwara, 2008). Depending on the species, one of several types of
differentiated tissues, in budding or regenerating animals, is capable of undergoing
dedifferentiation and giving rise to various organs, including the digestive tube. One of these
tissues showing high developmental plasticity is the epicardium, an endodermally derived
tubular or sac-like structure that surrounds the viscera (Kawamura et al., 2008). Another
multipotent, but differentiated, tissue is the atrial epithelium, which constitutes the inner
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layer of the body wall in tunicates and has no homolog in vertebrates. The embryological
origin of this structure is unclear, as conflicting results point to either the ectoderm or the
endoderm as a possible source. In regenerating and asexually propagating animals, the atrial
epithelium dedifferentiates to form a gut primordium. Interestingly, this process requires
retinoic acid, since in the presence of inhibitors of retinoic acid synthesis, gut formation is
suppressed(Kaneko et al., 2010). Gut formation from the atrial epithelium also depends on
Myc expression, as injections of specific dSRNA caused defects in morphogenesis of the
viscera (Fujiwara et al., 2011; Kawamura et al., 2008). The link between retinoic acid and
Myc is not clearly established. Although investigators have proposed that while retinoic acid
might contribute to the activation and maintenance of Myc transcription, it is not the factor
that initiates the activation itself (Kaneko et al., 2010).

2.4. Echinoderms

The capacity of echinoderms to regenerate their visceral organs is among the highest among
metazoan taxa. Most of what is known about organization and regeneration of the digestive
tube in echinoderms has been learned from experiments on sea cucumbers (holothurians)
(Figs. 7.3 and 7.4) (reviewed in Garcia-Arraras & Greenberg, 2001; Mashanov & Garcia-
Aurraréds, 2011), although occasional studies were also done on members of other classes,
such as brittle stars (ophiuroids) (Frolova & Dolmatov, 2010) and sea lilies (crinoids)
(Mozzi, Dolmatov, Bonasoro, & Candia Carnevali, 2006).

2.4.1 Anatomy of the adult sea cucumber intestine—The digestive tube of sea
cucumbers consists of a number of specialized histologically distinct regions, including the
pharynx, esophagus, long looped intestine, and the cloaca. It is attached to the inner surface
of the body wall by the mesentery, a thin film made up of a central layer of connective tissue
sandwiched between two layers of the contractile coelomic epithelium. The wall of the
digestive tube is composed of an outer mesothelium, which is continuous with the coelomic
epithelium of the mesentery, a middle connective tissue layer, and an inner luminal
(digestive) epithelium (Fig. 7.4A). The luminal epithelium is made up mostly of vesicular
enterocytes. Other less abundant cell types include granular enterocytes, goblet cells
(mucocytes), and neurosecretory cells (Feral & Massin, 1982; Mashanov, Frolova, &
Dolmatov, 2004). Like in many other metazoan animals, the luminal epithelium of
echinoderms undergoes constant cell turnover under normal physiological conditions (Fig.
7.4B); however, unlike in vertebrates and insects, the proliferating cells are not localized to
restricted specific locations, but rather seem to be scattered randomly throughout the luminal
epithelium and mesothelium (Mashanov & Garcia-Arraras, 2011).

2.4.2 Stem cell status in the sea cucumber luminal epithelium—Morphological
studies did not reveal any undifferentiated cells in the tissues of the gut wall, but instead
identified mitotic cells of the luminal epithelium as vesicular enterocytes (Mashanov et al.,
2004). Dividing enterocytes retained their secretory vacuoles and were thus capable of
undergoing cell division while remaining in, at least, a partially differentiated state. It is
currently unknown whether all enterocytes can divide or whether this capacity is restricted to
only a subset of cells, thus separating the morphologically homogeneous population of
enterocytes into proliferation-competent and permanently postmitotic cells, respectively. It is
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also unclear if the same cells can keep dividing in the long term and, thus, behave as bona
fide stem cells or if the proliferative capacity is stochastically turned on and off in individual
cells within the epithelium.

In order to clarify these issues, we have probed markers used to study intestinal stem cells in
other animal models. One of the most basic techniques to mark putative stem cells in the
tissue relies on their proposed ability to retain DNA labeling for extended periods of time
after a pulse of a thymidine analog (e.g., BrdU) (Crosnier et al., 2006; Potten, 2004). After
injecting holothurians with BrdU, randomly distributed, scattered, strongly immuno-reactive
label-retaining cells were observed in both the luminal epithelium and mesothelium of the
intestine for at least 2-5 weeks after the last injection, suggesting the presence of cells with
stem cell-like behavior (Mashanov & Garcia-Arraras, 2011). Further experiments are,
however, needed to directly establish whether the label-retaining enterocytes actually act as
stem cells (i.e., are capable of renewing themselves and producing specialized progeny in
further cell cycles) or merely represent terminally postmitotic cells, which originate via only
a limited number of cell divisions, and thus remain strongly labeled for an extended duration
of time. Such long-lived label-retaining differentiated cells are not uncommon. Mammalian
Paneth cells, for example, are able to retain labeling for up to 100 days (Roth et al., 2012).

We also studied expression of pluripotency factors, such as homologs of mammalian Sox2,
c-Myc, Lgrs, and Bmil (Mashanov et al., in preparation), which were identified as intestinal
stem cell markers in vertebrates. These genes are widely expressed in the intestinal luminal
epithelium of Holothuria glaberrima without preferential localization to any particular
region. This expression is, however, not ubiquitous, as there are always luminal cells, which
show no /n situhybridization signal (Fig. 7.1B). Thus, the morphologically uniform
enterocyte population is obviously heterogeneous in terms of expression of stem cell/
multipotency markers. However, it remains to be established how these differences affect
proliferative potential in individual enterocytes.

2.4.3 Cellular events in intestinal regeneration—Many sea cucumber species are
well known for their impressive ability to spontaneously autotomize (eviscerate) their
alimentary canal, which is then completely regenerated over the time course of a few weeks
(Byrne, 1986; Garcia-Arraras & Greenberg, 2001; Hyman, 1955; Mashanov & Garcia-
Arrarés, 2011; Wilkie, 2001) (Figs. 7.3 and 7.4C-F"). In regenerating sea cucumbers, the
first morphogenetic process observed after autotomy is remodeling of the torn free edge of
the mesentery. The connective tissue partition in this region swells to form the primordium
of the new intestine (compare Fig. 7.4C and D). The mesothelium, which covers this
connective tissue swelling, undergoes deep dedifferentiation, that is, the cells lose
specialized phenotypic features, enhancing their ability to proliferate and migrate.
Nonetheless, it retains its epithelial integrity except at the distal (antimesenterial) side where
the cells undergo an epithelial-mesenchymal transition and ingress into the underlying
extracellular matrix (Fig. 7.4D inset) (Dolmatov & Mashanov, 2007; Garcia-Arraras et al.,
2011).

Development of the solid connective tissue rudiment is followed by lumen formation, which
can be accomplished through one of two mechanisms. The first one involves invasion of the
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luminal epithelium from the cloacal and/or esophageal stumps (Fig. 7.4E-F”) (Garcia-
Arraras et al., 1998). In this case, only partial dedifferentiation is seen in the luminal
epithelium. In spite of extensive cell division, mitotic enterocytes remain connected to their
neighbors by intercellular junctions and even retain microvilli and secretory vacuoles
(Mashanov, Dolmatov, & Heinzeller, 2005; Odintsova, Dolmatov, & Mashanov, 2005). A
second path to lumen formation involves infolding of the mesothelium with subsequent
detachment of the invaginated epithelial folds from the coelomic surface of the gut rudiment
and transdifferentiation into the luminal epithelium (Mashanov et al., 2005; Mosher, 1956).
The latter mechanism exemplifies a relatively rare phenomenon of direct transformation of
one type of differentiated tissue into another one across the germ layer boundaries, since in
embryogenesis the gut mesothelium and luminal epithelium originate from the mesoderm
and endoderm, respectively (Mashanov & Dolmatov, 2004).

2.4.4 Molecular hallmarks of intestinal regeneration—The molecular basis of tissue
plasticity in the echinoderm digestive tube has recently started to be elucidated. One of the
first hypotheses to be tested was whether extensive dedifferentiation of specialized cells is
related to increased expression of transcription factors, such as homologs of the vertebrate
Sox2, c-Myec, KIf4, and Oct3/4 genes, known to confer multipotency (Sridharan et al., 2009;
Takahashi & Yamanaka, 2006). Of these, only Myc was found to be significantly
upregulated in the regenerating tissues of the sea cucumber, and, importantly, this increase in
expression correlated in time with commencing dedifferentiation. Surprisingly, SoxB1, the
holothurian homolog of the mammalian SoxZ2, was almost completely absent from the
dedifferentiating tissues, whereas the remaining two factors did not show any significant
change in their expression values (Mashanov et al., in preparation). These observations
suggest that the molecular signaling pathways that induce /7 vivo dedifferentiation of
specialized cells in regenerating echinoderms might not be exactly the same as those
employed to induce pluripotency in cultured mammalian cells. Nevertheless, the role of Myc
in both processes seems to be conserved. Dedifferentiation in the gut mesothelium has also
been shown to correlate with extensive expression of a number of genes known to be
involved in both embryogenesis and cancer, including survivin, mortalin, TCTP, and
Bmp1/TIl (Mashanov, Zueva, & Garcia-Arraras, 2012; Mashanov, Zueva, Rojas-Catagena,
& Garcia-Arraras, 2010).

In echinoderms, Wnt signaling also potentially plays a role in intestinal regeneration,
although its exact functions are not known yet. Expression of Wnr9was studied in the
noninjured and regenerating sea cucumber H. glaberrima (Mashanov et al., 2012). No
expression of this gene was detected in the uninjured digestive tube, suggesting that this
ligand is not involved in the normal physiological cell turnover. However, Wnt9was
extensively expressed in the mesothelium of the regenerating intestine. This contrasts with
the expression pattern of Wnt9in the mammalian digestive system, where Wnt9b, one of the
two paralogs that constitute the vertebrate Wnt9 subfamily, is specifically restricted to the
epithelium of the crypt (Crosnier et al., 2006; Gregorieff et al., 2005). Of interest, induction
of Wnt9expression in dedifferentiating tissues of the sea cucumber coincides with
upregulation of Myc. As Mychomologs are known to be activated by Wnt signaling and are
necessary to trigger intestinal regeneration in a number of phylogenetically distant species,
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including mammals and insects (Ashton et al., 2010; Bernal et al., 2005; Cordero,
Stefanatos, Scopelliti, Vidal, & Sansom, 2012), overexpression of these genes might
represent an evolutionary conserved signaling mechanism in visceral repair.

Most of what is known about insect intestinal regeneration has been learned from studies of
Drosophila midgut. The midgut luminal epithelium consists of three cell types—columnar
enterocytes, endocrine cells, and undifferentiated intestinal stem (regenerative) cells (ISCs).
The Drosophila1SCs were discovered less than a decade ago by two groups (Micchelli &
Perrimon, 2006; Ohlstein & Spradling, 2006), and were demonstrated to produce the other
two (differentiated) intestinal cell types (Fig. 7.2). Similar results have shown an
undifferentiated intestinal cell giving rise to different cell phenotypes in the midgut of
another insect, the grasshopper Locusta migratoria (1lla-Bochaca & Montuenga, 2006). In
Drosophila, mitotic division of the stem cell gives rise to another daughter stem cell and a
diploid progenitor enteroblast. Unlike in mammals, the enteroblasts do not divide under
normal conditions, but, instead, differentiate directly into one of the two cell types. In 90%
of cases, they become absorptive enterocytes. The remaining 10% give rise to small
enteroendocrine cells (Cordero et al., 2012). The Drosophila adult intestine shows a robust
regenerative response to epithelial injuries. In particular, the ISCs respond by switching to a
rapid proliferative state to compensate for the cell loss (Cordero et al., 2012; Shaw et al.,
2010). However, an alternative hypothesis that stem cells responding to injury originate from
a different pool from those associated with normal homeostasis has also been proposed
(Biteau, Hochmuth, & Jasper, 2011; Hochmuth, Biteau, Bohmann, & Jasper, 2011).

The Drosophila model system has provided important information on the genetic basis of
intestinal stem cell regulation both in normal homeostasis and after injury (Biteau et al.,
2011). It has been shown that at least part of the gene regulatory machinery that controls
intestinal development, growth, and regeneration is highly conserved between mammals and
Drosophila (Apidianakis & Rahme, 2011; Shaw et al., 2010). For example, in both systems,
pathways activated by the insulin receptor and the epidermal growth factor receptor are
essential for the proliferation of intestinal stem cells during normal maintenance, while Jun-
N-terminal Kinase (JNK), JAK/Stat, and Hippo/Yorkie pathways are required for stress-
related responses (Biteau et al., 2011), Moreover, like in mammals, wingless (Wg) signaling
acting through Myc is required for damage-induced proliferation in the intestinal epithelium
(Cordero et al., 2012). The induction of Wg occurs via the activation of the JINK pathway
and takes place parallel to the activation of JAK/Stat signaling, which suggests that
activation of multiple pathways is necessary for midgut regeneration in Drosophila.
Regulation of cell differentiation has also been well studied in this system. For example,
stem cells with Delta-rich vesicles activate Notch and produce daughter cells with
downregulated Delta that become enterocytes, while stem cells with weak Delta activity
produce progeny that become enteroendocrine cells (Ohlstein & Spradling, 2007). Won-Jae
Lee and Masayuki Miura expand on the cellular and molecular basis of Drosophila
regeneration in an accompanying review in this volume.
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2.6. Planarians

The planarian digestive system is formed by a single-opening tube (pharynx) with extensive
blind ramifications (intestine). Unlike in many other organisms, the intestinal luminal
epithelium of flatworms consists entirely of developmentally static, postmitotic
differentiated cells. Both physiological cell renewal and posttraumatic regeneration of the
digestive system is accomplished via the involvement of neoblasts, the only dividing cell
population in the animal (Fig. 7.2), which reside in the surrounding mesenchymal
parenchyma and give rise to all differentiated cell types in the body (Forsthoefel, Park, &
Newmark, 2011; Wagner, Wang, & Reddien, 2011). Although the lineage relationship
between neoblasts and terminally differentiated cells is clearly unidirectional (differentiation
cannot be reversed), the details of histogenetic hierarchy within this progenitor cell
population have not been worked out yet. The emerging data suggest that individual
neoblasts may differ in their developmental potential (Reddien, 2013). On the one hand, at
least some of the neoblasts are true pluripotent cells (Wagner et al., 2011); on the other hand,
the existence of more committed proliferating progenitors has also been demonstrated. The
bona fide pluripotent neoblasts can, thus, give rise to lineage-restricted neoblasts, which, in
turn, generate differentiated progeny (Reddien, 2013).

Recent findings have shown some of the genes that might be involved in intestinal
homeostasis and regeneration (Forsthoefel et al., 2012). Among them are genes that regulate
intestinal branching and differentiation of phagocytes (the main cell type in the planarian gut
and the one responsible for digestion). Moreover, results from the same group provide
evidence for the regulation of neoblast proliferation dynamics suggesting the possibility that
intestinal phagocytes play a niche-like role for somatic stem cells.

2.7. Coelenterates

Coelenterates possess a simple gastric cavity, where they digest their food. The gastric cavity
communicates with the external environment through a single opening and is lined by an
endodermal epithelial layer, or gastrodermis, composed mainly of epitheliomuscular cells,
and also gland cells that secrete digestive enzymes and mucous-secreting cells. Most of what
is known about regeneration in this animal group has been studied in Hydra (Galliot, 2012)
and, to a smaller level, in Hydractinia (Plickert, Frnak, & Mdiller, 2012).

The central body region of coelenterates, or the gastric column, contains a larger proportion
of interstitial undifferentiated (stem) cells in contrast to the head or foot regions made up of
terminally differentiated cells (Galliot, Welschof, Schuckert, Hoffmeister, & Schaller, 1995).
Stem cells in the gastric column divide continuously and their progeny are displaced toward
the apical and foot ends of the body, where they are eventually discarded (Bode, 1996). In
Hyara, three independent cell lineages (ectoderm, endoderm, and interstitial cells) arise
during development. Each lineage has its own set of “stem cells” that constantly replenishes
the cells of the corresponding lineage during the animal’s life and during regeneration
(Hobmayer et al., 2012). The endodermal cell lineage consists of the epithelio-muscle cells
that line the gastric cavity and, although differentiated, maintain the capability to divide
(Plickert et al., 2012). Interstitial cells give rise to other cell types that are eventually
incorporated into the endodermal epithelial layer. In addition to mucous and gland cells, they
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also produce other cell types such as nematocysts and neurons (David, 2012). The interstitial
precursors undergo a limited number of divisions and differentiate into postmitotic cells
(Bode, 1996). The differentiation of stem cells into nematocytes and neurons has been well
studied, in comparison to the differentiation into mucous or gland cells (David, 2012).
Nonetheless, it has been proposed that gland cells differentiate into mucous cells as they
move from the body column and enter the head region (Bode, 1996; Siebert, Anton-
Erxleben, & Bosch, 2008). The same authors also showed that mucous cells in the head
region originate through direct differentiation of interstitial stem cells. Thus, in this simple
digestive system, we find that many of the cellular processes are reminiscent of what takes
place in intestinal regeneration of other metazoans. As in mammals, the interstitial stem cells
within the body wall of Hydrashow a compartmental separation between dividing and
terminally differentiated cells. As in sea cucumbers, the differentiated cells of the endoderm
(both epitheliomuscular and glands) retain their proliferative properties. Finally, similar to
planarians, some of the cells within the gastrodermal layer (glands and mucous) originate
from external stem cells.

Not only are the cellular processes reminiscent of what occurs in animals with a much more
complex digestive tube, but similar molecules also appear to control these events. For
example, Wnt signaling is associated with cell proliferation and maintenance of stemness
during regeneration and budding (Hobmayer et al., 2012). Most interesting is the possible
role of Myc family members, which, as in other metazoans, act downstream of Wnt. The
expression of one of them (myc1) is specific to the proliferating interstitial stem cell
derivatives and is absent in terminally differentiated cells (Hartl et al., 2010). This myc gene
has been proposed to control proliferation of the rapidly dividing interstitial cellular lineage
(Hobmayer et al., 2012).

3. EMERGING PRINCIPLES OF INTESTINAL REGENERATION ACROSS
EUMETAZOANS

3.1. Regeneration strategies of the luminal epithelium

An overview of the literature shows that the luminal epithelium is the digestive system
component whose regeneration has been best studied across animal phylogeny, while the
connective tissue compartment, intestinal musculature and the outer mesothelium, has
attracted much less attention. A comparative analysis suggests that two different strategies
enable regeneration of the gut lining in metazoans (Fig. 7.5). The first strategy relies on
resident epithelial cells, whose progeny give rise to differentiated cells that remain within the
same tissue. The second strategy recruits cells from external sources located outside of the
mucosal epithelium. Each strategy involves either stem cells or differentiated cells as the
starting material. Unfortunately, the current state of knowledge precludes the drawing of any
conclusions as to the evolution and maintenance of regeneration mechanisms.

These strategies are widely distributed across animal phylogeny and do not show any
obvious correlation with the taxonomic position or with the complexity of the histological
organization of the gut wall. For example, generation of the luminal epithelium from tissue-
specific intestinal stem cells is seen in both vertebrates and insects. On the other hand, the
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reverse lineage relationship, when the cell pool within the tissue is replenished through
induction of proliferation in differentiated cells, has also been reported for representatives of
different taxonomic groups, such as amphibian tadpoles and sea cucumbers. Likewise,
regeneration of the luminal epithelium from external sources of stem cells has been
documented in phylogenetically distant taxa, such as planarians (neoblasts) and mammals
(bone marrow-derived stem cells). Hydra makes use of both strategies: the epitheliomuscular
cells of the endoderm propagate through self-renewal, while the gland cells that are
incorporated into the gastrodermis originate from interstitial stem cells (David, 2012;
Hobmayer et al., 2012). The only mechanism of gut regeneration that seems to be unique to
one animal group in view of the current state of knowledge is regeneration of the luminal
epithelium through direct transdifferentiation of mesothelial cells in echinoderms
(Mashanov et al., 2005).

It is important to note that different mechanisms of intestinal regeneration are not
necessarily mutually exclusive and can be employed sequentially or simultaneously by the
same organ in the same organism. Thus, in humans, the damaged mucosal epithelium
regenerates predominantly through migration of surviving differentiated cells and
proliferation of the resident stem cells, but it can also incorporate bone marrow-derived cells
(Gupta et al., 2006; Korbling et al., 2002; Krause et al., 2001; Okamoto et al., 2006, 2002).
Sea cucumbers provide even more drastic examples of how different regenerative
mechanisms, in spite of being based on dissimilar developmental events and cell sources,
lead to the same final result—rebuilding of the lost regions of the digestive tube. Upon
induction of visceral autotomy, the holothurian Eupentacta fraudatrix eviscerates in such a
way that the only remnant of the original digestive tube is the cloacal stump at the posterior
end of the body, while no endodermal tissues are present at the anterior end (Mashanov et
al., 2005). The new intestinal rudiments that develop at the posterior and anterior ends of the
body employ two different mechanisms of lumen formation: outgrowth of the luminal
epithelium of the cloacal stump and invagination of the mesothelium, respectively. These
observations lead to interesting questions as to which signaling pathways underlie induction
of different coexisting regenerative mechanisms. For example, what makes the
dedifferentiated mesothelial cells produce only mesothelium in the posterior gut rudiment
and both the mesothelium and luminal epithelium in the anterior gut rudiment?

3.2. Posttraumatic regeneration and physiological cell turnover

There are extensive parallels between posttraumatic regeneration and other modes of
development, including embryonic/postembryonic development and cell turnover under
normal conditions (physiological regeneration) (Carlson, 2007). It has been suggested that
regeneration might have originally evolved as an extension of normal developmental
programs (Bely & Nyberg, 2010). Here, we discuss relationships between visceral
regeneration and other forms of development that take place in the digestive system.

Under normal physiological conditions, as new cells are being continuously born and
induced to differentiate and gradually replace the worn out counterparts, there must be a
tightly regulated equilibrium between the number of new cells being produced and the
number being lost. In contrast, posttraumatic regeneration and wound healing require a burst
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of proliferative activity and production of a large cohort of new cells over short time spans.
This increase in cell proliferation, however, has to be reversible and also cease once the
required number of cells has been generated. Furthermore, the new cells must differentiate
and organize into a patch of functional tissue continuous with the surrounding (noninjured)
regions of the body. Moreover, posttraumatic regeneration, instead of acting locally within a
single particular tissue, often requires some reorganization of multiple tissues at the whole-
organ level. This is directly related to the question of why it is that regeneration in mammals,
including humans, is so limited in spite of the high rate of homeostatic cell turnover in the
mucosal epithelium (Radtke & Clevers, 2005).

When one considers the differences in requirements that must be met by physiological cell
turnover and posttraumatic regeneration in the interest of the multicellular body as a whole,
it is not surprising that the two processes may not be necessarily identical in terms of their
cell sources and regulatory mechanisms. For example, studies on mammals and Drosophila
showed that regeneration of the luminal epithelium depends on the expression of sets of
genes that are not strictly required for physiological cell turnover (Ashton et al., 2010;
Cordero et al., 2012). Thus, high level of physiological regeneration does not necessarily
imply extensive capacities for posttraumatic regeneration. The reverse is also true: Relatively
quiescent tissues, such as liver, can readily regenerate after injury (Gilgenkrantz & Collin de
I’Hortet, 2011). Posttraumatic visceral regeneration, therefore, cannot be interpreted simply
as an extension of tissue self-renewal under normal physiological conditions (Cordero et al.,
2012).

3.3. Regeneration and embryonic development

In general terms, posttraumatic regeneration is known to incorporate certain elements of
embryonic and/or postembryonic development (Liozner, 1982). This is also true in the
context of visceral regeneration. For example, the molecular mechanisms underpinning
intestinal adaptation in mice (compensatory growth following massive small bowel
resection) show significant similarity in the differential gene expression signature to the
developing and immature intestine (Erwin et al., 2006). In some cases, the relationships
between regeneration and development are extremely intimate, such as when regeneration
becomes an integral component of the developmental program. This kind of “development-
through-regeneration” is seen, for instance, in the intestinal epithelium remodeling during
amphibian metamorphosis (Ishizuya-Oka, 2007; Ishizuya-Oka et al., 2009) and the
formation of viscera in asexually propagating tunicates (Kawamura et al., 2008).

On the other hand, regeneration differs from embryonic development in that it often involves
changes in cell fate specification and lineage relationships, that is, cells in regenerating
tissues do not necessarily arise from other cells of the same kind or from their immediate
developmental progenitors or resident tissue stem cells, but can originate from sources that
are fundamentally different from those in normal tissue turnover and embryogenesis
(Brockes & Kumar, 2008). Sometimes, exact recapitulation of embryonic mechanisms is
rendered impossible by the very nature of the injury, such as when all endodermal tissues are
lost in the anterior body region of some sea cucumbers (Mashanov & Garcia-Arraras, 2011).
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In these cases, the ability to induce developmental plasticity in adult tissues and to divert
from embryonic developmental trajectories is a necessary prerequisite for regeneration.

Certain levels of cell fate plasticity are seen in many visceral regeneration models and
retained even in the adult mammalian intestine. For example, intestinal fibroblasts and
myofibroblasts may derive from nonmesenchymal cells, such as epithelial and endothelial
cells, through transdifferentiation (Speca, Giusti, Rieder, & Latella, 2012). Furthermore, as
mentioned earlier, recent lineage tracing experiments have shown that cell fate changes also
occur within the luminal epithelium itself. These examples include injury-induced reversal
of normally unidirectional lineage relationships from the stem cell through committed
transit-amplifying progenitors to differentiated cells, when the ablated stem cell pool can be
restored from the trans-amplifying or even differentiated (Paneth) cells (Doupé & Jones,
2013; Roth et al., 2012; Tian et al., 2011; van Es et al., 2012). Finally, the endodermally
derived luminal epithelium of the human gastrointestinal tract can regenerate from
mesodermal sources (bone marrow-derived stem cells) (Gupta et al., 2006; Korbling et al.,
2002; Krause et al., 2001; Okamoto et al., 2006, 2002). Thus, posttraumatic visceral
regeneration can incorporate, but is not based entirely on programs of normal development.

3.4. What can we learn from model animals to improve bowel regeneration in mammals?

What underlies the ability to fully regenerate the digestive tube in such animals as sea
cucumbers, and what prevents mammals from doing so? At the level of individual tissues, at
least some of the mechanisms and adaptations required for successful regeneration are
already in place in mammals. These have been best demonstrated in the mucosal epithelium
and include proliferation of resident intestinal stem cells and induction of stem cell
properties in transit-amplifying progenitors and differentiated cells, as well as recruitment of
extramucosal cells, that is, the same set of strategies that are used by animals capable of
spontaneous regeneration of the digestive tube at the whole-organ level. The paradox then is
the following. If all individual tissues can regenerate, why cannot the organ itself regenerate
following major injury or grow back after resection? There are several possible answers to
this question. First, tissues themselves might have restricted regenerative capabilities and
overall organ regeneration might be limited by the capacities of the least regenerating
component. Thus, although the mucosal epithelium is a highly dynamic self-sustaining and
self-organizing tissue, which can recreate its typical crypt-villus structure from as little as a
single Lgr5* stem cell (Merlos-Suérez et al., 2011; Sato et al., 2009), other tissue layers
might have less prominent properties.

A second explanation for the low regenerative capacity of the mammalian bowel at the
whole- organ level is the possible need for an additional factor that mediates intestinal
lengthening. In this case, such a factor that would regulate the acquisition of the proper
organ length might be lacking during the regenerative response. A number of signaling
molecules affecting the lengthening of the intestine were identified in embryonic
development, but have never been studied in the context of gut regeneration. They include
epimorphin, FGF9, IGF-1, and Wnt 5a, which are factors that regulate cell proliferation and
differentiation, particularly in the intestinal mesenchyme, as well as epithelial-mesenchymal
interactions (Cervantes, Yamaguchi, & Hebrok, 2009; Geske, Zhang, Patel, Ornitz, &
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Stappenbeck, 2008; Wang et al., 2006; Williams, Fuller, Fagin, & Lund, 2002; Zhang et al.,
2006).

Finally, the success of whole organ regeneration is determined not only by developmental
processes at the level of discrete tissues, but also involves coordination and interaction
between cellular and molecular events in individual components of the regenerating organ.
For example, research on sea cucumbers has stressed the importance of timing and
coordination of different events between tissue layers of the regenerating digestive tube
(reviewed in Garcia-Arraras & Greenberg, 2001; Mashanov & Garcia-Arrarés, 2011). The
first structures to develop are the mesothelium and connective tissue of the new gut. These
tissue layers initially form a solid rod-like structure, which only then is invaded by the
luminal epithelium. Therefore, it is the outer, nonmucosal, layers of the gut wall that play the
leading role during the early phases of regeneration in echinoderms. Depending on the
organization and composition, the extracellular matrix (ECM) can either promote
regeneration or suppress it. The importance of connective tissue remodeling for initializing
the regrowth of the viscera was demonstrated by experimental inhibition of matrix
metalloproteases, which either slowed down or completely abolished gut regeneration in
holothurians, depending on the treatment protocol (Lamash & Dolmatov, 2013; Quifiones,
Rosa, Ruiz, & Garcia-Arraras, 2002). On the other side of the spectrum is the observation
that if acute posttraumatic inflammation of the mammalian bowel leads to formation of the
fibrotic scar, regeneration is inhibited and the normal intestinal tissue architecture is
permanently altered, resulting in inability of the affected region to resume normal organ
function (Speca et al., 2012). Thus, since proper ECM remodeling is known to be required
for the formation of various “new” functional organs (Daley, Peters, & Larsen, 2008), it is
possible that regeneration-promoting ECM assemblage or degradation does not occur
following resection or severe injury of the mammalian intestine.

The two contrasting properties of the mammalian digestive tube, namely, the lack of
regeneration at the whole-organ level and high regenerative potential at the level of the
mucosal epithelium, have long been taken into account by investigators in regenerative
medicine and organ bioengineering. This has spurred the development of a variety of
scaffolding materials to provide the neointestine with a three-dimensional supporting and
organizing system to direct cell adhesion, proliferation, and proper differentiation. In
addition, techniques have been developed that rely on seeding cells onto supporting
scaffolds. Although it was possible to keep the bio-engineered tissue viable, it has proved
difficult to completely reproduce the organization of the entire organ. The engineered
constructs often lacked critical components of the normal gut wall, such as nervous
elements, blood and lymphatic vessels, and the muscular layer (Ross et al., 2013).

The gaps in the current knowledge about interactions between the epithelial cells and the
underlying connective tissue layer are possibly one of the major obstacles for designing new
bioengineering technologies (Ross et al., 2013). Further studies of the properties of the
supporting scaffold that is formed during spontaneous gut regeneration in different animal
groups can provide valuable insight into how posttraumatic remodeling of the bowel wall
can be better managed in mammals and which properties should be enhanced or developed
in artificial grafting materials.
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4. CONCLUSIONS

Regeneration of the digestive epithelium in eumetazoans is accomplished through
recruitment of cells from two types of sources. The first primary source is multi- or
pluripotent stem cells, while the second one is reactivation of specialized cells. In both cases,
the source cells can either reside within the luminal epithelium itself or be recruited from
other tissues through migration and transdifferentiation. There is no clear correlation
between the employment of either of these strategies and the phylogenetic position.
Moreover, different strategies can be utilized within the same animal. Likewise, the capacity
to regenerate the digestive tube does not necessarily correlate with the level of anatomical
and histological complexity.

Although mammals are unable to regenerate lost regions of their digestive tube at the whole-
organ level, there are reasons to think that their regenerative capacities can be significantly
improved if the right conditions are found. First, even though mammals do not regrow the
ablated segments of their gastrointestinal system after surgical resection, they still show a
rudimentary regenerative response in the form of intestinal adaptation, which involves
widening of the absorptive surface in the remnant bowel through extensive proliferation of
intestinal stem and transit-amplifying cells resulting in increase in intestinal diameter and
villus height (Bernal et al., 2005; Erwin et al., 2006). Second, regeneration of full thickness
injuries or entire tubular segments of the digestive tube has been documented in other
closely related groups, such as lower vertebrates, tunicates, and echinoderms, and, thus,
occurs both in the chordate and nonchordate branches of the deuterostomian lineage. There
is, therefore, a possibility that at least some of the components of the regenerative machinery
might be evolutionarily conserved and have been preserved in mammals, although in a
dormant state, as has been suggested to be the case in the central nervous system (Mashanov,
Zueva, & Garcia-Arraras, 2013). Third, although the mammalian digestive tube does not
regenerate at the whole-organ level, other endodermally derived organs (embryological
derivatives of the digestive tube) retain a high regenerative capacity. These include the
thymus, thyroid, liver, and the exocrine pancreas (Baddour, Sousounis, & Tsonis, 2012;
Desai et al., 2007; Gilgenkrantz & Collin de I’Hortet, 2011). Therefore, whole-organ
regeneration is not ubiquitously suppressed in the entire endodermal lineage of the adult
mammals and possibly can be improved in the digestive tube per se.

Although a wide range of cellular mechanisms of visceral regeneration have evolved in
animal phylogeny, at least some of the key components of the underlying molecular
signaling machinery appear to be highly conserved. More comparative studies on
spontaneously regenerating species are needed in order to distinguish between
phylogenetically conserved and locally evolved components of the signaling cascades
involved in regeneration of the digestive tube. This knowledge will help us understand if and
how visceral injuries in poorly regenerating organisms, including humans, can be better
managed and healed with minimal intervention.
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Figure7.1.
Diagram of organization of the mucosal epithelium in the mammalian small intestine (A)

and in the digestive tube of a sea cucumber (B) highlighting the difference in cell renewal
mechanisms. In mammals, Lgr5-positive intestinal stem cells are localized at the bottom of
the crypt and both self-renew and produce rapidly dividing transit-amplifying progenitors
(arrows), which gradually move apically (dashed arrow) and give rise to the specialized
cells. Paneth cells are the only differentiated cell type that remains in the crypt and constitute
a component of the stem cell niche. In the digestive epithelium of echinoderms, unlike in
mammals, Lgr5-positive cells are not spatially segregated into distinct zones, but are instead
interspersed among Lgr5-negative enterocytes. Lineage relationships still remain to be
determined in this model (arrows with question marks).

Curr Top Dev Biol. Author manuscript; available in PMC 2017 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mashanov et al.

Paneth cells
Mammals

intestinal stem cells ————3 transit amplifying cells :; differentiated cells

(luminal epithelium)

bone marrow

stem cells
Amphibians
larval epithelial cells adult differentiated cells
(luminal epithelium) intestinal stem cels ———— (adult luminal epithelium)

»

submucosa submucosa
muscles >—> blastema —é muscles
serosa serosa

Echinoderms

dedifferentiated cells
(luminal epithelium)

differentiated cells
(luminal epithelium) :t

mesenchymal cells

of the connective tissue
dedifferentiated cells il
(mesothelium)

differentiated cells
(mesothelium) :;
Drosophila

intestinal stem cells —————% differentiated intestinal cells

Planarians

neoblasts ——————3 differentiated intestinal cells

————> physiological cell turnover
——posttraumatic regeneration

———— development

Figure7.2.
Diagram summarizing cell lineage relationships in normal (physiological) cell turnover and

posttraumatic regeneration in the digestive tube of different bilaterian animal models.
Straight arrows show cell lineage relationships in physiological cell turnover (black),
posttraumatic regeneration (red), and development (blue). Circular arrows indicate self-

renewal.
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Figure7.3.
One of the best studied models of visceral regeneration: the sea cucumber Holothuria

glaberrima Selenka. (A) Normal adult individual. (B) and (B”) An individual photographed
early and late in the process of evisceration, respectively.
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Figure7.4.
Histological organization of the digestive tube of the sea cucumber H. glaberrimain

noneviscerated animals (A) and (B) and at different time points of regeneration (C—F”). (A)
Cross-section of the intestine in a noneviscerated animal stained with alcian blue (pH 2.5)
and nuclear fast red. The /nset shows a higher magnification view of the luminal epithelium.
(B) Dividing cell (anaphase, arrowhead) in the luminal epithelium of the normal intestine
stained with hematoxylin and eosin. (C-F”) Regenerating digestive tube stained with
Heindenhein’s azan. (C and D) Cross-sections through the early gut rudiment on days 3 and
7 postevisceration, respectively. The /nsetin D shows a detailed view of the mesothelial cells
ingressing into the underlying connective tissue. (E) Longitudinal section through the
growing gut rudiment on day 14 postevisceration. The growing tip (arrow) is on the left,
whereas the cloacal stump is on the right. (F-F”) Day 14 postevisceration; successive cross-
sections of a posterior gut rudiment taken through the growing tip (F) and at distances of 40
um (F") and 110 pm (F”). ¢s, cloacal stump; ct/, connective tissue layer of the gut wall; /,
gut lumen; /e, luminal (mucosal) epithelium; me, mesothelium; pm, proximal mesentery.
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Figure 7.5.
Diagram summarizing the different strategies employed by metazoan animals to regenerate

their intestinal epithelium.
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