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Abstract

Seminal studies from the early 20th century defined the structural changes associated with development and regenera-
tion of the gills in goldfish at the gross morphological and cellular levels using standard techniques of light and electron
microscopy. More recently, investigations using cell lineage tracing, molecular biology, immunohistochemistry and single-
cell RNA-sequencing have pushed the field forward and have begun to reveal the cellular and molecular processes that
orchestrate cell proliferation and regeneration in the gills. The gill is a multifunctional organ that mediates an array of
important physiological functions, including respiration, ion regulation and excretion of waste products. It is comprised
of unique cell types, such as pavement cells, ionocytes, chemoreceptors and undifferentiated stem or progenitor cells that
regulate growth and replenish cell populations. The gills develop from the embryonic endoderm and are rich in cell types
derived from the neural crest. The gills have the capacity to remodel themselves in response to environmental change,
such as in the case of ionocytes, chemoreceptors and the interlamellar cell mass, and can completely regenerate gill fila-
ments and lamellae. Both processes of remodeling and regeneration invariably involve cell proliferation. Although gill
regeneration has been reported in only a limited number of fish species, the process appears to have many similarities
to regeneration of other organs in fish and amphibians. The present article reviews the studies that have described gill
development and growth, and that demonstrate a suite of genes, transcription factors and other proteins involved in cell
proliferation and regeneration in the gills.

Keywords Gill - Regeneration - Proliferation - Fish - Neural crest - Zebrafish

Introduction

The gills of fish are multifunctional organs that mediate an
impressive array of physiological processes. Among them
are exchange of the respiratory gases, O, and CO,, control
of respiration by peripheral chemoreceptors, osmoregula-
tion, excretion of waste products, and even undergoing
structural changes to facilitate acclimatization to changing
environmental conditions (Evans et al. 2005; Dymowska
et al. 2012; Nilsson et al. 2012). The gills develop during
embryonic and larval stages and continue to grow through-
out life (Wilson and Laurent 2002; Morgan 1974a,b; Stolper
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etal. 2019). As an organ continuously exposed to the aquatic
environment, the gills are recognized as an important path-
way for uptake of toxic compounds and are vulnerable to
water-borne diseases—both significant factors in affecting
fish health (Evans et al. 2005; Marcos-Lopez and Rod-
ger 2020). The gills are also homologues of the mamma-
lian lung (reviewed in Cadiz and Jonz 2020) and are often
investigated as a convenient model system in respiratory
physiology.

Although numerous studies over the last few decades
have been devoted to investigating the development and
growth of the gills (Morgan 1974a,b; Kimmel et al. 1995;
Jonz and Nurse 2005), there are many questions that remain
regarding the molecular mechanisms and signaling path-
ways that drive formation and growth of the gills. The gills
possess a competent capacity for wound healing (Burkhardt-
Holm et al. 1999; Dutta et al. 1996; Hemalatha and Baner-
jee 1997), as do many other tissues, but in some species
they are also capable of regeneration following resection or
amputation (Fig. 1; Schéfer 1936; Jonz et al. 2015; Stolper
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Fig. 1 Gill regeneration in three species of teleost fish. a Schéfer dem-
onstrated regeneration of a gill filament stump and gradual replacement
of the filament tip and lamellae in goldfish. Staging from left to right
shows the day of resection to approximately 7 days post-resection. The
horizontal line indicates the level of resection. From Schéfer (1936).
Gill filament regeneration in zebrafish is shown at 7 (b) and 161 (c)
days post-resection (dpr). The same gill filaments are shown at each

et al. 2019; Mierzwa et al. 2020; Nguyen and Jonz 2021;
Cadiz et al. 2024; Ghanizadeh-Kazerouni et al. 2024). This
stands in stark contrast to the limited, facultative regen-
erative potential of the mammalian Iungs (Cadiz and Jonz
2020). A refined understanding of the cellular and molecular
basis of growth and structural homeostasis of the fish gill is
therefore needed to better appreciate the functional details
of such a significant organ in fish biology. Moreover, of the
more than 30,000 fish species described, gill regeneration
has only been characterized in a limited number of species,
suggesting that much more remains to be discovered. This
brief review focuses specifically on studies that have helped
to define mechanisms of post-embryonic growth, cell pro-
liferation, structural plasticity, and regeneration in the gills.
This includes recent studies that have exploited state-of-the-
art techniques, as well as seminal studies that bear historical
significance.

Organization and cell types of the gill

The anatomy and organization of fish gills are well described
and have been reviewed previously (Hughes 1984; Lau-
rent 1984; Evans et al. 2005). In teleosts, four pairs of
gill arches are present. Each of these extend two parallel
rows of supportive filaments, called hemibranchs. The gill
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stage with the dashed line indicating the level of resection. Scale bar
=50 um and applies to both panels. d After 160 days of regeneration,
most of the resected tissue was replaced. b-d are modified from Mier-
zwa et al. (2020) with permission. e In gill filaments from medaka,
homeostatic and growth domains were defined in the gill filaments,
both of which are replaced during regeneration. Modified from Stolper
et al. (2019) with permission

filaments have a unique structure that includes a rod-like
column of chondrocytes, which provides support and pre-
vents collapse of the gills during breathing. The filaments
give rise to numerous respiratory lamellae, the units of gas
exchange, and possess an extensive vascular system that
receives deoxygenated blood via afferent arteries of the gill
arches and filaments, and returns oxygenated blood back to
the systemic circulation via efferent arteries of the filaments
and gill arches (Laurent 1984; Olson 2002). During respira-
tion, blood flows through a vascular sinus of each lamella,
formed by pillar cells, in a manner referred to as counter-
current exchange, which maximizes blood oxygenation.
The gills are composed of a wide range of cell types,
many of which are unique to the gills and contribute to its
diverse functionality (Wilson and Laurent 2002; Evans et al.
2005). An epithelium lines the gill filaments and lamellae.
The epithelium is composed primarily of squamous pave-
ment cells, which facilitate gas and ion transport. In the
filament epithelium, ionocytes (or mitochondrion-rich cells)
transport ions, such as Na*, CI~, Ca’*, H" and HCO; to
maintain homeostasis of internal fluids (Dymowska et al.
2012). These cells may be numerous and comprise up to
10% of cells in the gill epithelium, depending on species or
environment. Mucous (or goblet) cells are found in the fila-
ment epithelium and may secrete mucous components, such
as glycoproteins or lipids, that protect the epithelial surface.
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Also found within the gill filament epithelium are neuro-
epithelial or neuroendocrine cells (NECs'), which fulfill the
role of O, and CO,/H* chemoreceptors to regulate changes
in ventilation rate during hypoxia (low O,) and hypercap-
nia (elevated CO,) (Jonz et al. 2004; Burleson et al. 2006;
Qin et al. 2010; Porteus et al. 2014). The gills also possess
an extensive nervous system that contains both sensory and
motor branches (Nilsson 1984; Sundin and Nilsson 2002).

A growing number of studies are using single-cell RNA-
sequencing to study cells of the fish gill, and this technique
has so far been performed in species such as Atlantic salmon
(Salmo salar, West et al. 2021), zebrafish (Danio rerio, Pan
et al. 2022; Fabian et al. 2022) and tilapia (Oreochromis
niloticus, Zheng and Wang 2023). These studies reveal the
transcriptomic profiles of individual cell types within the
gills by identifying expression of hundreds or thousands
of genes across as many as 20 distinct cell types. These
include the cell types mentioned above, as well as blood
cells, immune cells, fibroblasts, endothelial cells and undif-
ferentiated or stem cells.

Cell proliferation in the gill

Many cell types in the gills undergo proliferation, though
the genes or factors responsible for their return to a prolif-
erative state may be only partially understood. One of the
best known examples of proliferation in the gill is that of
the ionocytes that control the transport of ions across the
epithelium (Evans et al. 2005; Dymowska et al. 2012; Zim-
mer et al. 2021). In rainbow trout (Oncorhynchus mykiss)
acclimated to water of relatively low ionic concentration,
ionocytes doubled their fractional surface area in the gill
epithelium, owing to both proliferation and an increase in
cell size, and effectively increased the blood-to-water dif-
fusion distance (Greco et al. 1996). In killifish (Fundulus
heteroclitus) transferred from seawater to freshwater, an
increase in density of a specific subtype of ionocyte that
facilitates the transition to freshwater was observed, with-
out an increase in total ionocyte number (Katoh and Kaneko
2003). A similar phenomenon occurs in Atlantic salmon,
where the numbers of ionocytes expressing specific iso-
forms of the Na*/K*-ATPase changes during migration
from freshwater to seawater (McCormick et al. 2013).
Moreover, studies have shown that ionocyte populations are
also modified by thermal changes. In goldfish (Carassius
auratus) acclimated from 25 °C to 7 °C, more ionocytes
were found within the interlamellar cell mass (ILCM) as an

' It is important to note that gill neuroepithelial cells (NECs), which
are respiratory chemoreceptors, are distinct from neuroepithelial cells
of the same name that are important in development of the vertebrate
nervous system.

apparent result of increased proliferation and migration of
existing ionocytes from other regions of the gill (Mitrovic
and Perry 2009).

Regulation of ionocyte proliferation in the gills has been
described. In developing fish, which may lack fully-formed
or functional gills, ionocytes may also be found in the skin.
Studies investigating the origins of skin ionocytes in zebraf-
ish (Danio rerio) have demonstrated that the transcription
factor, Kriippel-like factor 4 (K1f4), regulates ionocyte pro-
genitor cell populations in the epidermis (Chen et al. 2019);
and that foxi3a and foxil, genes encoding forkhead transcrip-
tion factors, play a role in differentiation of vacuolar-type
H'-ATPase ionocytes (Esaki et al. 2007, 2009). In zebrafish,
gem?2, encoding the transcription factor, glial cells missing
2, is also involved in differentiation of multiple subtypes of
ionocytes in the gills and skin (Chang et al. 2009; Shono et
al. 2011; Kumai et al. 2015). The ionocyte fate of epidermal
precursors appears to be mediated by Delta-Notch competi-
tive lateral inhibition (Hsiao et al. 2007; Janicke et al. 2007).

Some species of fish are capable of dramatically alter-
ing their gill morphology as a response to temperature or
hypoxia (Nilsson et al. 2012). The ILCM, a mass of cells
that occupies the space between adjacent respiratory lamel-
lae, is reversibly modified, thereby regulating the surface
area of the gill epithelium that may be exposed to water. This
phenomenon was first described in crucian carp (Carassius
carassius), where exposure to hypoxia led to a reduction in
the ILCM driven by apoptosis and reduced cell prolifera-
tion, allowing for a higher capacity of O, uptake (Sollid et
al. 2003). Subsequent studies further showed in goldfish and
crucian carp that a reduction in temperature (e.g. from 25 °C
to 7.5 °C in goldfish) produced an increase in the ILCM
(Sollid et al. 2005); and in killifish acclimated to warm tem-
peratures, regression of the ILCM was observed (McBryan
et al. 2016). The ILCM is also increased upon air exposure
in the amphibious mangrove killifish (Kryptolebias mar-
moratus, Ong et al. 2007). Although the regulation of cell
populations within the ILCM is not yet clearly defined, in
the grass carp (Ctenopharyngodon idella), an increase in
expression of Bcl2, Bax and caspase 3, genes involved in
regulating apoptosis, was associated with regression of the
ILCM (Xu et al. 2002).

Neuroepithelial cells, the chemosensors of the gills that
mediate ventilatory responses to hypoxia and hypercapnia,
also proliferate. This process may underlie long-term changes
in the ventilatory response to acute hypoxia observed in fish
following acclimation to chronic hypoxia (Burleson et al.
2002; Jonz et al. 2004; Vulesevic et al. 2006). In response to
acclimation to hypoxia for at least two weeks, the number
and size of gill NECs in zebrafish was shown to increase
significantly using techniques of immunohistochemis-
try and flow cytometry (Jonz et al. 2004; Pan et al. 2021),
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whereas hyperoxia reduced the number of NECs found in
gill tissue (Vulesevic et al. 2006). Studies on NECs of the
skin in zebrafish, which display chemoreceptor-like proper-
ties, have demonstrated that hypoxia acts as a mitogen to
promote proliferation in as little as 24 h. Experiments using
5-bromo-2’-deoxyuridine (BrdU) revealed an increased
uptake by hypoxic NECs undergoing DNA replication—
an indicator of progression through the cell cycle (Dean et

al. 2017). In addition, single-cell RNA-sequencing in the
gills of adults acclimated to hypoxia identified an increased
expression of numerous genes known to be involved in cell
cycle regulation and proliferation (Table 1; Pan et al. 2022).
In gill NECs, hypoxia increased expression of epasl, the
gene encoding the endothelial PAS domain protein 1 (also
called hypoxia-inducible factor [HIF]-2a). HIFs are a fam-
ily of proteins comprised of multiple isoforms that mediate

Table 1 List of genes, and their Gene Gene Name Cell Types
common gene name, involved transcript
g;gleig:;ic(l;rz]g;?;zg iﬁgr ackr3b Atypical chemokine receptor 3b endothelial cells
phogenesis o,r regenera;ion that agrn Agrin endothelial cells
were significantly upregulated in cebpd CCAAT enhancer binding protein delta fibroblasts, endothelial cells
gill cells following two weeks of  ¢cyp26bl1 Cytochrome P450, family 26, subfamily b, polypep- endothelial cells
hypoxia—conditions that result tide 1
in changes including proliferation  dag/ Dystroglycan 1 endothelial cells
and hypertrophy of gill neuroepi-  ¢p4574 Endothelial PAS domain protein la NECs*, endothelial cells
thel'ial C?HS (NEHCS)' R.eTUItS are epaslb Endothelial PAS domain protein 1b NECs, endothelial cells
SieorlllV:SaI;?irsl ?;llzzjinr:lgasi:gis- epcam Epithelial cell adhesion molecule Nat/K*-ATPase-rich (NaR) cells,
cell RNA-sequencing of gill neurons, pavement cells, tuft cells
cells dissociated from zebrafish, fosab v-Fos FBJ murine osteosarcoma viral oncogene fibroblasts, NECs, neurons, plate-
as reported in Pan et al. (2022). homolog Ab lets, endothelial cells
Cell types in which these genes gadd45ba Growth arrest and DNA-damage-inducible, beta a endothelial cells
were highly expressed are also gadd45bb Growth arrest and DNA-damage-inducible, beta b endothelial cells
indicated. Sece also Gene Expres- gadd45ga Growth arrest and DNA-damage-inducible, gamma a endothelial cells
sioq Omnibus (GEO) .repository, gataZa GATA binding protein 2a endothelial cells
National Center for Biotechnol- . .
ogy Information (NCBI) [Acces- her6 Haly-related 6 o . ﬁbroblas.ts, endothelial cells
sion Identification GSE198044]. idl Inhibitor of DNA binding 1, HLH protein endothelial cells
Jjun Jun proto-oncogene, AP-1 transcription factor fibroblasts, neurons, tuft cells,
subunit endothelial cells
Jjunba JunB proto-oncogene, AP-1 transcription factor fibroblasts, NECs, neurons, plate-
subunit a lets, endothelial cells
lama$5 Laminin, alpha 5 endothelial cells
Igals3b Lectin, galactoside binding soluble 3b neurons, endothelial cells
mcllb MCL1 apoptosis regulator, BCL2 family member b epidermal neural progenitor cells
(ENPC), endothelial cells
mvp Major vault protein neurons, tuft cells, endothelial
cells
netl Neuroepithelial cell transforming 1 NaR cells, tuft cells, endothelial
cells
phlda?2 Pleckstrin homology-like domain, family A, member pavement cells, endothelial cells
2
ptgsla Prostaglandin-endoperoxide synthase 2a pavement cells, endothelial cells
ptprfb Protein tyrosine phosphatase receptor type Fb endothelial cells
pxna Paxillin a endothelial cells
sdc4 Syndecan 4 platelets, tuft cells, endothelial
cells
socs3a Suppressor of cytokine signaling 3a fibroblasts, platelets, tuft cells,
endothelial cells
soxlla SRY-box transcription factor 11a endothelial cells
sparc Secreted protein, acidic, cysteine-rich (osteonectin)  endothelial cells
sulfl Sulfatase 1 endothelial cells
tagin?2 Transgelin 2 endothelial cells
*Refers to oxygen-sensitive thyl Thy-1 cell surface antigen hematopoietic stem and prggeni-
neuroepithelial cells (NECs) of tor cells (HSPC), endothelial cells
the gill epithelium tmsb1 Thymosin beta 1 endothelial cells

@ Springer



Journal of Comparative Physiology B

the cellular response to changes in O, and are active under
hypoxia (Semenza 2012). In teleosts, HIFs (particularly
HIF-1a) have been implicated in O, homeostasis, the car-
dioventilatory response to hypoxia, and hypoxia tolerance;
and numerous studies have demonstrated increased levels
of HIF isoforms as a response to hypoxia in many spe-
cies, such as zebrafish, goldfish, killifish and rainbow trout,
amongst others (reviewed by Mandic et al. 2021). Impor-
tant for the present discussion, HIFs appear to play a role
in regulation of cell proliferation in the gill. In the carotid
body, the primary O, sensors in mammals, chronic exposure
to hypoxia induces cell proliferation and hyperplasia as a
means of regulating the size and O, sensitivity of the carotid
body during acclimatization (Ortega-Saenz and Lopez-
Barneo 2020). In mice exposed to chronic hypoxia, HIF-2a,
but not HIF-1a, was necessary for cell proliferation in the
carotid body (Hodson et al. 2016). HIF-2a also appears to
be critical for acute O, sensing in the mouse carotid body
(Moreno-Dominguez et al. 2020). Within this context, tran-
scriptomic analysis showing high differential expression
of both paralogs of epas! in gill NECs compared to other
cell types, and the increased expression of epas/ in NECs
following chronic hypoxia (Pan et al. 2022), highlights the
potential importance of HIF-2a in regulating populations of
O, chemoreceptors in vertebrates as a means of promoting
morphological changes responsible for O, sensing during
physiological adaptation to hypoxia.

The progenitors or stem cells that eventually give rise
to most cell types of the gills remain unknown. There is,
however, plenty of evidence of stem cells in the gills, and it
is generally understood that these may give rise to a variety
of cell types. It has been appreciated for decades that undif-
ferentiated or progenitor cells lie deep within the epithelium
(Laurent and Dunel 1980; Wilson and Laurent 2002). It has
been proposed, for example, that NECs with absent or vari-
able immunoreactivity for the neurotransmitter, serotonin
(5-hydroxytryptamine, 5-HT), may reflect the degree of
differentiation of this specific cell type during cell renewal
(Bailly et al. 1992; Jonz and Nurse 2003). More recent stud-
ies in zebrafish showed that the gene, sall4, was expressed in
the gill filaments and branchial arches (Jackson et al. 2013).
sall4 encodes a transcription factor involved in regulating
stem cell pluripotency and self-renewal (Zhang et al. 2006;
Yang et al. 2008) and has been implicated in reprogram-
ming of differentiated cells (Neff et al. 2011). Regulation
by sall4 may therefore provide a mechanism for supporting
cell turnover in the gills by maintaining stem cell popula-
tions, or inducing dedifferentiation of cells to a state that
would lead to proliferation. Other studies in zebrafish have
identified a constitutive population of stem or mitotic cells
that express the proliferating cell nuclear antigen (PCNA;
Mierzwa et al. 2020). These cells were described within the

interlamellar regions of the gill filament epithelium as well
as the distal tip of the filaments. In addition, three separate
populations of stem or progenitor cells were characterized
by RNA-sequencing in the zebrafish gill based on their tran-
scriptomic profiles (Pan et al. 2022). Stem cells positive for
Sox-9 immunohistochemistry were also identified in the
pseudobranch, a reduced gill-like non-respiratory organ, in
molly fish (Poecilia sphenops, Mokhtar et al. 2023).

Perhaps the most informative description of cell prolifer-
ation and maintenance in the fish gill was provided by Stol-
per et al. (2019). In the gills of medaka (Oryzias latipes),
they broadly defined two categories of stem cells that were
limited to different regions of the gill. Growth stem cells
were found in the branchial arches and at the distal tips of
the filaments, where filaments are known to grow (Morgan
1974b); whereas homeostatic stem cells were embedded in
tissue at the base of the lamellae along the longitudinal axis
of the filament and generated cells that migrated away to
other areas (Fig. 1¢). Growth cells were further divided into
four fate-restricted subtypes. Essentially, post-embryonic
growth in the medaka gill appears to depend on the coordi-
nated activity of these four stem cell subtypes, which main-
tain non-overlapping lineages, and each having independent
embryonic origins (Stolper et al. 2019). Homeostatic stem
cells, on the other hand, were shown to be important in gen-
erating new cells as they are lost, as in the case of pillar
cells. Interestingly, homeostatic stem cells could be induced
to generate a new growth domain in the gill filaments fol-
lowing tissue ablation.

Another cell type involved in development and cellu-
lar homeostasis of the gills are those that migrate from the
neural crest. In vertebrates, neural crest cells (NCCs) are
multipotent cells that are specified during embryonic stages
at the neural plate and are present during formation of the
neural tube. Subsequently, NCCs migrate away from this
site and give rise to a diverse range of cell types, including
those found in the central and peripheral nervous systems,
muscle, the endocrine system, connective tissue, bone and
skin (Gilbert 1988; Hall 2009). Earlier studies demonstrated
that in the pharyngeal arches (which give rise to gill fila-
ments in fish) the cartilaginous regions and blood vessels
have neural crest origin (Landacre 1921; Le Li¢vre and
Le Douarin 1975). In zebrafish, it was further shown that
smooth muscle of the gill filaments and the pillar cells of the
lamellae are also derived from NCCs, based on their expres-
sion of sox/0 (Mongera et al. 2013). Single-cell RNA-
sequencing recently corroborated these findings and further
demonstrated that the cartilaginous and filament tip regions
of the gills are derived from gill-specific neural crest pro-
genitors and require expression of gata3 and fgf10 (Fabian
et al. 2022). Furthermore, expression of ascl/a was found in
O,-chemoreceptive gill NECs, also located at the tips of gill
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filaments, as well as in intrinsic filament neurons (Pan et al.
2022). Ascll (achaete-scute homolog 1) is a member of the
basic helix-loop-helix family of proteins involved in neuro-
genesis and is an autonomic neural crest transcription factor.
Originally named Mashl for the mammalian homolog of
asc genes, it is required for formation of O, chemoreceptors
in the mammalian carotid body (Kameda 2005), a structure
of neural crest origin (Pearse et al. 1973; Pardal et al. 2007).
Expression of asclla is required for development of seroto-
nergic cells within taste buds of the gill arches in zebrafish
(Kapsimali et al. 2011), but whether asclla is critical for
formation of serotonergic NECs in the gill filaments has yet
to be resolved. Nevertheless, lineage tracing studies suggest
that NECs are not derived from the neural crest, but are pro-
duced locally from the endoderm (Hockman et al. 2017).

Gill regeneration

The first report of regeneration of the gills in fish was pro-
vided by Schéfer (1936). He described formation of the
Kiemenblattstumpf, a “gill leaf [or filament] stump”, in
goldfish following removal of the filament tip. In his article,
Schéfer described active cellular proliferation distal to the
site of resection and eventual replacement of gill structure,
including gill filaments and lamellae (Fig. 1a). Since that
time, many studies have documented the ability of the gill
to heal in response to injury or infection (e.g. Burkhardt-
Holm et al. 1999; Dutta et al. 1996; Hemalatha and Banerjee
1997), but relatively few studies have observed the entire
process of regeneration in the gill, or described the mech-
anism or processes that support regeneration. Regenera-
tion in fish and amphibians generally involves three major
phases: (1) wound healing, (2) formation of a blastema (or
stump) may occur, and (3) redevelopment, which includes
the proliferation of blastema cells, their differentiation and
final tissue reconstruction (Nye et al. 2003; Poss et al. 2003;
Miinch et al. 2013; Stocum 2017; Saito et al. 2019; Cadiz
and Jonz 2020).

More recent studies have used model vertebrates to
investigate gill regeneration. Regeneration in the zebrafish
gill was first identified by the presence of a blastema, simi-
lar to Schéfer’s gill stump, after resection of a gill filament
(Jonz et al. 2015). Subsequent morphological and immu-
nohistochemical studies in zebrafish revealed that 24 h
after 0.2-0.3 mm of the filament tip was resected, undif-
ferentiated cells were present in the blastema and expressed
PCNA, indicating that they were mitotic (Fig. 1b,c; Mier-
zwa et al. 2020). Cell types, such as NECs, ionocytes and
the vasculature were replaced during regeneration, and neu-
rons intrinsic to the gill filaments began to extend axons to
reinnervate NECs (Mierzwa et al. 2020; Nguyen and Jonz
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2021). Significant replacement of these differentiated cell
populations occurred about a week after resection, and it
took approximately 160 days for 85% of the resected fila-
ment tip to be replaced (Fig. 1d; Mierzwa et al. 2020). Gill
regeneration was also reported in medaka, where the entire
growth domain of the filament tip was removed, and it was
replaced about a month later (Fig. le; Stolper et al. 2019).
As noted in the previous section, stem cells of the homeo-
static domain in medaka can be induced to produce new tis-
sue (Stolper et al. 2019). The same appears to be true in
zebrafish. After complete amputation of gill filaments at
their base, which included both homeostatic and growth
domains, the filaments regenerated (F. Nguyen and M. Jonz,
unpublished observations). A more recent study further
demonstrated, in Atlantic salmon, that resection of 50% of
the length of gill filaments resulted in a greater degree of tis-
sue regeneration, compared to resection of 30% of filament
length (Ghanizadeh-Kazerouni et al. 2024). The capacity of
the gills to regenerate may therefore be correlated with the
extent of injury or amputation.

Whereas the morphological changes observed during gill
regeneration are well described, the molecular pathways
orchestrating replacement of gill tissue are just beginning
to be revealed. Fortunately, some aspects of the later stages
of regeneration (i.e. tissue reconstruction) may be similar to
events that occur during embryonic development. It is there-
fore possible to refer to the literature on gill development
as a guide to understanding how gills regenerate. Some of
the first extensive studies on gill development in fish were
provided by Morgan in rainbow trout (1974a, 1974b). She
showed complete development of the gill arches, filaments,
lamellae, as well as internal structures, such as the vascula-
ture, basement membrane and a differentiated epithelium,
using light and electron microscopy (Fig. 2). Whereas gill
development in trout began at approximately six days fol-
lowing incubation of fertilized eggs, corresponding to com-
pletion of gastrulation (at 10°C, Morgan 1974a), in other
species the gills may begin to develop sooner. In zebrafish,
the gills begin to develop around the time of hatching at
48-72 h post-fertilization (at 28.5°C, Kimmel et al. 1995)
and resemble adult gills by approximately 14 days (Jonz
and Nurse 2005). It was previously believed that the gills
were derived from embryonic ectoderm (Goette 1901; Mor-
gan 1974a), but more recent studies involving lineage trac-
ing indicate that the gills are endoderm-derived (Warga and
Niisslein-Volhard 1999; Gillis and Tidswell 2017; Hockman
etal. 2017).

But what are the genes or factors responsible for directing
formation and regeneration of the gills? In zebrafish, expres-
sion of gcm genes produce transcription factors required for
formation of the pharyngeal arches and gill filament buds
(gem2, Hogan et al. 2004; gcmb, Hanaoka et al. 2004).
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Fig. 2 Developmental stages of the gill in rainbow trout. a Consecu-
tive stages (/—4) of the development of the gill arch, filaments and
vasculature. Staging corresponds to approximately 30 days of develop-
ment. ga, gill arch; pba, primary branchial artery; ff, filament folds; fa,
filament artery; eba, efferent branchial artery; aba, afferent branchial
artery. From Morgan 1974a with permission. b Consecutive stages (a-
¢) in transverse section showing development of a gill filament and
lamella. Staging corresponds to approximately 30—-100 days of devel-
opment. afa, afferent filament artery; efa, efferent filament artery; c,
collagen; mc, marginal channel; cl, column; d, desmsome; ed, endo-
thelium; bm, basement membrane; e, epithelium; gr, granulocyte; pc,
pillar cell; bs, blood spaces. From Morgan 1974b with permission

Single-cell RNA-sequencing in adult zebrafish gills dem-
onstrated continued expression of gem genes in endothelial
cells, ionocytes and progenitor cells (Pan et al. 2022), sug-
gesting the potential of these genes in maintaining or poten-
tially restructuring the gills during regeneration. Moreover,
parathyroid hormone was shown to play an essential role
in ionocyte differentiation by maintaining expression of
gem?2 (Kwong and Perry 2015). In another study, microar-
ray analysis was used to generate transcriptomic profiles of
gills from zebrafish exposed to zinc (Zheng et al. 2010). The
authors demonstrated upregulation of transcription factors,
Jjun and gata, thought to stimulate stem cell differentiation
and reactivate developmental pathways in the gill, although
morphological changes in the gills were not confirmed in
that study. However, a subsequent investigation identified
increased expression of jun and gata in cell types, such as
fibroblasts, neurons, endothelial cells, NECs and neurons
following chronic exposure to hypoxia (Table 1; Pan et al.
2022), suggesting that these genes may mediate proliferation

of these cell types in the adult gill. In addition, gata3 expres-
sion was previously shown to be required for gill bud for-
mation in zebrafish (Sheehan-Rooney et al. 2013).

Wnt/B-catenin signaling, which mediates cell prolifera-
tion and fate decisions during embryogenesis and contrib-
utes to tissue regeneration (Poss et al. 2000; Logan and
Nusse 2004; Tal et al. 2010), is another candidate for medi-
ating gill regeneration. Wnt/B-catenin signaling via Lefl
was required for gill filament growth in developing zebraf-
ish (Shimizu et al. 2012). Retinoic acid (RA) is involved
in anterior-posterior patterning of the pharyngeal arches
in vertebrates (DeLaurier 2019), and has also been impli-
cated in formation of the gill arches in the little skate (Leu-
coraja erinacea) by acting through regulation of Fgf8 and
Shh (Gillis et al. 2009). fgf8a is implicated in development
of the branchial arches and head in zebrafish (Crump et al.
2004; Gebuijs et al. 2019). Collectively, Wnt, Fgf and RA
signaling are well known to regulate blastema formation,
proliferation and outgrowth during zebrafish fin regenera-
tion (Gemberling et al. 2013). Interestingly, many of the
above factors may play a role in gill regeneration. Increased
expression of fgfS8a and shha was localized to regenerat-
ing tips of gill filaments in zebrafish, and regrowth of the
regenerating filament tip was reduced following chemical
inhibition of fibroblast growth receptor 1 (FGFR1) activ-
ity (Cadiz et al. 2024). Furthermore, transcriptomic analysis
in the gills of adult zebrafish localized shha specifically to
NECs, and expression of genes encoding FGF receptors and
the y subunit of the RA receptor (rarga) were found in other
cell types (Pan et al. 2022), though these genes have not yet
been linked with regeneration.

Other important signaling pathways implicated in pha-
ryngeal arch formation in zebrafish include the fox genes,
which direct anterior-posterior identity of the pharyngeal
arches, as well as endl, dix and notch pathways, which
control dorsal-ventral identity of the pharyngeal arches
(reviewed by DeLaurier 2019). Many of these genes con-
tinue to be expressed in the adult zebrafish gill filaments.
For example, expression of hoxb3a was found in gill NECs
and fibroblasts, dix genes were found in multiple cell types,
and notch was expressed in pavement cells (Pan et al. 2022).
Moreover, intense expression of her6 was localized to the
regenerating filament tip in zebrafish gills, and chemical
inhibition of the Notch signaling cascade almost entirely
inhibited gill filament regeneration (Cadiz et al. 2024). her6
encodes a Notch effector protein that is involved in blas-
tema cell proliferation during fin regeneration (Grotek et al.
2013). RNA-sequencing indicated Aer6 expression in endo-
thelial cells and fibroblasts in the zebrafish gill, and Aer6
expression increased in the gills following in vivo expo-
sure to hypoxia (Table 1; Pan et al. 2022). These data argue
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strongly for a role for Notch signaling in gill regeneration
by mediating blastema cell proliferation.

In addition to the literature on gill development and regen-
eration of other organs in fish, studies on the regeneration of
the external gills of the axolotl (4mbystoma mexicanum) are
of interest to the present discussion. As a neotenic amphibian
that does not undergo metamorphosis, the axolotl retains its
external gills, which play a role in respiration (Gahlenbeck and
Bartels 1970; Rosenkilde and Ussing 1996). While few stud-
ies have investigated gill regeneration in axolotls, Saito et al.
(2019) demonstrated the importance of bone morphogenetic
protein (BMP) and FGF in orchestrating gill regeneration. The
authors demonstrated expression of Bmp2 and Fgf2 in the gills
and showed that pharmacological blockade of BMP and FGF
receptor activity inhibited gill regeneration (Saito et al. 2019).
In zebrafish, bmp2b was also expressed in regenerating fila-
ment tips, and as mentioned above for FGF receptors, blocking
activation of BMP receptors reduced gill regeneration (Cadiz et
al. 2024). Additionally, other studies in axolotls have demon-
strated that RA and thyroid hormones also influence gill regen-
eration (Crawford and Vincenti 1998; Lazcano et al. 2023).

Conclusion and future directions

The gill represents an organ of critical importance to fish
biology. There is clear evidence that it is capable of pro-
found cell proliferation, which underlies replacement of
unique cell populations, significant structural remodeling in
response to environmental change, and even regeneration
following resection or amputation. This review has dem-
onstrated that many of the genes and signaling pathways
involved in gill development and organogenesis in zebraf-
ish and other models may also be involved in gill regenera-
tion. Specifically, the Notch, Wnt and Shh pathways may
be particularly important in reconstruction of gill tissue
during regeneration, as well as other factors, such as BMP,
FGF and RA. Continued use of model vertebrates and other
developmental or regenerative systems will provide impor-
tant information for understanding gill regeneration in fish.

Challenges that remain for future exploration to better
understand gill regeneration may include investigation of
how stem cells are recruited to replace lost tissue, and how
stem cell activity is controlled to ensure differentiation of
specific cell types. And, more generally, studies may address
whether gill regeneration occurs in all fish species, or if it
is confined to specific taxa; and if there are limitations on
gill regeneration. One idea proposes that because aquatic
vertebrates, such as fish and amphibians, have complex life
cycles that involve metamorphosis during early develop-
ment, they retain the unique genetic potential that allows
them to activate organ regeneration during later adult stages

@ Springer

(Alibardi 2019). We may therefore expect that gill regenera-
tion is widespread in fishes, making this an important field
for future study.
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