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ABSTRACT

New technologies have resulted in a better understanding of blood and lymphatic vascular heterogeneity at the cellular
and molecular levels. However, we still need to learn more about the heterogeneity of the cardiovascular and lymphatic
systems among different species at the anatomical and functional levels. Even the deceptively simple question of the
functions of fish lymphatic vessels has yet to be conclusively answered. The most common interpretation assumes a
similar dual setup of the vasculature in zebrafish and mammals: a cardiovascular circulatory system, and a lymphatic
vascular system (LVS), in which the unidirectional flow is derived from surplus interstitial fluid and returned into the
cardiovascular system. A competing interpretation questions the identity of the lymphatic vessels in fish as at least some
of them receive their flow from arteries via specialised anastomoses, neither requiring an interstitial source for the
lymphatic flow nor stipulating unidirectionality. In this alternative view, the ‘fish lymphatics’ are a specialised subcom-
partment of the cardiovascular system, called the secondary vascular system (SVS). Many of the contradictions found in
the literature appear to stem from the fact that the SVS develops in part or completely from an embryonic LVS by
transdifferentiation. Future research needs to establish the extent of embryonic transdifferentiation of lymphatics into
SVS blood vessels. Similarly, more insight is needed into the molecular regulation of vascular development in fish.
Most fish possess more than the five vascular endothelial growth factor (VEGF) genes and three VEGF receptor genes
that we know from mice or humans, and the relative tolerance of fish to whole-genome and gene duplications
could underlie the evolutionary diversification of the vasculature. This review discusses the key elements of the fish
lymphatics versus the SVS and attempts to draw a picture coherent with the existing data, including phylogenetic
knowledge.
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I. INTRODUCTION

The lymphatic vascular system (LVS) is one of the compo-
nents of the lymphatic system, which includes organs such
as lymph nodes, the spleen and the thymus, among others.
In mammals, the LVS maintains the fluid balance between
blood and interstitium, is integral to immune defence, and
plays an important role in the intake and distribution of
long-chain fatty acids and fat-soluble vitamins. Besides these
major functions, it fulfils several other tasks (Oliver
et al., 2020; Wilting & Becker, 2022).

The LVS of different animal classes features unique adapta-
tions resulting from their separate evolutionary trajectories
(Hedrick et al., 2013). These include, for instance, the cutaneous
lymph sacs and lymph hearts in amphibia (Hedrick et al., 2014).
Fish display a far greater morphological heterogeneity than all
other vertebrates combined (Gans & Bell, 2013). This is unsur-
prising, as fish are not an animal class but rather an informal
grouping, comprising jawless fish, cartilaginous fish, ray-finned
fish and non-tetrapod lobe-finned fish, and many of these are
more closely related to tetrapods than they are to other fish
groups. The placement of extant fish clades within the vertebrate
phylogenetic tree is shown in Fig. 1, and the term ‘fish’ will be
used to indicate this paraphyletic assemblage. Due to their
morphological diversity, different descriptions of the piscine
LVS have been similarly varied, ranging from claims of com-
plete absence (Vogel & Claviez, 1981) to implicitly assumed
gross equivalence to the mammalian one (Kampmeier, 1969).

The study of lymphatic vessels is more challenging than
that of other vascular beds. The historical technical chal-
lenges to visualise lymphatic vessels not only led to a reduced
presence in scientific research compared to the cardiovascular

system, but also to several genuine scientific controversies
stretching over more than a century. One of the early contro-
versies concerned the embryonic origin of lymphatic vessels
in mammals (the centrifugal versus centripetal or Sabin versus

Kampmeier controversy) (Sabin, 1902; Huntington &
McClure, 1910; Kampmeier, 1969). While the dual embryonic
origin of the LVS is now understood (Van Der Jagt, 1932;
Schneider et al., 1999; Wilting et al., 2000, 2006; Ny
et al., 2005;Okuda et al., 2012;Mahadevan et al., 2014; Stanczuk
et al., 2015; Nicenboim et al., 2015; Klotz et al., 2015; Martinez-
Corral et al., 2015; Pichol-Thievend et al., 2018; Maruyama
et al., 2019; Gancz et al., 2019; Lioux et al., 2020; reviewed by
Mattonet & Jeltsch, 2015; Semo, Nicenboim & Yaniv, 2016;
Ulvmar & Mäkinen, 2016; Petrova & Koh, 2017; Gutierrez-
Miranda & Yaniv, 2020), the debate is still ongoing over the
relationship between the secondary vascular system (SVS, a
subcompartment of the cardiovascular system exclusive to
fishes) and the LVS (Vogel, 2010). Combining older observa-
tions (Jourdain, 1880; Mayer, 1919; Burne, 1929) with more
recent studies (Yaniv et al., 2006; Küchler et al., 2006; Jensen
et al., 2009; Rummer et al., 2014; Das et al., 2022), we aim to
provide a view of the status quo and propose a co-existence
and partial overlap of lymphatic vessels and the SVS, which can
explain why previous research results have appeared contradictory.

II. THE SECONDARY VASCULAR SYSTEM
OF FISH

The major differences in the cardiovascular system between
fishes and mammals are well described in comparative
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animal physiology textbooks. However, the differences do
not concern only the general layout and the forces that these
systems are exposed to (see Fig. 2). Many fishes feature a spe-
cialised subcompartment of the cardiovascular system that is
absent in mammals: the SVS. While the larger vessels of this
secondary system run in parallel with the primary circula-
tion, the capillary networks from the primary and secondary
systems usually serve different body parts, with the
secondary circulation serving primarily the external body
surfaces and the fins. The general anatomy of the SVS is
described in contemporary textbooks of fish physiology
(Steffensen & Lomholt, 1992; Olson & Farell, 2011;
Eliason & Stecyk, 2021). The secondary vessels receive blood
not directly from the heart but via specialised connections
from the primary larger arteries (Fig. 3B) (Vogel, 1981;
Steffensen & Lomholt, 1992). These tortuous connections

are called inter-arterial anastomoses (IAAs) in the framework
of the SVS, or alternatively arterial–lymphatic conduits
(ALCs). The IAAs/ALCs enable the regulated entry of red
blood cells (RBCs) to the SVS (Jensen et al., 2009; Rummer
et al., 2014). The abilities and the methods to cope with
hypoxia vary among fish species, but the assumption that
the regulated RBC entry to the SVS is related to oxygen
supply and demand is a reasonable first approximation
since oxygen is arguably the single most defining factor in
fish evolution (Holeton, 1980). However, this hypothesis
may appear counterproductive given some physiological
responses, such as increasing the perfusion of superficial
vascular networks with RBCs when the water becomes
hypoxic (Jensen et al., 2009). The interaction between
hypoxia, exercise, and RBC perfusion of the SVS is
addressed in detail in Section VIII.

Fig. 1. Phylogenetic tree of chordates. ‘Fish’ is an informal grouping of animals. From a cladistic point of view, mammals are a tiny
subclade within the larger clade of bony fishes, explaining the much larger morphological diversity among fishes compared to the rest
of the vertebrates. All vertebrates feature at least two members of the vascular endothelial growth factor (VEGF) family: the
haemangiogenic VEGFA and the lymphangiogenic VEGFC. Thus, all vertebrates have the molecular prerequisites for some
version of a lymphatic vascular system (LVS) or secondary vascular system (SVS). Fish feature the same set of five VEGFs as
mammals, except for jawless fishes (Cyclostomata), which lack placenta growth factor (PlGF), VEGFB, and VEGFD. PlGF and
VEGFB are not essential for the cardiovascular or the lymphatic vascular systems, and have been lost in amphibians and
crocodiles/birds, respectively. Figure adapted from Rauniyar et al. (2023) by adding more detailed information about the ray-
finned fishes according to Betancur-R et al. (2017). p, proto; PDGF, platelet-derived growth factor; SaGD, salmonid whole-
genome duplication; TGD, teleost whole-genome duplication; VGD1, first vertebrate whole-genome duplication; VGD2, second
vertebrate whole-genome duplication.
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Secondary vascular networks were described in the skin,
fins, gills, peritoneal lining, and oral mucosa of ray-finned fish
(Actinopterygii) and some non-actinopterygian species.
Although there seems to be large inter-species heterogeneity,
the SVS can contain in some species a larger blood
volume than the primary vascular system (Steffensen &
Lomholt, 1992). Many scientists have noted the morpholog-
ical and functional similarities between the SVS capillaries
and the mammalian-like lymphatic capillaries (Burne, 1929;
Vogel & Claviez, 1981; Lahnsteiner, Lametschwandtner &
Patzner, 1989; Steffensen & Lomholt, 1992; Olson, 1996;
Lomholt & Franko-Dossar, 1998; Hedrick et al., 2013; Pavlov
et al., 2017). Both are thin-walled, have overlapping junctions
and a slow flow. Unsurprisingly, the notion that the SVS
might be an evolutionary predecessor of the mammalian-like
lymphatic vasculature has been put forward several times
(Vogel & Claviez, 1981; Olson, 1996; Jeltsch, 2002).
However, the exact nature of the relationship between the
SVS and the lymphatic vasculature remains to be explained.

III. THE LYMPHATIC VASCULAR SYSTEM
OF FISH

The first descriptions of the LVS in ray-finned fishes
appeared quite early (Hewson, 1769; Jourdain, 1880;

Hoyer & Michalski, 1920). However, it was only with the
emergence of zebrafish (Danio rerio) as the model organism
of choice in vascular developmental biology (reviewed in
Lieschke & Currie, 2007; Gore et al., 2012) – due to its
embryonic transparency and ease of transgenesis – that fish
lymphatics started being the subject of in-depth scientific
investigation.
Yaniv et al. (2006) and Küchler et al. (2006) described the

development of a lymphatic vascular network in zebrafish
embryos using time-lapse imaging of transgenic zebrafish,
molecular markers, and morpholino inhibition experiments
of the lymphatic-specific vascular endothelial growth factor
C/vascular endothelial growth factor receptor 3 (VEGFC/
VEGFR3) signalling pathway. Many follow-up publications
have contributed to our understanding of lymphatic develop-
ment in zebrafish (Hogan et al., 2009a; Bussmann et al., 2010;
Le Guen et al., 2014; Nicenboim et al., 2015; Koltowska
et al., 2015; Jung et al., 2017; Vogrin et al., 2019; Peng
et al., 2022; Hußmann et al., 2023; Grimm et al., 2023).
The LVS of zebrafish shares many developmental,

anatomical, cellular, and molecular features with the LVS
of mice or humans. Examples of mammalian-like lymphatics’
close relationship to ray-finned fishes’ lymphatics are found,
e.g. in valve formation (Shin et al., 2019), growth factor
activation (Hogan et al., 2009a) and organotypic anatomy
(Gancz et al., 2019; Harrison et al., 2019; Castranova
et al., 2021). Similar to mammals (Mattonet & Jeltsch, 2015),

Fig. 2. The mammalian and the piscine circulatory systems differ in their layout (double versus single circuit) and experience different
pressures. In mammals, the high blood pressure and the hydrostatic/orthostatic pressure both increase capillary filtration (leakage of
fluid), whereas, in fish, the low blood pressure causes less capillary filtration, which is additionally counteracted by the aquatic pressure.
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Fig. 3. The secondary vascular system (SVS) and lymphatic vascular system (LVS) in ray-finned fishes. The terminology and
classification of fish vasculature have changed repeatedly during history. (A) The lymphatic interpretation considers the fish’s
cardiovascular and lymphatic vascular systems to be parallel but separate networks that communicate only via a few
lymphaticovenous junctions, where the lymph fluid returns to the venous system, being functionally and anatomically largely
identical to the mammalian-like LVS. Note that for reasons of clarity, we omit in the anal fin the lymphatic vasculature and in the
ventral fin the blood vasculature; only in the dorsal fin are the two networks shown as co-existing parallel but separate networks as
the interpretation postulates. (B) The SVS interpretation redefines all lymphatic vessels as secondary blood vessels that receive their
flow from inter-arterial anastomoses, which can regulate the influx of red blood cells (RBCs). (C) In the hybrid lymphatic/SVS
interpretation, a subset of lymphatic networks maintains their lymphatic nature in the adult fish (termed here ‘mammalian-like
lymphatic vessels’). However, Das et al. (2022) showed for the anal and dorsal fin of zebrafish that some lymphatics
transdifferentiate during the juvenile stage into SVS blood vessels. Jensen et al. (2009) further demonstrated that the SVS is
confluent with some parts of the LVS. These key insights explain many previous incomprehensible research results and
demonstrate that vascular identity is more fluid than previously thought.
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different lymphatic beds appear to emerge from distinct devel-
opmental origins (Okuda et al., 2012; Nicenboim et al., 2015;
Eng et al., 2019; Gancz et al., 2019). However, there are also sur-
prising differences, e.g. the existence of a perivascular cell pop-
ulation within the leptomeningeal layer of the zebrafish referred
to in the literature as fluorescent granular perithelial cells (FGPs)
or mural lymphatic endothelial cells (muLECs) or brain LECs
(BLECs). These are single endothelial cells molecularly
resembling lymphatics, which arise from the choroid
plexus, while in mammals, the functionally corresponding
cells are not considered to be of lymphatic nature
(Galanternik et al., 2017; van Lessen et al., 2017; Bower
et al., 2017a; Castranova et al., 2021; Huisman et al., 2022;
Karam et al., 2022; Siret et al., 2022).

The intestinal lymphatics are necessary for effective
lipid uptake in mammals, which is the third major physiolog-
ical function of the lymphatic vasculature (Petrova &
Koh, 2020), and arguably the only function severely affected
upon VEGFC abrogation in adult mice (Nurmi et al., 2015).
VEGFC signalling is involved in the process of blood to lym-
phatic endothelial cell transition (Karkkainen et al., 2004;
Yaniv et al., 2006; Küchler et al., 2006; Hägerling
et al., 2013; Shin et al., 2016; Jerafi-Vider et al., 2021). If fish
intestinal lymphatics receive a similar constant supply of
VEGFC as mammalian lymphatics (Suh et al., 2019), that
could make them immune to reverse transdifferentiation
signals, which is a testable hypothesis.

Coffindaffer-Wilson, Craig & Hove (2011) documented
the presence of a supraintestinal lymphatic vessel formed
from adjacent LEC clusters in embryonic zebrafish. Later,
Okuda et al. (2012) expanded this observation by identifying
lyve1b-positive supraintestinal lymphatic vessels and an exten-
sive lymphatic network localised over the entire intestine. To
describe the morphological and functional characteristics of
intestinal lymphatics in adult fish, Sheridan, Friedlander &
Allen (1985) and Sheridan (1988) identified and isolated
chylomicron particles in steelhead trout (Salmo gairdneri)
serum based on electrophoretic mobility. In mammals,
dietary lipids are packed into chylomicron particles and
delivered by intestinal lymphatics because they are too large
to be taken up by adjacent blood vessels (Bernier-Latmani &
Petrova, 2017). Recent studies (Ho et al., 2004; Stoletov
et al., 2009; Otis et al., 2015; Templehof et al., 2021) have
extensively described lipid transport and metabolism in adult
zebrafish but have not investigated the role of lymphatics in
this process. Therefore, our understanding of the fundamen-
tal pathways between intestinal lymphatics and lipid trans-
port remains incomplete. Glaser (1933) regretted that the
then available data were insufficient for conclusions but
observed that they cast doubt on the existence of fat-
absorbing lacteals in cartilaginous fish, while making
them a possibility in bony fish. However, he also discussed
Vialleton’s (1902) interpretation that nutritional fat uptake
by fish lymphatics never happens directly from the intestinal
epithelium. In this scenario, the blood capillaries of the intes-
tinal villi would perform the actual uptake but pass some
of their cargo to non-villi intestinal lymphatics. Almost

100 years later, the presence and function of lacteals in fish
awaits thorough investigation.
While there are some striking differences in the overall

lymphatic system of zebrafish and mammals, e.g. the lack of
bone marrow haematopoiesis or clearly delineated lymph
nodes (Menke et al., 2011), the undeniable similarities in the
development of the lymphatic vasculature have made
zebrafish a useful model for development, drug discovery,
genetics, and associated diseases in humans (Li et al., 2019).

IV. THE LYMPHATICS/SVS CONTROVERSY

Most of the very early descriptions left no doubt about ray-
finned fish having an LVS very similar to the mammalian
one (Hewson, 1769; Jourdain, 1880; Hoyer &
Michalski, 1920) (Fig. 3A). However, additional observations
soon started casting doubts about the nature of some of the
observed vessels (Jourdain, 1880; Burne, 1926). Mayer
(1919) in particular observed the proximal-to-distal direction
of lymph flow (contrary to the expected distal-to-proximal flow
of mammalian-like lymphatics) and the fin vessels’ intermittent
and changing RBC content. He regarded his observations as
incompatible with a mammalian-like lymphatic vasculature,
and was probably the first to propose the concept of a second-
ary circulation, relabelling the superficial lymphatics in ray-
finned fish as ‘white blood vessels’ due to the arterial origin
of their content (Mayer, 1919). Definitive proof of the SVS
in teleost fish emerged in the 1980s, starting with Vogel & Cla-
viez (1981). They identified the IAAs in vascular casts as the
origin of the SVS perfusion and showed that the fluid in the
vessels previously regarded as lymphatics originates from the
arteries (Vogel & Claviez, 1981). They also explained the epi-
sodic absence of RBCs in these vessels by identifying specia-
lised structures responsible for regulating RBC entry into this
compartment. The debate about the nature of the described
lymphatics vessels in fish seemed to be settled, and in the fol-
lowing years, prior reports of the piscine LVS were reinter-
preted as descriptions of the SVS (Vogel & Claviez, 1981;
Steffensen, Lomholt & Vogel, 1986; Lahnsteiner et al., 1989;
Steffensen & Lomholt, 1992). Since the early 1980s, it has
been implicitly acknowledged among fish physiologists that
the piscine LVS is identical to the SVS. Since lymphatics were
defined as vessels whose fluid originates from the interstitium,
these vessels were named ‘secondary blood vessels’, and fish
were declared devoid of a mammalian-like lymphatic
system.
However, this assumption came under scrutiny with the

‘rediscovery’ of ray-finned fish lymphatics in the early
2000s. It must be noted that the SVS concept was established
when molecular biology was still in its infancy, and
lymphatic-specific immunohistochemical identification,
tissue-specific reporter lines and visualisation techniques
were not yet available. The seminal studies on zebrafish
lymphatics (Yaniv et al., 2006; Küchler et al., 2006), and
those that followed, demonstrated the presence of an
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embryonic lymphatic vasculature sharing developmental
origin and molecular signatures with mammalian-like
lymphatic vessels, re-opening the question of the existence
of mammalian-like lymphatics in fish.

Regrettably, the discovery of the lymphatic vasculature in
zebrafish was not followed by a renewed interest in the nature
of the relationship between the SVS and the lymphatic vas-
culature. Ambiguities regarding the nature of the fish LVS
remained and some scientists assumed the equivalence of the
rediscovered fish LVS and the SVS implicitly. Consequently,
several publications use the term lymphatics for what resem-
bles more the vascular structures of the SVS (Jensen
et al., 2009; Pavlov et al., 2017), adding to the current confusion
about the relationship between these two vascular systems.

V. DEFINING THE LYMPHATICS

To start addressing the relationship between the SVS and
lymphatic vessels, we must first define what makes a vessel
lymphatic. There are many different ways to define lym-
phatics. Often, an amalgamation of (i) molecular identity
and (ii) structure/function is used: (i) despite some heteroge-
neity within the lymphatic vascular network, lymphatic endo-
thelial cells are characterised by the expression of molecular
markers such as VEGFR3 (Kaipainen et al., 1995), lymphatic
vessel endothelial hyaluronic acid receptor 1 (LYVE1; Bane-
rji et al., 1999), Prospero homeobox protein 1 (PROX1;
Wigle & Oliver, 1999), podoplanin (Breiteneder-Geleff
et al., 1999), the pan-endothelial marker CD31 (Wilting
et al., 2002) and the absence of blood vascular markers such
as CD34 (Breiteneder-Geleff et al., 1999); and (ii) lymphatics
are functionally and anatomically defined as endothelial-cell-
lined, valve-containing conduits that do not receive fluid
directly from the cardiovascular system but instead by uptake
of interstitial fluid.

(1) Molecular markers

The above-mentioned molecular markers are routinely used
in mice to identify lymphatic vessels. As the heterogeneity of
endothelial cells has become increasingly evident over the last
decade (Becker et al., 2023), a combination of PROX1 with
one or more other markers is usually used to discriminate
between blood and lymphatic endothelial cells (Wilting
et al., 2002; Petrova et al., 2008; Schroedl et al., 2014). This
assessment can be complemented with functional data, such
as uptake of large tracer molecules or particles from the intersti-
tium after injection (Polomska&Proulx, 2021) or the absence of
erythrocytes, to assert definitely the lymphatic nature of a vessel
in humans or mice (Jha, Rauniyar & Jeltsch, 2018).

Not every mammalian lymphatic marker shows the same
expression pattern in zebrafish. For example, the gene for
LYVE1 is a marker of lymphatic identity in mice (Banerji
et al., 1999), while in zebrafish it is also expressed in the car-
dinal and caudal veins (Okuda et al., 2012). However, many

of the factors labelling lymphatic vessels in mammals perform
a similar function in zebrafish, such as Prox1a (van Impel
et al., 2014; Koltowska et al., 2015), Lyve1b (Okuda
et al., 2012) and Vegfr3/Fms-like tyrosine kinase 4 (Flt4;
van Impel et al., 2014). Genes such as Stabilin1/stabilin and
Mrc1/mrc1a are also expressed in the lymphatic endothelium
of both zebrafish and mouse (Prevo et al., 2004; Salmi
et al., 2004; Taylor, Gordon & Martinez-Pomares, 2005;
Hogan et al., 2009a; Jung et al., 2017), although they have
been used as lymphatic markers almost exclusively in the
former. Very little is known about the heterogeneity of
markers in other ray-finned fish species, and studies on alter-
native fish models often assume the same marker distribution
as in zebrafish (Jensen et al., 2009).

An important conserved pathway in lymphatic vascular
development is VEGF signalling. Two VEGF family
members are crucial for establishing lymphatic vasculature:
VEGFC and VEGFD. VEGFC specifically has been shown
to be essential for the developing lymphatic vasculature in
all vertebrates analysed to date, including ray-finned fish
(Karkkainen et al., 2004; Yaniv et al., 2006; Küchler
et al., 2006). In both mouse and zebrafish, VEGFC controls
the sprouting of the lymphatic progenitors from the cardinal
vein (Hogan et al., 2009a; Hägerling et al., 2013) and loss of
VEGFC (Karkkainen et al., 2004; Yaniv et al., 2006; Küchler
et al., 2006; Hogan et al., 2009a; Hägerling et al., 2013) or its
receptor VEGFR3 (Haiko et al., 2008; Hogan et al., 2009b;
Hägerling et al., 2013; Shin et al., 2016; Cohen et al., 2020;
Jerafi-Vider et al., 2021) causes lymphatic defects in both
species. As VEGFC is a secreted protein that needs to be
activated by specific proteases in the extracellular environ-
ment (Künnapuu, Bokharaie & Jeltsch, 2021), loss of this
molecular machinery also results in compromised lymphatics
(Hogan et al., 2009a; Bos et al., 2011; Jeltsch et al., 2014;
Janssen et al., 2016). The VEGFC signalling pathway is of
particular interest for human studies, as several lymphatic
conditions have been connected to mutations in either
VEGFC (Gordon et al., 2013), VEGFR3 (Ferrell
et al., 2010) or the VEGFC processing machinery (Alders
et al., 2009; Jha et al., 2017; Brouillard et al., 2017). In zebra-
fish, loss of Vegfc can be compensated by Vegfd in specific
subsets of the lymphatic vasculature (Astin et al., 2014;
Vogrin et al., 2019). For an in-depth description of the inter-
action of VEGFC and VEGFD with their receptors
VEGFR3 and VEGFR2 and the molecular machinery
responsible for the processing of VEGFC, see Section XI.

The degree of conservation of the factors involved in the
development and maintenance of lymphatic vessels points
to the common developmental origin and shared molecular
programming of the mammalian and ray-finned fish lym-
phatics, regardless of the possible subsequent processes of
transdifferentiation.

(2) Interstitial fluid uptake function

The second approach to the identification of the lymphatic
vessels is by anatomy and function. Out of the many
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functions of the lymphatics, only interstitial drainage lends
itself easily to identification purposes. High-molecular-weight
tracers injected into the interstitiumwill be collected and trans-
ported by the lymphatic vessels, allowing their visualisation
(Leu et al., 1994).

Several studies have characterised the functionality of
larval lymphatics (Yaniv et al., 2006; Küchler et al., 2006;
Huang et al., 2013b). However, data about the uptake of
interstitial fluid by adult zebrafish lymphatics are still limited.
Technically, such studies are extremely difficult to perform at
physiological tissue pressures. Injections will inevitably lead
to pressure increases. However, Yaniv et al. (2006) showed
that caudal subcutaneous injection of 0.5% trypan blue into
adult zebrafish specifically labelled the thoracic duct, as did
the subcutaneous injection of rhodamine-dextran into an
18-day-old zebrafish larva. Quantum dots (Q-dots) have
alternatively been used for functional assays of zebrafish lym-
phatics (Jung et al., 2017). Q-dots are between 2 and 12 nm in
size and are available with different coatings. Their large
hydrodynamic radius does not prevent them per se from exit-
ing blood vessels (Jiang et al., 2017), but polyethylene glycol-
coated Q-dots minimise the interaction with the vascular
wall, and they seem to be retained well in the vasculature
(Kamei et al., 2006), although exceptions seem to exist even
in mammals (Radu et al., 2015).

Drainage from the interstitium into the lymphatic vessels
has been documented in larval stages by multiple studies
(Yaniv et al., 2006, 2007; Küchler et al., 2006; Huang
et al., 2013b). Under a strict SVS interpretation (Fig. 3B),
one might discard such observations as pertaining to a tran-
sient developmental structure which later completely trans-
differentiates into the SVS. However, it has been shown
that the thoracic duct remains present after the emergence
of an SVS in the fin (Yaniv et al., 2006), and data from multi-
ple laboratories argues for the persistence of lymphatic struc-
tures with drainage function in adult zebrafish (Isogai
et al., 2009; Venero Galanternik et al., 2016; Castranova
et al., 2021; Elmagid et al., 2022). Küchler et al. (2006) used
an intramuscular injection of fluorescent dextran, showing
accumulation in the presumed thoracic duct in 33% versus

accumulation in the posterior cardinal vein in 31% of the
injections. This relatively weak association might reflect that
the injection method had been established and validated in
mammals and needs to be further optimised for zebrafish.
At the same time, it might reflect the generally high vascular
permeability in fish and the fact that tissue drainage can
also take place directly into the cardiovascular system.
Re-absorption at the venous end of the capillary and venule
network has been previously thought to be responsible for
up to 90% of the extravasated fluid in mammals, but old
and recent evidence does not support the notion of a general,
large contribution for reabsorption at the venous end of the
capillary network (Levick, 1991; Levick & Michel, 2010;
Huxley & Scallan, 2011; Brenner, 2018). On the other
hand, many of the early experiments on capillary filtra-
tion were performed in amphibians, whose transcapillary
flux magnitude is closer to fish than to mammals

(Hillman, Drewes & Hedrick, 2021). Capillary ‘filtrate’
might, therefore, become re-absorbed in these animals,
or – more accurately – the concept of capillary filtration
might vanish with increasing capillary permeability, and it
has been proposed that this is the normal situation for fish
and amphibians but exceptional in reptiles, birds and mam-
mals (Hillman et al., 2021). In mammals, the low capillary
permeability and the resulting extravasation necessitate
drainage. Despite several studies confirming the ability of
fish lymphatics to drain interstitial fluid, we know surprisingly
little about vascular permeability and capillary filtration in
fish, which create surplus interstitial fluid to be drained in
the first place.

VI. VASCULAR PERMEABILITY AND
INTERSTITIAL FLUID IN FISH

There are few experimental data on the maintenance of
tissue fluid balance in fish, but vascular permeability in
ray-finned fish is generally greater than mammalian vascular
permeability (Hargens, Millard & Johansen, 1974; Olson
et al., 2003b; Olson & Farell, 2011). Mammalian blood vessels
are usually relatively impermeable to large molecules since
the oncotic pressure (i.e. the osmotic pressure generated by
large plasma proteins) needs to counteract the high blood
pressure and orthostatic pressure to prevent massive fluid
extravasation across the vascular wall. On average, fish blood
pressures are much lower than mammalian blood pressures,
and orthostatic pressure is absent. Hence, fish do not need
to maintain a high plasma protein concentration and low
interstitial protein concentrations as mammals do (Rutili &
Arfors, 1977; Kamel & Halperin, 2017). Because their
plasma and interstitial fluid (ISF) protein concentrations are
very similar, their baseline vascular permeabilities can be
very high (Hargens et al., 1974; Olson et al., 2003b). It has
been assumed that the amount of net capillary filtration is
insignificant in fish, which might explain why some organs
that require drainage in mammals might not require sepa-
rate drainage systems in fish. However, there are no defini-
tive studies, and the importance of the oncotic pressure for
the fluid balance of fish capillaries remains controversial.
Given the similarities of the SVS with the lymphatic vascu-

lature, such as low pressure and overlapping cell junctions
(Olson, 1996), the SVS may contribute to ISF uptake in fish.
Undeniably, lymphatic oedema does exist in ray-finned fish,
as demonstrated by embryonic oedema caused by mutations
in the VEGFC/VEGFR3 signalling pathway (Hogan
et al., 2009a,b; Shin et al., 2016) or by the endothelial-specific
deletion of gata2a (Shin et al., 2023). But not all oedema in fish
is lymphoedema; it can be cardiac (Huang et al., 2013a) or
renal (Hentschel et al., 2005) oedema. Most oedema in fish
is likely unrelated to the inability to drain surplus tissue fluid.
Fish also do not experience orthostatic pressure, which forces
fluid out of the vessels. Depending on the water depth, fish
experience the opposite pressure force of the water column
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above, essentially acting like a compression garment counter-
acting the accumulation of ISF (see Fig. 2). In freshwater
fishes such as zebrafish, more likely causes of oedema are
problems in keeping the osmotic balance, which involves
both gills and kidneys. After all, the gill circulation constantly
straddles the balance between maximal oxygen uptake versus
ion loss (freshwater fishes) or ion influx (saltwater fishes)
(Evans, Piermarini & Choe, 2005). Therefore, caution must
be exercised in considering all occurrences of oedema as an
indicator of disrupted lymphatic vasculature functionality.

VII. PHYLOGENETIC DISTRIBUTION OF
THE SVS

In order to discuss the function and origin of the SVS, it is
important to establish the distribution of this type of vascula-
ture in the main groups of vertebrates, whose identity and
relation to each other are shown in Fig. 1.

It is generally accepted that all ray-finned fish feature a
more or less developed SVS (Skov & Bennett, 2003),
although data are missing for the most distantly related
group, the Cladistia. However, even within ray-finned fish,
the SVS is characterised by a large number of species-specific
differences (Skov & Bennett, 2003), including species where
the system only appears to be rudimentary or vestigial
(Lahnsteiner et al., 1989), likely contributing to the contro-
versy about fish lymphatics. This great variability is at
least partially the outcome of a different methodolo-
gical approach: contemporary experimental research on
mammalian-like lymphatics is carried out almost exclusively
in mice, while fish physiologists deploy a wide variety of spe-
cies, resulting in many reports about the large inter-species
heterogeneity in the anatomy of the systemic (i.e. non-gill)
vasculature of fish. If the lymphatic vasculature is carefully
characterised in multiple mammalian species, it is certainly
possible that a similar range of differences might be found,
and indeed, studies in marsupials have found significant dif-
ferences in the arrangement of the lymphatic vessels com-
pared with placental mammals, such as a duplicated
thoracic duct and the presence of lateral lymph trunks, com-
mon in vertebrates but absent in adult placentals
(Bryant, 1977). The specialised gill vasculature is no less het-
erogeneous and will be discussed separately in Section IX.

The presence of an SVS outside of ray-finned fish is more
controversial. In lungfish, no signs of a systemic SVS have
been found (Skov & Bennett, 2003), but instead, there is evi-
dence of a mammalian-like LVS (Vogel & Mattheus, 1998).
The presence of an SVS has also not been reported in any
tetrapod clade. The only description of the presence of an
SVS in lobe-finned fish (Sarcopterygii) is limited to the gill
vasculature of coelacanths (see Section IX). Several older
publications describe the ‘lymphatics’ of sharks and rays
(Robin, 1845; Jourdain, 1868; Hoyer, 1928a; Glaser, 1933;
Kampmeier, 1969). It is noteworthy that Mayer (1888) and
Vialleton (1902) already classified the superficial vessels in

the fish skin of sharks and Torpedo marmorata respectively as
blood vessels, while at the same time reporting the existence
of lymphatics in other organs of these animals. However,
recent reports fail to identify any systemic SVS in cartilagi-
nous fish (Chondrichthyes) (Skov & Bennett, 2003). This sur-
vey used the tortuous-type IAA as a cardinal sign to detect the
presence of an SVS (Skov & Bennett, 2003), so it might be
that the anastomoses in cartilaginous fish are simpler and of
a different type. In any case, the absence of chylous vessels
and skin lymphatics in cartilaginous fish was explicitly dis-
cussed by Weidenreich, Baum & Trautmann (1934). At the
same time, these authors point out that the skin vessels in car-
tilaginous fish are the same vessels that are of lymphatic
nature in bony fishes, basing their nomenclature – in the
absence of any alternative – solely on perfusion with RBCs.
Mayer (1888) discussed the same nomenclature issue in his
paper about the vascular system of sharks and rays and
pointed out – similar to Burne (1926) – that RBCs are fre-
quently found in the so-called lymphatics. Altogether, these
data suggest that it might be premature categorically to deny
the existence of an SVS in cartilaginous fish. In jawless fish,
the existence of a mixed ‘venolymphatic’ compartment akin
to the SVS has been known since the early 20th century
(Allen, 1913; Cole, 1926) and discussed frequently thereafter
(Grodzi�nski, 1932; Johansen, Fänge & Johannessen, 1962;
Casley-Smith & Casley-Smith, 1975), and after the emer-
gence of the SVS concept, this compartment was proposed
to be part of the SVS (Lomholt & Franko-Dossar, 1998).
Overall, the presence of a systemic SVS in cartilaginous
and jawless fish is still controversial, and further research in
these organisms is needed to elucidate their lymphatic and
SVS organisation.

VIII. POSSIBLE FUNCTIONS OF THE SVS

Several functions have been proposed for the SVS. Compa-
rable to the mammalian-like LVS, the SVS has been impli-
cated to have a function in immune defence (Ishimatsu,
Iwama & Heisler, 1995; Randolph et al., 2017;
Johnson, 2021) and in pH and osmoregulation (Ishimatsu
et al., 1995; Olson, 1996; Machnik et al., 2009; Wiig
et al., 2013). Many authors consider a role in aquatic respira-
tion (Vogel & Claviez, 1981; Steffensen & Lomholt, 1992;
Rummer et al., 2014). In some species, such as the fast-
swimming Pacific bluefin tuna (Thunnus orientalis), the SVS
has even been co-opted for locomotion, providing fin stability
and control by a hydraulic mechanism (Pavlov et al., 2017). A
remarkable functional difference between the SVS and the
primary circulation is that the SVS can differentially regulate
the blood-flow entry of RBCs and thus oxygen supply.
However, RBC entry in the SVS is regulated in a complex
manner depending on multiple factors. For example, exer-
cise does stimulate RBC entry into the SVS in glass catfish
(Kryptopterus bicirrhis) (Rummer et al., 2014), but the oxygen
content of the water and whether fish are allowed to perform
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aquatic surface respiration (ASR) are crucial additional
parameters. Hypoxic water reduces RBC entry to the SVS
only if fish have no opportunity for ASR (Rummer
et al., 2014). However, in zebrafish, hypoxia does trigger
RBC entry into the SVS (Jensen et al., 2009). ASR opportuni-
ties during this experiment were not reported, although they
were later shown to be significant (Mandic et al., 2022).

To understand these complex interactions, oxygen
exchanges between the external surfaces of the fish and the
surrounding water must be analysed. Whether RBCs lose
or take up oxygen in superficial capillary networks depends
on the relative oxygen pressure difference between the super-
ficial vessels and the surrounding water. During early fish
development, 100% of the entire body’s oxygen needs can
be met by skin respiration (Rombough, 2002, 2011; Zimmer
et al., 2020). In adult fish, skin respiration can account for up
to 30% (Steffensen, Lomholt & Johansen, 1981; Sacca &
Burggren, 1982) or 60% (Krogh, 1904), depending on the
circumstances. Therefore, under low metabolic activity in
normoxic water, the oxygen demand of the body surfaces
and the fins might be largely met by direct diffusion from
the water, and the SVS contains only a few RBCs. During
tissue hypoxia, oxygen-depleted RBCs might be able to
oxygen-recharge in superficial capillary networks and thus
supplement gill respiration. Therefore, during exercise, the
specialised connections between the primary arteries and
the SVS elongate and allow RBC entry to allow additional
oxygen uptake. When the surrounding water is hypoxic,
and haemoglobin becomes oxygen depleted before the blood
has completed the cardiovascular circuit, the RBCs might
make a detour through the SVS connections to recharge in
the body surfaces and fins. Skin respiration is especially
important during development (Rombough, 2011), but in
some species and under hypoxic conditions, also adult
fish can satisfy up to 30% of their oxygen demand through
skin respiration (Steffensen et al., 1981; Sacca &
Burggren, 1982). However, in some species, skin respiration
might barely account for the skin’s own oxygen consumption
(Kirsch & Nonnotte, 1977). Hibernating turtles deploy a
similar rescue oxygenation mechanism (‘cloacal respiration’)
(Ultsch, 1989), and even mammals seem to be able to
supplement lung respiration (Okabe et al., 2021).

Gill respiration is less efficient than lung respiration
because the oxygen content of water is much lower than that
of air. On top of this, diffusion in water is slower than in air.
Due to these difficulties, fish have developed a broad spec-
trum of methods to supplement the main oxygen uptake by
the gills. In addition to regulating the presence of RBCs in
the SVS, ray-finned fish can swallow air or skim the
oxygen-enriched surface water layer, and they deploy – in
addition to the gills – other organs for oxygen uptake, such
as the mouth, stomach, intestine, or swim bladder
(Val, 1995; Nelson, 2014). The difficulties involved in oxygen
uptake are perhaps the primary reason why fish are cold-
blooded animals. It is probably impossible to extract enough
oxygen from water to maintain a body temperature signifi-
cantly higher than the environment. There is likely a constant

evolutionary pressure to optimise oxygen extraction from the
surrounding water. Direct oxygen uptake via the skin is an
additional pathway to increase oxygen supply when demand
is high, and higher metabolically active species tend to
feature a more extensive SVS (Skov & Bennett, 2003), which
supports this interpretation.
Overall, increasing the oxygen uptake in hypoxic

conditions seems to be one of the key functions of the SVS,
in response to the enormous adaptive pressure exercised by
the scarcity of this resource in an aquatic environment.

IX. SOME RESPIRATORY GILL VESSELS HAVE
SVS CHARACTERISTICS

Due to their complexity and many species-specific adapta-
tions, the vascular networks of the gills have been the subject
of many debates, including the question of whether gills fea-
ture SVS-like vessels. A generic arrangement is shown in
Fig. 4, comprising information derived from different fish
species. IAAs and a secondary circulation in gills have been
described in teleosts (Olson, 2002). They are also present in
the gills of jawless fishes, a lineage that diverged early
during vertebrate evolution (Pohla, Lametschwandtner &
Adam, 1977; Nakao & Uchinomiya, 1978; Lomholt &
Franko-Dossar, 1998). In the gills of cartilaginous fishes,
IAAs also have been found (Donald, 1989; Metcalfe &
Butler, 1986), although they do not always take the
morphologically tortuous shape mostly seen in bony fishes
(Olson, 1996). SVS-like gill vessels have also been reported
in the coelacanth Latimeria chalumnae (Vogel, Hughes &
Mattheus, 1998). Gill IAAs give rise to vessels, often referred
to as ‘nutrient’ vessels or ‘non-respiratory’ vessels, and it has
been debated whether they are part of the SVS. Many
authors clearly distinguish between the SVS in the gills
(‘branchial’ or ‘gill’ SVS) and the SVS in the rest of the body
(‘systemic SVS’) (Skov & Bennett, 2003). Some authors rec-
ognise three anatomically different vascular pathways in the
gill by further separating the non-respiratory vessels into
the ‘interlamellar system’ (alternatively sometimes called
‘central sinus’ or ‘venolymphatic system’, a dense ladder-like
system shown in green in Fig. 4) and the ‘nutrient system’
(shown in pink in Fig. 4), but these might just be different
anatomic plumbings of the same network (Olson, 1996).
Overall, the presence of an SVS-like vasculature in the gills
is attested throughout the different fish groups, a distribution
potentially even wider than that of the systemic SVS.

X. ONTOGENY OF THE LYMPHATICS AND SVS

As several lines of investigation point to a developmental
origin of the SVS from the LVS, a short summary of the
ontogeny of these systems is in order.
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(1) Ontogeny of the lymphatics

Historically, the venous tissue has been considered the origin
of the lymphatic endothelial cells. However, more recently,

additional cellular sources for the lymphatics have been
described in mice (Stanczuk et al., 2015; Klotz et al., 2015;
Martinez-Corral et al., 2015; Pichol-Thievend et al., 2018;
Maruyama et al., 2019; Lioux et al., 2020) and zebrafish

Fig. 4. Simplified schematic of the gill vascular architecture. Apart from the arterio-arterial (respiratory) vascular pathway, two
morphologically distinct non-respiratory flow paths can be identified in the gills of ray-finned fishes (but perhaps in modified form
also in all other fishes): the interlamellar vessels (shown in green) and the nutrient vessels (shown in pink). Both originate from
anastomoses at different places in the arterial tree. The interlamellar vessels are heterogeneous among different species but display
lymphatic-like features (thin, irregular-shaped endothelium, few red blood cells, and overlapping cells). While the existence of
these vessels is unequivocal, the origin of their fluid content is less clear. Thus, their classification as part of the secondary vascular
system (SVS) has been questioned. In most fishes, at least some of the flow originates from post-lamellar anastomoses of the
efferent filamental artery, as shown in the figure, albeit these anastomoses are not particularly abundant (Olson, 2002). In some
ray-finned fishes (e.g. Anguilla), the flow has been shown to originate also from prelamellar anastomoses, thus bypassing the
lamellae and thus oxygenation (Laurent et al., 1976; Hughes et al., 1982; Donald & Ellis, 1983). In still other species, the flow
originates from so-called nutrient vessels, which receive their flow in most species via tortuous anastomoses from the proximal part
of the efferent filament and branchial arteries (Laurent et al., 1976; King & Hossler, 1986; Olson et al., 2003a). However, not all
nutrient vessel flow originates from inter-arterial anastomoses (IAAs), and some authors reserve the term ‘nutrient vessel’ for those
not derived from IAAs (Skov & Bennett, 2005). The post-lamellar anastomoses – although not tortuous – are also thought to be
regulated. Outflow from the nutrient vessels (capillaries) takes place, depending on the species, via a separate venous system, or
they anastomose into the interlamellar vessels. Due to the large inter-species differences, this figure does not depict the gills of a
specific species but is an amalgamation of observations from different species. Figure drawn based on the description from Olson
(2002) with modifications as described in this legend. For a summary of the diversity in the anatomy of the gill vasculature, see the
introduction in Skov & Bennett (2005).
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(Nicenboim et al., 2015; Eng et al., 2019; Gancz et al., 2019).
In zebrafish, all venous-derived progenitor populations
described thus far are marked by the expression of
prox1a since the earlier stages of lymphatic development
(Dunworth et al., 2014; Nicenboim et al., 2015; Koltowska
et al., 2015; Eng et al., 2019). In the trunk, these progenitors
sprout dorsally from the posterior cardinal vein (PCV),
forming a transient parachordal lymphangioblast population
at the horizontal myoseptum (Isogai, Horiguchi &
Weinstein, 2001; Isogai et al., 2003; Lawson et al., 2003;
Yaniv et al., 2006; Hogan et al., 2009a; Nicenboim
et al., 2015). This population then undergoes a second
migration to form the main vessels of the trunk (Yaniv
et al., 2006; Bussmann et al., 2010).

The embryonic development of lymphatic endothelial
cells in bony fish presents a series of strong similarities. In
mice, PROX1-positive cells are observed in the PCV
(Wigle & Oliver, 1999) prior to the sprouting that gives rise
to the lymphatic sacs dorsally to the cardinal vein, from
which the mature lymphatic vasculature will develop
(Hägerling et al., 2013). A somewhat similar pattern has also
been observed in Xenopus laevis, where Prox1-positive cells
bud off the PCV to form the dorsal and ventral caudal lym-
phatic vessels (Ny et al., 2005). Interestingly, Hoyer (1928b)
reported a proliferation of the dorsal part of the PCV in early
shark embryos, corresponding to the position of the
described cardinal lymphatic ducts at later stages.
The migration of the lymphatic progenitors also presents
conserved characteristics. In addition to the conserved role
of VEGF signalling described in Section XI, neuropilin-2
plays a role in the migration of lymphatic endothelial cells
in mouse, zebrafish and Xenopus (Yuan et al., 2002; Hermans
et al., 2010; Xu et al., 2010).

The embryonic lymphatic vasculature of teleosts also pre-
sents morphological similarities with that of mammals.
Recently, a single pair of lymphatic valves, as well as lympho-
venous valves at the interface between the lymphatics and the
venous circulation, were described in zebrafish (Shin
et al., 2019). Such lymphatic valves form under the control
of the same factors regulating valvulogenesis in mammals
[endothelial transcription factor GATA-2 (GATA2), nuclear
factor of activated T-cells, cytoplasmic 1 (NFATC1), fork-
head box protein C1/2 (FOXC1/2)], and both in zebrafish
and mouse, the leaflet morphology is affected by the loss of
integrin-α9 (Bazigou et al., 2009; Shin et al., 2019). Moreover,
a conserved Prox1 enhancer labelling the lymphatic valve in
mice also specifically marks the valves in zebrafish
(Kazenwadel et al., 2023; Panara et al., 2024). Together, these
data suggest lymphatic valves were already present in the
ancestor of all bony fishes, and are therefore not an exclusive
feature of mammalian-like lymphatics. As valves have not
been described in the SVS, their existence implies that the
lymphatic of ray-finned fish indeed needs to perform a simi-
lar function to that of mammals, at least in some of their
parts.

In conclusion, the initial stages of the development of the
lymphatic vasculature present many similarities among bony

fish, indicating the common origin of this structure regardless
of having the potential to give rise to the SVS in the anal fin at
later larval developmental stages.

(2) Ontogeny of the SVS

Most of the older studies on the SVS/lymphatics were per-
formed during embryonic development due to the transpar-
ency of young fish (Jourdain, 1880; Mayer, 1919; Hoyer &
Michalski, 1920). Likewise, the two seminal publications
describing the lymphatics of zebrafish deal almost exclusively
with early embryonic development. As a consequence, our
knowledge of the later maturation of these vessels is still lack-
ing. The only in-depth analysis of the lymphatic vasculature
that systematically followed the developmental trajectory
into adulthood concerns the anal and dorsal fin of zebrafish
(Das et al., 2022). This study showed that in these fins, an
SVS develops by transdifferentiation from the pre-existing
lymphatic network during the late larval and juvenile stages
(Figs 3C and 5). Following this transdifferentiation, the distal
fins are alymphatic in adult fish. When the lymphatic vascu-
larisation of the fins was blocked (as in flt4/vegfr3-deficient
zebrafish), the fins became vascularised by sprouts from
nearby veins. However, this ‘rescue’ vasculature of blood
endothelial origin was functionally compromised, with
unusual pooling of RBCs in the fin vessels (Das et al., 2022),
which was not observed in wildtype vessels of lymphatic
origin. The transdifferentiation of lymphatics into blood
vessels of the SVS appears to be a genetic program inde-
pendent of the perfusion with blood. Only at the very
end of the transdifferentiation program do these new vas-
cular networks connect to the primary vasculature to initi-
ate blood flow. Moreover, the program of lymphatic
vascularisation and transdifferentiation into SVS vessels
recapitulates during fin regeneration, indicative of an
ingrained developmental pathway. Extrapolating from
the few existing data, the entire SVS is possibly a develop-
mental derivative of the LVS.
Interestingly, a similar process, resembling the transdiffer-

entiation of lymphatic-like vessel anlagen into blood vessels,
also occurs in mammals and birds. The early embryonic vas-
cular plexuses of murine and avian embryos express typical
lymphatic factors such as VEGFR3, and deletion of the
respective gene causes embryonic vascular failure and death
before lymphatics start to develop (Kaipainen et al., 1995;
Wilting, Eichmann & Christ, 1997). Comparable to the
developing SVS, embryonic mammalian vessels are not per-
fused with blood before they are connected to a functional
heart. This seems to suggest that this transdifferentiation pro-
grammemight be involved inmore than just SVS development.
Perfusion, on the other hand, can induce lymphatic-to-blood
vessel reprogramming inmice (Chen et al., 2012). Notably, stud-
ies on theVEGF signalling family have shown that VEGFA, the
factor most associated with blood vessel development, appears
evolutionarily later compared to the lymphangiogenic factor
VEGFC, which is more ancestral (Holmes & Zachary, 2005;
Kasap, 2005; Rauniyar, Bokharaie & Jeltsch, 2023).
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Further studies are needed to elucidate if and what path-
ways act in both these processes.

From all reports on the SVS, it is clear that this system can
be found mainly in the skin and the fins, and the vascular
networks of visceral organs (such as intestine, mesentery
and kidney) (Skov & Bennett, 2003) and skeletal
muscle are reportedly devoid of secondary blood vessels.
However, there is some evidence that not all fin or skin
vasculature transdifferentiates from lymphatics. At least
the proximal part of the anal fin and the skin of glass catfish
appear to be served by the primary vasculature (Steffensen
et al., 1986), emphasising the possibility of large interspe-
cies differences even within the same order. Also, a recent
study of the pectoral fin vasculature did not report any
lymphatic contribution during development (Paulissen
et al., 2022).

The study by Das et al. (2022) was a quantum leap regarding
our understanding of the SVS by demonstrating that the
transdifferentiated lymphatics connect to the arterial blood
flow. However, the anatomical details of these connections
have still to be worked out. Given that the zebrafish were able
to regulate the entry of RBCs into the anal fin, it appears
likely that the connections are functionally and/or anatomi-
cally similar to the IAAs, which have been described as the
origin of the blood flow in the SVS, specifically for the anal
fin (Steffensen et al., 1986). Larger SVS arteries often run in
parallel to the primary vessels (Steffensen et al., 1986;
Olson, 1996; Skov & Bennett, 2005), which is highly reminis-
cent of developing lymphatic vessels, which preferentially
grow along the blood vessels (Oh et al., 1997; Breslin
et al., 2018), requiring physical interaction (Bussmann
et al., 2010), chemokine signalling (Cha et al., 2012) and/or

Fig. 5. The similarity between the secondary vascular system (SVS) and the lymphatic vascular system (LVS). The SVS (A) can be
topologically converted into a mammalian-like LVS (B) by removing the inter-arterial anastomoses. The lymphatics of the anal
and dorsal fins of zebrafish transdifferentiate during embryonic development into blood vessels of the SVS, supporting the idea of
a common origin. A is simplified and adapted from Vogel (1985a) and thus considers the non-respiratory vasculature of the gills to
be part of the SVS. For the same reason, it includes the caudal heart, which is a vascular organ in mostly larger fishes,
characterised by a valved, double-chambered sinus at the base of the tail fin powered mostly by skeletal muscles. Depending on
the interpretation, it has been regarded either as part of the SVS or the LVS (Vogel, 1985b). Current data suggest that both the
SVS and lymphatics coexist, as shown in C, with some of the collecting vessels participating in both systems. The SVS develops in
part or completely by transdifferentiation from an embryonic lymphatic vasculature that appears similar to the mammalian adult
LVS. Thus, the mammalian-like LVS can be considered an example of paedomorphism, an evolutionary phenomenon in which
adults retain originally ancestral exclusively juvenile features (Joss, 2006). The vasculature of the gills is more complex and thus has
been excluded from the hybrid model (C).
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sharing a similar preference for a specific environment. For
the regenerating zebrafish brain, even the inverse has been
reported: lymphatics guiding the growth of blood vessels
(Chen et al., 2019). Such molecular and physical interaction
between lymphatic endothelial cells and arteries, including
mural cells (Peng et al., 2022), could be a first step in the
development of ALCs/IAAs. Since lymphatic and blood vas-
cular endothelial cells actively avoid connections both in vivo

and in vitro (Mäkinen et al., 2001; Knezevic et al., 2017), this
repulsion must be overcome to form anastomoses. Here,
our knowledge about the mammalian lymphatico-venous
connections (Welsh, Kahn & Sweet, 2016; Janardhan &
Trivedi, 2019) is only of limited value since ALCs/IAAs
involve arteries and the exit of blood plasma. In mammals,
several proteins have been shown to be involved in blood
and lymphatic vascular separation. Notably, the cytosolic
spleen tyrosine kinase (Syk), the intracellular signalling mol-
ecule SH2 domain-containing leukocyte protein of 76 kDa
(Slp76)/lymphocyte cytosolic protein 2 (Lcp2), and the
7-transmembrane-spanning platelet-activating receptor
participate in this process (Abtahian et al., 2003; Hess
et al., 2014). Interestingly, the C-type lectin domain family
2 protein (CLEC2), which is required for lymphatic devel-
opment and maintenance (Bénézech et al., 2014), for main-
taining venous vessel integrity during remodelling (Zhang
et al., 2018), and for preventing RBCs from filling lym-
phatics throughout adult mouse life (Haining et al., 2021),
does not exist in fish (Hughes et al., 2012). Blood clotting
in fish is substantially different from that in terrestrial verte-
brates since central molecules of the intrinsic (contact) path-
way are for the most part absent (Mariz & Nery, 2020), and
the fish equivalent of mammalian platelets (which are cell
fragments) – fish thrombocytes – are complete nucleated
cells (Stosik, Tokarz-Deptuła & Deptuła, 2019). Interest-
ingly, the intrinsic pathway is also inactivated in the marine
mammals of the cetacean lineage, and this is thought to
reduce the risk of thrombus formation during diving
(Huelsmann et al., 2019).

Two prior publications can help to shed at least some light
on the nature of the ALCs/IAAs. Steffensen et al. (1986)
described the vasculature of the anal fin in the glass catfish.
They identified both the origin of the blood flow (IAAs) and
the outflow (secondary veins). Jensen et al. (2009) did the same
for both glass catfish and zebrafish but also experimentally stim-
ulated RBC entry into the secondary vasculature (by exposing
fish to hypoxic water) and identified the lymphatic duct as the
major outflow vessel of the secondary vasculature. Jensen et al.
(2009) did not discuss the SVS. Instead, they refer to the inter-
mittently RBC-filled vessels as ‘lymphatics’, and modify Fig. 1
from Steffensen et al. (1986) (see Fig. 6A), relabelling the SVS
vessels as ‘lymphatics’ and the IAAs as ‘arterial–lymphatic con-
duits’ (ALCs, Fig. 6B).

The recent discovery of the transdifferentiation from LVS
to SVS in zebrafish fins offers us a unique model to start
understanding the relationship between these two systems,
and to identify the signalling pathways mediating this
transition.

XI. VASCULAR ENDOTHELIAL GROWTH
FACTOR SIGNALLING AND THE SVS

When trying to identify possible pathways involved in LVS to
SVS transdifferentiation, the VEGF family is an obvious can-
didate, as its members are often involved in vascular develop-
ment. For example, VEGFA (also referred to as VEGF) is
crucial for the establishment of blood vessels (Carmeliet
et al., 1996; Ferrara et al., 1996), and we described the role
of VEGFC and VEGFD for the lymphatics in Section V.
However, while VEGFC and VEGFD are often regarded
as specific for the lymphatic vasculature, they can replace
VEGFA in activating VEGFR2, which is the primary mito-
genic receptor of blood vascular endothelial cells (BECs)
(Cao et al., 1998). In order to signal via VEGFR2, VEGFC
and VEGFD need to be activated by specific proteases
(Künnapuu, Bokharaie & Jeltsch, 2021). This binding makes
VEGFC and VEGFD prime candidates for continuously sus-
taining vascular growth and survival during the lymphatic
endothelial cell (LEC) to BEC transdifferentiation, since they
can support VEGFR3 in LECs as well as VEGFR2 in BECs.
The VEGF family appeared early in vertebrate evolution,

and orthologs of VEGFA and VEGFC are found in all fish
classes (Fig. 1). VEGFD, VEGFB and placenta growth factor
(PlGF) can also be identified in all fishes except for jawless
fishes (Rauniyar et al., 2023). While genes for these three
VEGFs can be deleted without any obvious consequences
in mice (Bellomo et al., 2000; Carmeliet et al., 2001; Aase
et al., 2001; Baldwin et al., 2005), at least Vegfd and Vegfba

are indispensable for zebrafish vascularisation (Song
et al., 2007; Jensen et al., 2015; Bower et al., 2017b), but their
relevance for the SVS has not been analysed.
The interaction patterns of the lymphangiogenic VEGFD

with its receptors are not conserved among species, not even
betweenmice and humans (Baldwin et al., 2001). Two recom-
binant forms of mature zebrafish VEGFD did not interact
with zebrafish VEGFR3/immunoglobulin G (IgG) fusion
proteins (Vogrin et al., 2019), behaving similarly to the
Cathepsin D-activated form of human VEGFD (Leppänen
et al., 2011). However, it is unknown what VEGFD forms
are produced endogenously by zebrafish, and only one of
the two recombinant forms deployed by Vogrin et al. (2019)
has a corresponding human form. A comprehensive in-vitro

comparison of the binding profiles of authentic zebrafish
VEGFs to zebrafish VEGF receptors has not been
performed, but the development of zebrafish facial and heart
lymphatics needs both VEGFC and VEGFD (Astin
et al., 2014; Bower et al., 2017b; Vivien et al., 2019; Gancz
et al., 2019).
While many of the duplicated VEGF genes in zebrafish

derive from the teleost genome duplication event (Rauniyar
et al., 2023), the VEGF receptor Kdrl (Kdr-like) resulted from
an earlier vertebrate lineage duplication (Bussmann
et al., 2008). Thus, four VEGF receptors are the rule among
vertebrates, and Eutheria (placental mammals), who lost
Kdrl, are the exception. The name Kdrl might be misleading
since phylogenetic analysis suggests that its closest relative is
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VEGFR1, and not VEGFR2 (Kdr) (Bussmann, Bakkers &
Schulte-Merker, 2007) (Fig. 7B). Although less frequently
used, the term VEGFR4 thus appears appropriate. With this
context, the receptor binding pattern of the zebrafish VEGF
family appears less surprising. Like in humans, VEGFD
binds VEGFR2 (Vogrin et al., 2019), and the only difference
might be that zebrafish VEGFD has completely lost Flt4
(Vegfr3) binding, which is retained by one of the human iso-
forms (Fig. 7A). In fish, VEGFR4/Kdrl could work as the
second VEGFA receptor, allowing VEGFR2 function to
diverge. According to Vogrin et al. (2019), VEGFR2 has

not lost its VEGFA affinity, but its additional ability to bind
VEGFC and VEGFD makes it a possible drop-in replace-
ment for VEGFR3.

However, these observations present a caveat. VEGF fac-
tors need to be processed intra- and extracellularly by a pro-
tease machinery to become active. While VEGFC is highly
conserved in vertebrates, the polypeptide sequence recog-
nised by the VEGFC-activating proteases is highly divergent
between fish and other vertebrates (Jha et al., 2019; Rauniyar
et al., 2023), possibly indicating differences in the activation of
VEGFs. Many of the studies on VEGF binding in zebrafish

Fig. 6. The secondary vascular system/lymphatic vasculature of the anal fin in glass catfish (Kryptopterus bicirrhis). In glass catfish, the
anal fin is large and extends over most of the body except for the head region. Similar to the description by Das et al. (2022), the larger
(secondary) vessels run alongside the fin-supporting bones. The connection to the arterial blood flow happens at the level of the
segmental artery via inter-arterial anastomoses (IAAs). However, the secondary network serves only the distal anal fin, while the
primary vasculature serves the proximal anal fin. The left panel (A) shows the secondary vascular system (SVS) interpretation,
according to Steffensen et al. (1986), while the right panel (B) shows the lymphatic interpretation, according to Jensen et al. (2009).
Jensen et al. (2009) showed that these anatomical structures are not unique to glass catfish but are also found in zebrafish. Red
blood cell (RBC) entry into the anal fin vasculature is controlled via nitric oxide-mediated opening and linearisation of the IAAs/
arterial–lymphatic conduits (ALCs) and leads to RBCs filling the collecting lymphatic vessels and the thoracic duct, which,
differently from the transdifferentiating anal fin lymphatics (Das et al., 2022) maintain Prospero homeobox protein 1 (Prox1)
expression also in the adult. Figure based on Steffensen et al. (1986) and Jensen et al. (2009).
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(Figure 7 legend continues on next page.)
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either perform their characterisation of receptor specificities
with human proteins in a human cell line (Wang et al., 2020),
or the zebrafish-derived proteins are expressed and processed
in human cells (Vogrin et al., 2019), and there are no data
showing that fish cells process VEGF proteins in the same
way as mammalian cells. Specifically, the requirement for
proteolytic processing of VEGFC and VEGFD could ren-
der data obtained from non-piscine cell lines prone to arti-
factual activation by host cell proteases. As of today,
receptor binding data for zebrafish VEGFs produced in a
fish cell line do not exist, a gap that impairs our ability to
characterise fully the role of VEGF signalling in the differ-
ent vascular beds.

In conclusion, it seems likely that some members of the
VEGF/VEGFR signalling pathways could have specialised
further in mediating LVS to SVS transdifferentiation.

XII. WHAT REMAINS FROM EMBRYONIC
LYMPHATICS AFTER
TRANSDIFFERENTIATION?

Given the differentiation of the lymphatics into SVS in the
fin, the question remains of how much of the embryonic
LVS remains in the adult.

While there is no lack of publications describing the
lymphatic vessels or secondary blood vessels of fish intestines
(Mayer, 1919; Grodzi�nski, 1932; Glaser, 1933; Sire,
Lutton & Vernier, 1981; Lomholt & Franko-Dossar, 1998;
Hellberg et al., 2013; Astin et al., 2014; Okuda et al., 2015),
it is unclear whether these are mammalian- or SVS-type lym-
phatics or yet another vascular type. The studies
performed in ray-finned fishes lack appropriate molecular
characterisation (Mayer, 1919; Sire et al., 1981; Hellberg
et al., 2013) or describe snapshots of embryonic vessels
(Astin et al., 2014; Okuda et al., 2015), potentially subject to
concurrent or later transdifferentiation. Moreover, transdif-
ferentiation might not completely convert vessels from
‘embryonic mammalian-like lymphatics’ into ‘adult SVS-
type lymphatics’. For example, the data from Jensen et al.

(2009) show that the lymphatic duct maintains its Prox1
expression in adult zebrafish while being functionally inte-
grated into the SVS. This large lymphatic vessel appears to
receive both lymphatic and SVS tributaries and might form
a terminal hybrid network connecting both lymphatics and
SVS to the primary vasculature. While Das et al. (2022) did
not follow the venous return of the freshly transdifferentiated
fin vasculature, Jensen et al. (2009) showed both in glass cat-
fish and zebrafish filling of the thoracic duct with RBCs when
the SVS became perfused under hypoxic conditions. This
arrangement shows that the expression of lymphatic markers
is not incompatible with RBC perfusion. Indeed, the concept
of hybrid vessels is not new, and they have already been sug-
gested to exist in jawless fishes, such as hagfish and lamprey
(Allen, 1913; Cole, 1926; Lomholt & Franko-Dossar, 1998).

Despite these uncertainties, the functional studies per-
formed in late larval and adult stages in zebrafish suggest that
vessels performing the fluid-uptake function of lymphatics do
persist past the early embryonic stages (Isogai et al., 2009;
Venero Galanternik et al., 2016; Castranova et al., 2021;
Elmagid et al., 2022). The viscera and the musculature are
organs in which the lymphatics keep expressing the standard
lymphatic markers, and transdifferentiation is therefore likely
absent, partial or incomplete. For example, a flt4+/prox1+
lymphatic network has been identified in the adult zebrafish
heart (Vivien et al., 2019; Gancz et al., 2019; Harrison
et al., 2019), and an mrc1a+/lyve1+ lymphatic network in
the meninges (Castranova et al., 2021). Overall, a model pos-
tulating the coexistence of SVS and LVS in different com-
partments of adult ray-finned fishes (Fig. 3C), with the SVS
concentrating on the body surface and gills and the LVS
draining the deeper tissues in the body, is the one that best fits
the currently available data.

Although the developmental derivation of the SVS from
LVS is well supported, this does not necessarily imply that
the lymphatic endothelium is the sole developmental origin
of secondary vessels. If all secondary vasculature was derived
from pre-existing lymphatics, one might expect regions
devoid of lymphatic vessels, such as the brain parenchyma
(Louveau et al., 2015), to be devoid of secondary blood ves-
sels. The tailfin of adult zebrafish features intermittent RBC

(Figure legend continued from previous page.)
Fig. 7. (A) Schematic comparison of vascular endothelial growth factor receptor (VEGFR) signalling among zebrafish, mice, and
humans. While in mammals, the generation of the short, soluble VEGFA isoforms is supported by differential messenger RNA
(mRNA) splicing, the zebrafish has undergone a duplication of its vegfa gene and produces the short isoforms from a different gene
than the long isoforms (Leppänen et al., 2011; Rossi et al., 2016; Vogrin et al., 2019). Compared to mice, in which VEGFD
exclusively interacts with VEGFR3 (Baldwin et al., 2001), zebrafish Vegfd might exclusively interact with VEGFR2 (Vogrin
et al., 2019), while human VEGFD can interact with both receptors (Achen et al., 1998). While there are only three VEGF receptor
genes in mice and humans due to a deletion in the eutherian lineage, zebrafish feature the entire repertoire of four VEGF
receptors (Bussmann et al., 2008). (B) Phylogenetic tree of the four VEGF receptors with reliability bootstrap values indicated by
colour. The VEGFR2/Kdr and VEGFR3/Flt4 branches share a common evolutionary history on the upper half, while the
VEGFR1/Flt1 and VEGFR4/Kdrl do likewise on the lower half of the unrooted consensus tree with reliability bootstrap values of
95.9% and 97.2% for the VEGFR2/3 and VEGFR1/VEGFR4 branching, respectively. This strongly suggests that the closest
relative of VEGFR2 is VEGFR3 and not VEGFR4/Kdrl. Note that eutherian mammals are entirely absent from the VEGFR4/
Kdrl branch. This tree is based on the analysis available from https://github.com/mjeltsch/vegfr and is compatible with
Bussmann et al. (2008).
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perfusion while maintaining Prox1 expression (Jensen
et al., 2009), which is different from the anal and dorsal fin,
where Prox1 expression is lost (Das et al., 2022). Vascular net-
works with hybrid marker expression (such as Schlemm’s
canal) exist even in humans, and their development – worthy
of a separate review – could provide some insight into vascular
transdifferentation events and internetwork connections
(Truong et al., 2014; Aspelund et al., 2014; Park et al., 2014;
Kenig-Kozlovsky et al., 2018; Pawlak et al., 2019). Jensen
et al. (2009) suggest that ALCs/IAAs might also exist in
mammals, but their reference to the hypothesis by
Schmid-Schönbein (2003) appears unconvincing. Similarly,
mouse knock-out models or tumours in which lymphatics
become perfused by RBCs are not indicative of any physio-
logical perfusion of mammalian-like lymphatics with RBCs
(Jensen et al., 2009).

We are facing a highly complex situation where SVS ves-
sels in distinct body compartments seem to arise from differ-
ent vascular beds following local differentiation processes
and expressing a broader spectrum of endothelial markers.
This suggests that vascular identity is not a monolith, and
instead falls on a spectrum where a binary distinction
(assumed by the definition of lymphatics in Section V) is
insufficient to capture the variability seen in the complex
biological world (Jeltsch & Alitalo, 2022). In mammals, most
vessels are located close to the ends of the spectrum, but we
should not assume that this has to be the case in other animal
phyla. Neither should we assume that a comprehensive char-
acterisation of vessel identity is easy since some integral ele-
ments of this characterisation, such as functional in-vivo

assays of the SVS or the lymphatic vasculature, are challeng-
ing to automatise.

In conclusion, the available data seem to point toward a
coexistence in adult ray-finned fishes of a superficial SVS,
mainly located in the skin and fins, together with
lymphatic-like vessels, hybrid vessels or both located deeper
in the body and performing at least partially the functions
of a ‘traditional’ LVS (Fig. 5).

XIII. AN EVOLUTIONARY MODEL OF THE
LYMPHATIC VASCULAR SYSTEM

To conclude this review, we would like to propose an evolu-
tionary model explaining the appearance and relation
between the SVS and the lymphatic vasculature.

In Section IX we described the similarities between the
non-respiratory gill vasculature and the IAAs of the SVS.
Because of such similarities, it seems reasonable to assume
that they fulfil a similar function. Oxygen loss in hypoxic
water is likely a problem not only in the fins and other body
surfaces but also in the gills. Assuming that shunting path-
ways bypassing the respiratory vasculature exist in jawless
vertebrates, the group phylogenetically most distant from tet-
rapods (Nakao & Uchinomiya, 1978; Lomholt & Franko-
Dossar, 1998), we may hypothesise that the capability to

deny RBC entry to specific organs originated at the base of
vertebrates due to the need to optimise aquatic respiration.
In other words, all fishes possess an alternative gill vascular
system, and possibly a systemic one, due to the need to com-
partmentalise the cardiovascular system to avoid oxygen loss.
Once the SVS had developed and improved RBC oxygena-
tion, additional forces likely contributed to the evolution of
this system.
A likely major evolutionary driver for the SVS/LVS was

the need for immune surveillance. Although the need for
immune surveillance in its innate form pre-dates the
emergence of vascular systems and is found, e.g. even in
Hydra (Bosch, 2014), an economically viable adaptive
immune system (AIS) requires a minimum body size (Brace
et al., 2017; Ejsmond et al., 2023). Thus, the significant
increase in body size between extant vertebrates and their
closest relatives could have created the need for both an
AIS and aquatic respiration since the need to distribute
oxygen via a cardiovascular system also results from an
increased body volume (Burggren & Reiber, 2007). Interest-
ingly, the B cell receptor–T cell receptor–major histocom-
patibility complex (BCR–TCR–MHC)-based AIS present
in jawed vertebrates (Gnathostomata) is thought to have an
independent evolutionary origin from the jawless fish AIS,
which is based on a different set of molecules (variable
lymphocyte receptor, VLR) (Flajnik & Kasahara, 2010).
Therefore, the jawed vertebrate AIS system is thought to
have appeared after the split from jawless vertebrates, and,
therefore, after the initial appearance of an SVS (Fig. 8).
The rise of an AIS would, in turn, require a mechanism

that ensures that intruding antigens meet with their cognate
antigen receptor-presenting cells, such as migratory immune
cells or the draining of the interstitial fluid via a specialised
vascular network. This ‘lymphatic’ vasculature would have
appeared either at the base of jawed vertebrates or that of
bony fish, depending on the actual presence of the described
deep lymphatics of cartilaginous fishes (Diamare, 1909;
Hoyer, 1928b; Kampmeier, 1969) (Fig. 8). Given the com-
mon developmental origin, this vasculature can be assumed
to have evolved from a subcompartment of the SVS. Interest-
ingly, there are data suggesting a specialised function of the
SVS in immune defence (Rasmussen, Steffensen &
Buchmann, 2013), which would support the close evolution-
ary relationship between the SVS and immunity.
Later, in the tetrapod lineage, the blood pressure increase

associated with the transition from poikilothermic to homeo-
thermic temperature regulation likely required further adap-
tations, resulting in the loss of an SVS and the appearance of
‘mammalian-like lymphatics’. In some of these scenarios, a
mammalian-like LVS could have also existed before the
water-to-land transition and the emergence of the tetrapod
lineage. This point is supported by the vascular arrangement
of lungfish. These animals do not appear to have an SVS and
instead present mammalian-like lymphatics (Vogel &
Mattheus, 1998; Skov & Bennett, 2003). It is important
to highlight here that although today, lungfish live a ‘semi-
aquatic’ lifestyle, the common ancestor they share with

Biological Reviews (2024) 000–000 © 2024 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

18 Virginia Panara and others

 1469185x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/brv.13114 by M

ichael Jeltsch - U
niversity O

f H
elsinki , W

iley O
nline L

ibrary on [08/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



tetrapods is believed to have been fully aquatic (Long &
Gordon, 2004; Long et al., 2006). Save for a convergent loss
of SVS structures and acquisition of mammalian-like lym-
phatics in both lineages, this suggests that the appearance
of the latter is not associated with the water-to-land transi-
tion, but preceded it (Fig. 8). Efficient lymph nodes have only
been observed in aquatic birds and in mammals, and might
be the manifestation of increased demands upon the immune
system in these lineages (Boehm, Hess & Swann, 2012). Until
recently, it was assumed that teleost fish only possessed diffuse
lymphoid tissues (Bjørgen &Koppang, 2021), but recent data
suggest more defined lymphoid organs might be present in
this group as well (Resseguier et al., 2023). This observation
stresses the importance of the AIS across vertebrates and its
close connection with SVS/LVS evolution.

We are not the first to suggest an evolutionary origin of the
LVS from the SVS (Steffensen & Lomholt, 1992; Vogel
et al., 1998). However, this model could potentially explain
many of the character distributions we observe, such as the
co-occurrence of an AIS and (deep) lymphatics within jawed
vertebrates (Fig. 8). Due to the scarcity of data in many of the
discussed phyla, our model is based on some assumptions,
such as the presence of some form of SVS in jawless and car-
tilaginous fish, and we are aware further studies could over-
turn our conclusions. However, we believe it is essential to
provide an evolutionary model for the emergence of the
SVS and its relation with the LVS, which attempts to bring
together and synthesise the vast amount of information that
has been collected on this topic in more than a century, and

against which new data can be compared, either strengthen-
ing the model or revoking it.

XIV. CONCLUSIONS

(1) Unanswered questions about the LVS in fishes go back
more than 100 years. With recent data strongly supporting
the presence of vessels with lymphatic characteristics in ray-
finned fish, the question of the relationship between lym-
phatic vasculature and the SVS in these animals is more
important than ever. This question transcends simple nam-
ing discussions because the underlying physiology and evolu-
tionary forces are at the heart of the controversy.
(2) While ray-finned fishes and coelacanths possess some
form of SVS, the data concerning jawless and cartilaginous
fish are less clear. Whether vascular specialisations similar
to the SVS exist in the gills of the above-mentioned fishes
and whether such could represent the evolutionary origin of
the SVS also remains controversial. We speculate that capil-
lary filtration and the resulting requirement for tissue drain-
age are insufficient to explain the evolutionary emergence
of the SVS. Instead, the primary evolutionary pressure for
SVS-like adaptations is likely the need to maximise oxygen
extraction and retention faced with a variable environmental
supply. From amolecular perspective, all fishes, including the
jawless fishes, possess sufficient molecular diversity to account
for a dual vascular setup. They all feature haemangiogenic as

Fig. 8. The proposed model of secondary vascular system (SVS)/lymphatic evolution. A phylogenetic arrangement in which lungfish
are the sister group to tetrapods and jawless fishes are a monophyletic group is assumed. The gill SVS is postulated to appear in stem
vertebrates, in association with the increase in body size, followed by a systemic SVS appearing either before or after the split between
jawed and jawless vertebrates, depending on the presence of a systemic SVS in the latter. The emergence of an adaptive immune
system (AIS) in the lineage leading to jawed vertebrates created the need for a lymphatic-like vasculature, which emerged either
before or after the split between bony and cartilaginous fishes, depending on the accuracy of the reports of deep lymphatics in the
latter. The AIS of jawless fishes is not homologous with the AIS of jawed fish, but is the result of convergent evolution. In the
lineage leading to lungfishes and tetrapods, the SVS was lost, and the lymphatic vasculature took on a defined ‘mammalian-like’
organisation. As represented in this figure, there are missing and contradictory data on the SVS and lymphatic organisation in several
vertebrate groups, and further research will be needed to confirm or revoke the proposed model. LVS, lymphatic vascular system.
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well as lymphangiogenic vascular endothelial growth factors
(VEGFs) and their cognate receptors (VEGFRs).
(3) The mammalian-like lymphatics and the SVS are evolu-
tionarily related. In piscine embryonic development, the SVS
appears to develop from pre-existing lymphatics, but the SVS
seems to be phylogenetically older. Future research needs to
determine the extent of lymphatic-to-blood vessel transdifferen-
tiation in the embryonic development of fishes and how much
and which parts of the embryonic lymphatic vasculature are
maintained into adulthood. Preliminary data suggest that trans-
differentiation varies and does so even in closely related species.
(4) Similar to the lymphatic origin debate, also the SVS versus
lymphatics debate will likely be resolved by a hybrid model,
which was first proposed more than 100 years ago by Allen
(1913) and Cole (1926). They proposed the term ‘venolym-
phatic system’, although both thought this mixed lym-
phatic/blood vascular system to be limited to hagfish and
lampreys. Any model will have to transcend the binary cate-
gorisation into the cardiovascular and lymphatic vasculature
that we have become accustomed to from our focus on mam-
malian biology.
(5) We propose an evolutionary model in which the SVS
evolved in response to the increased limitations to oxygen sup-
ply connected with the larger size of early vertebrates. Conse-
quent recruitment of part of these vessels into the AIS led to
the appearance of lymphatic-like vessels with draining func-
tions. In lungfish and tetrapods, the SVS was lost, leading to
a mammalian-like lymphatic vascular network.
(6) The topic of the lymphatic and secondary vascular sys-
tems is no stranger to contradictory data. We hope this
review will spark renewed interest in this long-lived contro-
versy, providing the scientific community with a comprehen-
sive overview of the anatomical, molecular, physiological,
developmental and evolutionary observations and hopefully
motivating a new effort in answering the many questions that
remain unaddressed.
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Künnapuu, J., Bokharaie, H. & Jeltsch, M. (2021). Proteolytic cleavages in the
VEGF family: generating diversity among angiogenic VEGFs, essential for
the activation of lymphangiogenic VEGFs. Biology 10, 167.

Lahnsteiner, F., Lametschwandtner, A. & Patzner, R. A. (1989). The
secondary blood vessel system of segmental arteries and dorsal aorta in Blennius

pavo and Zosterisessor ophiocephalus. Histology, fine structure and SEM of vascular
corrosion casts. Scanning Microscopy 4, 11.

Laurent, P., Dunel, S. & Barthe, J.-C. (1976). Functional organization of the
teleost gill. Acta Zoologica 57, 189–209.

Lawson, N. D., Mugford, J. W., Diamond, B. A. & Weinstein, B. M. (2003).
Phospholipase C gamma-1 is required downstream of vascular endothelial growth
factor during arterial development. Genes & Development 17, 1346–1351.

Le Guen, L., Karpanen, T., Schulte, D., Harris, N. C., Koltowska, K.,
Roukens, G., Bower, N. I., van Impel, A., Stacker, S. A., Achen, M. G.,
Schulte-Merker, S. & Hogan, B. M. (2014). Ccbe1 regulates Vegfc-mediated
induction of Vegfr3 signaling during embryonic lymphangiogenesis. Development

141, 1239–1249.
Leppänen, V.-M., Jeltsch, M., Anisimov, A., Tvorogov, D., Aho, K.,
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Alitalo, K. & Eichmann, A. (2002). Abnormal lymphatic vessel development in
neuropilin 2 mutant mice. Development 129, 4797–4806.

Zhang, Y., Daubel, N., Stritt, S. & Mäkinen, T. (2018). Transient loss of
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