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ARTICLE INFO ABSTRACT

Keywords: Aquatic areas frequently face hypoxic conditions. In order to get sufficient oxygen to support aerobic metabo-
Air-breathing fish lism, a number of freshwater fish resort to aerial respiration to supplement gill respiration especially in situations
Swimbladder

with reduced oxygen availability in the water. In many species a concomitant reduction in gill surface area or in
gill perfusion reduces possible loss of aerially acquired oxygen to the water at the gills, but it also compromises
the ion regulatory capacity of gill tissue. In consequence, the reduced gill contact area with water requires
appropriate compensation to maintain ion and acid-base homeostasis, often with important ramifications for
other organs. Associated modifications in the structure and function of the gills themselves, the skin, the gut, the
kidney, and the physiology of water exchange and ion-linked acid-base regulation are discussed. In air-breathing
fish, the gut may gain particular importance for the uptake of ions. In addition, tissues frequently exposed to
environmental air encounter much higher oxygen partial pressures than typically observed in fish tissues.
Physostomous fish using the swimbladder for aerial respiration, for example, will encounter aerial oxygen partial
pressure at the swimbladder epithelium when frequently gulping air in hypoxic water. Hyperoxic conditions or
rapid changes in oxygen partial pressures result in an increase in the production of reactive oxygen species
(ROS). Accordingly, in air-breathing fish, strategies of ionoregulation may be greatly modified, and the ROS

Reactive oxygen species
Ion transport

Gut

Acid-base regulation

defense capacity of air-exposed tissues is improved.

1. Introduction

In the history of our earth the photosynthesis and the development
of photosystem II caused an increase in atmospheric oxygen con-
centration. This allowed a switch from the previously anaerobic meta-
bolism to aerobic metabolism with a greatly increased the rate of ATP
production from carbohydrates. It also opened the door for using fatty
acids as a fuel, which cannot be metabolized in the absence of oxygen in
eukaryotic organisms. Accordingly, metabolism of heterotrophic or-
ganisms became largely dependent on the availability of oxygen. Under
conditions of reduced oxygen availability, some organisms or certain
tissues may transiently refer to anaerobic metabolism. Hypoxia typi-
cally causes a significant reduction in ATP production and results in
metabolic depression (St-Pierre et al., 2000; Guppy, 2004; van
Ginneken and van den Thillart, 2009; Ali et al., 2012). Coastal areas
and certain freshwater systems are prone to transient hypoxic situations
(Diaz and Rosenberg, 2008; Diaz and Breitburg, 2009; Jenny et al.,

2016), and in our study we will focus mainly on the freshwater situa-
tion.

In aquatic systems, in particular in the Amazon Basin, the oxygen
concentration is known to vary greatly, ranging from very low oxygen
partial pressures in stagnant water during the night, to clearly hyper-
oxic conditions at day time when photosynthetic active organisms
produce and release oxygen (Val and Almeida-Val, 1995; Muusze et al.,
1998; Diaz and Breitburg, 2009; Welker et al., 2013). To supplement
oxygen supply during aquatic hypoxia, many fish of the Amazon Basin
rely on aquatic surface respiration or even use specific tissues or organs
for aerial gas exchange (Val and Almeida-Val, 1995; Graham, 1997). A
vascularized stomach or intestine is used for aerial gas exchange by
some loricariid and the callichthyid fish. The tambaqui picks up oxygen
from the water surface with a largely extended inferior lip under hy-
poxic conditions, and some species of the erythrinid family of fish use
the swimbladder to extract oxygen from the air. Pharyngeal, branchial
and mouth diverticula are found among the Electrophoridae and the
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Synbranchidae, while the South-American lungfish Lepidosiren paradoxa
takes most of the oxygen required for aerobic metabolism using its well-
developed lung (Bemis et al., 1987; Val and Almeida-Val, 1995; Glass
and Rantin, 2009).

In fish, venous blood is returned to a single atrium and, from the
ventricle, the blood is pumped to the gills for reoxygenation.
Oxygenated blood passes on to the systemic circulation, and then from
the various organs returns to the heart. Accordingly, if under hypoxic
conditions the gut or the swimbladder, for example, are used as an air-
breathing organ, the oxygenated blood is returned to the heart and
during subsequent passage through the gills oxygen may be lost again
to the hypoxic water. In hypoxic water a loss of oxygen through the gills
has indeed been recorded, for example, in spotted gar (Lepisosteus os-
seus) (Smatresk and Cameron, 1982; Smatresk, 1986), and in bowfin
(Amia calva) (Johansen et al., 1970b; Randall et al., 1981b). A recent
study also documented oxygen loss in some individuals (4 out of 11
animals) of the armoured catfish Hypostomus aff. pyreneusi at low PO, in
the water (Scott et al., 2017).

In consequence, in many air-breathing fish a reduction in the sur-
face area of the gills has been detected compared to purely water
breathing species, thus reducing the possibility to lose oxygen obtained
by aerial respiration during passage of the blood through the gills
(Cameron and Wood, 1978; Graham, 1997; Brauner and Val, 2006;
Gonzalez et al., 2010; Scott et al., 2017).

Fish gills, however, are multifunctional organs and serve for re-
spiration, ion uptake and exchange, water homeostasis, acid-base reg-
ulation, and nitrogenous waste excretion (Laurent and Perry, 1991;
Evans et al., 2005). Therefore, a reduction in gill surface area will
compromise their capacity for ion exchange and acid-base regulation.

Another problem encountered with the development of a special air-
breathing organ is related to oxygen. Because arterial oxygen partial
pressure of water breathing fish typically is much lower than aerial
oxygen partial pressure (Gilmour and Perry, 1994; Kristensen et al.,
2010), oxygen partial pressure and concentration in the air-breathing
structures of fish breathing air certainly are higher than in other tissues.
Higher concentrations of oxygen may, however, result in the produc-
tion of reactive oxygen species (ROS). The accumulation of ROS causes
oxidative stress (Lushchak, 2014; Sies, 2015) and results in lipid per-
oxidation, protein carbonylation, and/or DNA modifications, i.e. for-
mation of oxidized bases, in particular 8-oxoguanine (Lushchak, 2011).
In consequence, the inordinate accumulation of ROS causes serious
tissue damage and is harmful for the whole organism.

The extensive changes in the anatomy and accompanying phy-
siology of the organs involved in respiration, circulation, and excretion,
connected to the evolutionary transition from breathing water to
breathing air have been extensively studied in air-breathing fishes
(Carter and Beadle, 1931; Johansen et al., 1970a, b; Johansen, 1972;
Kramer et al., 1978; Dejours, 1981; Randall et al., 1981a; Ultsch, 1996;
Graham, 1997; Martin and Bridges, 1999; Evans et al., 1999; Sayer,
2005; Glass and Rantin, 2009; Ishimatsu, 2012; Milsom, 2012; Lefevre
et al., 2014; Wright and Turko, 2016). Far less attention has been given
to two other issues: (i) the reduced availability of an aqueous en-
vironment as a major source of electrolytes for ionoregulation, counter-
ions for acid-base regulation, and water for diffusive and osmotic ex-
changes through the gills, with important ramifications for other or-
gans; (ii) the consequences for oxidative stress resulting from the in-
timate contact of tissues with a medium (air) which has many-fold
higher O, concentration, and often a higher PO, than either the ex-
ternal water or the internal tissues. The evolution of air-breathing may
have occurred independently 38-67 times in fish (Graham, 1997;
Graham and Lee, 2004). Our goal here is to highlight overall trends that
may illuminate common problems and convergent strategies for over-
coming them that were employed in the evolution of air-breathing.
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2. Ion and water homeostasis

2.1. Reduced contact with the aqueous environment: consequences for gills
and other organs

Very simply, as the gills became smaller, less ventilated with water,
in some fish more exposed to air, and less perfused with blood due to
bypass shunting, critical branchial functions for ionoregulation, cou-
pled acid-base exchange, and osmoregulation had to be modified and/
or shifted to other organs. That organ was clearly not the swimbladder
or incipient lung (Zheng et al., 2011) as it is not in contact with external
water, ions, or acid-base equivalents.

2.2. Changes in gill ionoregulatory function

General trends seen in the gills of air-breathing fish include reduc-
tions in overall gill mass and gill surface area, the latter additionally
due to stubbier filaments and lamellae, loss or clumping of lamellae,
and infilling between lamellae with the interlamellar cell mass (ILCM),
all of which contribute to increased blood-to water diffusion distance
(Perna and Fernandes, 1996; Graham, 1997; Brauner et al., 2004a). The
actual flow of blood through the lamellae is also likely reduced by
bypass shunting, increasing physiological dead space. The net effect of
these changes is to reduce O, uptake across the gills under normal
circumstances, and perhaps more importantly, to minimize O losses to
external hypoxic water from venous blood entering the gills when the
fish is ventilating the air-breathing organ (ABO) (Johansen et al.,
1970a; Randall et al., 1981a, b; Smatresk and Cameron, 1982;
Smatresk, 1986; Scott et al., 2017). CO, and ammonia excretion are less
affected, presumably because of their greater lipid solubility, their po-
tential transport by facilitated diffusion carriers such as Rh proteins
(Wright and Wood, 2009; Perry et al., 2010), and the greater capaci-
tance of the water for these respiratory gases. Indeed Janis and Farmer
(Janis and Farmer, 1999) noted that no living fish has completely lost
its gills, and speculated that this is because the gills remain essential for
N-waste and CO, excretion. These morphofunctional changes accom-
panying air-breathing that reduce effective gill contact with the water
would be expected to (i) compromise active ion uptake and ion versus
acid-base exchanges at the gills, and (ii) reduce rates of diffusive ion
loss and water exchange.

A useful approach to test these predictions is to compare closely
related air-breathing versus water-breathing species such as the ery-
thrinids jeju (Hopleythrinus unitaeniatus, a facultative air-breather)
versus traira (Hoplias malabaricus, an obligate water breather) (e.g
(Cameron and Wood, 1978; Hulbert et al., 1978b; Fernandes et al.,
1994; Wood et al., 2016) or the osteoglossids pirarucu (Arapaima gigas,
an obligate air-breather) versus arowana (Osteoglossum bicirrhosum, an
obligate water-breather) (Hulbert et al., 1978c; Brauner et al., 2004a;
Gonzalez et al., 2010). The pirarucu may be particularly instructive as it
represents an individual species where increased reliance on air-
breathing occurs as development proceeds (Fernandes et al., 2012),
such that it transitions from a water-breathing early life stage to an
obligate air-breathing adult stage where the lamellae have been com-
pletely obliterated externally by formation of an ILCM, and greatly
reduced internally by atrophy of the pillar cell channels (Ramos et al.,
2013).

With respect to baseline ion fluxes under normoxic conditions, these
predictions are only partially supported by the limited physiological
data available. For example, branchial unidirectional Na* uptake and
efflux rates in normoxic water were actually higher in the jeju (a fa-
cultative air-breather) than in the water-breathing traira, despite a 50%
lower gill area in the former (Cameron and Wood, 1978). However,
after a period of fasting, the traira was able to maintain positive net
Na™ and Cl~ balance with water (Fig. 1B), whereas the jeju could not
(Fig. 1A), and plasma ions in the jeju were lower (Wood et al., 2016).
The explanation for the higher unidirectional fluxes in the jeju may be
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Fig. 1. A comparison between two erythrinid species (A) the facultative air-
breather jeju (Hopleythrinus unitaeniatus) and (B) the pure water-breather traira
(Hoplias malabaricus), of net flux rates of Na*, Cl~, and K with the water
under normoxia and at 1-2h of acute severe waterborne hypoxia (15% air
saturation). The animals were fasted. Note that under normoxia, the jeju cannot
maintain positive ion balance, whereas the traira is in largely positive balance.
However, during severe hypoxia, when the jeju resorts to greatly increased air-
breathing, there is negligible disturbance of net ion flux rates, whereas the
traira, which is obligated to continue water breathing, suffers substantial net
ion losses. Capital letters denote significant differences between the two species
for a particular ion under either normoxia or hypoxia (means sharing the same
letter are not significantly different). * indicates significant differences within a
species between hypoxia and normoxia. Large * on jeju indicates a significant
overall difference between the two species by two-way ANOVA (adapted from
Wood et al., 2016).

the higher specific activities of ion-motive enzymes (Na*,K* ATPase,
v-type H*ATPase) recorded in its gill tissue. These may represent a
more than sufficient compensation for the reduction in gill surface area
and lower number of ionocytes (Hulbert et al., 1978b; Wood et al.,
2016). An additional compensation may be the location of the iono-
cytes. Based on a survey of 66 fish species, both water-breathing and
air-breathing, Lin and Sung (Lin and Sung, 2003) concluded that air-
breathers were much more likely to have ionocytes on the lamellae
where they could be more effective for ion uptake, despite impeding
respiratory gas exchange (Greco et al., 1995). Air-breathing is a risky
business because it exposes the fish to greater threat of predation
(Sloman et al., 2009), so it makes sense that fish will minimize this
behavior as much as possible. Having a gill that still functions well for
normal ionoregulation in water, despite structural modification for fa-
cultative air-breathing when absolutely necessary, facilitates this trade-
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off.

In the pirarucu, mass-specific unidirectional Na* uptake and efflux
rates and the ability to compensate a respiratory acidosis were actually
greater in older animals with lower mass-specific gill areas and lower
apparent diffusing capacities than in younger animals (Gonzalez et al.,
2010). These observations are again counterintuitive, and could not be
explained by Na* ,K* ATPase specific activity which was lower in the
gills of the older animals. However absolute ionocyte numbers were
greater in the gills of older animals, and they were concentrated in the
ILCM regions (Ramos et al., 2013), so again, it may be a matter of a
more favorable location. The development of long sinuous paracellular
channels between the epithelial cells in older individuals (Ramos et al.,
2013) may also facilitate ion exchange. Regardless, the overall rates of
Na™ influx and efflux in pirarucu were very low relative to most
freshwater fish, and the animals were in net negative Na™* balance with
the water (Gonzalez et al., 2010). Notably, branchial Na*K* ATPase
specific activities were much lower in the pirarucu than in its water-
breathing relative, the arowana Osteoglossum bicirrhosum (Hulbert et al.,
1978c). Similarly, unidirectional Na* flux rates were very low (~10%
of typical teleost values) in the marbled swamp eel Synbranchus mar-
moratus, a facultative air-breathing synbranchid (Stiffler et al., 1986),
two species of African lungfish, the slender lungfish, Protopterus dolloi
and the Tana (West African) lungfish, Protopterus annectens (Sawyer and
Pang, 1980; Stiffler et al., 1986; Wilkie et al., 2007; Patel et al., 2009a),
and the South American lungfish Lepidosiren paradoxa (Stiffler et al.,
1986). Like the pirarucu, these dipnoans are obligate air-breathers as
adults.

With respect to ion fluxes under conditions where the fish is forced
to rely more on air-breathing, the available data are in better support of
the predictions. For example, when exposed to severe environmental
hypoxia (15% air saturation), jeju escaped the stressor by resorting to
air-breathing (Pelster et al., 2016) and exhibited negligible disturbance
of net Na*, C1~, and K* balance (Fig. 1A) (Wood et al., 2016). In
contrast, the obligate water-breathing traira suffered net losses of all
three ions to the external water (Fig. 1B) (Wood et al., 2016), pre-
sumably due to the osmorespiratory compromise at the gills, i.e. in-
creased branchial ion losses as a consequence of an increased gill sur-
face area or a decreased diffusion distance to improve oxygen uptake
(Randall et al., 1972; Robertson et al., 2015). Similarly, when the fa-
cultative air-breathing swamp eel was encouraged to air-breathe by
exposure to aquatic hypoxia (20% air saturation), it maintained uni-
directional Na* fluxes unchanged and net Na™ flux actually became
slightly positive (Stiffler et al., 1986). When facultative air-breathing
bowfins (Amia calva, holosteans) were exposed to very acidic water pH
(3.5), increased air-breathing allowed the animals to better maintain
plasma Na™ and Cl~ levels than in fish which were not allowed to air-
breathe (Gonzalez et al., 2001), presumably because of reduced ion
losses through the gills. On the other hand, access to air-breathing ex-
acerbated the acid-base disturbance during low pH exposure, as well
after exhaustive exercise, presumably because non-respiratory shunting
of gill blood flow associated with use of the ABO compromised the
capacity of ion uptake-linked acid-base transport processes on the
branchial epithelium. When the African Tana lungfish was exposed to
“deoxygenated” water (O, level not reported), unidirectional Na™ ef-
flux rate decreased greatly, again probably reflecting decreased ion loss
across the gills (Oduleye, 1977). In more extreme circumstances, when
branchial access to water was completely denied by placing the animals
in air on a wet surface, both the slender African lungfish (Wilkie et al.,
2007) and the mangrove killifish (Kryptolebas marmoratus, a facultative
air-breathing cyprinodont) (LeBlanc et al., 2010) were able to maintain
plasma or whole body ions quite stable by low rates of ion and water
exchange with the wet surface, presumably through the ventral skin
(see Section 2.3.). Interestingly, the epithelial sodium channel (ENaC),
which has proven elusive in teleosts, is in fact expressed in the gills,
kidney, and rectum of both the Australian lungfish (Uchiyama et al.,
2012) and African Tana lungfish (Uchiyama et al., 2015) but not in the
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ventral body skin. Expression levels declined during prolonged aesti-
vation.

2.3. Increased use of the skin for ionoregulation

This is a well-studied area (reviewed by (Glover et al., 2013), and
there are numerous examples where the skin is used as an auxiliary
ionoregulatory organ in air-breathing and amphibious fishes, and in-
deed even in some exclusively water-breathing fish such as various ci-
chlids (opercular epithelia — e.g. (McCormick et al., 1992; Burgess et al.,
1998) and salmonids (cleithral epithelium and body skin - e.g. (Perry
and Wood, 1985; Marshall et al., 1992). The skin appears to be the
predominant organ of ionoregulation in the early life stages of many
fish (reviewed by (Zimmer et al., 2017), so its use in adult fish may be
interpreted as the exploitation of a neotenic characteristic. With respect
to air-breathing fish, notable examples include the jaw- skin of the goby
Gillichthys mirabilis (Marshall, 1977), the pectoral fins and general body
surface of the shanny Lipophrys (Blennius) pholis (Nonnotte et al., 1979),
and the general body surfaces of the mangrove killifish Kryptolebias
marmoratus (LeBlanc et al., 2010), the slender African lungfish (Wilkie
et al.,, 2007), and the marbled swamp eel Synbranchus marmoratus
(Stiffler et al., 1986). The opercular epithelium of the common killifish,
Fundulus heteroclitus (Karnaky et al., 1977) is particularly notable, be-
cause it has provided what is arguably the most important in vitro
preparation in fish ionoregulatory physiology, serving as an Ussing
chamber-friendly surrogate for the branchial epithelium in literally
hundreds of papers dedicated to understanding the cellular mechanisms
of ion transport in the gills of euryhaline teleosts (reviewed by
(Zadunaisky, 1984; Marshall, 1995; Marshall and Bellamy, 2010). This
killifish is usually considered to be an exclusively water-breathing fish,
but overlooked is the fact that when faced with adverse water quality,
this species can emerse and sustain aerial respiration, albeit at a lower
rate, without accumulating an O, debt (Halpin and Martin, 1999). In-
terestingly, we are aware of no studies on whether the opercular epi-
thelium is involved in ion transport when the fish is in air.

Depending on the acclimation condition of the fish, these epithelia
appear to be able to actively take up Na* and C1~ from fresh water, and
to excrete them into sea water. The skin also appears to be especially
important for Ca®>* transport. For example, in the freshwater rainbow
trout, the general body skin provides about half of the whole body Ca®*
influx (Perry and Wood, 1985), and the opercular epithelia in the
freshwater killifish may account for the majority of Ca®* uptake
(Marshall et al., 1995). African lungfish take up Ca?™ from fresh water
at typical teleost rates, even though rates of Na* and Cl~ uptake are
extremely low (Patel et al., 2009a). Effective transport of ions occurs
even when there is only a thin film of water contacting the ventral body
surface (e.g (Wilkie et al., 2007; LeBlanc et al., 2010). The skin may
also exhibit some capacity for ammonia and urea excretion and acid-
base regulation (e.g. (Wood et al., 2005; Hung et al., 2007; Gilmour
et al., 2007; Hung et al., 2009; Cooper et al., 2013), though as discussed
subsequently (see Section 2.7.), the latter may be curtailed in air-
breathing fish, at least for pH regulation in the extracellular compart-
ment. In all cases, there are readily identifiable mitochondria-rich cells
or ionocytes in the skin, with the greatest concentrations in the areas
where ion transport is greatest — for example, the ventral surface in the
mangrove killifish (LeBlanc et al., 2010) and the Tana lungfish (Sturla
et al., 2001). During prolonged air exposure, morphological changes
occur in the skin which presumably increase ion transport capabilities
and/or decrease rates of evaporative water loss (Sturla et al., 2002;
LeBlanc et al., 2010), and in terrestrialized lungfish, all but the ventral
surface becomes encased in a cocoon (Wilkie et al., 2007). In at least
one species, the mangrove Kkillifish, blood flow to the skin can be in-
creased both acutely, through changes in vasomotor tone, and chroni-
cally, through angiogenesis, so as to facilitate increased cutaneous O
uptake during emersion (Cooper et al., 2012). We are aware of no
studies investigating whether a similar phenomenon occurs to facilitate
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cutaneous ion exchange in air-breathing fish. However, in an amphi-
bian, the tiger salamander Ambystoma tigrinum, experimentally induced
reductions in skin blood flow severely compromised cutaneous Na™*
uptake (Stiffler, 1988). This is a topic worthy of future investigation.
In summary, the skin plays a critical role as a supplementary or
alternate ionoregulatory organ to the gills as fish make the transition
from water-breathing to air-breathing. However, from a long-term
evolutionary perspective, cutaneous ion uptake is just an interim so-
lution because effective cutaneous contact with water, or at least wet
surfaces, is eventually lost once organisms transition to life on land.
Another mechanism for ion acquisition from the environment must be
developed, and that mechanism involves the digestive tract.

2.4. A shift towards ion uptake through the digestive tract

This area has been curiously overlooked until recently, though it
must be pointed out that the potential importance of ion uptake from
the diet has been overlooked in general by ionoregulatory physiologists,
despite evidence that trophic intake can supply > 50% of the normal
electrolyte requirements of wild water-breathing fish such as salmonids
(Smith et al., 1989; Wood and Bucking, 2011). Indeed a certain amount
of Na* uptake through the gut may be absolutely necessary for nutrient
absorption because of linked transport mechanisms such as Na*-de-
pendent glucose and amino acid uptake. Once air-breathers lose contact
with water, all ion acquisition from the environment must occur
through the digestive tract.

The only quantitative assessment was performed in African lungfish.
Patel et al. (Patel et al., 2009a) measured electrolyte budgets in both
the slender lungfish (Fig. 2A) and the Tana lungfish (Fig. 2B) kept under
aquatic conditions and fed a 3% ration of bloodworms every 48 h. The
diet accounted for 35-47% of Na* intake, 32-33% of Ca* intake, but
only 1-4% of Cl~ intake. These figures for Na* and Ca®* acquisition
through the gut are comparable to those measured in water-breathing
fishes (Wood and Bucking, 2011). The low Cl~ intake from the diet is
unusual, but may have reflected the low Cl~ content of the bloodworm
diet. Ion loss rates through the faeces were low, representing 1-20% of
total uptake rates, comparable to those in the urine, and far below those
through the gills and body surface. These experiments did not test
whether dietary uptake accounted for a greater fraction of total uptake
when the animals were forced to rely more on air-breathing. However
in the Tana lungfish, the “specific dynamic action” effect of feeding
itself was accompanied by increased air-breathing, though the relative
partitioning of O, uptake (~40% from water, ~60% from air) did not
change (Iftikar et al., 2008).

Various parts of the gut itself are used as ABOs in many air-
breathing fish, raising interesting questions about the tradeoffs between
alimentary and respiratory functions. This area has been thoroughly
reviewed by Nelson (Nelson, 2014), and there has been one experi-
mental study showing some reduction in nutrient transporter abun-
dance relative to other gut sections in the respiratory portion of the
intestine in the Asian weatherloach Misgurnus anguillicaudatus
(Goncalves et al., 2007). However to date, the focus has been on pos-
sible compromises between respiration versus digestion and nutrient
absorption, not versus ion absorption. Given that gut breathing may in
fact be the most common method of air-breathing in fish overall
(Nelson, 2014), this is an important area for future investigation.

Recently, we examined the Amazonian erythrinid pair, the fa-
cultative air-breathing jeju versus the obligate water-breathing traira, to
see if there was indeed a shift towards ion uptake through the digestive
tract with the evolutionary transition to air-breathing (Wood et al.,
2016). In vitro experiments demonstrated that the capacity for uptake of
Na™, C17, and K™ through the digestive tract was far greater in the air-
breather (Fig. 3A), and this was associated with greater activities of ion-
motive enzymes (Na*,K* ATPase, v-type H* ATPase) in the intestine
(Fig. 3B). In vivo experiments demonstrated that the obligate water-
breather was able to maintain generally positive ion balance without
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Fig. 2. A quantitative illustration of the routes of uptake and loss of Na*, Cl~,
and Ca®" in two species of African lungfish (A) the slender lungfish (Protopterus
dolloi) and (B) the Tana lungfish (Protopterus annectens) when living in water
and feeding on a bloodworm diet. Note the importance of both the gills + skin,
and the ingestion of food, in Na* and Ca®* uptake, the importance of only the
gills + skin route in Cl~ uptake (as the bloodworm diet contains very little
Cl17), the importance of gills + skin in the efflux of all three ions, and the very
small loss rates in faeces and urine. Calculations based on data presented in
Patel et al. (2009a) and Patel et al. (2009b).

feeding (Fig. 1B), whereas the facultative air-breather exhibited nega-
tive ion balance (Fig. 1A), suggesting that ion uptake from the diet was
essential.

These very limited data raise intriguing questions. Does a carni-
vorous lifestyle favor air-breathing because of the higher Na* and C1~
availability in the diet? If so, how do we explain the fact that most gut-
breathing fish are herbivorous (Nelson, 2014)? Is it because the much
greater length of the gut in herbivores creates a much greater capacity
for ion uptake (Pelster et al., 2015), with sufficient leeway to sacrifice
some of this for respiratory gas exchange? Does feeding encourage more
or less voluntary air-breathing? If forced to rely more on air-breathing,
do bimodal breathers increase ion uptake capacity at the gut and de-
crease it at the gills? To date, these topics have received minimal at-
tention, and represent a rich area for future investigation by com-
parative physiologists.

2.5. Improved capacity of the kidney for ionoregulation and osmoregulation

In addition to the skin and the gut, the kidney is another organ that
must play a key role in ionoregulation during the water-breathing to
air-breathing transition (Smith, 1959; Vize, 2004), but the kidney can
only retain and regulate ions, not acquire them from the environment,
which is a critical requirement for freshwater fish. Physiological in-
vestigations on the fish kidney are technically more difficult than on the
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Fig. 3. A comparison between two erythrinid species, the facultative air-
breather jeju (Hopleythrinus unitaeniatus) and the pure water-breather traira
(Hoplias malabaricus), of (A) the total absorptive transport capacity of the in-
testinal tract for Na™, C1~, and K™, and (B) the average activity levels of the
transport enzymes Na™, K™ -ATPase and vH " -ATPase over the entire intestinal
tract. Note the higher transport capacities and higher enzyme activities in the
facultative air-breather. Capital letters denote significant differences between
the two species for a particular ion or enzyme (means sharing the same letter
are not significantly different) (adapted from Wood et al., 2016).

skin, and as a result there is far less information available. Most studies
have focused on structure and metabolic biochemistry.

An early comparison of the Amazonian erythrinid pair, the fa-
cultative air-breathing jeju versus the obligate water-breathing traira,
found that the kidney was larger in the air-breather but that the overall
organization was similar in the two species (Hulbert et al., 1978a).
While the basic structure of the nephron was similar to that in other
freshwater fish, there was an unusual abundance of mitochondria-rich
“chloride cells” in the third (distal) segment of the nephron in both
species. The authors considered these cells to be similar to the ionocytes
of the gills, and the “active” forms of these cells were more abundant in
the jeju. This observation correlated with an approximately 5-fold
higher total Na*,K*ATPase activity in the kidney of the air-breather
(Hulbert et al., 1978a). Wood et al. (Wood et al., 2016) also reported a
higher Na™ ,K* ATPase activity in the kidney of the jeju, but the relative
difference was less marked. Nevertheless, the assumed role was a more
effective reabsorption of ions from the tubular urine. However, a phy-
siological comparison of the two species through collection of urine via
indwelling bladder catheters actually found higher urinary Na™ and
Cl™ losses in the jeju, at least under normoxic conditions (Cameron and
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Wood, 1978), so the functional significance remains unclear.

A similar structural and biochemical comparison was made on the
Amazonian osteoglossid pair, the obligate air-breathing pirarucu versus
the obligate water-breathing arowana (Hochachka et al., 1978; Hulbert
et al., 1978a). In the pirarucu, the kidney is a remarkable structure, 3-4
times greater in mass than in the arowana, engorged with blood, and
lying midventrally along the dorsal surface of the large lung cavity (see
Fig. 1 of (Hochachka et al., 1978)): it is hard to believe that there is not
a mechanistic, functional relationship between the two organs, though
this has never been investigated. In both species, as in the erythrinids,
the proximal regions of the nephrons were not unusual, but there was
again an unusual abundance of “chloride cells” in the third (distal)
segments, and these segments were particularly long in the pirarucu.
Curiously, these “chloride cells” presented an inactive morphology in
both species.

This inactive appearance was characterized by large cuboidal shape,
filled with electron-transparent cytoplasm with numerous mitochondria
concentrated in the basal region of the cell. The mitochondria were
closely associated with an anastomosing tubular network very similar
to that found in inactive chloride cells in the gill. In contrast, the active-
type chloride cells were smaller, with extremely electron-dense cyto-
plasm, packed full of mitochondria and extensive anastomosing mem-
brane networks, as in the active “chloride cells” of the gill, though
apical crypts were absent. Nevertheless, total Na* , K" ATPase activity
was 15-fold greater in the pirarucu kidney, while Ca®>* ~ ATPase activity
was 3-fold higher, again pointing to a stronger ion reabsorption in the
tubules of the air-breather versus the water-breather. Glutamate dehy-
drogenase activity was also about 7-fold higher, suggesting greater
ammoniogenic potential and therefore a greater role for the kidney in
gluconeogenesis, ammonia excretion, and acid-base balance in the air-
breather. Unfortunately, there have been no functional comparisons of
the two species, but there were later reports of very high total ammonia
(~10mmol L) (Gonzalez et al., 2010) and CO, concentrations
(29 mmol L - probably mainly HCO3-) (Brauner and Val, 1996) and
very low Na™ and Cl- concentrations (< 0.5 mmol LY (Gonzalez et al.,
2010) in pirarucu urine, in accord with these assumptions. There is a
clear need for mechanistic studies on kidney function in the pirarucu.

The lungfish, especially members of the obligate air-breathing and
aestivating African genus Protopterus, are the one group of air-breathing
fish in which both the anatomy and physiology of the kidney have been
investigated in some detail. Wake (Wake, 1986) presented an excellent
summary of the early anatomical literature, and noted that basic ne-
phron morphology was similar among the African, South American, and
Australian genera. The renal corpuscles are unusual with groups of 3 or
more served by a single afferent arteriole (Guyton, 1935; Ojeda et al.,
2008) and at least in the South American lungfish Lepidosiren paradoxa,
there are vascular shunts between the afferent and efferent glomerular
arterioles (Guyton, 1935). The corpuscles undergo rapid morphological
changes during aestivation/terrestrialization and return to fresh water
(Ojeda et al., 2008). The presence of vascular shunts may facilitate
graded glomerular recruitment and the rapid shutdown or reactivation
of glomerular filtration when the fish becomes anuric during air ex-
posure or rapidly restores renal excretion upon return to aquatic con-
ditions (Smith, 1931; Godet, 1961; DeLaney et al., 1977; Wilkie et al.,
2007). Classically, the neuroepithelial hormone arginine vasotocin
(AVT) was thought to be involved in this control (Sawyer, 1966, 1970;
Sawyer et al., 1976; Babiker and Rankin, 1979), and more recently
nitric oxide (Amelio et al., 2008). Konno et al. (Konno et al., 2010)
speculated that enhanced water reabsorption in the distal tubule may
also contribute to anuria during estivation, based on increased co-ex-
pression of the vasotocin V-2 receptor and a unique aquaporin paralog
(agp0) in the late distal segment. As in the Amazonian teleosts de-
scribed earlier, the most remarkable features of the lungfish nephrons
were large mitochondria-rich cells in the distal segment (Ojeda et al.,
2006). The authors characterized these as “flask cells” of two different
types; it is unclear whether they are homologous to the “active” and
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“inactive chloride cells” of Hochachka et al. (Hochachka et al., 1978)
and Hulbert et al. (Hulbert et al., 1978a), although Ojeda et al. (Ojeda
et al., 2006) considered them to be important in ion transport.

A number of functional studies have been performed on the kidneys
of various lungfish species living in fresh water (Sawyer, 1966, 1970;
Sawyer et al., 1976; DeLaney et al., 1977; Babiker and Rankin, 1979;
Sawyer et al., 1982; Patel et al., 2009a, b), and are in general agreement
that rates of both glomerular filtration (GFR) and urine flow (UFR) are
high relative to those of most of water-breathing freshwater teleosts, a
difference of 1.5- fold or more. This is in accord with a highly perme-
able glomerular filtration barrier (Sawyer et al., 1976, 1982; Ojeda
et al., 2008) and reflects the curiously high osmotic permeability of
these lungfishes (Section 2.6.). Nevertheless, tubular ion reabsorption
processes are extremely efficient (Patel et al., 2009b) so electrolyte
levels in the urine are very low. Therefore, urinary ion losses are gen-
erally comparable to or lower than in freshwater teleosts (Fig. 2), while
water excretion rates are higher. There is general agreement that urine
production quickly ceases during aestivation/terrestrialization, but to
our knowledge, no one has yet examined whether renal function
changes when lungfish living in water are forced to rely more on air-
breathing because of aquatic hypoxia. However when the marbled
swamp eel (Synbranchus marmoratus), a synbranchid teleost, was forced
to rely almost exclusively on air-breathing by aquatic hypoxia (10%
saturation), UFR did not change (Heisler, 1982).

2.6. Changes in water permeability of the body surface

In 1928, Sir James Gray proposed that reduction of epithelial water
permeability was probably a necessary exaptation (i.e. a “pre-adapta-
tion” that was exploited in support of this new function) for the suc-
cessful invasion of land (Gray, 1928). However, except for studies on
lungfish, this topic has received almost no attention in air-breathing
fish, a remarkable oversight. Certainly, the limited available UFR
measurements, which are generally considered to be the best estimates
of osmotic permeability (Isaia, 1984) do not support this idea in either
air-breathing teleosts (e.g. (Cameron and Wood, 1978; Heisler, 1982;
Brauner and Val, 1996; Gonzalez et al., 2010) or dipnoans (Section 2.5).
It appears that the maintenance of high osmotic permeability, despite a
reduction in gill surface area, may be necessary for other purposes
during the aquatic life of air-breathing fishes. An alternative, though
less likely interpretation (one that has never been tested) is that air-
breathing fish in water drink the medium to a greater extent than
standard water-breathing fish, such that UFR overestimates osmotic
permeability.

With respect to diffusive water permeability, as measured by tri-
tiated water turnover (Isaia, 1984), the only study on air-breathing
teleosts appears to be that of LeBlanc et al. (LeBlanc et al., 2010) on the
mangrove killifish. When these fish were experimentally emersed for 9
days with maintenance of ventral water contact, diffusive water turn-
over rates increased in freshwater-acclimated animals and decreased in
seawater-acclimated individuals. Only the latter response appears
adaptive, but in both treatment groups, whole-body water content data
was preserved. Additional information is available for several dipnoans
of the genus Protopterus. Here there is support for Gray’s hypothesis,
with general agreement that diffusive water permeabilities of African
lungfish living in water are low (20-50%) relative to those of standard
water-breathing fish (Oduleye, 1977; Wilkie et al., 2007; Patel et al.,
2009b), in parallel to the low rates of ion exchange measured in these
same species (Section 2.2.). At least in part, this may be explained by
the reduced gill area, as divided chamber experiments showed that
about 80% of the diffusive water exchange occurred across the head
(presumably the gills), and only about 20% across the rest of the body
in slender lungfish and Tana lungfish (Patel et al., 2009b). However, the
rate showed little change when the Tana lungfish was subjected to
aquatic hypoxia, forcing it to rely more on air-breathing, despite the
fact that Na* exchange was greatly reduced (Oduleye, 1977). During
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experimental terrestrialization of the slender lungfish, diffusive water
exchange initially continued at about 70% of aquatic values through
the moist surface of the ventral skin, though this declined to about
30-35% after 6-8 months (Wilkie et al., 2007; Patel et al., 2009b).
Whole-body water content actually increased substantially over this
long period. Upon return to water after this long period in air, diffusive
water exchange rates were rapidly restored to control aquatic values
(Wilkie et al., 2007). These changes may be correlated with changes in
the abundance of aquaporins (water channels). In the Tana lungfish,
both agp1 and agp3 were expressed in gills and skin (Chng et al., 2016),
and agpO in the kidney (Konno et al., 2010). During the maintenance
phase of aestivation, first mRNA expression and later protein abun-
dance of agpl and agp3 declined in the gills, with fairly rapid rebounds
(1-3 days) upon return to water after 6 months in air; agpl and agp3
changes in the skin and kidney were not analyzed (Chng et al., 2016).
However the expression of agp0 in the kidney greatly increased during
aestivation and declined upon return to fresh water (Konno et al.,
2010), reflecting possible changes in tubular water reabsorption (Sec-
tion 2.5).

Patel et al. (Patel et al., 2009b) noted the paradox that while os-
motic permeability is high in lungfish (against Gray’s hypothesis), dif-
fusive water permeability is low (in support of Gray’s hypothesis), with
a ratio of 4-12, in contrast to 2.1-3.3 in standard freshwater teleosts.
The two indices measure different properties of the barrier epithelia
(Isaia, 1984), and it may be that low diffusive water permeability is the
more important characteristic in limiting evaporative water loss in air.
Mechanistic investigations, as well as measurements of the two indices
in water and evaporative water loss rates in air, both in lungfish and
other air-breathing fish, are needed to solve this paradox.

2.7. A shift towards preferential acid-base regulation of the intracellular
compartments

Acid-base regulation is intimately linked to ionoregulation. Air-
breathing is associated with the retention of CO, and potential re-
spiratory acidosis (Dejours, 1981). Heisler’s (Heisler, 1982) investiga-
tion on the marbled swamp eel (Synbranchus marmoratus, a facultative
air-breathing synbranchid) provides a classic example. When exposed
to severe hypoxia (10% saturation), the animal partially emersed its
head and filled its buccal cavity (which serves as an ABO) with air, a
behavior that persisted for days. Arterial PaCO, increased by about 20
torr, while arterial pH fell by about 0.6 units and remained at this
acidotic level for 4-5 days. In contrast, the intracellular pH values of
cardiac muscle and white muscle were perfectly regulated over this
same time course, and this compensation occurred as a result of transfer
of extracellular HCO3;~ to the intracellular compartment- ie. tissue
acid-base status was regulated at the expense of blood acid-base status.
Acid-base exchange with the water was negligible. This was the first
example of apparent preferential regulation of intracellular pH over
extracellular pH in a fish (though it had also been shown in the bi-
modally breathing salamander, Siren lacertian by (Heisler et al., 1982)
and it contrasted with the usual pattern in water-breathing fish where
extracellular and intracellular pH are regulated more or less in parallel
(“coupled regulation”) in response to internal hypercapnia (reviewed
by Brauner and Baker, 2009). This “normal” pattern occurs mainly by
adjustments in the rates of Na* versus acid (H*) and Cl~ versus base
(HCO3™) exchanges with the water at the gills (Wood, 1991; Evans
et al., 2005; Perry and Gilmour, 2006), so one possible explanation is
that air-breathing severely compromised the capacities of these ex-
changers. However, arguing against this are divided chamber experi-
ments on the same species by Stiffler et al. (Stiffler et al., 1986) in-
dicating that 75% of Na* uptake normally occurs across the skin and is
unaffected by aquatic hypoxia. Clearly, more work is needed here.

When the armoured catfish (Liposarcus pardalis = Pterygoplichys
pardalis, a catostomid), which is a facultative air-breather, was exposed
to severe waterborne hypercarbia (PCO, up to 42 torr), an almost
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identical phenomenon occurred - excellent regulation of intracellular
pH in a variety of tissues with negligible regulation of extracellular pH
(Brauner et al., 2004b). Later experiments on this same species with
other acid-base challenges (anoxia, exhaustive exercise, HCO3;~
loading) provided additional evidence that intracellular pH was pre-
ferentially regulated over extracellular pH, even though air-breathing
did not occur in any of these exposures (Harter et al., 2014). However
there is an earlier report on another air-breathing catostomid (Hypos-
tomus sp.) that does not appear to follow this pattern (Wood et al.,
1979), so the phenomenon may not be universal. Recently, Shartau and
Brauner (Shartau and Brauner, 2014) and Shartau et al. (Shartau et al.,
2016a) have reported unpublished observations of preferential in-
tracellular pH regulation in three species of facultative air-breathing
gar (holosteans).

Brauner et al. (Brauner et al., 2004b) speculated that preferential
intracellular pH regulation could in fact be an adaptive characteristic of
air-breathers in general, associated with the loss of gill ion versus acid-
base exchange function, but noted that it could also be a consequence of
the extremely low ion levels of the Amazonian waters in which the
studied teleosts live. Repeating these experiments in more ion-rich
waters would be instructive, but we are aware of no such studies.
However, Baker et al. (Baker et al., 2009) reported a very similar
phenomenon of preferential intracellular pH regulation during hy-
percarbia in a more ancient fish, the sturgeon Acipenser transmontanus.
This chondrostean is not an air-breather, but is endemic to similarly
ion-poor waters. Brauner et al. (Brauner et al., 2004b) and Harter et al.
(Harter et al., 2014) pointed out that Amazonian waters are also often
very hypercarbic, far above PCO, levels that could be dealt with by
HCO3; ™ accumulation in the blood plasma because the “bicarbonate
threshold” (Heisler, 1984) would be limiting, so this could be an ad-
ditional factor favoring intracellular over extracellular pH regulation.
Conditions in Devonian swamps during the invasion of freshwater and
subsequent evolution of air-breathing in fish may have been similarly
hypercarbic and/or ion-poor (Shartau and Brauner, 2014), and Ultsch
(Ultsch, 1987, 1996) has argued that aquatic hypercarbia may have
been a selective driver for the evolution of air-breathing. Considered in
this light, these various explanations are not mutually inclusive. Indeed,
the conclusion of Brauner and Baker (Brauner and Baker, 2009) and
Shartau et al. (Shartau et al., 2016a) that the capacity for preferential
regulation of intracellular pH is an exaptation for air-breathing seems
entirely reasonable. Shartau et al. (Shartau et al., 2016b) have now
documented preferential intracellular pH regulation in embryonic tur-
tles, a condition which transitions to coupled extracellular and in-
tracellular pHi regulation as development proceeds, so it may be a very
primitive vertebrate characteristic recapitulated in ontogeny, one that
was subsequently exploited for a variety of purposes, including the
evolution of air-breathing.

3. ROS defense
3.1. Production of reactive oxygen species

Oxygen is used in respiration as the ultimate electron acceptor and
thus completely reduced to water. However, 0.1-2.0% of the oxygen is
constantly converted into superoxide radical depending on tissue and
substrate concentrations, so that some ROS is continuously produced in
cells (Boveris and Chance, 1973; Turrens, 2003; Tahara et al., 2009).
The most important site of ROS production is the respiratory chain of
the mitochondria. The mitochondrial transmembrane protein, Complex
I11, appears to be the main site where an electron can escape forming
the superoxide anion (Demin et al., 1998; Lushchak, 2011), but com-
plex I and II may also contribute to ROS production (Chandel and
Budinger, 2007). Complex IV does not seem to generate ROS. Addi-
tional sites of ROS production are plasma membrane NADPH-oxidase,
involved in the cytoplasmic NADP* /NADPH, redox balance, and NO-
synthase, which is required for the production of NO. To a minor extent
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the endoplasmic reticulum with cytochrome P450 and different cellular
oxidases may also contribute to ROS production (Storey, 1996; Chandel
and Budinger, 2007; Lushchak, 2011). The catabolism of foreign mo-
lecules via cytochrome P450, for example, includes redox steps, which
may result in the generation of free radicals. Peroxisomes, containing
various oxidases, are additional sites of ROS production, in particular of
H,0, production. Peroxisomes are also well known for the presence of
catalase, a H,O, degrading enzyme (Schrader and Fahimi, 2008; Smith
and Aitchison, 2013).

ROS participate in redox signaling (Finkel, 2011); therefore some
level of ROS is essential for the healthy functioning of cells (Monaghan
et al., 2009; Metcalfe and Alonso-Alvarez, 2010). Unduly elevated ROS
levels, however, cause damage to all sorts of macromolecules. Lipids
can be modified by peroxidation, proteins are damaged by prenylation
or by oxidation of amino acid residues, and DNA damage is achieved by
interaction of ROS with transition metals, causing strand breaks or base
modifications. ROS has also been implicated in the accelerated reduc-
tion of telomere length (Richter and Zglinicki, 2007; Monaghan et al.,
2009). These and other processes may ultimately result in cell death
(Lee and Choi, 2003; Hermes-Lima, 2004; Kregel and Zhang, 2006;
Welker et al., 2013; Lushchak, 2014).

3.2. Exposure to variable oxygen partial pressures and elevated ROS levels

Changing oxygen availability has frequently been shown to stimu-
late ROS production. Aquatic organisms experiencing a wide range of
oxygen availability therefore must deal with changing and sometimes
increasing steady-state levels of reactive oxygen species. ROS produc-
tion has unequivocally been observed under hyperoxic conditions, and
the rate of ROS production increases proportionally as oxygen con-
centration increases (Turrens, 2003). ROS production is also correlated
to the rate of oxygen consumption and the number of mitochondria in
the tissue (Storey, 1996), supporting the notion that the mitochondrial
electron transport chain is by far the most important site of ROS pro-
duction. In aquatic systems hyperoxia may result from photosynthetic
activity during daytime, and antioxidant responses have for example
been observed in estuarine fish (Ross et al., 2001), but also in goldfish
(Lushchak et al., 2005a). Johannsson et al. (Johannsson et al., 2014)
recorded a daily pattern of H,O, concentration in Lake Magadi water in
association with daytime hyperoxia, with highest ROS concentrations in
the mid-afternoon, and the lowest concentrations in the early morning.
Surplus oxygen used in aquaculture may also result in hyperoxic con-
ditions and an antioxidant reaction (Ritola et al., 1999, 2002; Dong
et al., 2011).

As H,0, readily crosses the gills, this waterborne H,O, will cer-
tainly affect organisms in the water. In aquatic organisms the accu-
mulation of ROS has been reported under various conditions (see
Lushchak, 2011; Welker et al., 2013), and has been shown to induce
oxidative stress, for example, in goldfish Carassius auratus (Lushchak
et al., 2005a), Atlantic salmon Salmo salar (Olsvik et al. 2005) and
Senegal sole Solea senegalensis (Salas-Leiton et al. 2009). Oxidative
stress is not solely induced by hyperoxia, but also by much more
common hypoxiareoxygenation events. It has been shown repeatedly
that reduced oxygen availability (hypoxia) may also cause oxidative
stress (Welker et al., 2013), as reported for several fish species like
goldfish Carassius auratus (Lushchak et al., 2001), common carp Cy-
prinus carpio (Lushchak et al., 2005b), rotan Perccottus glenii (Lushchak
and Bagnyukova, 2007), and the Walking catfish Clarias batrachus
(Tripathi et al., 2013). The Indian catfish is a facultative air-breather
and it has been suggested that not only hypoxic conditions but also high
levels of H,O, may stimulate air-breathing behavior (Johannsson et al.,
2014). In fact, with changing water levels, high photosynthetic activity,
rain, wet and dry seasons, rapid changes in aquatic oxygen partial
pressures are frequently expected in tropical freshwater systems like the
Amazon.

Many fish use the swimbladder as a buoyancy organ to retain the
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status of neutral buoyancy when descending or ascending in the water
column. The swimbladder of fish that lost the pneumatic duct (i.e. the
connection between the esophagus or pharynx and the swimbladder, =
physoclist fishes) typically contains high concentrations of oxygen be-
cause oxygen makes up the main fraction of newly secreted gas
(Kobayashi et al., 1990). With increasing hyperbaric pressure at depth
swimbladder gas therefore becomes extremely hyperoxic (Pelster,
1997, 2011; Pelster, 2015).

Fish using an air-breathing organ like a lung or a swimbladder to
supplement oxygen supply in situations of aquatic hypoxia will also
face unusually high oxygen partial pressures in the air-breathing organ,
although hyperoxic conditions will not be encountered. Arterial oxygen
partial pressure of water breathing fish typically is much lower than
aerial PO, (Gilmour and Perry, 1994; Kristensen et al., 2010) so that the
surface tissue of the air-breathing organ when exposed to fresh air will
face much higher oxygen partial pressures than other tissues that obtain
oxygen via the bloodstream from branchial oxygen uptake. In addition,
when switching between aquatic and aerial respiration the air exposed
tissue will face rapid changes in oxygen partial pressures. In gas cavities
that are not ventilated, less soluble gases will accumulate, while highly
soluble gases will be rapidly removed, as nicely shown by Johannes
Piiper and coworkers (Piiper et al., 1962; Piiper, 1965). This phenom-
enon results in the gradual accumulation of nitrogen during periods of
non-ventilation. In carp, a physostomous fish with persisting pneumatic
duct not using the bladder for aerial respiration, oxygen content may go
down to 2% (Hall, 1924). Accordingly, after periods of non-ventilation
gulping air at the surface will cause significant increases in bladder PO,.
Previous studies have indeed shown that swimbladder PO, in the jeju
may even reach 150 torr in the anterior bladder (Kramer, 1978), and
Farrell and Randall (Farrell and Randall, 1978) estimated a value of
about 135 torr. Measurement of the oxygen content of the anterior and
posterior swimbladder of jeju, a facultative air-breather, revealed va-
lues of up to 90% of aerial oxygen content, and under hyperoxic con-
ditions even higher values were recorded. In the swimbladder of the
water-breathing traira, however, the oxygen content was close to 20%
of aerial oxygen content (Pelster et al., 2018). These results clearly
support the notion that epithelia of air-breathing organs may be ex-
posed to high PO, values, and that the PO, in a swimbladder of a
physostomous fish not using the bladder for aerial gas exchange, which
therefore is not frequently ventilated, typically is very low.

3.3. Mechanisms of ROS defense

To reduce the danger of ROS related tissue damage organisms have
developed sophisticated defense systems to break down and detoxify
reactive oxygen molecules (Hermes-Lima, 2004; Lushchak, 2011;
Summarwar and Verma, 2012; Welker et al., 2013; Lushchak, 2014).
These can include the accumulation of non-enzymatic and small anti-
oxidants like glutathione (GSH/GSSG), thioredoxin (Trx-(SH,)/Trx-SS),
ascorbic acid (vitamin C), retinol (vitamin A) or a-tocopherol (vitamin
E). Some of these non-enzymatic antioxidants must be taken up with
the diet. Several metals and non-metal elements like selenium (Se) also
contribute to the ROS defense system (Hermes-Lima, 2004). Cu, Mn and
Zn are constitutive co-factors of antioxidant degrading enzymes such as
superoxide dismutase and catalase, for example, and selenium is crucial
for glutathione peroxidase and some additional enzymes.

Several enzymes that are highly conserved in evolutionary terms are
able to remove ROS, such as catalase and superoxide dismutase (SOD).
SOD catalyzes the dismutation of O, into O, and H,0,; catalase de-
composes Hy0,. Glutathione peroxidase (GPx) also decomposes H,O5
using the tripeptide GSH in its reduced form, and glutathione reductase
(GR) subsequently reduces GSSG back to GSH at the expense of
NADPH, (Hermes-Lima, 2004). Glucose-6-phosphate dehydrogenase,
an enzyme of the pentose phosphate shunt, therefore is an auxiliary
enzyme involved in the ROS defense system, because it generates
NADPH,, which is required for the GR reaction.
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3.4. ROS defense capacity

Morris and Albright (Morris and Albright, 1981) compared catalase,
SOD and GPx activities in kidney, heart, gills, and rete mirabile and gas
gland of the swimbladder of the oyster toadfish Opsanus tau and found
especially high activities of SOD in gas gland and rete mirabile tissue,
while the other two enzymes were not elevated as compared to the
other tissues. Catalase activity was reported to be particularly low in
gas gland tissue, and based on histochemical studies it was speculated
that most of the activity had to be attributed to catalase present in
blood cells (Morris and Albright, 1981).

Measurements of the steady state oxygen content in tissues of seven
fish from the Northern Atlantic revealed a positive correlation with SOD
activity in combined gas gland and rete mirabile tissue samples, while
no correlation between oxygen content and catalase or GPx activity was
detected (Morris and Albright, 1984). Experimental deflation of the
bladder in Opsanus tau caused a subsequent increase in oxygen content
of the bladder, but the increase in oxygen content did not change an-
tioxidant enzyme activities (Morris and Albright, 1984). A recent study
revealed that the process of silvering, ie. the preparation of the Eur-
opean eel Anguilla anguilla for the spawning migration to the Sargasso
Sea, includes an improvement of the oxygen defense capacity in gas
gland cells (Schneebauer et al., 2016). As reported by Morris and Alb-
right (Morris and Albright, 1984) for North Atlantic marine fish, SOD
activity was elevated in silver eels as compared to yellow eels, but in-
creased concentrations of GSH + GSSG as well as higher activities of
GPx and GR suggested that in addition to SOD the glutathione cycle is
very important for ROS detoxification in eel gas gland tissue. Catalase
activity, in turn, was not affected by the developmental change to the
silver eel. This suggests that the mechanisms used to detoxify ROS may
vary between species.

In fish using the swimbladder as an air-breathing organ, hyperbaric
oxygen partial pressures cannot be expected, but aerial partial pressures
will be encountered when frequently ventilating the bladder (see
above). A comparison of two closely related erythrinid species, the
traira (Hoplias malabaricus), and the jeju (Hoplerythrinus unitaeniatus),
confirmed the assumption that using the swimbladder as an air-
breathing organ coincides with an elevated ROS defense capacity of the
air-exposed tissue (Pelster et al., 2016). Both fish have a swimbladder
consisting of an anterior and a posterior chamber, connected to the
esophagus via a ductus pneumaticus. In the facultative air-breathing
jeju, the posterior swimbladder is highly vascularized (particularly in
its anterior portion), and it is used for aerial gas exchange. In the water-
breathing traira, the swimbladder wall mainly consists of connective
tissue, and extensive vascularization is completely absent.

Behavioral studies confirmed that traira even under severe aquatic
hypoxia does not use the swimbladder for aerial respiration. Jeju, the
facultative air-breathing erythrinid fish, referred to breathing air under
normoxic conditions, and the frequency of air-breathing significantly
increased under hypoxic conditions (Pelster et al., 2016). Total glu-
tathione (GSSG/GSH) concentration in anterior and posterior swim-
bladder tissue of jeju was significantly higher than in swimbladder
tissue of traira, indicating an elevated capacity of swimbladder tissue to
defend against ROS (Fig. 4A). Even in muscle tissue of jeju, total glu-
tathione concentration was elevated compared to traira muscle tissue,
suggesting that oxygen taken up in the swimbladder is transported to
other tissues, which therefore also may be exposed to higher PO, va-
lues. Comparing swimbladder and muscle tissue in the jeju, swim-
bladder tissue had much higher total glutathione concentrations, while
in traira no significant difference was detected between swimbladder
tissue and muscle tissue. This observation again supported the conclu-
sion that the parts of the swimbladder frequently exposed to air are
characterized by an increased capacity to defend against ROS molecules
(Pelster et al., 2016). Although the posterior part of the jeju swim-
bladder is used for aerial respiration, due to the breathing cycle both
parts of the bladder are exposed to aerial PO,. Air is initially transferred
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to the anterior part of the bladder. After exhaling part of the volume in
the posterior bladder, air from the anterior part is subsequently trans-
ferred to the posterior part, where oxygen is then taken up by the blood
(Randall et al., 1981a). Accordingly, both parts of the swimbladder are
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Fig. 4. Total glutathione concentration (A), activity of glutathione reductase
(B) and of glutathione peroxidase (C) in anterior and posterior swimbladder
tissue of two erythrinid species, the facultative air-breather jeju (Hopleythrinus
unitaeniatus) and the pure water-breather traira (Hoplias malabaricus). Using the
swimbladder as an air-breathing organ coincides with a significantly elevated
capacity of the glutathione based ROS defense system. Capital letters denote
significant differences between the two species, small letters denote significant
differences between tissues within a species (means sharing the same letter are
not significantly different), * indicates significant overall difference between
the two species by two-way ANOVA (adapted from Pelster et al., 2016).

exposed to high and variable PO, values and therefore may need a
higher ROS defense capacity.

Focusing on the activity of ROS degrading enzymes the picture was
more complex (Pelster et al., 2016). SOD activity was very similar in the
tissues of jeju and traira, and no significant difference between the two
species could be detected. Similarly, no significant difference was de-
tected among the different tissues of either jeju or traira. Accordingly,
SOD does not appear to play a crucial role for the degradation of ROS in
the facultative air-breathing fish jeju. Catalase activity, however, was
elevated in jeju swimbladder as compared to traira, and again in the
posterior bladder of jeju the activity was significantly elevated as
compared to jeju muscle tissue, while in traira no difference between
the different tissues could be detected.

The elevated total glutathione concentration detected in jeju
swimbladder tissue suggested that the GPx/GR reaction would sig-
nificantly contribute to ROS breakdown, and indeed the largest differ-
ence in enzyme activities between the two erythrinid species was de-
tected for GR activity (Fig. 4B). The highest GR activity was detected in
posterior swimbladder tissue of jeju, followed by the anterior bladder,
and finally muscle tissue of jeju. All three jeju tissues had higher GR
activities than traira tissue, and within traira again no difference be-
tween the three tissues was detected. At the species level, in the anterior
part of jeju swimbladder GPx activity was higher than in anterior
swimbladder tissue of traira (Fig. 4C). These results clearly show that
catalase activity and in particular the glutathione system are elevated in
order to defend against inordinate ROS production, which may occur
due to the varying and high oxygen partial pressures encountered in the
swimbladder used for aerial respiration.

Enzyme activities discussed so far have been measured in resting
fish with free access to air under normoxic conditions. Incubation of
traira under hyperoxic conditions (PO, = 400 torr) for 4 h resulted in
elevated SOD and GR activities (Pelster et al., 2018). In contrast to the
results reported by Morris and Albright (Morris and Albright, 1984) for
Opsanus tau (see above) this indicates that in erythrinid fish the ROS
defense capacities may be rapidly adjusted to changes in ROS produc-
tion and ROS accumulation in tissues.

4. Conclusion

At first glance, developing an air-breathing organ to improve
oxygen supply to tissues in situations of frequent aquatic hypoxia is a
simple and elegant solution due to the many-fold higher oxygen capa-
city of air compared to water and the much higher diffusibility of
oxygen in air. Our analysis revealed however, that the situation is much
more complex and several additional physiological functions and ad-
ditional organs are involved for the successful development of a fa-
cultative air-breathing fish using a specialized air-breathing organ for
aerial gas exchange. Due to the multi-functionality of gills and the uni-
circular construction of the circulatory system of fish, precautions are
required to prevent oxygen loss at the gills in hypoxic water.
Modification of the gills, however, affects ion-regulatory capacities.
This may result in a shift of ion regulatory capacities to other organs
such as the skin or the gut. In addition, transport capacities of the
kidney may have to be modified, as well as the transport capacities of
remaining gill surfaces. Water permeability of body surfaces must also
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be adjusted. Ion transport is intimately connected to movements of
acid-base equivalents, so that unavoidably modifications of acid-base
regulation are involved, and in air-breathing fish, intracellular pH may
be preferentially controlled, at the expense of extracellular pH. Last, but
not least, an increased ROS defense capacity is required to prevent
oxidative damage to tissues due to rapidly changing and often high
oxygen partial pressures at the respiratory surfaces in contact to air.
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