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Abstract Acid–base regulation is one of the most tightly regulated physiological
processes among vertebrates, and the specific mechanisms and patterns of acid–
base regulation in fish have been investigated for decades, although primarily on a
few species of teleosts and elasmobranchs. The most common response observed in
fish during short-term (up to 96 h) exposure to hypercarbia (elevated environmen-
tal CO2) is that of blood pH compensation for the induced respiratory acidosis by
a net increase in plasma HCO−3 in exchange for Cl−, predominantly through pro-
cesses at the gills. Studies on hagfish indicate that this pattern of pH compensation
(i.e. net plasma HCO−3 /Cl− exchange, driving pH recovery) probably represents the
ancestral state for fishes. Due to an apparent limit to this net HCO−3 /Cl− exchange,
most fishes examined to date exhibit incomplete pH compensation for the acidosis,
in both plasma and tissues associated with CO2 tensions greater than 10–16 mmHg;
in CO2-sensitive fishes, this may be the basis for mortality during exposure to high
CO2. A few fish species, however, are capable of tolerating PaCO2s well above 10–
16 mmHg; in some of these species, this tolerance appears to be associated with the
ability to completely regulate intracellular pH (preferential pHi regulation) of tis-
sues, such as brain, muscle and liver, despite a large reduction in extracellular pH.
We hypothesize that: (a) preferential pHi regulation in fish evolved in the ancestors
of the pleisiomorphic freshwater (non-teleost) actinopterygiians, (b) is associated
with high CO2 tolerance, and (c)was an exaptation for air-breathing. A great deal of
research remains to test these hypotheses, and to elucidate the origin and ubiquity of
preferential pHi regulation among fishes and the cellular and molecular mechanisms
involved.
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1 Introduction

Changes in pH can alter local charges on proteins, which will affect protein function
through, for example, enzyme and membrane channel properties. These changes can
in turn ultimately affect cellular processes such as cell-to-cell signalling, volume
regulation and gene expression, as well as whole animal performance, includ-
ing that relying on muscle contractility and metabolic pathways (see review by
Putnam and Roos 1997). Consequently, pH homeostasis is central to survival in
most vertebrates at both the cellular and extracellular level. All cells have some
capacity for intracellular pH regulation (Putnam and Roos 1997), but the degree
to which they defend cytoplasmic pH during an extracellular acid–base distur-
bance depends upon the origin and severity of the acidosis (i.e. environmental,
respiratory or metabolic), the buffering capacity of the cell, and the degree to
which the pH of the blood compartment can be actively altered during the distur-
bance (Truchot 1987). The specific mechanisms and general pattern of acid–base
regulation in fishes have been studied extensively over the last several decades
(for example, Heisler 1986, 1999; Goss et al. 1998; Claiborne et al. 2002; Evans
et al. 2005; Perry and Gilmour 2006). While a great deal is known about this excit-
ing field, much remains to be discovered at the molecular, cellular and organismal
levels. While this chapter will first describe current models of acid–base regulation
in fishes in a very brief summary of several recent excellent reviews (Claiborne
et al. 2002; Evans et al. 2005; Perry and Gilmour, 2006), it will focus mainly upon
new patterns of acid–base regulation observed in response to short-term (i.e. up
to several days) hypercarbia (elevated environmental CO2) in pleisiomorphic and
air-breathing fishes.

2 Regulation of pH in the Blood and Extracellular Space

In vertebrates, an acid–base disturbance can be either minimized or compensated
for by the following mechanisms: (a) physicochemical buffering with bicarbonate
and non-bicarbonate buffers, (b) a change in ventilation to alter PCO2 and thus
pH, via the CO2–HCO−3 buffer system, or (c) net transport of acid–base equiva-
lents between the cell and the blood compartment, and/or the blood compartment
and the environment (See Evans et al. 2005). In terrestrial air breathers, bicarbonate
buffering through ventilatory changes in blood PCO2 plays a principle short-term
role in acid–base regulation. In water breathers, blood PCO2 levels are low rel-
ative to air-breathers due to the high ventilatory requirement for O2 uptake and
the high CO2 capacitance of water relative to O2 (Dejours 1988), and changes in
ventilation can only slightly alter arterial CO2 tensions. Thus, breathing can only
have moderate effects on acid–base regulation in water-breathing fish. Clearly, more
research is required to understand the role of breathing on acid–base status in fish
(See Gilmour 2001; Perry and Gilmour 2006); however, the current consensus is
that physicochemical buffering and net transport of acid–base equivalents (a and c
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above) are the predominant pathways for respectively minimizing or compensating
for pH disturbances in fish.

In general, the role of buffering is restricted to early periods of acid–base distur-
bance, and the buffer capacity of the blood and extracellular compartment is limited
(Heisler 1986). Consequently, this mechanism cannot be heavily relied upon dur-
ing an acidosis, and so net transport of acid–base equivalents between the fish and
environment is of great importance, and the gills, kidney and intestine all play a
role. The gills have traditionally been thought to account for approximately 90% or
more of the net acid–base relevant ion transport in fish during compensation for an
acid–base disturbance (See Heisler 1984; Claiborne et al. 2002; Evans et al. 2005),
and as a result this organ has been investigated most intensively. Even so, exactly
which molecular mechanisms are responsible for pH compensation remains largely
uncertain (Evans et al. 2005; Perry and Gilmour 2006). Interest in the role of the
kidney and intestine in whole animal acid–base regulation has increased of late
(see Evans et al. 2005; Perry and Gilmour 2006 for reviews), and they may play
a greater role than previously thought; however, it appears that quantitatively these
organs remain secondary to the role of the gills. Many methods have been used to
investigate acid–base regulation in fish (e.g. acid or base infusion, exercise, hypoxia,
environmental acidification and alkalinization); however, this review will focus pre-
dominantly upon studies employing environmental hypercarbia. Hypercarbia is of
current interest because of its environmental relevance associated with natural and
anthropogenic processes, and historically it has been widely used because of its
convenience as a tool to study acid–base regulation, as it can be used to generate
a sustained acid–base challenge while PCO2 is held constant. The following is a
discussion of the sources of environmental hypercarbia followed by how fish com-
pensate for the induced respiratory acidosis during short-term exposure (0–96 h) to
elevated CO2 tensions.

3 Environmental Hypercarbia

Environmental hypercarbia has been used extensively by physiologists as a tool to
investigate the mechanisms and patterns of acid–base regulation in fish, and the
relative contributions of the gills and kidney, in particular, to pH compensation.
Consequently, a fair amount is known about fish responses to environmental CO2
tensions of 7–14 mmHg. Hypercarbia is not only an experimental tool, however,
as it also represents an acid–base challenge with great relevance both historically
and currently. Hypercarbia occurs in both fresh and marine waters, and in tropical
fresh water systems, for example, PwCO2 levels of up to 60 mmHg (20- to 30-fold
increase over the arterial PCO2 of normocapnic fish) have been observed (Heisler
et al. 1982; Ultsch 1996). Contributing factors can include thick surface vegetation,
poor water mixing, thermostratification, high flora or fauna biomass, and anaerobic
metabolism of micro-organisms (Heisler 1999; Ultsch 1996). While the degree of
hypercarbia observed naturally in the marine environment is less, levels can still



46 C.J. Brauner, D.W. Baker

reach 5–10 mmHg, for example, at depths of 200–500 m (Heisler 1986) or in tide
pools (Burggren and Roberts 1991).

In addition to occurring naturally, hypercarbia can be induced through anthro-
pogenic activities. Within aquaculture, an increasingly popular goal is to relocate
fish-holding sites from, for example, open-sea pens to closed containment and
thus re-circulating systems. While supplemental oxygenation within a re-circulating
system permits increased biomass, it also results in hypercarbia (Sowerbutts and
Forster 1981; Colt and Orwics 1991). As a result of other anthropogenic activi-
ties, globally projected increases in atmospheric CO2 levels over the next several
centuries are hypothesized to elevate surface-water CO2 levels 5-fold, which may
reduce the pH of these waters by 0.7 pH units (Caldeira and Wickett 2003). While
this predicted level of hypercarbia is relatively low compared to the environmen-
tal and aquaculture-based levels described above, sequestering atmospheric CO2
to deep ocean sites through high-pressure injection has been proposed as a means
to prevent further increases in atmospheric CO2. This procedure would poten-
tially create a point source for CO2 in the marine environment, which could result
in CO2 tensions greater than any naturally occurring levels, past or present, and
consequently would create a severe challenge to marine organisms (Seibel and
Walsh 2001). Given the anthropogenic potential for generating such high levels of
hypercarbia, there is renewed interest in assessing CO2 tolerance and understand-
ing the compensatory physiological responses in fish during exposure to high CO2
levels (10–50 mmHg, Hayashi et al. 2004; Ishimatsu et al. 2004, 2005; Kikkawa
et al. 2004; Portner et al. 2004).

4 Acid–Base Compensation During Exposure to Hypercarbia

Studies on acid–base regulatory responses to hypercarbia in fishes are limited to
a relatively small number of fish species, which are either teleosts or elasmo-
branchs (e.g. rainbow trout, Oncoryhnchus mykiss, Lloyd and White 1967; Wood
and LeMoigne 1991; Larsen and Jensen 1997; Hyde and Perry 1989; Goss and
Perry 1994; Bernier and Randall 1998; common carp, Cyprinus carpio, Claiborne
and Heisler 1984; brown bullhead, Ictalurus nebulosus, Goss et al. 1992; Anguilla
anguilla, McKenzie et al. 2002; Conger Conger, Toews et al. 1983; Fundulus hete-
roclites, Edwards et al. 2005; cod, Gadus morhua, Larsen et al. 1997; Tench, Tinca
tinca, Jensen and Weber 1985; little skate, Raja ocellata, Graham et al. 1990; Wood
et al. 1990; dogfish, Scyliorhinus stellaris, Heisler et al. 1988, Squalus acanthias,
Claiborne and Evans 1992, Japanese amberjack, Seriola quinqueradiata, Ishimatsu
et al. 2004; the bastard halibut, Paralichthys olivaceus, Hayashi et al. 2004). In
general, the ‘typical’ acid–base regulatory response in these fishes consists of a res-
piratory acidosis followed by pH recovery over the following 24–96 h. This initial
acidosis is rapid, where arterial PCO2 equilibrates with water PCO2 within min-
utes, and the pH of blood (pHe) and tissues (pHi) decreases as a function of both
the newly-equilibrated CO2 tension and non-bicarbonate (i.e. intrinsic) buffer value
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Fig. 1 The effect of sustained exposure to a PwCO2 of 7 mm Hg on blood pH and plasma HCO−3 in
rainbow trout as represented on a pH/HCO−3 /CO2 plot. Isopleths are calculated based on previous
pK′ and solubility coefficients for CO2 as reported by Boutilier and colleagues (1984). Numbers
proximal to each data point represent exposure time; arrows indicate temporal pattern of change
in blood pH and plasma HCO−3 . The dotted line indicates the non-bicarbonate (i.e. intrinsic) buffer
value of whole blood as reported by Wood and LeMoigne (1991) (see text for more details). Data
from Larsen and Jensen (1997)

of the respective compartment. As a visual aid, this acidification is represented on a
pH/HCO−3 /CO2 plot for rainbow trout, O. mykiss, in Fig. 1 (between 0 and 2 h, data
are taken from Larsen and Jensen 1997). The dotted line on this and all subsequent
pH/HCO−3 /CO2 plots (i.e. Figs. 1, 3, 4, and 6), represents the non-bicarbonate (i.e.
intrinsic) buffering for whole blood. As tissues have greater intrinsic buffering than
the blood, the initial intracellular acidosis during hypercarbia is less severe than in
the blood, yielding a ∆pHi/∆pHe of 0.3–0.7 that is both tissue and species specific.

However, few studies have investigated this relationship between pHe and pHi
in fish. In those few, pHi changes in a qualitatively similar pattern to pHe dur-
ing a respiratory acidosis. This is the case for red blood cells, liver, and muscle
in rainbow trout in vivo (although not the gill) (Wood and LeMoigne 1991; see
Fig. 2). In vitro, isolated hepatocytes, when exposed to 1% CO2 (7.5 mmHg), exhib-
ited a decrease in pHi which stabilized within minutes, and did not change further
over the following 60 min incubation. The resulting ∆pHi/∆pHe was 0.61 (Walsh
et al. 1988) with a similar relationship observed in isolated hepatocytes during
an isocapnic acidosis (Walsh et al. 1988). In primary hepatocyte isolations from
the Antarctic eelpout (Pachycara brachycephalum) incubated in normoxia or 1%
CO2 (7.5 mmHg), depression of pHe through HCl addition at constant gas tension
resulted in a depression in pHi, with a slope of ∆pHi/∆pHe of 0.4 after 50 min of
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Fig. 2 The relationship between the pH of blood (pHe) and intracellular pH (pHi) of red blood cells
(inverted triangle), brain (circle), heart (diamond), and white muscle (square) during exposure
to short term hypercarbia in (upper panel) little skate, R. ocellata, and (lower panel) hyperoxia-
induced hypercapnia in rainbow trout, O. mykiss. Note not all tissues are present in each panel.
Time course (h) is indicated by numbers located directly above vertically oriented groupings. Note
reversal of early time points (0.5 and 2 h) in upper panel. While pHi can recover more rapidly
than pHe in tissues such as the brain and heart of skate, in all tissues presented here, pHi remains
depressed if pHe does not recover. Mean values and SEM error bars approximated from Wood
et al. (1990) for skate and Wood and LeMoigne (1991) for trout
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incubation (Langenbuch and Portner 2003). In skate exposed to hypercarbia in vivo,
a depression of pHe resulted in a reduction of pHi in red blood cell, heart, brain, and
muscle consistent with that observed in trout; however, the brain and heart exhib-
ited slightly more rapid pHi recovery than blood or other tissues (Fig. 2, data from
Wood et al. 1990). Even so, the pattern of concurrent pH changes between pHe and
pHi is a common pattern in the few studies published to date: despite this, some
fish are able to defend pHi during large reductions in pHe (Heisler 1982; Brauner
et al. 2004; Baker et al. in press) and these are described below.

Following a respiratory acidosis, pH recovery of the blood is associated with
branchial acid–base relevant ion transfer, which over hours to days (Larsen and
Jensen 1997), returns blood pH to normocapnic levels, through non-respiratory
accumulation of HCO−3 , which drives pH along the respective PCO2 isopleth dur-
ing sustained hypercarbia and is shown for rainbow trout in Fig. 1 (between 2 and
24 h). The elevation in plasma [HCO−3 ] in most fishes studied to date is matched
by an equimolar decrease in [Cl−] (Goss et al. 1998; Claiborne et al. 2002). While
direct evidence for the specific cellular and molecular mechanisms associated with
branchial acid–base relevant ion transport is largely lacking (Claiborne et al. 2002;
Evans et al. 2005; Perry and Gilmour 2006), there are many studies that pro-
vide indirect evidence through, for example, changes in mRNA expression patterns
and protein levels of putative transporters in the gills [i.e. Na+/H+ exchangers
(NHE’s), V-type H+-ATPases coupled to apical membrane Na+ channels (ENaC),
HCO−3 /Cl− exchange via transporters belonging to the SLC26 and 24 multi-gene
families] in response to acid- or base-loading events (Claiborne et al. 2002; Evans
et al. 2005; Perry and Gilmour 2006). Further support for transport mechanisms
comes from the experimentally observed morphological alterations of specific cell
types in the gill epithelium (as described below) during exposure to hypercarbia
and other acid–base disturbances (see Goss et al. 1998; Claiborne et al. 2002; Perry
et al. 2003; Evans et al. 2005; Perry and Gilmour 2006 for excellent reviews).

While pH compensation for the respiratory acidosis during exposure to hypercar-
bia can be initiated quickly (within an hour), as indicated from the onset of increases
in net H+ efflux (for example, Wheatley et al. 1984; Edwards et al. 2005), a less
rapid (hours to days) but extensive gill remodelling has been observed in a number
of fish species, and is thought to play a role in pH recovery as well. The mitochon-
dria rich cells (MRCS, also called chloride cells and most recently PNA+ MRCs) are
thought to be the predominant site for Cl− uptake and base secretion, while pave-
ments cells are hypothesized to be the site of proton extrusion (see Perry 1997; Goss
et al. 1998; Evans et al. 2005; Perry and Gilmour 2006). In rainbow trout and the
brown bullhead, exposure to hypercarbia results in an increase in apical surface area
of the acid-excreting PVCs (through proliferation of microridges) and a decrease in
the fractional surface area of the base-secreting chloride cells (by physical covering
by PVCs; Goss et al. 1994, 1995, 1998). By altering the cell surface area exposed
to the environment, and thus sites for ion transport in the respective cell types, these
morphological changes potentially aid in either increasing acid efflux or limiting
base efflux during exposure to hypercarbia.
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These responses described above (net HCO−3 /Cl− exchange and gill remod-
elling) together are effective in driving pH recovery during hypercarbia, and, albeit
with modification, represent the paradigm for acid–base regulation during hypercar-
bia in water-breathing fish (Evans et al. 2005; Perry and Gilmour 2006). However,
there are limitations to the use of this response to compensate for hypercarbia, which
is the focus of the next section.

5 Limitations to Extracellular pH Compensation During
Hypercapnia

As hypercapnia and the resulting acidosis increase in severity, the capacity of the
fish to achieve complete pHe recovery through net HCO−3 /Cl− exchange becomes
reduced. By extrapolation along the respective PCO2 isopleth in Fig. 3 (see figure
caption for more details), it is clear that a fish exposed to a PCO2 of 30–50 mmHg
would have insufficient Cl− in the plasma to match the HCO−3 accumulation nec-
essary (i.e. >100–120mmol l−1) for complete pH compensation for the respiratory
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Fig. 3 A theoretical representation of the typical temporal response to short-term (less than 5 days)
hypercarbia in fish. Upon transfer from normocarbia to hypercarbia, blood pH rapidly falls along
the non-bicarbonate buffer line of the blood as indicated by black open arrowhead, and pH recovers
along a given PCO2 isopleth through a net increase in HCO−3 in exchange for Cl− as indicated by
black filled arrowheads. Black filled circles represent final pHe values that would be achieved
based upon limits to net HCO−3 accumulation within 24–96 h of exposure to hypercarbia (see text
for more details). Shaded bar indicates maximal pH compensation limited by the ‘bicarbonate
concentration threshold’, as most fish do not increase plasma HCO−3 beyond 25–35 mM (modified
from Heisler 1986, 1999). Thus, compensation for a respiratory acidosis (within 48–96 h) during
exposure to hypercarbia is incomplete above a PCO2 of 10–15 mm Hg in most water-breathing
fishes. Note that CO2 isopleths are dependent on both temperature and osmolarity, and that the
isopleths represented here are plotted for clarity purposes only
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acidosis induced, and thus, ultimately, net HCO−3 /Cl− exchange has limits based
on Cl− availability; however, net HCO−3 accumulation plateaus at HCO−3 and corre-
sponding PCO2 levels much lower than this absolute limit. This ‘apparent’ limit
has been referred to as ‘the bicarbonate concentration threshold’ (Heisler 1986,
1984). Because this bicarbonate concentration threshold (between approximately
27 and 33mmol l−1) is rarely surpassed (for the few exceptions, see Heisler 1986,
1999; Ishimatsu et al. 2005) during short-term exposure (<96 h) to hypercarbia, the
acidosis induced by PaCO2 tensions greater than 10–16 mmHg (resulting in an aci-
dosis of approximately 0.25–0.4 pH units) cannot be fully compensated for in the
blood of water-breathing fishes. This threshold was described over 20 years ago, yet
the source of the limitation remains unresolved; however, there is evidence for the
contribution of several factors.

For example, water conditions have been experimentally demonstrated to play
a role in affecting the rate and degree of pH recovery during hypercarbia. Increas-
ing water hardness (as measured by CaCO3) increased the rate of normocapnic pH
recovery in rainbow trout acclimated to the respective water types, so that com-
pensation occurred earlier and was more complete than in softer water (Larsen and
Jensen 1997). Carp acclimated to water with higher [Ca+] exhibited an increased
rate of net bicarbonate influx into the plasma (Heisler 1999). Heisler proposed that
increased calcium led to less permeable paracellular junctions, and reduced the rate
of diffusive loss of HCO−3 at the gill, allowing for greater net influx rates; this theory
is yet to be verified experimentally.

It has also been suggested that increased salinity mediates faster pH recovery in
fish exposed to short-term hypercarbia. Most support for this premise appears to
be attributable to a perceived faster pH recovery in marine fishes (including elas-
mobranchs). Iwama and Heisler (1991) examined the rate of pH recovery during
hypercarbia at two salinities (30 and 300mOsml−1) in rainbow trout, and observed
minor increases in the rate of pH recovery as environmental [Na+] and [Cl−] ions,
(the only two ions manipulated in this study) increased. However, a review that
examines pH recovery rates between or within a species has yet to be done, and
attributing differences to environmental salinity is confounded by both the small
sample sizes and species differences used in freshwater and seawater studies.

Interestingly, the effect of water pH on extracellular pH compensation dur-
ing hypercarbia remains relatively unexplored, despite the fact that as CO2 levels
increase water pH decreases. To complicate the effect of water pH on net HCO−3
accumulation, water [HCO−3 ] is dependent on pH when PCO2 is held constant:
that is, more acidic water will have lower [HCO−3 ] at the same PwCO2 tensions.
Furthermore, water pH may affect the rate of net H+ efflux from branchial tis-
sue; for example, the relative activity of V-type H+ ATPase, which may play
an important role in blood pH compensation during hypercapnia (Heisler 1999;
Perry and Gilmour 2006), decreases as water pH decreases in rainbow trout (Lin
and Randall 1990). In both dogfish and carp, pH recovery was severely compro-
mised when water pH and [HCO−3 ] were decreased at a constant PwCO2 (Heisler
1986, 1999).

In summary, the rate and degree of pH compensation are influenced by ionic
composition of the water. Furthermore, net HCO−3 uptake in exchange for Cl− for
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complete pHe compensation appears limited as a viable response to CO2 levels
below 10–15 mmHg (see Fig. 3). Some species of fish do not survive CO2 lev-
els above this. For example, when exposed to PaCO2 of 37.5 mmHg, the Japanese
amberjack (Seriola quinqueradiata) died within 8 h. At the same tension, the bastard
halibut (Paralichthys olivaceus) did not survive 48 h, and 17% had died by 8 h (Ishi-
matsu et al. 2004). Rainbow trout exposed to a PCO2 of 30 mmHg did not survive
even 12 h (Baker and Brauner, personal observation). The sensitivity of these species
to hypercarbia is probably associated with exceeding the capacity to compensate for
the respiratory acidosis. As environmental hypercarbia does occur at levels higher
than 15 mmHg, it is no surprise that a few fish species have demonstrated the ability
to tolerate CO2 tensions well beyond the proposed limit of pHe compensation. The
strategies and mechanisms associated with this high CO2 tolerance in these species
will constitute the discussion of the remainder of this chapter; to facilitate concep-
tual ideas regarding the evolution of acid–base regulation, the following fish groups
are discussed in order of phylogenetic progression.

6 Novel Patterns of pH Regulation in Response to Hypercarbia
in Pleisiomorphic and Air-Breathing Fishes

6.1 Pacific Hagfish

Hagfish are the most basal extant craniate and many aspects of their physiol-
ogy may be representative of the common ancestor of vertebrates (Holland and
Chen 2001; Janvier 2007). Consequently, there is considerable interest in under-
standing their physiology. Hagfish are the only craniates that are ionoconformers;
that is, they do not actively regulate Na+ or Cl− at levels much different from their
environment (Morris 1965, Sardella et al. 2009); this strategy may represent the
ancestral vertebrate state. Hagfish are burrowing animals, and this behaviour may
include burrowing into mud or into a carcass during feeding for extended periods
(Strahan 1963), probably severely limiting gill:water interaction and gas transfer.
Therefore, it is likely that hagfish experience major disturbances to whole animal
acid–base balance; however, this remains to be determined experimentally.

Hagfish possess MRCs in gills (Mallat and Paulsen 1986) which, it has been
proposed, play a role in acid–base regulation, given that hagfish are ionoconform-
ers (Evans 1984; Mallatt et al. 1987). In a few studies hagfish have been shown to
be effective at whole animal acid–base regulation; both acid and base loads can be
well-tolerated and compensated for (McDonald et al. 1991; Tresguerres et al. 2006).
The gills of hagfish possess the ion-transporting proteins V–H+-ATPase, Na+, K+-
ATPase and NHE2, which are thought to be involved in acid–base regulation in
teleosts (see above, and Evans et al. 2005; Perry and Gilmour 2006). Curiously, in
hagfish all three transporters are localized to a single cell rather than distributed
among two cell types, as seen in elasmobranchs and teleosts, where there are
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different acid- and base-secreting cells (Tresguerres et al. 2006). Thus, hagfish rep-
resent the only water-breathing craniate with a single cell type for both acid and
base excretion; no vertebrate studied to date exhibits this pattern. Concluding that
the hagfish condition represents an ancestral state would be premature, but it remains
an interesting and plausible possibility.

The CO2 tolerance of Pacific hagfish (Eptatratus stoutii) is impressive in that
they survive exposures of up to 50 mmHg for 96 h. This level of CO2 induces a mas-
sive respiratory acidosis in the blood (greater than 1 pH unit within 3 h), which is
reflected in the tissues. Remarkably, most of this pH decrease (>70% or 0.75pH
units) is compensated for within 96 h, representing the greatest extracellular pH
compensatory capacity in a water-breathing animal studied to date (Baker, Sardella,
Rummer and Brauner, unpublished). During the initial acidosis and recovery, the
∆pHi/∆pHe in the red blood cell was 0.65, and that in the muscle, liver and heart
varied from 0.35–0.6, similar to that described above for trout and skate. Plasma pH
compensation in hagfish is associated with net bicarbonate accumulation as high as
100mmol l−1 (mean values of approximately 75mmol l−1; Baker, Sardella, Rummer
and Brauner, unpublished data), well above the previously described ‘bicarbonate
concentration threshold’ observed in other fishes (refer to Fig. 3). Plasma HCO−3
accumulation is associated with an equimolar reduction in plasma Cl−, indicating
that pH compensatory ion exchange in hagfish is consistent with that of the typical
response described above (i.e. net HCO−3 /Cl− exchange), but with an approximately
threefold greater capacity. While the capacity for compensation in hagfish is excep-
tional relative to water-breathing fishes, net non-respiratory HCO−3 accumulation
expressed as a proportion of normocarbic plasma Cl− is slightly greater than 15%
(66–86mM [HCO−3 ]/455mM [Cl−]), very close to the proportion observed in other
fishes (about 20%, 25–30mM [HCO−3 ]/120mM [Cl−]). While hagfish differ from
water-breathing fishes in many ways (e.g. gill morphology), which could be the
basis for their tremendous acid–base regulatory ability, it is intriguing to think that
absolute plasma Cl− levels may set the limits of net HCO−3 /Cl− exchange associ-
ated with pH compensation. While difficult to conclude or address, the tremendous
increase in the capacity for acid–base regulation that this would confer to a seawa-
ter ionoconfomer may represent an important advantage to what is otherwise just
thought of as the ancestral state (i.e. ionoconforming) in vertebrates.

6.2 Sturgeon

Sturgeons are another group of fishes that are very hypercarbia tolerant. They rep-
resent an ancient chondrostean family of fishes over 250 million years old, and have
enormous value for studying vertebrate evolution, including physiological adapta-
tions to the environment (Cech and Doroshov 2004). White sturgeon, Acipenser
transmontanus, exhibit a biphasic response during exposure to hypercarbia. When
exposed to CO2 tensions below 14 mmHg, levels within the capacity for pHe
compensation (see Figs. 1, 3), blood pH recovery is relatively rapid (within 24 h)
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and similar to that described above as the typical response in fishes (Baker and
Brauner, unpublished observations). Blood HCO−3 is elevated to 25–30mmol l−1 in
exchange for Cl−, and changes in gill morphology occur that are similar to those
described for trout and catfish (Goss et al. 1994, 1995, 1998), that is, there is a
reduction in apical surface area of mitochondria-rich cells and an increase in the
apical surface area of pavement cell in the gills (Baker et al. in press). However,
at higher CO2 tensions, the response to hypercarbia is quite different. White stur-
geon, A. transmontanus, can tolerate hypercarbia of 30 mm Hg for days, despite
an extended acidosis in arterial blood (Crocker and Cech 1998) and both juveniles
and adults can tolerate a PCO2 of over 45 mm Hg CO2 for days without mortal-
ity (Baker and Brauner, unpublished data). During exposure to a PCO2 of 30 and
45 mmHg, net bicarbonate accumulation (and associated Cl− loss) is almost absent,
and consequently pHe compensation is minimal during exposure to these high CO2
levels (Fig. 4). Although a depression in pHe of this magnitude would be expected
to greatly reduce pHi in some fishes (Fig. 2 and discussion above) complete intra-
cellular pH protection is achieved in heart, brain, liver and white muscle during
both transient (i.e. 6 h, 11 mm Hg CO2) and extended (i.e. 48 h, 23 and 45 mm Hg
CO2) pHe depression in sturgeon (Baker et al. in press). This tremendous capacity
to protect intracellular pH, which will be referred to as preferential pHi regula-
tion from this point forward (and is defined as a ∆pHi/∆pHe = 0 within 3–6 h
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Fig. 4 The effect of sustained exposure at PCO2 of 23 (circles) and 45 (inverted triangles) mm Hg
on blood pH and plasma HCO−3 in cannulated white sturgeon, A. transmontanus. Numbers prox-
imal to data points indicate time (h) after transfer. The dashed line indicates the non-bicarbonate
buffer value of whole blood as measured experimentally. Note that during exposure to both CO2
tensions, blood pH drops below the blood buffer line, indicating preferential HCO−3 transport into
the tissues (Heisler 1982). Although sturgeon can accumulate up to 28 mM HCO−3 during exposure
to a PCO2 of 11 mm Hg (see text), at higher CO2 tensions net non-respiratory HCO−3 accumula-
tion does not exceed 5 mM in the plasma, and thus does not approach the proposed bicarbonate
concentration threshold. Modified from Baker et al. in press
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following exposure to hypercarbia) is not due to inherent buffering characteristics
of the tissues, as they are not higher than that found in trout (Baker et al. in press),
but probably reflect activation of cellular acid-extruding mechanisms, as indicated
by the depression of blood HCO−3 below the blood buffer line during exposure to
hypercarbia (Fig. 4). The latter is indicative of HCO−3 uptake into the tissues asso-
ciated with maintenance of pHi (Heisler 1982). Preferential pHi regulation during
hypercarbia has also been found in other fishes: however, all examples of this mag-
nitude of pHi regulation to date have been observed in air-breathers. Consequently,
this finding in white sturgeon is novel in that it is both the most basal vertebrate and
the first non-air-breathing fish to exhibit this capacity for preferential pHi regula-
tion. Furthermore, it seems entirely plausible that this may be the basis for the high
tolerance of white sturgeon to hypercarbia and other acid-loading events.

6.3 Air-Breathing Fish

In bimodal breathers, the transition from water to air breathing is associated with
a respiratory acidosis (Dejours 1981), and thus bimodal air-breathers may be quite
tolerant to hypercarbia; this hypothesis has not been explicitly investigated. The
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(squares) mm Hg on blood pH and plasma HCO−3 in the bowfin, Amia calva. Numbers proximal
to data points indicate time (h) after transfer. The dashed line indicates the non-bicarbonate buffer
value of whole blood. Note that up to 12 h following transfer to any of the hypercarbic treatments,
blood pH is below the blood buffer line, suggesting preferential HCO−3 transport into the tissues
(Heisler 1986). Note that net non-respiratory HCO−3 accumulation is almost negligible after 24 h
at 11 mm Hg, and very similar between 23 and 45 mm Hg after 48 and 72 h respectively. Data are
from Baker and Brauner, unpublished observations

pleisiomorphic facultative air-breather Amia calva, (common name bowfin) is very
tolerant to hypercarbia. During exposure to a PCO2 of 11, 23 and 45 mmHg, A. calva
experience a respiratory acidosis in the blood that is largely uncompensated over 24
and 48 h respectively. Blood HCO−3 levels during this time drop below the blood
buffer line, indicating possible HCO−3 transport into the tissues from the blood,
as discussed for sturgeon above (Heisler 1982; Fig. 6). Intracellular pH of tissues
were not measured in this study, but similarities to the patterns and tolerance of A.
transmontanus, as discussed above, suggest that A. calva may use a similar strategy
to sturgeon in tolerating hypercarbia, and are good candidates for preferential pHi
regulation under these conditions.

In the facultative air-breathing teleost, the marbled swamp eel, Synbranchus mar-
moratus, aquatic hypoxia (PO2 = 16mmHg) induces air-breathing which results in a
respiratory acidosis (Heisler 1982). Blood PCO2 increased from 6 to 26 mmHg, and
blood pH fell from 8.15 to 7.55 over 10 h, with little or no compensation in pHe over
the following 4–5 days of maintained aquatic hypoxia. While air-breathing, the fish
‘filled its buccal cavity with air and floated with its head on the water surface, with
the rostral half of it in air’. During this time, there would not have been continuous
contact between the gills and environmental water, and thus it is not surprising that
it could not correct for the respiratory acidosis, given that the gills are the primary
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site for acid–base compensation in other fishes. Despite the severe, uncompensated
blood respiratory acidosis, pHi of skeletal and heart muscle following 4–5 days of
air-breathing (the only time point measured) was not significantly different from
water-breathing controls. This was the first observation of what appears to be pref-
erential pHi regulation in tissues in fish. This regulation of pHi was associated with
net transfer of HCO−3 (presumably in exchange with Cl−) from the plasma to the
intracellular compartment, as indicated by blood HCO−3 levels dropping below the
blood buffer line, which was observed in white sturgeon and A. calva above. Thus,
during an air-breathing-induced respiratory acidosis in S. marmoratus, pHi is pref-
erentially regulated over pHe. Further investigation into the time course over which
preferential pHi regulation may be occurring during air-breathing in S. marmoratus
might prove extremely interesting, as might the acid–base regulatory response of
these fish to aquatic hypercarbia; both of these remain to be investigated.

Another facultative air-breathing teleost, the armoured catfish, Liposarcus
pardalis, is remarkably tolerant of aquatic hypercarbia. During exposure to a PCO2
of 42 mmHg, blood pH dropped from 7.90 to 6.99 within 2 h, and there was mini-
mal compensation over the following 96 h (Brauner et al. 2004). At 6, 24 and 72 h
of exposure to hypercarbia (14 and 32 mmHg) there was no significant reduction
in pHi of heart, liver, or white muscle, despite a largely uncompensated respiratory
acidosis, again due to net intracellular uptake of HCO−3 from the plasma (Fig. 5b).
Thus, L. pardalis also has a tremendous ability to regulate intracellular pH in the
presence of a large, almost completely uncompensated extracellular acidosis. In
L. pardalis exposed to anoxia for 2 h, or following exhaustive exercise, a severe
metabolic acidosis was observed in the blood (reduction in pHe of 0.4 and 0.7 pH
units, respectively) but there was no significant effect on pHi of brain, heart or liver,
indicating that intracellular pH is tightly regulated regardless of the source of the
acidosis (Brauner, Baker, Hanson, Kuchel, Jackson and Val, unpublished).

It is not known whether preferential pHi regulation is a common charac-
teristic of all facultative air-breathing fishes, as these are the only facultative
air-breathing fishes in which it has been investigated to date. Clearly, more stud-
ies are needed to determine the ubiquity of preferential pHi regulation of this
magnitude. Ultsch (1996) first pointed out that freshwater hypercarbia has been
overlooked as a parameter influencing the transition of life from water to land.
Adjustment of net plasma HCO−3 /Cl− exchange appears to be effective only in
compensating for a respiratory acidosis at a PCO2 below 10–16 mmHg, far lower
than naturally occurring levels in tropical freshwaters, which, as mentioned ear-
lier, can reach up to 60 mmHg (Heisler et al. 1982; Ultsch 1996). Preferential
pHi regulation may have evolved as an adaptation to these high CO2 tensions;
and if it evolved in freshwater pleisiomorphic actinopterygiians, at a time when
average global water temperatures, eutrophication and water CO2 tensions were
considerably higher than today (Clack 2007), preferential pHi regulation may have
been an exaptation to air-breathing by providing a mechanism for dealing with
the air-breathing-induced respiratory acidosis. Hypoxia would still represent the
driving force for air-breathing in fishes (Graham 1997), but preferential pHi reg-
ulation would minimize the acid–base disturbances at the cellular level associated
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with air-breathing. This intriguing and speculative hypothesis remains in need of
experimental and conceptual support through further study.

7 Conclusions and Speculations

Acid–base regulation is one of the most tightly regulated physiological processes
among vertebrates (Boron and De Weer 1976; Heisler 1986), and the specific mech-
anisms and patterns of acid–base regulation in fish (predominantly teleosts and
a few elasmobranchs) have been investigated for decades (Heisler 1984, 1993,
1999; Claiborne et al. 2002; Evans et al. 2005; Perry and Gilmour 2006). The most
generally described response in fish during short-term exposure to hypercarbia is
to compensate for the induced respiratory acidosis by a net increase in plasma
HCO−3 in exchange for Cl−, mediated through processes at the gills (Perry and
Gilmour 2006). Most fishes investigated to date cannot completely compensate
for the blood acidosis induced by CO2 tensions greater than 10–16 mmHg, due
to some apparent limit for net HCO−3 /Cl− exchange. Exposure to CO2 tensions
greater than this results in an uncompensated respiratory acidosis in the plasma,
which in CO2 sensitive fishes may be the basis for mortality. However, several fish
species are capable of tolerating CO2 tensions well beyond this limit, and stud-
ies on pleisiomorphic and air-breathing fishes are providing interesting insight into
mechanisms associated with CO2 tolerance.

The Pacific hagfish can tolerate direct transfer to a PCO2 of greater than
50 mmHg, during which time blood HCO−3 levels can reach almost 100 mM within
96 h, with an equivalent decrease in plasma Cl−. Whether this exceptional ability
to accumulate HCO−3 in the plasma is associated with high Cl− levels, the result of
being a marine osmo- and ionoconformer, is unknown, but remains an interesting
possibility. The hagfish is the most pleisiomorphic extant craniate; if its physiol-
ogy is assumed to represent the ancestral state, then compensation for an acid–base
disturbance through net HCO−3 /Cl− exchange at the gills is probably the ances-
tral condition in vertebrates. If the ancestral vertebrate which evolved in seawater
(Bray 1985; Halstead 1985) was an osmoconformer, this may have conferred a
tremendous capacity for acid–base regulation by virtue of high plasma Cl− and
potential for net HCO−3 /Cl− exchange. An addendum to this possibility is that the
reduction in plasma ion levels in all other fish, including elasmobranchs to some
degree, may have severely limited acid–base regulation when relying on net plasma
HCO−3 /Cl− exchange at the gills.

In the more derived CO2 -tolerant fishes studied to date, exposure to, and tol-
erance of, high CO2 tensions appear to be associated with a combination of net
HCO−3 /Cl− exchange (in sturgeon and A. calva) and tight pHi regulation, despite
a large reduction in pHe. Sturgeon exposed to lower CO2 tensions (10 mmHg)
exhibit the typical response to hypercarbia, whereby they compensate for a respi-
ratory acidosis with similar physiological and anatomical changes to those seen in
teleosts. However, at CO2 tensions of approximately 23 and 45 mmHg, which, as
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mentioned above, precludes complete pH recovery by net HCO−3 /Cl− exchange at
the gills (Fig. 3), this strategy is abandoned (i.e. there is virtually no pHe compen-
sation), but there is complete regulation of pHi of heart, liver, brain and muscle.
The exceptional CO2 tolerance of sturgeon may be associated with the ability to
regulate pHi tightly and preferentially despite a large reduction in pHe. To date,
the only other fishes which have been demonstrated to regulate pHi preferen-
tially despite a large and predominantly uncompensated respiratory acidosis are,
possibly, A. calva (another pleisiomorphic actinopterygiian) and two teleost fac-
ultative air-breathers, S. marmoratus and L. pardalis. The other extant non-teleost
actinopterygiian groups (reedfish and bichirs, paddlefish and osteoglossomorphs)
are in general extremely hardy, largely facultative air-breathers (Brauner and Beren-
brink 2007; Ilves and Randall 2007), and are promising candidates for preferential
pHi regulation, however, this remains to be determined.

We hypothesize that preferential pHi regulation in vertebrates evolved in the
pleisiomorphic (non-teleost) actinopterygiians, as it does not exist in hagfish or elas-
mobranchs (but remains to be investigated in lampreys), may be associated with high
CO2 tolerance, and may have been an exaptation to air-breathing. Clearly, a great
deal of work remains to test these hypotheses; however, if validated, these ideas may
support Ultsch’s (1996) proposal that freshwater hypercarbia has been overlooked
as a parameter influencing the transition of life from water to land. Finally, almost
nothing is known about the cellular/molecular basis for preferential pHi regulation,
and consequently, it remains an exciting area for further research.
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