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 Abstract

 In freshwater fsh, linked ion and acid-base fluxes across the gills are dynami-
 cally manipulated to regulate internal acid-base status in the face of environ-
 mental challenges. Relevant theory, methodology, and a synthesis of current
 ideas are presented, based on experiments with hypercapnia, low pH, acid and
 base infusion, temperature change, enforced exercise, toxicants, and other chal-
 lenges. Hyperoxia may be the most useful of these treatments, for it is devoid of

 confounding factors caused by other probes-high water [H+], catecholamine
 mobilization, and metabolic rate changes. In rainbow trout, hyperoxia (inspired
 Po2[ Plo2] > 500 Torr) induces a pure respiratory acidosis that is fully compen-
 sated over 72 h by net acid excretion, more than 90% of which occurs via the
 gills. Return to normoxia induces a pure metabolic alkalosis that is more rapidly
 compensated by branchial acid uptake (= base excretion). Use of this protocol
 has demonstrated that (1) respiratory acidosis is largely compensated by adjust-
 ments of Cl- versus base exchange, while both Cl- versus base and Na+ versus
 acid exchanges contribute during metabolic alkalosis; (2) these dynamic adjust-
 ments in Na and Cl- influx are achieved by complex changes in both substrate
 afinity and maximum transport capacity (Jm,); Na+ and Cl- afinities appear
 to be maximal under control conditions and can only be decreased, but Jm, val-
 ues can be either increased or decreased depending on the internal acid-base
 status; (3) differential diffusive efflux of Na + relative to Cl- provides an addi-
 tional mechanism of net acid flux during alkalosis; (4) large decreases in bran-
 chial intracellular fluid volume, Na , and Cl- levels occur during respiratory
 acidosis and are corrected during normoxic recovery; (5) mean gill intracellu-
 larpH remains extremely stable. The importance of the internal acid-base status
 of the transport cells, and a possible regulatory role for extracellularpH, are dis-
 cussed.

 Introduction

 The mechanisms of ion and acid-base transfer across the gills of freshwater

 fish have been studied intensively in recent years. It is now clear that changes

 Physiological Zoology 64(1):68-102. 1991. @ 1991 by The University of Chicago.

 All rights reserved. 0031-935X/91/6401-89122$02.00
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 Ion and Acid-Base Transfer in Fish 69

 in the chemical and physical characteristics of the external environment
 can have profound effects on these processes, and furthermore that such
 disturbances can be very useful experimental probes of normal gill function.

 The first objective of the present article is to summarize the experimental
 background to our current understanding and to synthesize major points of

 consensus or dispute, employing data from a variety of freshwater species.

 The second goal is to outline recent progress using environmental hyperoxia
 as a probe for analyzing the branchial mechanisms of ion and acid-base
 regulation in the rainbow trout. Morphological aspects of these processes
 are considered in detail by Laurent and Perry (1991).

 Historical Background

 The high capacitance of water for CO2 relative to 02 restricts the ability of

 aquatic animals to regulate internal acid-base status through ventilatory ad-
 justments of blood Pco2 (Rahn 1966; Randall and Cameron 1973; Cameron

 1978, 1979). Instead, the major portion of pH control is achieved by the
 exchange of acidic or basic equivalents between the extracellular fluid and

 the external environment, resulting in changes in plasma HC03 levels. The
 presence of independent, electroneutral Na+-versus-"acid" (H+, NH') and
 Cl--versus-"base" (HCO3, OH-) exchanges on the gills, involved simul-
 taneously in ion uptake and acid-base regulation (fig. 1), was first suggested
 by August Krogh in the 1930s (summarized in Krogh 1939). However, it
 was not until almost three decades later that concrete evidence for the ex-

 istence of these exchanges began to accumulate (Shaw 1959; Garcia-Romeu
 and Maetz 1964; Maetz and Garcia-Romeu 1964; Kerstetter, Kirschner, and
 Rafuse 1970; Kerstetter and Kirschner 1972; Maetz 1972, 1973; de Renzis
 and Maetz 1973; Kirschner, Greenwald, and Kerstetter 1973; Ehrenfeld 1974;

 de Renzis 1975). This progress was made possible both by the application
 of radiotracer techniques for the measurement of unidirectional fluxes of

 Na+ and C1- between an animal and its aquatic environment and by the
 development of theory and practice for measuring the associated acid-base

 fluxes. (Note: the acids and bases are alternatively termed "acidic or basic
 equivalents," "fixed acid or base," "nonvolatile acid or base," "metabolic
 acid or base," "delta bicarbonate," "bicarbonate equivalents," and "net H+"

 by various authors. For the sake of convenience, the simpler if less rigorous
 terms "acid" or "base" will be used here, with the recognition that acid
 excretion is equivalent to base uptake, and vice versa, in terms of the acid-
 base status of the animal. In practical terms net acid flux can be measured

 as the sum, signs considered, of the total ammonia flux [i.e., NH3 + NHi]
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 Fig. 1. A simple model of ion and acid-base exchanges across the gills of a
 freshwater fish. X+ and Y- represent other strongly dissociated cations
 and anions, respectively. Solid lines represent carrier-mediated fluxes;

 broken lines represent simple diffusive fluxes. The first equation illus-
 trates the principle behind the measurement of net acid flux (J ,) as the

 sum of the total ammonia flux (J A") and the titratable acidity flux

 (J e), with signs considered. The second equation illustrates the rela-
 tionship dictated by strong ion difference (SID) theory between net acid

 flux and the difference between net strong cation and net strong anion

 flux (J eD).

 and the flux of the component that changes water pH ["titratable acidity"],

 as illustrated in fig. 1. The latter is usually quantified by titration to a fixed

 pH, or by measuring the change in water pH or HC03 concentration at
 constant Pco2 [for a detailed description of theory and methods, see Maetz
 1973; Cameron 1980; McDonald and Wood 1981; Holeton, Neumann, and
 Heisler 1983b].)
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 Ion and Acid-Base Transfer in Fish 71

 Notably, Maetz and Garcia-Romeu (1964) demonstrated that injection of

 internal NH- and HCO- loads stimulated Na+ and Cl- uptake, respectively,

 in goldfish, while addition of NH- and HCO- to the external environment
 inhibited Na+ and Cl- uptake, respectively. Kerstetter and Kirschner (1972)

 were the first to directly relate blood pH and ion exchange, showing that
 HC03 injections simultaneously increased blood pH and Cl- influx in
 anaesthetized rainbow trout. Maetz (1973) and de Renzis and Maetz (1973)

 provided the first direct correlations between net Na+ flux and net acid flux,

 and between net Cl- flux and net base flux (fig. 2). These were obtained by

 pretreating goldfish in deionized water to stimulate their Na+ and C1- uptake
 rates and then measuring the Na+-versus-acid relationship in an Na2SO4
 solution (to eliminate Cl--versus-base exchange) and the Cl--versus-base
 relationship in a choline chloride solution (to eliminate Na+-versus-acid

 A B

 -1500 -500

 *. l-
 net

 Maetz (1973) *.# (jjEq.Kg-1.h1)
 -1000 -, H, * * +500 +1000

 net

 (uEq.Kg-1.h-1 H
 * * (uEq.Kg-1.h-1) *

 -500 +500

 +1000
 S+10+500 +100000

 +500 +1000 de Renzis and Maetz (1973)
 Na+

 Jnet
 (uEq.Kg- 1.h-1)

 Fig. 2. Relationships (A) between net Na+ flux (J ',t) and net acid fux

 (Jne) and (B) between net Cl-flux (JE) and net base flux (negative
 J across the gills ofgoldfish (Carassius auratus), asfirst demonstrated
 by Maetz (1973) and de Renzis and Maetz (1973), respectively. Units
 are teq/kg/h. J was measured as the sum of the total ammonia flux

 (Jnet") and the titratable acidity flux (J '), with signs considered. The
 fish were preadapted to deionized water for 3 wk to stimulate uptake

 rates, fitted with bladder catheters to eliminate renal fluxes, and then

 tested in either (A) Na2S04 media, to eliminate Cl--vs. -base exchange,
 or (B) choline chloride media, to eliminate Na+-vs. -acid exchange. The
 figure is redrawn and recalculated from Maetz (1973) and de Renzis
 and Maetz (1973).
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 exchange). These workers also supplied the first evidence that branchial
 ion exchange could affect internal acid-base status, and vice versa. Pread-
 aptation of goldfish to Na+-free media induced internal acidosis, followed
 by a preferential stimulation of Na+ uptake upon return to normal media.
 Preadaptation to Cl--free media induced alkalosis, and a subsequent pref-
 erential Cl- uptake. However, interpretation of all these experiments was
 complicated by the fact that internal ion levels as well as acid-base status
 were disturbed by loading with NH+ and HCO- salts and by adaptation to
 artificial media. Furthermore, the blood acid-base data, obtained by caudal

 puncture, were questionable.
 The modern era of understanding was ushered in by the work of Cameron

 (1976), who was the first to demonstrate that branchial exchanges could be

 dynamically adjusted by the animal in a manner that would help correct an
 internal acid-base disturbance, even though there was no initial ionic dis-

 turbance. Specifically, using the Arctic grayling, Cameron (1976) employed
 environmental hypercapnia to induce an internal respiratory acidosis and
 found that the fish responded with decreased branchial C1- influx and in-
 creased Na+ influx, interpreted as achieving acid excretion and/or base up-

 take. Using cannulation methodology to obtain reliable acid-base data for
 blood, Cameron (1976) also showed that an acute rise in temperature in-
 duced an internal alkalosis, the compensation of which was associated with

 a relatively greater stimulation of Cl- than Na+ influx.
 Cameron (1979, 1980) was also the first to explicitly recognize the im-

 portance of the SID approach elaborated by Stewart (1978, 1983) in un-
 derstanding this type of branchial response, though it is clear that Maetz's

 group (Maetz 1972, 1973; de Renzis and Maetz 1973; de Renzis 1975) also
 adopted the same theoretical orientation. The SID is the difference in con-
 centration between all fully dissociated cations and anions in solution, and
 is viewed as one of the three "independent" variables that determine acid-
 base status (the other two are Pco2 and total weak acid present, mainly

 protein in blood). Previously, acid-base regulation and ionoregulation had
 been considered separate or only partially related phenomena, a viewpoint

 that is still unfortunately prevalent today in some quarters. In contrast, SID

 theory demonstrates that the two are fundamentally linked via physico-

 chemical principles, most importantly the constraints of electrical neutrality.

 The SID approach is complex in theoretical detail (Stewart 1978, 1983) and
 often clumsy in practice (see below), but conceptually illuminating. The
 basic principle is illustrated in figure 1. Simply stated, the net difference
 between strong cation (mainly Na+) and strong anion (mainly C1-) fluxes
 across the gills will dictate the net acid flux in the opposite direction, no
 matter how these fluxes occur (fig. 1). Viewed in this light, an acid uptake
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 can result equally from a loss of Na+ or a gain of Cl-. While the mechanism
 may well occur via direct carrier-mediated coupling (e.g., Na'/acid, Cl-/
 base exchangers), this is not the only possibility; simple diffusive fluxes of

 strong cations and anions may also contribute (fig. 1). Thus an acid "flux"
 does not necessarily involve the physical movement of H' et cetera across
 the gills, for an aqueous medium is an infinite source or sink of H' and
 OH- ions. If the net effect of the strong electrolyte flux is to change the
 internal SID, there has occurred an addition of acid or base to the blood,

 and thus effectively an acid flux.

 Modern Studies of Branchial Ion and Acid-Base Transfer

 Over the past 15 yr, a large number of studies have further examined the
 relationship(s) between branchial ion and acid-base exchange in freshwater

 fish, as summarized in the Appendix. In general, these investigations have
 applied an experimental disturbance to either the external or internal en-
 vironment of intact, nonanesthetized fish and then followed (1) the net

 acid-base flux at the gills, (2) the unidirectional and net Na+ and/or Cl-
 fluxes at the gills, and (3) the internal acid-base and ionic status, as assessed

 from blood samples drawn from chronic, indwelling cannulae. Only studies
 that fulfill at least two of these three criteria have been included in the

 Appendix. Two conclusions can be drawn immediately from this summary.

 First, as is usually the case in fish physiology, our knowledge is based on
 only a very few species, most notably the rainbow trout, the channel catfish,

 and the European carp. The goldfish, the standard subject of earlier workers,

 appears to have fallen out of favor, probably because it is too small to reliably

 cannulate. Second, the most commonly used experimental treatments have
 been environmental hypercapnia, perhaps because of Cameron's (1976)
 original success with this approach, and environmental acid exposure, the
 latter reflecting widespread concern about acidic precipitation.

 Current Synthesis

 A detailed analysis of these papers (and related studies) yields a number
 of specific conclusions.

 1. There is general consensus that fish dynamically manipulate their
 branchial ionic exchange mechanisms in order to compensate imposed acid-
 base disturbances, unless the severity of the treatment (e.g., acute acid ex-
 posure) prevents this. The few studies yielding negative results on this
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 point can be explained by the ion-poor nature of the ambient water (e.g.,
 Cameron and Wood 1978; Perry et al. 1981; Heisler 1982) or by reinterpre-
 tation of the original data-see, for example, the discussion of Wood,
 Wheatly, and Hobe (1984) on Bornancin, de Renzis, and Maetz (1977).

 2. In those studies where the appropriate measurements have been made
 the relationship predicted by SID theory appears to hold (fig. 1). That is,
 the net acid flux is approximately equal but opposite to the difference be-
 tween net strong cation and anion flux. On a quantitative basis, Na+ and Cl-

 are by far the most important electrolytes involved, though, in some inves-

 tigations, overall agreement has been improved by also taking into account

 the much smaller fluxes of other strong electrolytes (e.g., K+, Ca2+,
 Mg2+, SO=).

 3. It is clear that both Na+-versus-acid and C1--versus-base exchanges can

 be dynamically adjusted. An important exception is the eel, where Cl--
 versus-base transfer is virtually absent (see, e.g., Hyde and Perry 1987, 1989).

 In general, adjustment of C1--versus-base exchange seems to be quantita-

 tively more important than modulation of Na+-versus-acid transfer. However,

 this conclusion has been challenged by two recent studies of McDonald,
 Tang, and Boutilier (1989a, 1989b) on trout. There is no consensus on the
 circumstances that determine whether one, the other, or both are altered.

 4. The morphological localization of Na+-versus-acid and Cl--versus-base
 exchanges on the gill epithelium of freshwater teleosts has been the subject

 of lively controversy. One view, based largely on work with the isolated
 perfused trout head preparation, favors the pavement or "respiratory" cells
 (e.g., Girard and Payan 1980; Payan, Girard, and Mayer-Gostan 1984). The
 other, based largely on descriptive morphology, favors the mitochondrial-
 rich or "chloride" cells (e.g., Laurent, Hobe, and Dunet-Erb 1985). A con-
 sensus now appears to be building in favor of the latter as the major, though

 not necessarily sole, site of ion exchange. This conclusion is based on cor-

 relations between ion transport activity and chloride-cell structure and dis-

 tribution (Laurent et al. 1985; Perry and Wood 1985; Avella et al. 1987;
 Cameron and Iwama 1987; Perry and Laurent 1989; Laurent and Perry 1991)

 and on a methodological reassessment of the perfused trout head preparation

 and the circulatory pathways therein relative to chloride-cell distribution
 (Gardaire et al. 1985).

 5. There is general agreement that the exchange mechanisms are located

 on the apical (water-facing) membranes of the transporting cells, with the

 major point of energy input being Na+/K+ ATPase pumps on the basolateral
 membranes. Kirschner (1980) and McDonald and Prior (1988) have pro-
 vided useful model diagrams. While such a system is probably sufficient to
 drive Na+ influx, it is unclear whether the electrochemical gradients are
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 large enough to also support Cl- influx. In this regard, it is interesting that

 the presence of a Cl- and/or HCO--dependent ATPase has been reported
 in the gills of freshwater fish (Kerstetter and Kirschner 1974; Bornancin et
 al. 1977; de Renzis and Bornancin 1977). Measurements of intracellular ion

 levels and membrane potentials in the transporting cells, both of which
 are currently lacking, are required before any definitive conclusions can
 be drawn.

 6. Both Na+ and Cl- influxes have been characterized as saturable pro-
 cesses whose rates vary with external substrate concentrations (e.g., [Na']ext)

 in an approximately hyperbolic manner. As such, these relationships can

 be described by the constants Jmax (maximum influx rate) and K, (affinity
 = external substrate concentration at V2 Jmax) according to classical one-

 substrate Michaelis-Menten analysis:

 JrN+ X [Na+]ext

 SKNa+ + [Na+]ext

 These parameters vary considerably between species; within a species,
 adaptation to more dilute media (i.e., lower external substrate concentration)

 is achieved by substantial increases inJm,,,, sometimes accompanied by small

 decreases in Km. Changes in Jax are thought to represent alterations in the

 number of transport sites available, and have recently been correlated with

 changes in the number of chloride cells on the lamellar epithelium (Avella

 et al. 1987). To date, there is no information whether these kinetic param-
 eters can be dynamically manipulated in response to internal acid-base status.

 7. There appears to be little dispute that HCO3, and not OH-, is the base
 anion exchanged against Cl- (although there is no experimental evidence

 on this point!). Conversely, it remains highly controversial whether H+ or
 NHt is the acid cation exchanged against Na+ (despite a massive amount
 of experimental work directed at this question). Indeed, it remains unsettled

 whether ammonia moves across the gills as NH3, NH-, or both. Analysis of
 this controversy is beyond the scope of this article; the reader is referred to

 Maetz (1973), Kormanik and Cameron (1981), Cameron and Heisler (1983),

 Holeton et al. (1983b), Wright and Wood (1985), Cameron (1986), Evans
 and Cameron (1986), McDonald and Prior (1988), Wood (1988, 1989),
 McDonald et al. (1989a), and Randall, Lin, and Wright (1991) for the detailed

 arguments. Given this uncertainty, at present there appears to be no reason

 to abandon the "flexible" model (Maetz 1973; Wright and Wood 1985)-
 that is, that Na+ can be exchanged against either or both of NH+ and H+,
 and ammonia flux can occur either via NH3 diffusion or Na+-versus-NHi4

 exchange. The relative rates of these processes will depend on the relevant
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 electrochemical gradients, the acid-base status of the animal, the relative

 availability of the substrates, and the chemistry of the boundary layer at the

 gills (discussed in detail by Randall et al. 1991). However, it should be
 emphasized that, as long as net acid flux is measured correctly (as the sum
 of the total ammonia and titratable components; see fig. 1 and discussion
 in Historical Background), the resolution of this controversy is immaterial

 to the quantification of Na+-versus-acid exchange.
 8. Until very recently, attention has been focused exclusively on modu-

 lation of Na' and Cl- influxes as mechanisms for acid-base adjustment. A

 priori, there is no reason why modulation of Na+ and C1- effluxes could not

 also play a role in freshwater fish. (Note: for the sake of clarity, the term
 "outflux" is used to refer to the total outflux determined by radiotracer

 methods, which may contain a component of exchange diffusion, while the

 term "efflux" is reserved for that portion which does not comprise exchange

 diffusion.) This could occur either by reversal of the exchange mechanisms

 (e.g., Na+ efflux vs. H+ influx) or by differential diffusive efflux of Na+ and

 Cl- leading to SID changes (fig. 1). These possibilities were suggested by
 Wood et al. (1984) and Wood (1988) on the basis of unidirectional flux

 measurements, while McDonald and Prior (1988) and McDonald et al.
 (1989a) presented detailed quantitative arguments for differential diffusive

 efflux regulation based on similar radiotracer methods. A complication of
 all these studies is that exchange diffusion (fig. 1) accounts for a significant
 fraction of the unidirectional ion fluxes in freshwater fish (see, e.g., Maetz
 1972; Wood and Randall 1973; de Renzis 1975). With standard radiotracer

 techniques, the possibility exists that differential Na+-versus-C1- outflux
 could be simply a difference in the extent of Na'/Na+-versus-Cl-/Cl- ex-
 change diffusion, rather than a true differential efflux.

 9. Little is known of the neuronal or hormonal mechanisms for the control
 of branchial fluxes of ions versus acids and bases. The involvement of cir-

 culating catecholamines has often been suggested, on the basis of obser-
 vations that Na+ influx is increased via P-adrenoreceptor stimulation and

 C1- influx via a-receptor stimulation in the perfused trout head preparation

 (Payan and Girard 1978; Perry, Payan, and Girard 1984). Preliminary in vivo

 experiments with epinephrine infusion supported this idea (Wood and Perry
 1985), but more thorough pharmacological studies have yielded equivocal
 results (Vermette and Perry 1987; van Dijk and Wood 1988; Vermette and

 Perry 1988a, 1988b; McDonald et al. 1989b). At present, it would appear
 that exogenously administered catecholamines (generally very high doses)
 promote net branchial acid excretion, but there is little evidence that en-
 dogenously mobilized catecholamines do the same. The possibility exists
 that at least some ion and acid-base effects of exogenous catecholamines
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 and adrenergic antagonists are indirect, resulting from changes in total per-

 fusion or flow distribution within the secondary lamellae, gill filaments, and

 recurrent circulation of the gills. Adrenergic nerves in the gills (Donald

 1984) have recently been implicated in the control of branchial Ca2+ uptake

 (Donald 1989) and could be involved instead of, or in addition to, plasma
 catecholamines but have not yet been investigated in relation to acid-base

 balance. Cortisol mobilization is another possibility, though the only evi-

 dence to date is of very long term rather than dynamic effects on branchial

 ion exchanges (Perry and Wood 1985; Perry and Laurent 1989; Laurent and

 Perry 1991).

 10. An alternative regulatory mechanism suggested by several studies
 (de Renzis 1975; Wood et al. 1984; McDonald and Prior 1988) is that the

 rates of Na+-versus-acid and Cl--versus-base exchanges may be linked di-
 rectly to the internal acid-base status of the fish. Such a system would act
 as an automatic servomechanism to control acid-base balance. Internal al-

 kalosis would increase the availability of base anions (i.e., HCOO) and de-

 crease the availability of acid cations (i.e., H+ and NH-), thereby driving
 Cl- influx and base excretion and inhibiting (or even reversing) Na+ influx

 and acid excretion. Internal acidosis would have directly opposite effects.

 Thus, the transport systems might respond to the internal substrate concen-
 trations (acid or base) in a similar manner to their well-documented re-

 sponses to external substrate concentrations (Na+ or Cl-; see 6 above). As
 the exchange mechanisms are thought to be located on the apical mem-
 branes, the relevant internal acid-base status would be presumably that
 present inside the transporting cells. To date, there have been no measure-

 ments of gill intracellular pH or kinetic analyses of transport in relation to

 internal acid-base status, so there is no direct evidence to support this idea.

 11. Branchial ionoregulatory mechanisms are perturbed by a wide variety

 of environmental toxicants; such effects are often the proximate cause of
 lethality. Evans (1987) has provided a detailed review of the recent literature,

 and additional information on the uptake of xenobiotics is presented by
 McKim and Erickson (1991). In general, toxicants tend to inhibit Na' and

 Cl- influxes and stimulate Na+ and C1- outfluxes, with accompanying dis-
 turbances in internal acid-base status if the net ion fluxes result in SID

 changes. The latter situation has been worked out in detail for acute envi-

 ronmental acid exposure (Wood 1989). Elevations in Na+ and Cl- outfluxes

 result from increases in gill diffusive permeability associated with damage
 or inflammation of the epithelium caused by the toxicants. The mechanisms

 of influx inhibition range from direct competition (e.g., blockade of Na+

 influx by high environmental H+ and NHf) through mixed competitive and
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 noncompetitive inhibition (e.g., Cu effects on Na+ influx) to physical damage

 of the chloride cells (e.g., Al effects).

 In summary, it is clear from the preceding synthesis that our understanding
 of branchial mechanisms of ion and base transfer in freshwater fish has

 increased dramatically over the past 15 yr. However, it is equally clear that

 this progress has uncovered new areas of uncertainty that were not even

 considered 15 yr ago. In the following experimental section on the fresh-
 water rainbow trout, environmental hyperoxia has been employed as an
 experimental probe for some of these controversial areas.

 Environmental Hyperoxia as an Experimental Probe

 In the past, hyperoxia has been used only sparingly as a tool for analyzing
 the branchial mechanisms of ion and acid-base regulation (see the Appendix,

 table Al); however, it may well be the most useful environmental disturbance

 for probing normal gill function. In particular, hyperoxia and its removal
 induces internal acid-base disturbances while avoiding the increased water

 [H+] associated with environmental hypercapnia or acid exposure; external
 H+ may directly inhibit branchial exchanges in addition to the intended
 effect on internal acid-base status (see, e.g., Perry, Malone, and Ewing 1987;

 Wood 1989). Furthermore, hyperoxia does not elevate circulating cate-
 cholamine levels (Perry et al. 1989), in contrast with hypercapnia (Perry et

 al. 1987), acid exposure (Wood 1989), acid infusions (Boutilier, Iwama,
 and Randall 1986), strenuous exercise (Milligan and Wood 1987), and epi-
 nephrine infusions (Perry and Vermette 1987). Hyperoxia also avoids the
 large changes in metabolic rate associated with environmental temperature
 change and exercise. The one complicating feature of hyperoxia is an ac-

 companying alteration of gill water and blood flow, but this is common to
 all the treatments listed in the Appendix, table Al. The present synthesis of

 hyperoxic responses in the freshwater rainbow trout integrates new, pre-
 viously unpublished information with earlier data obtained under identical

 exposure conditions (Wood and Jackson 1980; Hobe, Wood, and Wheatly
 1984b; Wheatly, Hobe, and Wood 1984; Wood et al. 1984).

 Material and Methods

 A standard protocol, consisting of a normoxic control period, then 72 h of

 hyperoxia (inspired Po2 > 500 Torr), and finally a 24-h period of normoxic
 recovery, has been used throughout. The exposure regime, water-quality
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 characteristics, cannulation of the fish, blood sampling, flux-measurement

 techniques, most other analytical methods, and statistical analyses have been
 described by Hobe et al. (1984b), Wheatly et al. (1984), and Wood et al.
 (1984). Therefore, only previously undescribed methods are given here.

 Ion and Acid Fluxes and Ion Uptake Kinetics

 Fluxes were measured under control normoxic conditions, during the first
 8 h and final 7 h of hyperoxic exposure, and during the first 8 h of normoxic

 recovery. In order to increase temporal resolution in flux measurements, a
 specially designed low-volume chamber (- 1.4 L for a 300-g fish) that did
 not stress the fish, as judged by normal acid-base status, ion balance, and

 cortisol levels, was employed. This system allowed measurements of uni-
 directional Na+ and Cl- and net acid fluxes over 0.5-h periods. Kinetic mea-

 surements of Na+ and Cl- uptake took approximately 4 h to complete.
 Therefore, these were performed during segments of the hyperoxia protocol

 where the 0.5-h measurement series had determined that steady-state fluxes
 were relatively stable. Before and after the kinetic measurements, fish were

 held in normal tap water. The actual kinetic determinations were performed

 in a synthetic medium that lacked NaCl but had the same pH, Ca2+, Mg2+,
 and titratable alkalinity as normal tap water. For each measurement, the

 water NaCl level was sequentially increased at 0.5-h intervals (nominally

 50, 150, 300, 600, 1,200, and 2,400 lteq/L) by addition from a radioactively
 labeled stock solution. Thus, specific activity in the water was kept relatively

 constant. A brief radioisotopic mixing period after each sequential addition
 of the stock solution (prior to the start of the flux period) served to minimize

 error associated with simple adsorption of label to mucus on the fish's sur-

 face. The uptake rate in each period was determined from the disappearance
 of 22Na or 36Cl from the water (into the fish). Values of Km and J,,,ax in the

 Michaelis-Menten relationship (eq. [1]) were determined separately for each
 fish by standard Eadie-Hofstee regression analyses (Michal 1985).

 Diffusive Effluxes, Transepithelial Potential (TEP), and Cortisol

 Diffusive effluxes were measured according to an approach pioneered by
 Shaw (1959). This method has been neglected in favor of radiotracer tech-

 niques in recent years, but has the great advantage of avoiding the compli-
 cating effects of exchange diffusion discussed earlier. In brief, at various

 times during the hyperoxic regime, the normal tap water in the low-volume

 fish chamber was rapidly replaced with the synthetic NaCl-free medium.
 Disturbance to the fish was minimal. The rates of appearance of Na+ and
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 Cl- in the medium over the first 10 min provided a direct measure of their

 diffusive efflux rates; exchange diffusion was eliminated because influx was

 prevented by the absence of external substrate.
 Branchial TEP (blood relative to the external normal tap water as zero)

 was measured at various times during the hyperoxic regime by a high-
 impedance voltmeter (10-12 ), as described by Perry and Wood (1985).
 The dorsal aortic catheter was used to make electrical contact with blood

 without disturbance to the fish. Plasma cortisol was measured with a 1251_

 radioimmunoassay kit (Corning).

 Intracellular pHi, Fluid Volumes, and Intracellular Ions

 Fish were killed at various times during the hyperoxic exposure regime for

 the measurement of these parameters in the gills. Intracellular pH (pHi)
 was determined from the plasma-to-tissue distribution (12 h after injection)
 of 14C-DMO (5,5-dimethyl-2,4-oxazolidinedione; 7 gCi/kg), with 3H-PEG-

 4000 (polyethylene glycol, mol wt = 4,000; 28 pCi/kg) as the extracellular
 fluid (ECF) space marker. Of several ECF markers tested (mannitol, inulin,
 PEG), PEG was the only one to yield reliable, reproducible estimates of
 extracellular space in gill tissue. Surficial gill tissue (i.e., mainly lamellae
 and filament surface) was obtained by rapidly removing gill arches 1, 3, and

 4, blotting dry, and then using a microscope slide to gently scrape the surface

 of each arch into a homogeneous slurry on a glass plate. Subsequent ana-
 lytical methods and equations for calculating intra- and extracellular fluid
 volumes (ICFVs and ECFVs) and pHi were identical to those described by
 Milligan and Wood (1986b) and Wright, Randall, and Wood (1988). Red-
 blood-cell pHi was measured by the freeze-thaw method (Zeidler and Kim
 1977). Gill ICFVs and pHi values were corrected for the presence of trapped
 red cells on the basis of the measured hemoglobin content of the gill ho-

 mogenate. For measurement of intracellular ion levels, gill samples, obtained

 as described above, were dried to a constant weight and then ground to a

 fine powder with a mortar and pestle. The powder was incubated for 2 wk
 in 10-100 vol 8% perchloric acid and the acid extract then analyzed for Na+

 and K+ by atomic absorption (Varian 1275-AA) and C1- by coulometric ti-
 tration (Radiometer CMT10). Tissue ions were initially expressed on a wet-

 weight basis and then corrected to an intracellular-water basis using the
 measured ECFVs and ICFVs and plasma ion levels in the same samples.

 The Basic Response to the Normoxia-Hyperoxia-Normoxia Regime

 Because ventilation is primarily controlled by an 02 drive in fish (Dejours
 1973), environmental hyperoxia causes a pronounced hypoventilation. A

 80 C. M. Wood
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 pure respiratory acidosis of endogenous origin results (fig. 3); the trout
 retains CO2 because of reductions in both ventilation and gill perfusion
 (Wood and Jackson 1980). This acidosis is then compensated by acid ex-
 cretion, more than 90% of which occurs via the gills (fig. 4). Despite the
 persistence of high arterial Pco2 (Paco2), extracellular pH (pHa) is returned
 to normal by the buildup of HCO3 in the blood plasma (fig. 3). The response

 is essentially complete by 72 h. Subsequent return to normoxia causes a
 pure metabolic alkalosis of endogenous origin; pHa rises well above normal
 because the retained CO2 is quickly washed out, whereas the accumulated
 HC03 persists for some time (fig. 3). The rate of net base excretion during
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 Fig. 3. Changes in arterial blood gases and plasma acid-base status of
 rainbow trout prior to hyperoxic exposure (normoxic control, indicated

 by C), during 72 h of hyperoxic exposure, and during 24 h of subsequent
 normoxic recovery. Values are means, and each error bar represents
 plus or minus one standard error of the mean (SEM) (n = 7-12). An as-
 terisk (*) indicates P < 0.05 relative to the normoxic control value. The
 figure is redrawn from Hobe et al. (1984b).
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 Fig. 4. Changes in net renal and branchial acid fluxes of rainbow trout
 over successive 12-h periods prior to hyperoxic exposure (normoxic con-

 trol), during 72 h of hyperoxic exposure, and during 24 h of subsequent
 normoxic recovery. Values are means; each error bar represents ++1 SEM
 (n = 12). An asterisk (*) indicates P < 0. 05 relative to the normoxic
 control value. The figure is redrawn from Wood et al. (1984).

 alkalosis is considerably higher than the rate of net acid excretion during

 acidosis (fig. 4).

 The Relative Roles of Na+-versus-Acid and Cl--versus-Base Exchange

 Throughout the hyperoxia regime, the relationship predicted by SID theory
 (Stewart 1978, 1983) holds, with an approximately -1:1 relation between

 net acid flux and net [Na+ - Cl-] flux. This is illustrated specifically by figure

 6 in Wood et al. (1984). The net [Na+ - Cl-] flux is positive during the net
 acid excretion of hyperoxia and negative during the net base excretion of
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 hyperoxic recovery. Overall, changes in C1- flux play a larger role than
 changes in Na+ flux during the net acid excretion of hyperoxia, while the
 two contribute about equally during the net base excretion of normoxic
 recovery. Thus net branchial Na+ balance is approximately zero or slightly
 positive during hyperoxic acidosis, and negative during the alkalosis of nor-

 moxic recovery. In contrast, net C1- balance is highly negative during hy-
 peroxic acidosis and positive during recovery alkalosis. The involvement
 of both exchanges during recovery, in contrast to mainly just the Cl- ex-

 change during hyperoxia, is one reason for the faster correction of alkalosis
 than acidosis.

 Unidirectional flux measurements over 0.5-h intervals demonstrated com-

 plex, time-dependent changes in the influx and outflux components of both

 Na+ and Cl- exchange. Figure 5 summarizes mean values over four 4-h
 periods of relative stability during the regime. Influx of Cl- is inhibited

 throughout hyperoxic acidosis and stimulated during recovery alkalosis.
 Influx of Na+ is initially unchanged during hyperoxic acidosis but inhibited

 during recovery alkalosis; outflux of Na+ is stimulated during recovery. These

 changes are all in accord with the directions of net acid flux at these times.

 However, superimposed are paradoxical decreases in Na+ influx and Cl-
 outflux during final hyperoxia and increases in Cl- outflux during normoxic

 recovery. These may reflect exchange diffusion or nonspecific effects caused

 by decreases in gill ventilation and perfusion during hyperoxia and increases

 in these factors upon return to normoxia.

 Changes in plasma Na+ and CI- concentrations generally reflect the pattern

 of net fluxes at the gills, though they are somewhat damped by exactly
 opposite changes in renal Na' and Cl- fluxes. Notably, the plasma HCO3
 buildup (fig. 6D) that restores pHa to control levels during hyperoxia is
 accompanied by an almost equimolar drop in plasma Cl- (fig. 6B); there is
 negligible rise in plasma Na+ (fig. 6A). Other strong electrolytes in plasma

 (K+, Ca2+, HPOT) change only slightly, so the increase in plasma SID (fig.
 6C) is almost equal to the decrease in plasma Cl-. The SID change is also
 very similar to the change in plasma HC03, though with much greater vari-

 ability (cf. fig. 6D and 6C). This nicely illustrates a point made earlier. The

 SID approach is often clumsy and imprecise in practice because of the need
 for multiple measurements and the compound error that may result. Mea-
 surements of HCO3 levels and net acid fluxes are far more accurate than

 measurements of SID levels and fluxes, yet the latter are required to elucidate
 the actual mechanisms involved.

 In summary, the hyperoxia responses are in accord with the majority of
 previous studies (see Current Synthesis, point 3). While acid-base correction

 may involve changes in both Na+ and Cl- balance, the latter plays an overall
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 Fig. 5. Unidirectional influxes (upward bars), outfluxes (downward
 bars), and net fluxes (stippled bars) of (top) Na+ and (center) CI- across
 the gills of rainbow trout at fourperiods during the normoxia-byperoxia-
 normoxia regime. The bottom panel provides a comparable display for
 acid flux; the upward bar represents titratable acidity flux, the down-
 ward bar total ammonia flux, and the stippled bar their arithmetic sum
 (= net acid flux). The fourperiods are normoxic control ("control "), 4-
 8 h of hyperoxia ("initial "'), 68-72 h of hyperoxia ('final ") and 4-8 h
 after return to normoxia ("recovery "'). The fluxes are average values

 for eight individual 0.5-h determinations over each 4-h period for each
 fish. Values are means; each error bar represents ++1 SEM (n = 8-16).
 An asterisk (*) indicates P < 0. 05 relative to the normoxic control

 value; a plus sign (+) indicates P < 0. 05 relative to the hyperoxic
 'final " value. The figure is taken from unpublished data of G. G. Goss
 and C. M. Wood.

 greater role. The apparently opposite findings of McDonald et il. (1989a,
 1989b) were based on influx data only; their net flux data do not conflict

 with this conclusion. A possible explanation for the dominance of Cl- is

 the lower concentration of Cl- than Na+ in blood plasma. The C1- balance
 has the freedom to increase or decrease over a wide range without altering

 plasma osmotic pressure, which is stabilized by the reciprocal change in
 plasma HC03. In contrast, Na+ balance may be limited to decreases only,
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 Fig. 6. Changes in plasma electrolytes of rainbow trout during the nor-
 moxia-hyperoxia-normoxia regime. Other details are as in fig. 3. The fig-
 ure is redrawn from Wheatly et al. (1984) and Hobe, Wood, and Mc-
 Mahon (1984b); panel C is recalculated from raw data.

 because an Na+ balance more positive than control values would force an
 increase in plasma osmotic pressure.

 Na+ and CI- Uptake Kinetics in Relation to Internal Acid-Base Status

 During the four chosen periods of relative stability (fig. 5), the uptake ki-
 netics of both Na+ and Cl- can be described by simple Michaelis-Menten
 relationships (e.g., fig. 7). The kinetic parameters KI and Jmax exhibit sig-
 nificant variation among the periods (table 1), providing the first reported

 evidence that these kinetic parameters can be dynamically manipulated in

 response to internal acid-base status (see Current Synthesis, points 6 and
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 Fig. 7 The kinetic relationships between branchial Na+ influx and exter-
 nal Na+ concentration in rainbow trout at various times during the nor-

 moxia-hyperoxia-normoxia regime. Periods correspond with those offig.
 5. Curves were fitted via the Michaelis-Menten relationship with mean es-

 timates of Km andJmaxfor each period, as determined by Eadie-Hofstee

 regression analyses for all individualfish. Closed circles, control; closed
 triangles, initial; open squares, final; open circles, recovery. Values are
 means; each error bar represents + 1 SEM (n = 12). The figure is taken

 from unpublished data of G. G. Goss and C. M. Wood.

 10). Note in particular that decreases in Na+ and Cl- influx during hyperoxia
 are associated with increases in Km (i.e., decreased affinity), without alter-

 nations of Jmax. However, during the alkalosis of normoxic recovery, in-

 creased Cl- influx is achieved by a decrease in K - to control levels and a

 large increase in J`x, while the decrease in Na+ influx at this time reflects
 a further increase in K" and a large decrease in J~m Based on these and
 other experiments with acid and base loading (G. G. Goss and C. M. Wood,

 unpublished results), our tentative conclusion is that Km values are normally

 at a minimum (i.e., maximum affinity) under control conditions and can

 only be increased, but Jmax values can be either increased or decreased de-

 pending on the internal acid-base status.
 As yet, we know little about the mechanisms involved in altering Km and

 Jmax. The possibility of nonspecific effects of 02 or ventilation/perfusion
 changes, especially with respect to Km, cannot be eliminated. However, the

 Jmax changes are consistent with the results of the acid- and base-loading
 experiments. Avella et al. (1987) have correlated long-term changes in
 Jma a+with changes in chloride-cell numbers and surface area on the lamellar

 epithelium in trout. Laurent and Perry (1991) have reported increases in
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 TABLE 1

 Kinetics constants for Na+ and CI- influx in rainbow trout at various

 times during the normoxia-hyperoxia-normoxia regime

 Hyperoxia
 Normoxia Normoxia

 (Control) Initial Final (Recovery)

 KNa+ (jLeq/L) 114 + 25 445 + 73a 401 + 94a 559 + 53a
 Kc- (jieq/L) 165 + 26 174 + 35 248 + 41a 137 + 13b

 Jmax (teq/kg/h) 456 + 81 579 + 68 433 + 87 310 + 65a'b
 Jcax (peq/kg/h) 292 + 35 341 + 33 272 + 49 445 + 54ab

 Source. G. G. Goss and C. M. Wood, unpublished data.
 Note. Periods correspond with those of fig. 5. Values are means + 1 SEM. N = 11-12.
 a P < 0.05 relative to normoxic control value.

 b P < 0.05 relative to final hyperoxic value.

 the apical surface area and internal vesicular activity of individual chloride
 cells of trout after 2-4 d of hyperoxic exposure. It remains problematic
 whether these phenomena could be responsible for the very rapid changes
 (<4 h) seen in the present study. It is also difficult to see how alterations

 in the apical exposure of chloride cells could change JNa+ and JCl- in op-
 posite directions. On the basis of work with isolated frog skins, Kirschner
 (1988) has raised the interesting suggestion that Na+ influx could be limited

 by the availability of the internal counterion (i.e., H+ or NH-). In light of
 our findings on the internal acid-base status of the gill epithelium (below),
 this possibility is now being actively investigated as a general explanation
 for changes in J and Jca during acid-base disturbance.

 The Role of Differential Diffusive Efflux of Na+ versus CI-

 Unidirectional flux measurements with radiotracers (fig. 5) do not suggest

 any differential Na+-versus-Cl- outflux of a polarity that would aid acid-base

 regulation by SID effects. However, as noted earlier, such measurements

 may not provide a true measure of efflux rates because of the confounding

 effects of exchange diffusion. When true diffusive efflux is measured by
 rapidly exposing the fish to NaCl-free media, reductions in both Na+ and
 Cl- efflux are seen during hyperoxia, and increases in both Na+ and Cl-
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 efflux during normoxic recovery. There is no evidence of a differential dif-

 fusive efflux of Na+ versus Cl- during hyperoxia, though the data are rather

 variable. However, throughout the first 8 h of normoxic recovery, Na+ efflux

 significantly exceeded Cl- efflux by 90-150 peq/kg/h. The SID effect of this
 differential flux (fig. 1) could account for up to 50% of the net acid uptake
 or base excretion at this time. This involvement of a differential efflux mech-

 anism (in addition to the dual effects on Na+ and Cl- uptake; fig. 5) is a
 second reason for the faster correction of acidosis than alkalosis.

 Branchial TEP has been measured as an alternative approach to the ques-
 tion of differential Na+-versus-Cl- efflux. It increases significantly from its

 normal slightly negative value of about -1 mV during normoxia to about
 +1 mV during hyperoxia, and then returns to negative values during nor-
 moxic recovery (fig. 8). These changes are small, and the possibility of a
 conductance change in the epithelium cannot be overlooked. However, if
 this is not the explanation, these data suggest that a differential efflux of Cl-
 over Na+, which is too small to measure with the NaCl-free-media technique,

 may occur during hyperoxia.
 The mechanism(s) controlling differential efflux are unknown, although

 evidence is mounting that the paracellular passage of ions across many ep-
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 Fig. 8. Changes in branchial TEP of rainbow trout during the normoxia-

 hyperoxia-normoxia regime. Values are means; each error bar repre-
 sents + 1 SEM (n = 12). An asterisk indicates P < 0. 05 relative to nor-

 moxic control value. The figure is taken from unpublished data of C. M.

 Wood andJ. LeMoigne.
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 ithelia is an actively regulated process (Madera 1988). A simple explanation
 would be that the permselectivity of the paracellular diffusion channels in
 the gills to Na+ and Cl- may be responsive to internal acid-base status, in
 much the same way as it is sensitive to external water pH and calcium levels

 (Wood 1989). Another possibility is that shrinkage of the branchial cells
 during hyperoxia, and subsequent increases in cell volume during normoxic

 recovery, as outlined below, may alter the permeability characteristics of
 the tight junctions.

 Intracellular Fluid Volume and Ion Levels in the Gills

 Changes in ICFV and ion concentrations in epithelial cells are often asso-
 ciated with alterations in Na+ and Cl- transport, either as causes or conse-
 quences of the latter (e.g., Schultz and Hudson 1986). However, to date
 there is no information on this topic in the gills of freshwater fish.

 Hyperoxia induces a marked fall in gill ICFV, reduction in intracellular

 Na+ and Cl- concentrations, and increase in intracellular K+ (fig. 9). On the
 basis of these three ions alone, the intracellular SID would be greatly in-

 creased. The changes in these parameters do not all occur simultaneously.

 The Na+ and Cl- reductions are stable by"12 h of hyperoxia and do not
 change thereafter; however, the more rapid K' increase (3 h) returns to
 control levels by 48 h. The ICFV continues to decrease until 48 h, by which
 time the reduction is almost 20%. During normoxic recovery, Na+, CI-, and

 ICFV return toward control levels only slowly. The decrease in ICFV during
 hyperoxia reflects both a reduction in total gill water content and a relative

 shift of fluid from ICFV to ECFV (fig. 9). These changes appear to be unique
 to gill tissue; other tissues examined (white muscle, brain) show either an

 increase or no change in ICFV, and only small changes in intracellular ion
 levels. The gill effects may be related to the alterations in branchial chloride-

 cell and pavement-cell morphology during hyperoxic exposure that have

 recently been described by Laurent and Perry (1991).

 Hyperoxia has been reported to cause a shrinkage of trout red blood cells

 in vitro (Soivio, Westman, and Nyholm 1974). To ensure that the reduction

 in gill ICFV was not a direct effect of 02 itself, a similar respiratbry acidosis

 has been induced by exposing trout to normoxic hypercapnia (inspired
 Pco2 [PIco2] = 7.5 Torr). Hypercapnia causes a pattern of ICFV reduction
 and intracellular ion changes very similar to that seen during hyperoxia (fig.

 9). Thus, these effects are specifically associated with the acid-base distur-

 bance and/or the branchial ion fluxes involved in correcting the disturbance.

 However, none of these intracellular changes (ICFV, Na+, K+, or Cl-) is
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 Fig. 9. The influence of 3 or 12 h of exposure to either hyperoxia or nor-

 moxic hypercapnia (Pico2 = 7.5 Torr) on mean gill intracellular Na+,
 CI-, and K+ concentrations, and gill ICFVs and ECFVs in rainbow trout.
 Values are means; each error bar represents +1 SEM (n = 6-15). An as-

 terisk (*) indicates P < 0. 05 relative to normoxic control value. The fig-

 ure is taken from unpublished data of C. M. Wood andJ. LeMoigne.

 well correlated with the rate of net acid flux across the gills (see below). A

 great deal more work will be required to understand the functional signif-

 icance of the intracellular responses.

 Intracellular pH in the Gills

 While there has been considerable speculation about branchial cell pHi
 and its role in the control of ion and acid fluxes (e.g., Maetz and Garcia-

 Romeu 1964; de Renzis 1975; Haswell, Randall, and Perry 1980; Perry et al.
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 1981; Wood et al. 1984; McDonald and Prior 1988), the present data are the

 first such measurements. An important caveat is that the DMO technique
 measures a mean pHi for the entire surficial gill tissue, not just the trans-

 porting cells. Under control normoxic conditions, mean branchial pHi is
 about 7.4, rather similar to red-blood-cell pHi (fig. 4). This value is somewhat

 higher than white-muscle pHi and considerably lower than the pHa or the
 pHi in brain tissue (Milligan and Wood 1986b).

 The most remarkable feature of gill pHi is its constancy, varying by less

 than 0.1 pH unit over the entire normoxia-hyperoxia-normoxia regime (fig.

 10B) despite the large changes in pHa (fig. 10A) and in acid and base flux

 through the epithelium (fig. 4). A similar set of measurements during en-
 vironmental hypercapnia (C. M. Wood and J. LeMoigne, unpublished results)

 confirms this minimal variation of gill pHi in the face of acid-base distur-

 bance. The calculated increase in intracellular SID in the gills noted earlier
 may be a manifestation of the pHi-regulatory mechanism, for this is the

 appropriate response required to compensate a Pco2 elevation. The regu-
 latory ability of the gill tissue is even more remarkable in comparison to

 the responses of other tissues in trout. Much larger, significant changes in
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 Fig. 10. Simultaneously measured changes in pHa and gill pHi during
 the normoxia-hyperoxia-normoxia regime. Values are means; each error
 bar represents + 1 SEM (n = 8-15). An asterisk (*) indicates P < 0.05
 relative to normoxic control value. The figure is taken from unpublished

 data of C. M. Wood andJ. LeMoigne.
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 pHi occur during the hyperoxic regime in brain, red cells, and white muscle

 (C. M. Wood and J. LeMoigne, unpublished results), though pHi changes
 are generally not as large as pHa changes because of the higher intracellular

 buffer capacity.

 The relative stability of mean gill pHi does not oppose the earlier sug-

 gestion that the rates of Na+-versus-acid and C1--versus-base exchange may

 be set by the internal availability of acid cations and base anions respectively.

 First, variations in pHi are generally much smaller than those in pHa, and

 only small changes in pHi may be needed to cause large changes in transport

 or metabolism (Roos and Boron 1981). Such changes may be close to the
 resolution of the DMO technique. Second, the very small changes that were

 observed correlated well with alterations in net acid flux (see fig. 11). Finally,

 it must be remembered that the transport cells probably constitute only a
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 Fig. 11. Correlations in rainbow trout between branchial net acid flux
 and the deviations from normoxic control values in (A) arterial pHa
 = extracellularpHe, (B) mean gill pHi, (C) gill ICFV, and (D) TEP.
 The equations of the regression lines and correlation coeficients are

 given for the significant relationships (P < 0. 05). The figure is based on
 data from Wood et al. (1984) and unpublished data of G. G. Goss, J Le-

 Moigne, and C. M. Wood.

This content downloaded from 130.113.111.210 on Tue, 13 Sep 2016 02:24:34 UTC
All use subject to http://about.jstor.org/terms



 Ion and Acid-Base Transfer in Fish 93

 small volume fraction of the total epithelium; changes in their pHi may be
 much greater than changes in the mean pHi value for the whole tissue.

 Summary: The Control of Acid-Base Fluxes across the Gills

 The present study has shown that at least three different mechanisms are
 involved in net branchial acid flux: Na+-versus-acid exchange, Cl--versus-

 base exchange, and differential diffusive efflux of Na+ versus C1-. It may be

 naive to seek a single controlling factor for all three, but some possibilities

 will be examined. As discussed earlier, it is unlikely that plasma catechol-
 amines were mobilized in the present experiments (Perry et al. 1989), al-

 though a role for branchial adrenergic nerves remains possible (Donald
 1984). Plasma cortisol, which was monitored, showed only one small vari-
 ation, a slight increase upon the return to normoxia. Figure 11 displays
 relationships between some of the other potential controlling factors ex-
 amined in the present study and the net acid flux across the gills. The data
 sets are from different experiments, so only mean values taken at the same

 times during the standard-normoxia-hyperoxia-normoxia regime have been
 plotted against one another.

 By far the strongest correlation is with ApHe, the deviation of blood pH
 from control levels (fig. 11A). Other blood acid-base parameters such as
 Paco2, HC03, and plasma SID concentration (also individual plasma ions)
 show no relationship with branchial acid flux. There is a strong relationship
 with Agill pHi (fig. 11B). However, this must be viewed cautiously because,
 while some pHi values at various times during the regime were significantly

 different from one another, none were significantly different from the nor-

 moxic control value (fig. 10B). The lack of relationship with Agill ICFV (fig.
 11 C) is representative of a similar absence of correlation with other intra-

 cellular parameters-Na+, K+, C1---in contrast with the strong relationships
 with pHe and pHi. The significant though rather variable relationship with
 branchial TEP (fig. 11D) probably reflects the contribution of the diffusive

 efflux component.

 While correlation cannot prove causation, the relationship between ApHe

 and net acid flux is intuitively attractive. It is the blood pHe, and not plasma

 ions, HC03, or SID concentration that is ultimately returned to normal by

 adjustment of ion transfers at the gills. From a feedback point of view, it

 makes sense that deviation in the regulated parameter (pHe) drives the
 compensatory response. This is not to negate the earlier argument about
 the possible role of pHi in the transporting cells, but to suggest that the
 latter should be keyed in some way to pHe.
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 Appendix

 TABLE Al

 Experimental investigations over the past 15 yr of the relationship(s)
 between ion and acid-base exchange in the gills of intact,
 unanesthetizedfreshwaterfish (only studies that examined at least two
 of the following are included: [1] net acid-base flux; [2] unidirectional
 and net Na+ and/or Cl- fluxes; [3] internal acid-base and/or ionic status
 via catheterization)

 Experimental Treatment and Reference Species

 Environmental hypercapnia:
 Cameron 1976 Thymallus arcticus
 Cameron and Wood 1978 Hoplias malabaricus,

 Hoplerythrinus unitaeniatus
 Cameron 1980 Ictaluruspunctatus
 Perry et al. 1981 Oncorhynchus mykiss
 Claiborne and Heisler 1984 Cyprinus carpio
 Cameron 1985 Ictaluruspunctatus
 Claiborne and Heisler 1986 C carpio
 Perry et al. 1987 O0. mykiss

 Environmental hyperoxia:
 Bornancin et al. 1977 Anguilla anguilla
 Wood et al. 1984 O0. mykiss
 Wheatly et al. 1984 O0. mykiss
 Hobe et al. 1984b O0. mykiss

 Environmental temperature change:
 Cameron 1976 Thymallus arcticus
 Cameron and Kormanik 1982a I punctatus
 Smatresk and Cameron 1982 Lepisosteus oculatus

 Forced-air exposure/breathing:
 Heisler 1982 Symbranchus marmoratus
 Hyde and Perry 1987 Anguilla rostrata
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 Experimental Treatment and Reference

 Environmental toxicant exposure:
 Zinc:

 Spry and Wood 1985
 Copper:
 Lauren and McDonald 1985, 1987

 Saline:

 Wilkes and McMahon 1986
 Ammonia:

 Cameron 1986
 Aluminum:

 Booth et al. 1988
 W ood et al. 1988

 McDonald and Milligan 1988

 Environmental acid exposure:
 McDonald and Wood 1981

 Ultsch, Ott, and Heisler 1981
 Booth, Jancsz, and Holeton 1982
 Holeton, Booth, and Jancsz 1983a
 McDonald 1983

 McDonald, Walker, and Wilkes 1983
 Hobe et al. 1984a

 Wright and Wood 1985
 H obe 1987

 Hobe and McMahon 1988

 Audet, Munger, and Wood 1988
 Audet and Wood 1988
 Wood 1989

 Acid or base infusion:

 Cameron 1980

 Cameron and Kormanik 1982b
 Claiborne and Heisler 1986
 McDonald and Prior 1988
 McDonald et al. 1989a

 Catecholamine infusion:

 Perry and Vermette 1987
 Vermette and Perry 1987
 McDonald et al. 1989b

 Strenuous exercise:

 Holeton et al. 1983b

 Milligan and Wood 1986a, 1986b
 W ood 1988

 Tang, McDonald, and Boutilier 1989
 McDonald et al. 1989b

 Species

 0. mykiss

 0. mykiss

 Catostomus commersoni

 I. punctatus

 Salvelinusfontinalis
 S. fontinalis
 S. fontinalis

 0. mykiss
 C carpio
 0. mykiss
 0. mykiss
 0. mykiss
 0. mykiss
 C commersoni

 0. mykiss
 0. mykiss, C commersoni
 C commersoni

 0. mykiss
 0. mykiss
 0. mykiss

 I. punctatus
 I. punctatus
 C carpio
 0. mykiss
 0. mykiss

 0. mykiss
 0. mykiss
 0. mykiss

 0. mykiss
 0. mykiss
 O. mykiss
 O. mykiss
 O. mykiss
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