THE ROLE OF FISH ERYTHROCYTES

IN TRANSFORT AND EXCRETION OF CAREON DIOXIDE

by

THOMAS A. HEMING
E.Sc. {(Honours), University of Guelph, Ontario, 1976

M.5c., University of Victoria, British Columbia, 1979

A THESIS SUBMITTED IN FARTIAL FULFILMENT OF
THE REGUIREMENTS FOR THE DEGREE OF

DOCTOR OF FHILOSOFHY

in
THE FACULTY OF GRADUATE STUDIES

(Department of Zoology)

We accept this thesis as conforming

to the reguired standard

THE UNIVERSITY OF BRITISH COLUMEIA
March 1984

C)Thomas A. Heming, 1984



In presenting this thesis in partial fulfilment of the
requirements for an advanced degree at the University

of British Columbia, I agree that the Library shall make
it freely available for reference and study. I further
agree that permission for extensive copying of this thesis
for scholarly purposes may be granted by the head of my
department or by his or her representatives.' It is
understood that copying or publication of this thesis

for financial gain shall not be allowed without my written

permission.

Department of “Zoclogqu
j [ )

The University of British Columbia
1956 Main Mall '

Vancouver, Canada

V6T 1Y3

Date o5 /16 [ ed

E-6 (3/81)



ii

ARSTRACT

Involvement of the red blood cells of fish in CO= exchange
WA _inveatigated by examination of the COgz transport properties
of fish blood, of ion movements (HCOx—, Cl—, H") acrose the red
cell .membrana,' and of ervihrocyte carbonic anhydrase activity.
Adrenergic modulation of erythrocyte function in vitre and the
eftects of catecholamines on branchial Gl exchange Iin vivo also
ware studied.

Approdimately 924 of the Clz content of venous blood of
rainbow traout (Falmo gairdneri) was HCOx, which at an
hasmatocrit of 29% was distributed between the plasma water space
and the red cell water space in a ratio of about 9i1. Flasma
HCOx— accounted for some B2% of the L0z excreted during branchial
blood transit, while erythroocyte HCD=" accounted for anly 9%,
The remainder of C0z: excreted at the gills was derived from, in
descending order of importance, carbamino compounds (F=NHEOR) ,
molecular Clz, and COx=—-,

The ervthrooyte of rainbow trout was freely permeable to

HCO=—, Cl1™ and H*, all of which were distributed passively across

the red cell membrane. HCO=" traversed the srythrocyte membrane
in an one-for-one  edchange with Cl~ via a 8SiT8-sensitive

mechanism analogous to  the Band X anion  eschange pathway of
mammalian red cells. The transmembrane equilibrium distributions
of HCOx—, Cl7 .and H*, however, were complicated by the presence

af a cell nucleus. The nuclear compartment of trout srythroovtes
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appeared to be more acidic and to contain less HCOx™ and Cl~ than
the cytosol,

The Einetics of the uncatalysed HCOx":1C0. conversion were
found to be alt lesast one order of magnitude too slow to account
for the observed branchial COz movements. Fish ervihrooytes
however, contained sufficient carbonic anhydrase activity to
catalyse the interconversion of HCOx~ and C0z, increasing the
rate of reaction by several orders of magnitude.

Fish plasma contained inhibitors of carbonic anhydrase which
were active against the enzvme activity aof both ervibhrocyte and
gill homogenates. These inhibitors lacked ACCEsS to
intracellular carbomnic anhydrase and had no direct effect on
membrans tramﬁﬁmrt of anions. It is suggested that these
inhittitors probably function to immobilize carbonic anhvdrase
released into the plasma during the noarmal destruction of
erythrocytes or duwring injuwy, bult have no effect on intact red
cells,

These data, together with evidence that the basolateral
membrane of the gill is largely impermeable to HCOx— (Ferry et
&l . 198%), clearly indicate that the principal pathway for Clz
excretion in fish is via the movement of plasma HCUOx™ into the
red cell by way of a "chloride shift®. This bicarbonate then is
rapidly dehydrated to form CDs in the presence of ervihroovte
carbonic anhydrase. The resultant OO0z diffuses down its
concentration gradient out of the red cell and across the gill
epithelium. Clan loading of fish blood during tissue capillary
transit involves & simple reversal of these transport  and

chemical mechanizams. The present information conclusively
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refutes  the gill model of Clz excretion (Haswell et al. 1980}
which asserts that fish erythrocytes have no functional role in
branchial COz exchange. Evidence was found which indicated that
the original studies of Haswell and coworkers suffered from
techni que—rel ated artifacts.

Catecholamines had profound effects on both eryvthrocvte
function and branchial C0z exchange. Beta-adrenergic aqonists
appeared to stimulate coupled Na™/H* and Cl~/HCOx~ exchangers on
the oell membrane of trout erythrocytes, similar to the ion
exchangers invoalved in volume-regulatory ion movements in
amphibian red cells (Cala 1980). The adrenergic responses of

rainbow  trout eryvthrocvtes included a net cellular gain of Nav,

Cl™ and H=0, a net cellular loss of H™ and HCOx~, a pronounced
cell swelling, and a functional reduction in net HCO=x—  F1lux
through the red cell. Iin vivo, these adrenergic responses were

accompanied by a transient reduction in C0z excretion, an
increase in body COz stores, and a disruption of the HCUO=":C0-
chemical equilibrium in arterial blood immediately downstream of
the gill, Oxygen uptake was unaffected by adrenaline. The
adrenergic responses of fish red cells probably are importanmt in
regulating  erythroocyte pH during periods of stress, and  hence
servae to maintain Oz transport to the tissues under such
conditions. At the same time, these responses slow net  HOOx-
+luwe through the red cells duwing branchial blood transit, and
thus serve to maintain an extracellular pool of HCOx" in stress
which then may be used to enhance the intracellular buffering

capacities of other tissues.
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GENERAL. INTRODUCTION

Carbon dioxide is produced by tissuss as an end-product of
oxidative metabolism., Transport of Clsz in blood and its exchange
at the gas exchange organ is more complex chemically than that of -
other respiratory gases (O, M) and is less well understood,
egpecially in the lower vertebraltes, The aim of this thesis was
to examine the mechanisms wunderlying the transport and excrebtion
of Clz in fish, with emphasis on the role of the red bBlood cell
in those processes,

CO= is both relatively soluble and readily hydrated in
agueous  solutions. Carbonic acid, formed by COz hydration,
dissociates to vyield hvydrogen, bicarbonate and carbonate ions

(for review see Edsall 1969) as {follows

(1) CO= + HwzD % HzCOx $ H* + HCOs™ § 2H* + COx=-.

The reaction

(2) COz + OH™ % HCOz~ § H* + C0x=-

also is important at pH values of 8 and above, as are found in
fish plasma. Moreover, Clz binds directly to the terminal amino
groups  of proteins, including haemoglobin, forming carbamino
compounds (R-NHCOz"). Eicarbonate ion is the predominant species

present  within  the physiological pH range of vertebrate blood.



fs a result of the agueous Clz-bicarbonate-carbonate eoguiliberium,
carbon dioxide behaves as a weak acid in biological systemsy
increases 1in Clz tension (Pgon) decrease pH whilst decreases  in
Fooe increase pH. A balance between Clz production and excretion
is necessary, therefore, Lo maintain a stable internal pH.
Fegulation of internal acid-base status is critical in preserving
the “correct” net charge state of proteins (Reeves 1977), which
in tuwrn is crucial to the bicchemical functioning of proteins.

In general, vertebrates regulate their acid-base status by
adjustments to blood Clz; levels. Air-breathing vertebrates
typically regulate blood pH in the short term by modulating blood
Froax via changes in ventilation {(for review see Comroe 1974 and
Davenport 1%74), Hyperventilation increases the diffusion
gradient for dissolved Cla between aveolar gas and pulmonary
blood, and  thus decreases blood Pepe and raises blood pH.
Hypoventilation has the opposite effect. Long-term pH regulation
in air-breathers is achieved by adjustments to blood HCOx™ levels

mainly via renal function (Davenport 1974),

A similar tight coupling between ventilation, Clz excretion

and acid-base regulation i absent in water—breathing
vertebhrates, The ¥xygen capacitance coefficient and hence the

oxyvgen concentration of water 1s only about 0,030,085 times that

of air, while the Clz capacitance coefficient of water is some

20--50 times greater than that of Oz (De jours 1975 .

Consequently, ©the ventilatory strategies of water—-breathers are
y

directed toward maintenance of adeguate Oz uptake rather than

moduwl ation  of COe exeretion (for theoretical discussion see Rahn

1944613 . Indeed, blood Oz levels set the main ventilatory drive in



water-breathers (Dejows 1973, Randall and Jones 1973, rather
than blood COz levels as occuwrs in air-breathers (Comroe 1%974).
As  a direct consequence of the difference between the oxygen and
carbon dioxide capacitance coefficients of water, ventilatary
water flows that are adequate to satisfy = Oz demands
hyperventilate the gills with respect to Clz excretion. In other
words, dissolved COn is washed out of fish blood during branchial
blood transit. As  a result, blood Froe levels in fish are
extremely low (2-5 torr above ambient water levels, Rahn 1944,
Randall 1970a), are dependent primarily upon diffusion and
reaction  kinetics at the gill. and are independent of all but
immense  changes in ventilatory flow (Cameron and Polhemus 1974,
Wood and Jackson 1980). A corollary of this leoose coupling
between ventilation and Clz excretion is that fish regulate blood

pH by modulating blood HCOx~ levels while allowing blood Fee= to

parallel environmental levels. Retention of plasma HCOs™
increases extracellular pH while decreases in plasma HCO=x~  have
the opposite effect. The associated respiratory protons (see

equation 1) are free to cross the gill epithelium McWilliams and

Fotts 1978 and they do so independent of Clz movements (van den

Thillart et al. 1983). Regulation of plasma HCOz" levels as a
means of pH  regulation has been observed in  response to
temperatuwre changes (Randall and Cameron 1973, environmental

hyvpercapnia (Cameron and Randall 1972, Eddy et af. 19773, and
acid stress (McDonald et &f., 1980). The mechanisms involved in
retention and/or resorption  of HOOx~ are not vet fully

understoond. Moreover, it is uncertain whether the regulatory



mechanism  acts upon HCOx™,  OH™, H", NHa™ or a combination of
these ions. Exoretion of H* or retention of OH™ are functionally
the same as retention of HOOx {(zee equations 1 and 2).
Fxoretion of  MHa™ e?%@ctiQely removes a HY  since ammonia Qs
produced metabolically as MH=.

The gill is the principal site of Clz excretion in trout.
Thus, the ggill plays a paramount role in acid-base and dionic
regulation {(Cameron 1978a, Randall & af. 1982, Heisler 1984).
Other organs, including the kidney, gut and skin, are generally
of little importance in pH regulation. Twa contlicting models
have been developed to describe the pathway for Clz excretion in
fish, and hence the relationship between branchial COz movements
and ionic/pH regulation.

The original theory, the red cell model of COzx excretion,
combinss the accepted mammalian information regarding Clx
excretion (cf. Roughton 1964 with the bknown Ma*v/HY (NHa™) anmd Gl
AHCO=~ (OH™) exchangers present on the apical membrane of the gill
epithelium (Maetz 1971, Evans 1973, In this model, plasma HOOx™
enters  the red cell during branchial blood transit where i1t is
catalytically converted to Clz in the presence of ervihrogoyte
carbonic anhydrase. The resultant  Olx diffuses down its
concentration gradient out of the red cell and across the gill
epithelium. A small proportion of this Clsz E-4%, Cameron 197é&)

i back-converted to HCOx~ and H* in  the presence of gill

carbonic anhydrase, These ions then serve as counter dons  for
the apical dlon exchangers. Modulation of these exchangers is

helieved to be the primary pH-regulating mechanism  in fish

{(Cameron  1978a, Hedsler 19843, The rate-~limiting step in  C0x



excretion in  this model is the entry of plasma HCOx~ into the
ervihrocvte. The possibility that modulation of this step,
bicarbonate entry into the red cell, also is involved in  acid-
baze regulation largely has been ignored.

A more recent theory, the gill model of COz excreltion
(Haswell and Randall 1978, Haswell ¢ al. 1980, has been
developed around the assertion that fish erythrocytes are
functionally impermeable to HCOx™ in vive (Haswell and Randall
1976, Haswell et a@l. 1978). In this model, plasma HCOx™ and H*
enter the gill epithelium directly and then either serve as
counter dions for the apical ion exchangers or are catalytically
converted to Cl: by gill carbonic anhvdrase and.excreted as such.
The rate-limiting step in COz excretion is proposed to be the
entry of plasma HCOx" into the gill epitheliumi COz excretion in
this model is independent of ervithrocyte function. Acid-base
regulation involves a combination of modulation of the apical ion
exchangers and the entry of plasma HCOx~ across the basal
membrarne of the gill.

The objectives of the present studies were to examine COsx

transport and excretion in fish in light of the red cell and gill

theories of (Olz exchange. In so doing, the role of the
arvihrocyte in catalysing the interconversion of HCOx— and COx
was studied. The Ffunctioning of the red blood cell in this

regard  entails  the net movement of HOO=" across the red cell
membrane, a3 well as, the activity of intracellular carbonic
anhvdrase. The role of catecholamines in modalating the net flux

of HCO=" through the red cell, and hence in regulation of acid-



bage status, also was investigated in wvidro and in vivo.
Overall, these studies shed light on the relationship between ClOs

mavements and acid-base regulation in lower vertebrates.



GENERAL MATERIALS AND METHODS

Rainbow trout (Salmo gairdneri), weighing between 200 and
500 g, were obtained from Sun Valley Hatchery (Mission, B.l.).
The fish were held outdoors at the University of British Columbia
in natural light in flowing., dechlorinated Vancouver tap water.
Temperature of this water varied seasonally between 6 and 13 C.
The fish were fed to satiation daily with a commercial fish food.
Food was withheld for at least 24 h prior to, as well as, during
all studies.

Experimental animals were anaesthetized in  an aerated
solution of tricaine methane sulphonate (46.7 mg- L~ MS-222, pH
buffered to about 7.5 with 1333 mg- L% NaHCO=) maintained at the
ambient water temperature. The animals then were transferred to
a surgical table where an aerated anaesthetic solution (50 mg-l.—*
tricaine methane sulphonate, 100 mg-L~* NaMHCOx) at 510 C was
recirculated over  the gills. The dorsal aorta and, in some
CALEE . the ventral aorta were cannulated throwgh the mouth . &)
catheter (Sovereign indwelling canine catheter, 2 inch, 18 gage)
was used to make a blind puncture of the dorsal aorta in  the
caudad direction at the midline of the branchial basket between
the Ffirst and second gill arches. A cannuwla of polyethvlene
aurgical  tubing (FE-50) was +ted down the catheter and into  the
aorta. The catheter then was removed leaving the cannula
chromically implanted in the aorta. The cannula exited the fish

theough  the roof of the mouth in front of the nares by way of a



flanged section of surgical tubing (FE-~Z200), The ventral aorta
was cannulated in a similar manner. Cannulation of the ventral
aorta involved a blind puncturevo¥ the vessel made laterally
beneath the tongue between the first and s=second gill arches.
Ventral aortic cannulae exited the fish through the floor of the
mouth Ey way of a flanged section of swagical tubing (FE-200) .
Both dorsal and ventral aortic cannulae were secured with subtures
to the walls of the oral cavity. Cannulae were flushed daily
with Cortland saline (Wolf 1963, 10,000 U.8.F., uwunits-L™Y sodium
heparin) to maintain their patency. Following surgery, the fish
were transferred to light-proof acrylic boxes supplied with a 3
Lemin™?* flow of aerated water, Fish were allowed at least 48 h

of post-operative recovery before studies were undertalken.

Data Treatment and Fresentation
Statistical treatment of data included regression analysis
by the method of least squares, analvsis of covariance to test

homogeneity of regression coefficients, and standard and paired

Student™s t-tests (Steel and Torrie 1960, Snedecaor and Cochran

19&67) ., In all cases, differences present at the 3% level of
probability (F A D.03) were  judged to be significant.

Expeaerimental data are presented as arithmetic means + 1 standard
arror (B.E.7, whereas statistically-derived data (ie. regression
coefficients) are presented with their 925% confidence intervals.
Mean pH values were calculated directly, as  recommended by
Boutilier and Shelton (19803, without transformation back to H

concentrations.



Chapter 1.

Clz TRANSFORT PROFPERTIES OF BLOOD OF ZALMO GRIRDNERI

A primary physioclogical function of vertebrate blood is
transport of the respiratory gases, carbon dioxide and  oxvygen,
betweean the gas exchange organi(s) and the tissues. The
effectiveness of this transport is determined not only by  the
flow of exchange media (air/water and blood) through the gas
exchange organis), but also by the transporlt properties of the
bhlood under consideration. The objective of this chapter is to
elucidate the Clz transport properties of Salwpo geirdneri blood
in o der to provide a framework  upon which subse quent
erxaminations of piscine gas exdchange function can be made.

Carbon dioxide is transported in blood primarily in

chemically-bhound states, as dissociated salts of carbonic acid.

Bicarbonate is the predominant species present within the
physiological pH range of vertebrate blood. By convention, the

relationship between dissolved and bound Clz is expressed in  the

form of a Henderson-Hasselbach equation

() |...\H w2 p[’::mpp -+ lDC} (Cc‘;c;;’g 7/ ((:?CO_’E"F:‘(:(D_‘R:‘ - 1)

where pFapp i the apparent dissociation constant of carbonic

ATl Ceoe is  total COz content, &COzx is the solubility
coefficient of Clz, and Feo= is CO. partial pressure. The

derivation and limitations of this eqguation are dealt with at
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length by Albers (1970). Bound Clz is represented by the
difference between Coo= and [aCln-Fuezl, and generally is tefmed
simply HCOx™. Far the purpose of this thesis, however, bound CQOz
is referred to as apparent bicarbonate or bHOOx™ since it
includes all species of chemically-bound COz. Given appropriate
values for plape and alls, equation 3 can be used to calculate
Cooms  BHCOx™,  Feoz or pH when any two of Ceooms, Feee and pH are
measured simultanesously. Values of pHape and sC0z have been
measured for mammalian plasma with great accwacy (Severinghaus
et al. 1934, RBartels and Wrbitzky 1960, Siggaard-Andersen 1962,
Austin et al. 1963, Rispens et al. 1968, among others). Similar
values are absent for most fish species. Bimple extrapolation of
mammal i an values 48 not satistactory (Nicol e¢ al. 198%,
Boutilier ¢ al. 1984a), considering the length of temperature
extrapolation required and the differences in ionic strength
beltweaen fish plasma (0,15 -~ Q.70, see Albers 1970 for
references) and human plasma (Q.167).

Clz= behaves as a weak acid in agqueous solution in as much as
increases in Clz temnsion necessarily reduce pH via equation 3,
whilst reductions in COz tension necessarily increase pH. A

corollary of this COzipH relationship is that blood is acidified

during tissue capillary transit and is alkalinized during
branchial /pulmonary capillary transit. Variations in blood pH

resulting  from Clz transport are buffered primarily by blood
proteins, the most important of which is  haemoglobin (Albers
1970, Comroe 1974). This buffering action +acilitates formation
of the dissociated moiety of carbonic acid via the "Law of Mass

Action®, and thus -is an important determinant of blood COz
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transport properties.

The buffering capacity of haemoglobin enhances COz:HCO=™
conversion inside the red blood cell. In mammalian erythrocvtes,
intracellular COz reactions are {followed by exchange of HCO=™
betwesn the red cell and extracellular plasma (Foughton 19464).
Mammalian red cells are freely permeable to most anions and  H*Y,
all of which are distributed passively across the cell membrane
according to a Gibbs-Donnan equilibrium (Jacobs and Stewart 1947,
Gunn et al . 1973, Freedman and Hoffman 1979). Little is known of
the Donnan eguilibrium in fish ervihrocytes. Donnan ratios for
chloride and/or bHCOx~ have been determined in a small number of
fishes (Ferguson et al., 1938, Ferguson and Black 1941, Albers ¢
al . 1949, Haswell & al. 1978, Wood ¢ al. 19817 . As o in
mammal ian erythrocyltes, the Donnan ratios of fish ervithrocytes
vary inversely with plasma pH. For the most part, however,
Donnan  ratios of fish red cells do not agree well with values
predicted on the basis of a passive distribution {(Jacobs and
Stewart 1947, Freedman and Hoffman 1979). A passive distribution
of  anions and HY in fish ervthroocvtes thus is open to guestion,
pepecially in light of the polemical work of Haswell and Randall
(1976, 1978) indicating that fish red cells are functionally

impermeable to HCOx—.

Studies in this chapter examined the C0z transport
properties of rainbow  trout blood in  terms of  in witro

dissociation cuwrves, that is, the relationship between Cls
content and partial pressure. The physico-chemical properties of

blood with respect to Cla transport, pHape and aClz, also were
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determined. Fartitioning of Ceoan batweaen plasma and
erythrocytes, and the effects of Clz: on transmembrane ion
egquilibria were investigated in detail. Finally, in  vivo
determinations of arterial and venous COz and acid-base states
were coupled wilth results of the in viéro studies to produce a

madel of arterial and venous Clz transport in rainbow trout.
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MATERIALES AND METHODS

A. Solubility of COz and Apparent Dissociation Constant of HzCOs

COz solubility coefficients were determined using separated
plasma obtained by centrifugation of blood withdrawn from the
dorsal aortas of chronically cannulated rainbow trout {(mea
General Materials and Methods). One-ml. aligquots aof this plasma
were acidified slowly to about pH 2.9 by addition of concentrated
lactic acid and then were transferred to 50-ol. tonomelter flashs.
All samples were kapt on ice wntil used. Aciditied samples were
gquilibrated at 3, 10 and 18 O with a humidified gas misture
containing 404 Oz in air delivered by a Wostoff gas mixing pump.
Samples were gassed for at least 60 min. Total Clz content
(Conm) of the plasma then wéﬁ measured in duplicate with a Clz
electrode (Radiometer, type EDO0OZ6) using the methods of Cameron
(1971 . Fartial pressure of COz (Fooz) in the plasma was

caloculated From that in the gas mixtwe taking into account the

prevailing bharometric Pressure, water VAR ouUr pressure,
equilibration temperature and Clzx content of air (0. 0337,
Glusckauf 12951). COz solubility coefficients (aC0z) were

calculated from Henry's Law, where

{4) @C0n = Coow / Feoz .

Az a check of the technigue, Clz solubility coefficients of

normal distilled water and of distilled water aciditied as above
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with lactic acid also were measured.

The apparent dissociation constant of carbonic acid (pFapp!?
was  determined using a mixéﬂ poonl of whole blood obtained +From
the dorsal aortic cannulae of several rainbow  trout. Twey—ml.
aliguots of pooled blood were distributed to  30-ml. tonometer

flasks on ice and then were equilibrated at 10 C with humidified

gas mistwres containing 0.2, 0.5 and 1.0%4 Cla in air {Wastoff
pumpes) . Samples were gassed for at least 60 min and then were

centrifuged anaerobically at room temperature for 2«4 min.
Flasma pH was measuwred anaerobically with & glass capillary
alectrode (Radiomelter, type GE97/62)  thermostatted at the
equilibration temperature (10 ) and calibrated before and after
each pH determination with precision buffers (Radiometer, §S1800,
818107, Flasma Ceoz and Foo= were determined as before. Values
of pFape were calculated from neaswred pH, Ceom: Fecox and a0
values using a rearrangement of the Henderson-Hasselbach eguation

for carbonic acid

(5 p"’:mwm = {Z.)H - 1()(}';!:CQ;rgmf(ci‘C:0:.;a * Peom)d o~ 1) .
B. In VYitre Respiratory and Acid-base Characteristics of Bleod

Elood samples were withdrawn §from the dorsal aortic cannulae
of several rainbow trout and were pooled on ice. Two-ml. aliguots
of  pooled blood were equilibrated at &, 190 and 15 O with
humidified gas mixtures containing 0.25, 0.30, 1.00 and 2.00% Clsz
in air Wostoff pumps). Samples were gassed for at least 45 min

beftore thelr respiratory and acid-base states were assessed.

Blood pH was measured with Radiometer glass capillary
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electrodes thermwﬁtatt@d at the prevailing equilibration
temperatuwre and calibrated a5 described previously.
Intraerythroocvytic pH was measured on an  anaerobically-—-obtained
pellet of red cells using the freeze-thaw technigues of Zeidler
and Kim (1977) and employing the same pH electrode as above.
Elood Feae was measuwred using a L0z electrode (Radiometer, type
ES074) thermostatted at the prevailing eguilibration temperature

and preconditioned to the expected Fooz value as recommended by

Boutilier et al. (1978). Earh Feoe determination was bracketed
with calibration gases delivered via Wostofd pumps. Coo= of

blood and of plasma obtained from the blood by anaerobic
centrifugation at room temperature was measuwred as described  in
the Clz solubility study. The apparent bicarbonate concentration
(bHCO=")  of samples was calculated from measured Ceoms Fooz and

aClz values as

(&) bHEO=" = Cooz — (aClz * FPecom) .

It should be noted that bHCOx" calculated in this way doegs not
distinguish between HCOOs, COx=2~ o carbaming (FR-NHCOa-) .
Hasmaltoorit measwements were made in triplicate. Water contents
of  Dblood and plasma were determined by weighing samples to  the
nearest 0.1 mg, first welt and then again after the samples bhad
been dried to constant weight at 60 . Additional aliquots of
pquilibrated blood and plasma were stored Frozen for later
analyses of ions. Cl™ concentrations of blood and plasma were

maasuwraed with a Butler-Cotlove amperometric titrator using the
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methods of Cotlove (194672). Flasma Na+*, By Mg®r  and (Ca®=*+
concentrations were measuwed by flame photomeltry as described by
Arnrio (1964) using a Ferkin-Elmear atomic absorption

spaectrophotometer (model 23803, Lactate was assaved enzvymatically

{(Sigma procedure no. B26~UV)3 blood samples used in lactate
ABSAYS wer e deproteinated with cohilled perchioric acid

immediately upon sampling. Intraervthrocytic levels (IL) of Cl-—,

BHEO=™ and water were calculated from the relation,

(73 IL = [blood value — (plasma value) (1 - haematocrit- 107 ]
/S thaematocrit- 10-=2)

lon concentrations were expressed per kilogram of red cell or

plasma water in calculation of Donnan ion ratios.

The Clz-combining properties of separated plasma were
edxamined in an independent series of experiments. Separated

plasma was obtained by centrifugation of blood withdrawn from
dorsal aortic cannulag. One-ml. aliguots of separated plasma were
equilibrated at 10 C with humidified gas mixtures containing 0.2,
1.0 and 2.0% Clz in air (Wostoff pumps). Samples were gassed for
at least &0 min. Flasma pH and Ceo=z then were measured as
described above. Flasma Fco=z was calculated from that in the gas

mixtures as described in the COn solubility study.

C. Arterial and Venous Transport of COx In Vivo

i

Blood samples were withdrawn simultaneously from  both  the
dorsal and ventral aortas of cannulated rainbow trout. Ambient

water temperature was 10 C. A portion of each blood sample was
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used to measwe haematocrit in duplicate. The remainder was
centrifuged anaerobically at room temperatuwe for 1-2 min. A1l
subsequent measurements were made on plasma. Arterial and venous
values of Cpoe and pH were measured as before. Foom values were
calcul ated from measured Cecoz, pH: pFape and aCl= values using a
rearrangement of the Henderson-Hasselbach equation for carbonic
acid, whete

(8) Fooz = Coom / (LlOpP-ereape 4 17 « a0045)

Values of bHCO=" were calculated using equation é.
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RESULTS

CO= wsolubility coetficients (allz) of rainbow trout plasma
and distilled walter are presented in Figure 1 and Table 1. The
mean measured values for water were wilthin 2.7 amol-L-*«torr-* of
those reported by Muwray and Riley (19710, Comparable data for
the 00z of trout plasma were not found in the literature. COx

solubility was a function of temperatwe and ionic strengths

aClz decreased when either temperature or ionic strength
increased {(distilled water, I=0§ plasma, I=0.15). Comparison of

aC0z wvalues of normal and acidified distilled waters (Fig. 1,
Table 1) suggests that the acidification process had little
direct effect on measured allls values. However, Fleschka and
Wittenbrock (1971) moted that acidification of the plasma of
dogfish (Scyliorbinus canicula. 5 stellaris) resulted in
precipitation of plasma proteins, altering plasma osmolarity and
hence its Cle solubility. In the present study, initial attempts
to acidify trout plasma also resulted in precipitation of
proteins which occourred sporadically, independent of the rate of
acidification or plasma temperature. Frotein precipitation was
found to be related to the use of heparin as an anticeoagulant.
In an independent experiment, it was found that acidification of
plasma containing more than 10,000 U.S5.F. units-L~* godium
heparin resulted in precipitation of proteins, while no
precipitation was present in plasma containing less  than that

concentration of heparin. This effect probably was attributable



19

Figure 1. Fhysico-chemical parameters pertaining to CO.
transport in Salwmo gairdreri blood. Fanel A. COz solubility
(umol ~L=*~torr—*) of water and trout plasma at 5, 10 and 15 (.
Values are means + 1 S.E. (n=6) . Least squares regression lines
are presented in Table 1. Fanel R. Effect of pH on the
appparent dissociation constant of carbonic acid (pHape? in trout

plasma at 10 C. Least squares regression line is pFapep = 6.974 -

0,098 pH (r=-1,000, n=%). Values are means + 1 $.E. (n=8).
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Table 1. Laa%ﬁ squares regression lines describing the effect of
temperature (T, C) on Clx solubility (gCOx, umol-L7%-torer=1) of
water and Saimeo geirdneri plasma, where &Clx = a + bT + ¢T#,
Regression coetficients are presented + 93% contidence intervals

(n=16).

distilled 1102 + 2. -5.87 + 0.59 0. 1&6% + 0,027 -3, 998
wat e

14

acidified 107.5 + 4.7 Q.26 + 1.07 0. 131 + 0,053 —~0. 795

water
plasma 10,5 + 2.0 ~H. 08 + Q.68 Q. VEZ 4+ 0.0354 ~0. P97
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to  the action of heparin on the structure of plasma lipoprotein
aggragates (Loewe ¢ al. 1933 . Use of heparin was minimized in
studies reported here and no protein precipitation was evident.

The apparent dissociation constant of carbonic acid (pFape =
~log  L[bHCOs"1LH*1 /7 [free Cl=1) in trout plasma varied with
plasma pH (Fig. 1ys Phape decreased when plasma pH increased.
This pH-effect was relatively small (-0.098 pFape units per  pH
unitl), but it was significant statistically (paired t-test:
difference between plape, at pH 8.1 and pH 7.9, t=2.98% with 7
oty FLO.02 sign considered: difference between pRape at pH 8.1
and pH 7.6, t=3.371 with 7 d.f., FL0.01 sign considered). True
dissociation constante are nolt influenced by the concentrations
of their reactants or products, Hence, the finding that plape
was pH-dependent emphasizes that plase, has no thermodynamic
meaningi it is nothing more than an empirically derived factor
which relates plasma pH, free Clz and bHCOw—.

The Clz-combining properties of rainbow trout blood were a
function of blood temperature and haematocrit (Fig. 2. At a
constant Feow, cold blood bad a higher Coor than warmer blood.
Red cells enhanced the Clgp-combining affinity of bloods the mean
Cl= capacitance, &#C0z, calculated by linear regression of Cco=m
against Feoez over the physiological range of Fges in trout blood
(2~7 torr, Table 2, varied directly with haematocrit (Fig. 2).
Lz capacitance reflects Clz-combining affinity in the same way

that the slope of an oxygen satwation curve reflects Us-binding

affinity. Effects of temperature on ACO:2 were not evident (Fig.
2).
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anl

Figure 2. CO- dissociation curves and Cla capacitances of

oxvygenated whole blood of Salmpo gairdpneri determined Iin vitro.

Fanel A Effect of temperature on Clsz dissociation curves.
Values are means + 1 S.E. (n=%5-7) . Fanel R. Effect of

haematocrit on mean Cln capacitance (U0 = Jdleon/dFcoz) batween
2 and 7 torr Feos at temperatures of 5 (+), 10 &) and 13 (o) C.
Least sqgquares regression line, ignoring temperature, is 600z =

Q232 + 0,022 haematocrit (r=0.757, n=18).
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Table 2. In vivo respiratory and ionic characteristics of Salno
gairdneri plasma at 10 G, Arterial and  venous values are
arithmetic means + 1 S.E. (nj. "Arterial minus venous® values

are population mean differences + 95% confidence intervals.
Fopul ation mean  differences denoted with %  are different
significantly from rera at Fe0, 0% ipaired t—test).
hot, haematocrit.

Arterial Venous Brterial minus
VErOus

pH 7.9k

i+

Q.03 (83 7.88 + 0.03(8) 0.05

i+

O.01%
Ceaz (mM) 8.08 + 0.87(8) Q20 4 0.97(8) =1.1d o+ DLEER

Mooz (torr) 231 + 0.1748) 2.99 + 0,19 ) ~D.68 + 0.11%

Hha

BHCO:~ (mM) 7.93 1+ 0.85(8) F.01 0.96(8) =1.08 + 0,25+
het (%) 22.6 3;0(8) 2X.8 + E.1(8) =1.E2 + O.8%
Cl— {mM) 121.61 + 2.44018)
Na™ (mi) 154,04 + 2,.26(18)
B {(mM) 4,534 + Q.26018)
Ca=* {(mi) 286 + Q.07 18)
Mg=*+ (mh) Q.70 + 0.0F(18)

bBlood Q.47 + 0,08015)
lactate (mh)
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Cla dissociation curves of whole blood, true plasma (plasma
equilibrated in the presence of red cells), separated plasma
(plasma egui librated in  the absence of red cells) and
arythrocytes at 10 C are compared in Figuwe 3. Direct comparison
aof  the absolute Ueoom values in Figure I was complicated by the
fact that separated  plasma values were determined wusing a
different blood pool from that used to measure the other values.
Nonetheless, such a comparison was deemed valid because the blood
pools used were in similar respiratory and acid-base states when
the bhlood was withdrawn in vive. Theoretically, the dissociation
curves of separated and true plasma from a single blood souwrce
crogss  at the Feox at which centrifugation for separated plasma
took place, which wunder anaerobic conditions should reflect the
FPoos in vivo. Separated and true plasma lines in Figure 3
crosesed at a Peoz (2.3 torr) close to the physiological Poon of
arterial bload (Table 2. Moreover, the measured HCD. for
separated plasma (3.24) was close to the wvalue predicted for
whole blood at zero haematocrit Q.23 Fig. 2).

True plasma had the highest Ceoz at Feee above 4 torr
followed by, in descending order, whole blood, separated plasma
and red cells (Fig. 2. Differences in the Clz-combining
properties of true plasma and separated plasma were attrihutable
to the presence  of red cells duwing OOz equilibration, and -
resul ted from movements of H*Y and Zor HCO=~ between red cells and
plasma. The amount of HCOUOx™ which crossed the red cell membrane
was estimated by comparing the changes in bHCOz~ of true and
gseparr-ated plasma over an identical range of Feeps (Fig. 3). These

estimates indicated that, aver a range of FPeos from 2 to 7 tore,
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Figure X, 0z dissociation curves and mean capacitances (HCOp =
dleon 7/ dFoo=, between 2 and 7 torr) of ouvgenated whole blood
{mean haematocrit + 1 8.E. = 2.1 + 1,7), true plasma, separated
plasma and ervihrocytes of Salwo geirdneri determined in vitro at
19 €. Values are means + 1 E.E. (n=6~7). Dashed line represents

the amount of dissolved COz present.
i
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H2% of the increase in true plasmg Cooz was due to HCOz" added to
the plasma Ffrom red cells. Since red cells constituted only
about 2074 of the blood volume under consideration, this indicates
that the majority of Clzx hyvdration ococwred inside the red cell.
For the most part, partitioning of Ceeoz among the various blood
compartments reflected differences in buffering capacity (Fig. 4,
Table ). Effects of temperature on buffering capacity were not
evident (Table 3).

Imnterestingly, red cells had the highest buffering capacity

(l.é& times that of true plasma, Tablie 3, but had the lowest
Coon at  any given Fgozx and an intermediate ACO. Since red

caells were equilibrated in the presence of plasma, this probably
was  attributable to the same H* and/or HCODs™ movements between
red cells and plasma  that were responsible for differences
betweern the Clp-combining properties of trug and separated
tlasma. Intracellular pH varied linearly with plasma pH over the
pH  range examined (Table 4). Temperatw e had little effect on
this relationship.

Increases in the Fees of trout blood were accompanied by a
net influx of Cl™ into the red cells the Donnan Cl™ ratio (Reg- =
Lervithreocytel /7 [plasmal) was related inversely to blood pH (Fig.
3). The amount of Cl™ gained by red cells from plasma during COz
equilibrations was stoichiometrically eguivalent to the amount of
HCO=" gained by true plasma From red cells (Fig. &). This
indicates that bicarbonate movements in trout red cells involwved
a one-for-one counter exchange of bicarbonate and chloride

gimilar to  the chloride shiftt found in mammalian eryvthroovies
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Figure 4. Butfer lines Jor oxvvgenated whole blood {(mean
haematocrit + 1 S.E. = 20,1 + 1.7), true plasma, separated plasma
and erythrocytes of Salmpe gairdneri deterimined Zp vitro at 10 C.

Values are means + 1 5.E. (n=&6~7).
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Table 3. Fhysinlogical buffering capacity in slyvkes {mi
bicarbonate-pH unit~?) of oxygenated whole blood, true plasma,
separated plasma and ervihrocovites of Sziro gairdneri determined
in vitre between 3 and 13 C. Values are means + 1 S.FE. (n=35-7).

Temp, temperature. Hct, baesmatocrit.

Buffering capacity

Temp Heot whole eryvthroocyte tirue separated
(C WA blood plasma plasma

YD
ol w

A
1+

1.6 .4 4+ 0.3 1.1 + .4 9.7 + 0.5
10 20.1 + 1.7 9.9 4+ 0.9  16.5 + 2.0 10.5 + 1.0 2.2 + 0.1
15 19,0 + 1.4 9.1 4+ 0.5 14,1 + 1.6 F.4 + 0.6
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Table 4. Least squares regression  lines describing the
relationship between blood pH (pHg), and intracellular pH (pH:),
Rive (Iplasmal/lerythrocytel), HRegi- ([erythrocytel/Ilplasmal), and
Freom.- (Lervthrocytel/Iplasmal) of Salwoe gairdneri bhlood between
5 and 15 C. Also shown 1is the relationship between
carbaminohaemoglobin  concentration {(carb, mmol-L red cell*) and
bBlood Pgo= (toare). Regression coefficients are presented + 95%

contidence intervals. Temp, temperatuwre (O).

Felation Temp & b n "

pHy = a + b phHe 5 o476 v 0,572 0.501 + 0,074 24 0,949
10 2.708 + 0,580 O,893 4+ 0.076 27 0.955
15 EL.O66 4+ 0631 Q. 479 «+ 0,083 19 Q.947
Fre = a + b pHg 3 4,254 + 0,644 -0 494 + 0, 0875 =4 « PEE
10 FLB00O 4+ 0,604 =0, 40% + 0,079 27 .vor
15 4,218 + 0,655 =0, HOO + 0. 086 19 Q,94a
Rer—- = a + b pHe 5 4,064 + 1,684 =~ 473+ 0,217 220,
10 3.858 + 1.375 -0.450 + 0181 25 0,
15 768 + 2,619 w0, 429 + 0,344 18 0.
Rucos— = a + b pHe 5 4.499 + 1,282 -0, 4973 + 0.155 T 0.812
10 4,476 + 1,325 -0, 486 .174 27 0,754

13 4.698 + 1.4697 -0, G20 + H.:DJ 18 0.778

0.816 l.616
0,371 1.574
Q. B4 1.83

+ 5 1.305
b log Feco= 10 0.847
15 0.745

carb 1.045 25 0.E75
0.457 27 0.818

o696 19 0.749

#
by

i+ i
ENESE
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Figure 5. Donnan ratios of HY (Rg. = [plasmal / L[ervihroocvitel),
Clw (Rga- = TfTervthrococytel 7/ Cplasmal)  and  bHCOx™ (Flacom.- =
feryvthroocytel /7 I[plasmal) of Saimo gairdrneri blood, when blood
pH was titrated with COx in

witro at B (+), 10 (%) and 13 (o) C.

Least squares regression lines are given in Table 4.
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Figure A, Relationship between the amount of bicarbonate added
to plasma from red cells and the amount of chloride added to red

cells from plasma during in vitro COz equilibrations of Selno

gairdneri blood at 10 C. All concentrations were corrected  for
water content and haematocrit. Least squares regression line is

JIBHCO="1 = 0.1855 + 0.943 JLC1~1 (r=0.802, n=42). Dashed line is

WY,
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of intracellular HCO=" and the

schloride exchange resdlted in net movement

of Foom from

plasma water

Temperature

movements ar on

Changes

in

the

the resultant changes in cell size (Fig.

Donnan

Lervthrocyvtel /7 [plasmal) and

paral

{(Fig.

across the

also

and cell swelling (Fig. 7). Water

increased from 85,8 + 2.9 W to 3.2 + 1.9 %

oy

2.3 to 14.1 toarr. Over the same

content decreased from 94.0 + 0.0 %

appeareaed to have no effect on these

ratios of both  bHCOs™ {(Rucom—. =

H* (Res = [plasmal / Lervthrocytel)

leled changes in Re:i- when blood pH was titrated with COs

5 and

8.

red cell

membi-ane "

Assuming that Cl~ was distributed passively

this indicates that BHCOx and M

were distributed passively. However , Frcox—- values were

consistently greater than Rei- values by 0.30 to 0.235 wunits (Fig.

8.

highe

Donnar

BHCO=
15 C

(Fig.

This indicates

I than

var i el

what could be

ecoul libeium for

Cl—,

that actual intracellular bHCOx™ values were
accounted for on the basis of a Gibbs—

This "unaccounted-for’ intracellular

from 1,30 + Q.56 mmol-L red cell™* (2.4 torr Pcoz.

) o to F.24 4+ 0.88 mmol-l red cell™t (13,8 torr Foowm, 5 C)

Fr.

As

sUch ,

ervthrocytic bHCO=-.

It

it represented I5-8574 of the measwred

does naot distinguish betwesn

The

concentration of

gxceeded the

BHCO

sSecon

concentration

cancentrations

d dissociation

(b.7-7.0

constant

must be remembered, however, that bHCOx
HCO=™, COx*" or carbamine compounds.

*unaccounted-for’® intracellular bHCOx~  far

of Clx="  predicted from measured
emol -l red cell™*) using the true

of carbonic acid (Robinson and
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Figure 7. Water content and relative volume of Salmo gairdneri
erythrocytes in relation to Pgeoz at 5 (+), 10 (%) and 1% (o) C.

Values are means + 1 S.E. (n=5-7),
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Figure 8. Relationship between the Donnan Cl~ ratio (Fleg w =
leryvthrooytel / [plasmal), and the Donnan ratios of HY  {(Fee =
[plasmal / lerythrocytel) and bHCOx™ (Raceos- = [erythrocytel /7
[plasmal) of Salmo gairdneri blood at 5 (+), 10 (#) and 1% (o) (.
Values are means + 1 H.E. (=573, l.east sguares regression of
Rrw on Regy - has slope of 0.741 + 0,350 and y-intercept of 0.094 +
O, 160 (+ 95% conftidence intervals, n=12, r=0.831). Least squares
regression  of Racom— on Re.r— has slope of 0.878 + 0.302 and vy

intercept of 0,347 + 0,138 (+ 95% confidence intervals, ],

r=0,898) . Dashed lines are xey.,
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Figure 9. Carbaminohaemoglobin formation in  Salmno gairdneri
hlood showing effects of Feeoz and temperature. Values are means
+ 1 G.E. (r=5-7), least squares regression lines are given in

Tahle 4.
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Stokes 1959). Hather, this ‘unaccounted-for? intracel lul ar
BHCO=" probably represented carbaminohaemoglobin, that is, CO
bound directly to haemoglobin. Since rainbow trout blood
contains about . SE 0 mmol haemoglobin L red cell-? (Heming,
wnpublished data), this carbamino formation represented binding
af only 0.30-0.73 mol Clz per mol haemoglobin. Theoretically,
fish haemoglobin should be capable of binding a maimum of 2 mol
COx péw mol haemoglobin (Farmer L9795 . Formation of
carbaminohasmoglobin demonstrated saturation kinetics and perhaps
was temperature-dependent (Fig. 9. Al though the concentration
of carbaminohaemoglobin at a given Pgoz tended to increase at
lower temperatures, the differences were not significant

statisticallv.
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DISCUSSION

CO= lpading of Selwpo gairdneri blood in wvitro, and
presumably in vivo, was consistent with the classical mammal i an
model of Roughton {(1964). During COz loading, the majority of

Clz diffusing into the blood hydrated and then dissociated to

form HCOx" and H™, Relatively small proportions of Clz: remained
as the dissolved gas or were bound by haemoglobin. Hydiration of
COa occuwrred predominantly inside the red cell. Howaver, veary

little of the resultant HOOx™ remained inside the erythrocyte.
The majority of this HOIOx™ traversed the cell membrane in an one-—
for-one exchange with Cl7, reminiscent of the chloride shift in

mammalian eryvthrooytes. Formation of intracellular bicarbonate

and  the subseqguent HCOz":Cl™ exchange was accampanied by influx

of water and cell swelling. Although not examined, CO:z unloading
af rainbow trout blood was presumed to involve the same chemical
and transport processes, operating in reverse.

The Donnan distributions of bHCO=™ and H™ paralleled that of
Cl— as plasma pH was titrated with COz, suggesting that the

transmembrane distribotions of bHCOx", H* and Cl~ were dependent

Lpon similar mechanisms. Numerous studies of mammalian
arvihrocvtes hawve indicated that chloride is distributed
passively across the red cell membrane. Mammalian ervthrocyltes

are edtremely permeable to Cl~ (Gunn e al. 1973, Hoffman and
Laris 1974, Enauwf et al. 1977) and the variation in Rei - with pH

in mammalian blood is consistent with that predicted on the basis
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af a passive Cl- distribution (Harris and Maizels 1952). The
most convincing evidente for a passive Cl™ distribution, however,
iw  the excellent agreement between the measured steady-state

mambrane potential of mammal ian eryvbbrocytes and the calcoulated

Nernet chloride eguilibrium potential (Lassen 1972, Hoffman and
Larie 1974, Ronne and Lassen 1977). Chloride transport in fish

@eryvihrooytes s at least as rapid as that in mammalian red cells
under similar conditions (Cameron 1978b, Obaid et &l. 197%) .
Moreover, Haswell et¢ al. (1978) bhave shown that the relationship
hetwaeen Reui- and plasma pH in ervthrocvtes of the teleost fish,

Tilapia mossamnhica, is virtually identical to that in human red

cells. These studies strongly suggest that Cl™ is distriboted
passively in fish ervithrocvtes. It follows from the present in

vitro data then that HCOx™ and H*Y also are distributed passively
in red cells of &. geirdneri. In itself, a passive HCOOx—
distribution in trouwt ervthrocoytes does not contradict the gill
madel of Clz excretion (Haswell and Randall 1974, 1978, Haswell
et al. 1980), which asserts that fish red cells are functionally
impermeable to bicarbonate in vivo. Functional impermeability
could be attained in viveo by plasma inhibition of erythroocytic
carbonic anhydrase. However, time course studies of the chloride
shift in teleost and elasmobranch blood (Cameron 1978b., Obaid et
al. 1979) clearly demonstrate that plasma has no effect on  the
activity of eryvthrocytic carbonic anhydrase, These latter studies
provide strong evidence against the gill model of OO0z excretion.

The present Fe.- values in rainbow trout erythrocytes do not
agree satisfactorily with observed (Dill et al. 1932, Fitzsimmons

and Sendroy 19461, Gunn et a&l. 1973, Reeves 1976a, Haswell et al.
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1978 or theoretically predicted (Jacobs and Stewart 1947,
Fresdman and Hoffman 197%9) ratios in mammalian eryvthrocytes.
Variation in Rey- with plasma pH in 5. gairdneri erythrocytes was
guch  that mammalian and trout Rea. values were in good agreement
anly at about pH 7.4. However, the slope of the relationship
between FRei- and pH in trout erythrocytes (~3.429 to —~0.473)  was
much  steeper than that in mammalian red cells (—0.2%0 Lo -0.344:0
Dill et al. 1932, Fitzsimmons and Sendroy 19&61, Gunn et al. 1973,
Fleeves 1976a, Haswell ¢ al. 1978). This also holds true for the
relationships between &FRu. /7 JdpH (0,403 to ~0.500) and dRacox- 7
dpH (~0.484 to —0.520) in trout ervithrocyltes. These values are
virtually identical to those obtained by Wood et al. (1981) for
FRecom- F dpH {(=0.43) in 2. gairdneri red cells. Thus, within
the physioclogical pH range of trout blood, the measuwred Donnan
ratios of trout red cells are much less than mammalian values.
Differences between the Donnamn Cl™ ratios of mammalian  and
fish eryvthrocytes probably are a consequence of the presence of a
nucleus in non-mammalian red cells. The nucleus of rainbow trout
erythrocytes ocoupies about 18Y% of the cell volume (Eddy 1977).
Direct measuwrement of the membrane potential of nucleated red
cells has shown consistently that the Nernst chloride eqguilibrium
potential underestimates the measwed intracellular voltage, and
that this discrepancy increases as Reir- decreases at higher phH
values (Lassen 1977, Stoner and Eregenow 1980). Differences
betwsen the smeasuwed and calculated membrane potentials of
nuclieated red cells and hence between the measuwed and predicted

Donnan ratios  in such cells appear to be an inherent
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characteristic of nucleated ervithrococytes. These discrepancies
may be due to exclusion of Cl~ from the nucleus {(Lassen 1972,

Hoffman wunpublished observation cited in Stoner and Fregenow

19807 . Nucl ear solusion of chlioride would effectively reduce
the mean ionic activity coefficient of Cl™ in nucleated red

cells. In contrast, enuwcleate mammalian red cells are adeqguately
described as well-mixed single compartments with mean ionic
activity coefficients of wunity (Freedman and Hoffman 1979).
Thus, the present results infer that the nuclear compartment of
fish ervihrocytes is more acidic and contains less Gl and  HCQx
than the cytosalic caompartment. It follows then that
measurensnts aof erythrocyte pH made wsing the freece-thaw
technique, or any other method that vields an average pH for the
entire. cell, underestimate oytosol pH. The assumption of
cytosolic and nuelear digscontinuity in nuecleated red cells fails
to explain the reported similarity in Rer- between nucleated

Tilapia red cells and enucleate human cells (Haswell ¢ al.

197874 perhaps Tilapia rved cells possess a relatively small
nuclear comparfment when compared to other nucleated

ervthroocyvtes.

The significant difterences betwéen Rucoms-—- and Regw- in the
present study wer e assumed to reflect tormation of
carbaminohaemoglobin in 8. gairdpneri red cellsi the technigue
uzsed to measure  bicarbonate did not distinguish between the
various species of chemically-baound Clz. This assumption is
suppor-ted by the observed satwation kinetics of carbamino
formation with increasing Feos. Similar differences beltween

o

Frcomx-. and gy - have been noted in eryvthroovtes of 5. gaeirdneri
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(Ferguson and Black 1941) and the dogfish, Hustelus canix
Fergusaon =& al. i193a) . In the carp., Cyprinus carpio, the

ratios are approximately equivalent (Ferguson and Black 1941).
Differences betwsen the present Ruoox- and Fer- can be accounted
for by assuming that at most 37.5% of the available beta-chain
terminals of traout haemoglobin had bound Clz. The terminal amino
groups on  the alpha-chains of rainbow trout haemoglobin are
acetylated (Riggs 1979, PFowers 1980) and thus only the terminals
of the beta—-chains are available to bind Clz (Weber and Lykkeboe
1978, Farmer 1979). Since the beta-chain terminals also bind
organic phosphates (Riggs 19790, Johansen ¢ al. 19764, Greaney and
Fowers 1977 which are present in fish erythrocytes in  higher
concentrations than Clz (Albers ¢ &l . 1983, -one would expect a
low binding efficiency for Clz. It is interesting to speculate
about the possible enhancement of carbaminohaemoglobin formation
at lower temperatures. Formation of carbamino compounds s
increased at lower temperatuwes (Htadie and O Brien 1937, Albers
et afl. 19BX%). s well, Eddy {1974) has shown that the Haldane
effect in &, gairdneri blood, which is dependent in part on
carbamino formation, is inversely related to temperature.
Reasons for a temperatuwre effect on carbamine formation probably
include the effects of temperature on blood pH (Eddy 1974), on
binding constants of organic phosphates (Fowers 1980)., and on the
intracellular concentration of organic phosphates.

The present Rucos- values are consistently greater than
those reported by Woond % a2l. (1981). This difference in Rucoms-

values can be largely if not wholly attributed to Wood and
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coworkers® use of literatuwe values from Eddy (1974) for red cell
and plasma water contents of 704 and 95% respectively. Eddy
(1974) clearly states that those walter content values are assumed
values and not direct determinations. Those water contents
ditfer substantially from the values measwed by the present
author and ignore the known effect of plasma pH on red cell water
content (Fig. 7 this study, Gunn ¢t al. 197%,  Freedman and
Hoffman 197%). Recalculation of the Ruacosz- values of Wood ¢ &f.
(1981, using the present values for red cell (835.8 to 63.2%) and
plasma (4.0 to 9I.774) water contents, increases the Ruaocos-
values of Wood and coworkers by some 10 to 257 and brings their
values into general agreement with the present Rucos- values.
Eftects of temperature and haematocrit on the CO0s transport

properties of fish blood are well described (Albers 1970, Randall

1970a, Riggs 19700, In general, the Clz carrying capacity of
blood is an inverse function of temperatuwres; COn solubility

increases at lower temperatures and the dissociation constants of
both protein buffers and carbonic acid decrease (Albers 1970,
Boutilier ¢ al. 1984a) shifting the COziHEOx~ equilibrium in the
direction of the dissociated moiety. Temperature had no effect
on the buffering capacity of trout blood, plasma or ervihroocytes.
This is consistent with the findings of Eddy (1974). Feaves
{197 &a, b) has demonstrated that this temperatuwre-independency
arises from the virtuwal absence of significant water and ion
movements between red cells and plasma as temperature varies at
constant Ceoeo=z. As a result, the net charge state of red cell and
plasma probein buffers is unaffected by temperature.

The presence of ervibrocytes in blood indfluenced COx
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transport properties of rainbow trouwt blood by serving as a
proton  sink. Red cells and their complement of haemoglobin
enhanced the buffering capacity of blood and thus favoured the
formation of bicarbonate during ClOz loading. Binding of H*™ by
haemoglobin influences the oxygen binding aftfinity of haemoglobin
{Bohr effect) and its O carrving capacity (Root effect) {(f o
review see Riggs 1970, Thise creates a functional link between
COz and Oz transport.

0=z transport in arterial and venous blood of rainbow trout
was  modelled using Zn vive data (Table 2) and resultes of the Cls
eqguilibration studies. This model is presented in Table 3. The
following assumptions were made during construction of Table 3.
Carbamino formation in plasma was taken as 0.14% of plasma Loz
(value for human plasma from Albritton 1952), and Oz scolubility
of red cells was taken as 86% of plasma alUz (value far ox
eryvthrocytes from Van Slyke and Sendroy 19287, Comparable data
for fish blood are not available in the literature. COx" levels
were calculated using a pkEe for carbonic acid at 10 O of 10,4906
(Robinson and Stokes 1959), This ignaores the known effects of
ionic strength on the dissociation constants of weak acids and
consequently wlightly overestimates COg=— levels. Thes
oxvgenation state of blood was not considered in calculation of
carbamino formation, nor was the le&ml af eryvthrocyte organic
phozphates. As a consequence, Lhe carbaming levels estimated for
vernous blood in Table 9 probably underestimate the actual levels
present.

Lamellar blood transgit time in rainbow trout is about 3 s at



Table 3. A model of Cle transport

of DSalmo gairdneri at 10 C.

amol .

WHOL.E RBLOOD (1000 mi)

Total Cls content

FLASMA (780 mb)
Total COz content
as HCOx™
as COx=-
as C0-

as carbamino

ERYTHROCYTES (250 ml)
Total Clz content
as HCOx™
ag Olg=-
as Ll

as carbamino

See tent for

Vernous

in

arterial

Art

erial

53

and venous blood

details. Values are

Venouws minus
arterial

umel 4 oof
total
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rest (Ranmdall 19832a). During that transit, blood Cope decreases
by about 1 mM. The data of Table 9% indicates that approximatelv
82% of the L0z encreted is plasma HCO=™, Free Cl. accounts for
only  about 4% of COz excretion. The remaining 14% is divided
almost equally between red cell bicarbonate and red call
carbamino. The contributions of L0 and plasma carbamino to
Lz encretion are neglible.

In conclusion, Cl=z loading of 2. gairdneri blood proceeds in
a typically mammalian fashion. Red cells play a predominant role
in COxtHCO=" conversion and display a typical chloride shift.
This chloride shift is similar in its time cowse and its
dependence on  intracelliuwlar carbonic anhydrase to  that of
mammalian cells (Cameron 1978k, Obaid e¢ al. 197%9). The activity
and plasma inhibition of ervthrocytic carbonic anhydrase is dealt

with in the following chapter. HCOx, Cl~ and H*Y are distributed

passiveaely in fish red cells in wvitro and, therefore, are freely
permeable under those conditions, Figh red cells cannot be
considered to be a single homogenous compartment, however. The

nucleus of fish erythrocytes may be mare acidic and contain less
chloride and bicarbonate than the cytosol. During lamellar blood
transit, about 1 mM of Clz is excreted of which 82% is derived
firrom plasma HCOx™. 8Since the basolateral membrane of trout gills
is largely impermeable to HCOx" {(Ferry et al. 1982), this
reduction in plasma bicarbonate must necessitate its conversion
back to C0sx. Thig HCO=":100, conversion probably invalves a
gimple reversal of the chemical and transport processes that

operate during Cls loading.
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)

Chaplter 2.

ACTIVITY AND IMHIRITION OF CARBONMIC ANHYDRASE IN FISHES

The interconversion of bicarbonate and carbon dioxide is
catalysed by the enzyme carbonic anhydrase (CAY (EC 4.2.1.1.7.
Since the pioneering work of Meldrum and Roughton (1933) with ox
gryvihrocytes, the distribution and physicological function of CA
in a wide variety of animal tissues has been well documented
(Maren 1267, Lindskog eé& al. 1971, Carter 197%2, BRauer et al.
19807 ., CH has been found in the erythrocytes of all vertebrates
@xamined (Maren 1967, with the’axmeptimn of the amphibian
mudpuppy, Necturus paeculosuas, (Toews b al. 1978, Maren and Azar

19811 and perhaps the flounder, RPlatichthys flesus (Mashiter and

Morgan 1975). Erythrocyte CA classically has been assigned the
predominant role 1in catalysing the interconversion of plasma

HCOx~ and GOz . (Roughton 1964). CA also is present in the tissues
of mast gas exchange organs, including invertebrate gills (Maren
1967, Randall and Wood 1981, Henry and Cameron 1982), vertebrate
gills (Maren 19467, Haswell and Randall 1978, Toews &t al.‘1?78)g
and vertebrate lungs (Crandall and O Brasky 1978, Effros & al.
1978, Flocke 1978). LLittle is known of the enzvme’ s distribution
among  the air-breathing organs of fish, although its presence
appears to be limited to those organs which are derived
ambryonically from gill tissue (Burggren and Haswell 1979,
Darvboeck and Heming 19832). CA in vertebrate branchial epithelia

ds involved in lon transport (Maetz 19%&6a, Maren 1%467:. The role
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aof CA in pulmonary epithelia is unclear, but the enzyme has been
implicated in secretion of lung Fluid in the fetus (Adamson  and
Warman 19746, in dampening of L0z transients belween alveolar gas
and  arterial blood (Farhi ¢ al. 1976), and in  attainment of
chemical equilibrium in blood duwing pulmonary capillary transit
Crandall and 0" Brasky 1978, Effros ¢ &f. 1978, Elocke 1978).
The epithelial CA of both gills and lungs plays a minor role if
any., however, in overall excretion of COzr (Cranmndall and Bidani
1981, Ferry & al., 1982).

A number of assay technigques have been developed to follow
the catalysed COzIHCO=" conversion (for review see Davis 1963).
Each method has ite own inherent advantages and disadvantages,
and no single technigue has emerged as a standard for measuring
CA activity. The original technigue of Meldrum and Roughton
(1955, the modified bhoat assay, was the method of choice in
early studies and has swvived to the present with a number of
modifications (Giacobini 1962, Hoffert 1966, Haswell and Randall
1976, Girawd 1981)., The basic reaction ie evolution of GOz from
a buffer solution containing NabCOx. This technigue is
susceptible. however. to problems related to the diffusgion of Cla
oul of solution (Heming and Randall 1982).

A vast array of methods have evolved around measurement  of
the pH changes aagociatea with COz2:HCO=" conversion, including
simple  indicator changes (Maren 1960, continuous slectrometric
recording (Davis 1963, and the use of pH-stat titration (Hansen
and Magid 1%&6). These techniques have the advantage of being
applicable +to continuous and stop-flow systems (Forster and

Crandall 1975, Crandall &€ al. 1971).
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A recent development in CA measwement technigues has been
the discovery that the enzyme catalvses the hydrolysis of  many

esters, notably p-nitrophenyl acetate, and the hydration of

acetaldehyde and related carbonyl compounds Schnelder and
Lieflander 19&7%, Pocker and Meany 19630, Focker and Stone 1963).

Theee reactions can be followed colowimetrically (Armstrong e¢
al. 1964, Houston and McocCarty 1978). However, none of these new
substrates is physioclogical., Moreover, certain tissue CA lacks
esterase activity (Tashian 1965) and s0 is undetectable using
esterase assay technigues.

The use of these various assay technigues, the results of
which are not always interconvertable or phvsioclogically

interpretable, has made it difficult to compare results of

variouws A studies, With that in mind, the present study
2ramined  the relative merits and usefulness in physiological

studias of three assav techniques) the modified boat aﬁﬁa?? the
pgsterase assayli the pH-stal assay. The linearity,., sensitivity
amnd  detection limitses of each assay were determined in order to
develop a reliable CA assay that could be used in studies with
crude tissue homogenates. Becauwse of the importance of CA in COx
excretion and ionic regulation in fish, a distributional study of
carbonic  anhydrase in fish then was undertaken using both  the

esterase assay and the pH-stat assay.
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MATERIALS AND METHODS

-

A. Manometric Method: Modified Boat

HEgay

Evolution of Cl=z from a phosphéte butfer containing NaHCOx
was  measured manometrically as described by Haswell and Randall
(19763, A reaction vessel oar "boat® was constructed from a H0-mb
Ehrlenmeyer flask, partitioned along its bottom by a raised glass
ridge. Two mbh of bicarbonate solution (200 wM MaHCOx in 20 mM
Na(H, pH > 8.00) were placed on one side of the ridge and 2 ml of
phosphate buffer (nixture of 200 mM NaHFOas and 200 oM EMH2F0., pH
H.80  at  the prevailing assay temperature) were placed on  the
other sidej 0.2 ml of material to be assaved were added to the
buffear.

The boat was connected to a pressure btransducer (Statham
F2EDb)Y by way of polyethylene tubing (FE-160)  and a 3J-way
stopocock, and then was immersed in a shaking temperatuwre bath.
The immersed boat was left open to the atmosphere for -5 min
during which time the temperature of its contents equilibrated
with that of the bath. The boat then was sealed, the shaker was
turned on, and the internal gas pressuwre was monitored as  the
dehvdration reaction proceeded. The rate of increase 1Iin  gas
pressure  was taken as being directly proportional to the rate of
HCO=" dehydration. The pressure transducer was calibrated with
injections of known volumes of air made at the prevailing assay
temperature. Reaction rates (ml Clx evolved-min™?®) wer e

calculated from changes in pressure eguivalent to changes in
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volume of from 0.1 to G.3% mli  the increase in Qas Pressure  Was

tinear over this range of volumes.

wimetric Methoc

| 5%
HE

Ezterase Assay

1

Catalysis of p-nitrophenyl acetate (pNA) hydrolysis by CA
was measuwred spectrophotometrically as described by Houston  and

MecCarty (1978)  and Watson e¢ al. (19827, Two mbl. of  Freshly-

prepared pNA (3 wmM pNA in 3% acetone) were added to a
thermostatted cuvette. This was followed by either 1.8 ml of

Tris buffer (1235 mM Tris (hydromethyl) methylamine, pH titrated
to 7.350  at the prevailing assay temperature with concentrated
Ha804) to measuwre tobtal esterase activity or 1.8 mb of
acetazolanide solution (500 mM acetarolamide in an identical Tris
buffer) to measwre acetarolamide-insensitive activity. Finally,
0,2 mh. of material to be assaved were added. The change in
absorbance at 248 nm then was followed for at least 3 min using a
Fyve Unicam spectrophotometer (model SPRE-200)., The rate of change
in absorbance was converted to mmol pMNA-min™* using an extinction
coefficient o f 4. 6% mmol - cm? (Watson et al . 1982) .

Acetarolanide-sensitive esterase activity was calculeted as the

difference between the total esterase activity and the
acetarolamide—-insensitive activity. Acetazolamide-sensitive

esterase activilty was assumed to reflect CH activity.

C. Electromeiric Method: pH-ostat Assay

Bicarbonate dehydration in a phasphate buffer was Ffollowed

alectrometrically with an autotitration assembly (Radiometer,
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FPHM&ESA research pH meter, TTTBO titrator, ABULY autobuwette, TTABO
titration assembly) using a modification of the methods of Hansen
and Magid (196&), as described by Hernry and Cameron (1983). In
the present study, a reaction vessel was constructed from a
thaermostatted 20-ml glass vessel with a 20-mm  diameter porous
(medium porosity) glaasidiac embedded in its bottom. Nitrogen
gas was passed through a Clex~trap (saturated FEOH solution? and
bubbled through the glass disc at a rate exceeding 300 mb-min™—?
to  purge Clz from thé reaction mixture as Clz was Fformed. The
rate of HCOx" dehydration was independent of gas flow rate, at
flow rates above 400 mL-min—? (Fig. 10). Glass pH and calomel
reference eelectrodes (Radiometer, types 0G2040C and E4C40,
respectivel yv) were used to monitor pH of the reaction midtwwe. A
constant pH was maintained by the titrator set to its pH-stat
meycle § titration was done using 0.125-0.400 N HCl delivered by
the auwtoburette.

The reaction mixture consisted of a phosphate buffer
(mixtwre of 15 mM Na=HFOL. and 15 mM EHzF0a, pH 0.30 units less
than the desired assay pH alt the prevailing assay temperature)
and a bicarbonate solution (2060 mM NaHCOx). In some assavs,
sufficient Nall was added to the bicarbonate solution to raise
the overall ionic strength of the reaction mixture to Q.15 M.
Three ml. of buffer were added to the reaction vessel first and
were allowed to equilibrate with the Cla-free nitrogen gas until
a stable pH was achieved. Three mb of bicarbonate solution then
were added together with 0.01-0.10 ml of material to be assayed
delivered as 0.10 ol in Cortland saline (Wolf 19463, Titration

was initiated when the pH of the mixture reached the dJdesired
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Figwe 10. Uncatalysed rate of HCOx" dehydration {(solid circles)
and catalysed rate wsing 1.0 ug of bovine LA [(open circles)
determnined electrometrically at 25 C, pH 7.500 and 350 mM MaHCOm,
showing effect of the flow rate of Clez-free nitrogen gas through

the reaction vessel., Values are means + 1 S.E. (n=5).
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assay pH. The reaction then was followed for 1530 sec, after
which time the volume of acid added was read from the autoburette
to the nearest 1.0 «l. The rate of acid addition {(mmol H**minflf
was taken as being eqguivalent to the rate of bicarbonate
dehydration (mmol-min™?*) gince the stoichiometry of H+HCOx— in
the dehydration reaction is 1:1.

5

studie

i

The linear range, detection limits and sensitivity of each
assay technigue were determined wsing purified bovine carbonic
anhydrase (Sigma C-73500).

A lack of definitive data on the kinetics of the uncatalysed
COx  reactions under the physiclogical conditions of trout blood
prompted Utheir measurement . The uncatalysed dehydration rate
constant; kuaceosx, of the reaction HCOx™ + MY ~» Clm + Ha in &
buffered NalCll solation (I=0.1%) was determined using the pH-stat
ABHAY W Bicarbonate dehydration in the pH-stat assay was an
unopposed first order reaction since the reaction product, CO=,
Was purged  continually from  the reaction mixture. The
dehvdration rate constant was calculated from measuwed rates of
HCO=x"  dehydration under specific conditions of known pH (7. 000,
7.250, 7.300, 7.730, B8.000), temperature {35, 1G, 13 C) and
icarbonate concentration (20, 40, 60 mM) as described by Maren

et al. (197&).

CHA activity in fish tissues was measured wsing bDoth  the
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e

reterase assay at 295 £, pH 7.500 and F oM pN&a,  and the pH-stat

assay at ambient water temperatures (9-11 Cy, pH 7.300 and 30 mM
NaHCOx , Arimals uwsed in this study were obtained as  follows:

rainbow  trout (Balwo gairdneri) were obltained from Sun Valley
Hatchery (Mission, B.C.) and were held as described in  the
Beneral Materials and Methodss cutthroat trowt (Salweo clarkid,

largescale suckers (Catostonmus macrocheilux) and brown bullheads

(Ictal urus nebulosus) were captured in Devil's Lake (B.C.) and

ware held abt Simon Fraser University (Burnaby., B.C.) in
d@chlmrihated Burnaby tap waters: bowfins (Ania calva)l were

captuwred in  Lake Erie (Ontario) and were airlifted to U.B.C.
where they were maintained in facilities identical to those
described Ffor rainbow troubs black pricklebacks (Xiphister
atropuerpureus) ) were captured near the Bamfield Marine Station
(Bamfield, RB.C.) and were transported to U.B.C. where they were
maintained in recirculated sea-water (salinity 28-33%.).
Eryvthrocyte samples ware ‘mbtained by centrifugation of
blood withdrawn from the caudal blood vessels of anaesthetized
animals (see General Materials and Methods). These red cells were
washed twice in Cortland saline and then were lysed uWusing
saponin.  The resulting lysate was cenbtrifuged at 5,000 g and 1 -
(Sorval —superspeed: RCZ-B centrifuge) for 3 min to remove nuclear
debris (Watson ¢ af. 1982). The supernatent was retained on ice
for CA assavs. Fish were cleared of remaining red cells by
infusing Cortland saline at pressuwres of between 60 and 80 om H0
through a cannuwla inserted in the ventricle, Tissues to be
assaved were excised and homogenized (homogenizing medium: 250 m#

SUCK OS2 43 mM Tris (hydromethyl) methylamines E mM ethvlene
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diamine tetraacetate (EDTA); pH adjusted to 7.30 with Ha804).

These homogenates were centrifuged at 900 9 and 1| C for 10 min to

remove oellular debris and nuclel (Watson &8 a&l. 1982 . The
supernatent was retained on ice for CHh assavs. Aliguots (0,01

mk) of Cortland saline or separated plasma were added to some
assays Lo determine the effects of plasma on CA activilty. A1l
measuremnents were made at least in duplicate.

Where possible, Ca activites were converted to arbitrary
enzyme units (ew), as
(%) eu = (catalysed reaction rate — uncatalysed rate) /

uncatal veed rate.

The reaction rate of Cortland saline was taken to represent the
uncatalysed rate in these calculations.

Haemoglobin levels were measuwrad {(alkaline haematin method
of Anthony 1%61) in separated plasma and tissue samples to obtain
a measuwre of the contamination of these samples by eryithrocyhe
CA. No  detectable contamination was present in  any of the

reported studies.
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RESULTS

All  three  techniques showed a linear relationship between

reaction rate and enzyme content over at least some portion

of the range of bovine CA concentrations used (Fig. 11, 12 and
13 . The ssterase assay was linear for all amounts of bovine CA
used from 35 ¢g and above. Although not shown in Figure 11,

linearity was preserved up to 1000 ag bovine A over the entire
temperatuwre range used (10-37 ). The lower detection limit of
this assay was about 2.9 wg CAF the rate of reactions using less
than that amount of enzvme could not be di stingui shed

azolamide-insensitive rate,

gtatistically from the background ace
The esterase assay was characterized by very low reaction rates
(0,002 to G.117  umol pNA-min~*) even at  the relatively high
enzyme levels and high temperatures used (Fig. 11). In addition,
this assay had a low sensitivity, as indicated by the slope of
the regression of reaction rate against enzyme concentration
(0.00095 amol ~min"*cag CA™' at 10 C to 0.00314 umol -min™-gg CH-*
at 37 ). It was not possible to convert these sensitivity
values ©to eu-ug CA™' since by definition the uncatalysed rate of
acetazol amide-sensitive pNA hydrolysis is 2ero.

The modified boat assay gave a linear response from O to
about 2 wug boving A at temperatures from 10 to 25 O (Fig. 12).
At 37 0, hoawever, the upper limit of this linear range was

reduced  to approximately | ug bovine CA. The lower detection
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Figure 11. Acetarolamide-sensitive esterase activity of purified
bovine carbonic anhydrase measured colourimetrically at pH 7,300
and 3 oM p-nitrophenvlacetate (pMAY, showing effects of reaction

temperature and enzyme content. Values are means + | S.E.
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Figure 12, Catalysis of Lz evolution from a buffered NaHCOx
solution by purified bovine carbonic anhydrasea measured

manometrically at pH 4.800 and 200 oM NMaHCOx, showing effects of
reaction temperature and enzyme content. Values are means

+ 1 8.E. (n=35),
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Figure 13, Catalysis of bicarbonate dehvdration by purified
bovine carbonic anhydrase measwed elecrometrically at pH 7.3500
and 30 mM NaHCOz, showing effects of reaction Ltemperature and

enzyme content. Values are means + 1 S.E. (n=3).
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limit of the assay was about 0.1 wg CA in all cases. Sensitivity
of the modified boat assay varied inversely with temperature ferom
0,26 mbomin™=*-gg CA™Y at 10 © to 0.17 ml-min~*-¢g CA™* at 37 C,
@guivalent to 0.6 and 0.1 eu-ug CA™*, respectively.

The most satisfying results in terms of detection and
sensitivity were obtained using the pH-stalt assavy. The pH-atat
assay at pH 7.500 and 30 mM NaHCOx gave a linear response from O
to 2 ag bovine CA at all temperatures used (1037 O (Fig. 13 .
The lower detection limit of this assay was about 0.02 wg CA when
0,125 N HCl was used as the titrant and could have been reduced
still further by using a more dilute titranmt. SBensitivity of the
pH-stat assay varied from 47.1 umol-min~*»gg CA-* at 10 C to
146, & umol-min™*-ug CA™* at 27 C, eguivalent to an average
sensitivity of 2.2 + 0.2 eu-ug cams (n=%) over the temperature
range 10 to A7 C. This represented between a 3.7 to 22-fold
improvement in sensitivity over the modified boat assav.

The uncatalysed HCOx" dehydration reaction was sensitive to

pH  and temperature (Fig. 143 . The unopposed dehydration rate
constant increased when pH decressed or when temperature
increased. Howaver, the measwed kaceos values were surprisingly

small  and indicated half-times for the wnopposed dehydration
reaction ranging from 3.8 min (135 O, pH 7.0007 to 105.0 min (5 O,

pH 8, 000).

Table 6 summarizes th CA activity in tissues of several
fishes, as determined using the esterase assay at 25 C and  the

pH-stat assay at ambient water temperatwes (911 ©C). Attempts
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Figure 14. Dehydration rate constant, kumcos, and corresponding
half—-time for the unopposed reaction HCOs™ + HY -2 C0. + H0  at
I=0.1%, showing effects of reaction temperature and pH. Values

are means + 1 S5.E. (n=13).
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sixe
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.4
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o O
o i
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. S0

o

o~ o

calva
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to conduct the esterase assay at  ambient water temperatures
proved unsuccessful in my hands, presumably due to the effect of
temperatwe  on sensitivity and the inability of this assay to
detect small amounts of CA (Fig. 113, The ratio of CA activity
as measured using the pH-stal assay to that determined by the
asterase assay varied by an order of magnitude among the
different tissues (Table 6). Since the two aszsays were conducted
at widely different temperatures, however, this variation in the
activity ratio probably reflects different thermal coefficients

and/or thermal sensitivities for carbonic anhydrase of different

tissues, Monetheless, the two different technigues vielded
gimilar trends in CA activilty among the various tissues. Both

technigues demonstrated that, on a wet tissue weight basis,
erythrocytes bhad higher CA activity than gill tissue. Teleostean
red cells possessed from 838 to 1370 eu-gm tissue?®, Holoestean
ervthrocytes, those of Opia calve, demonstrated less CA activity
(210 eurgm tissue*)., In general, the results indicate that fish

blood contains swfficient carbonic anhydrase per ml to acrelerate

HCO dehyvdration by some 53 to 3243 times, assuming an
haematoacrit of 28% (Cameron and Davis 1970). SBwimbladder

homogenates had substantially less CA activity than gill tissue,
but nonetheless possessed significant activity. 8Bkin homogenates
lacked detectable CA activitvy.

The plasma of most fishes examined contained an endogenous
inhibitor of CA which was active againsgt both red cell and gill
CA (Table 7). Ch activities were reduced from between 14 to 88%

by addition of plasma to the assayvs, independent of the technigue
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Table 7. Effect of plasma on carbonic anhydrase activity in
tissues of several fishes. Values denoted by #* are significantly
different from zero at PL0.05 (paired t-test). Rest of caption
as in Table &.

Fercent change from control activity

Tissue Sample size Esterase assay pH-stat assay

Ralwo gairdperi -—— sexually immature
erythrocyte Lo ~GE ok 18% RO+ 1R

Saimo geirdneri —— zexually mature

erythrocyte & 19 + Lé* 24 135#

i+

selwo clarki -—— sexually immature
erythrocyte 4 -2b6 + 1Zx e 14 + &%

Saelmo clarki —— sexually mature

ervthrcoyte 4 14 1% + 11

i+
-
A

Catostomus wacrocheilus
aerythrocyte & -~19 + 7% =17 -+ 1O

Ilctaluras nebulosus
@rythrocyte 2 52 g2« -

18

i+
e

Xiphister atropurpureus

erythroocyte & -~ 4G 4 17w -8 28

i+

Apiag calva
erythrocyte 4 7 -
gill 4 9 + 8 15 + &%
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used. Since diffusive processes are not importants in the
gelerase assay, such plasma inhibition could not have been the
result of diffusion-related artifacts (Heming and Randall 19857 .
Moreover, plasma of all sexually mature Salpo sp. and of the
holoestean fish Apia calva either had no effect or slightly
elevated the measuwred CH activities of tissue homogenates (Table
7). Flasma of those fish must have lacked a functional inhibitor

of A,
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DIBCUSSION

Each of the three CA assav technigues tested provided valid
measuremants of CA activity. The pH-stat assay was judged to be
the more favowrable for use with tissue homogenates, howaver ,
becauwse 1t exhibited the lowest limit of detection and the
highest degree of sensitivity (Fig. 130 It also performed well

at physiological levels of pH, temperature and bicarbonate

concentration. Moreaowver, it directly measured the rate of
bicarbonate dehydration. On the other hand, the modified boat

assay measuwead the rate of Clz evolution in a closzed vessel and,
consequently, was dependent upon the diffusive eqguilibrium of Cls
between an agueocus and a gaseous phase. s well, since COgp
levels were allowed to increase in the reaction mixture of the
madified boat assay, the measured reaction rate was dependent
upon the opposed COa:HCOO=" equilibriumg that is, the difference
between bicarbonate dehydration and simuwltansous Cl. hydration.
In contrast, the pH-stat assay measured the unopposed first order
reaction. The decrease in sensitivity of the modified boat assay
at higher temperatures (Fig. 12 probably resulted from the:
inability of the shaking process to ensure rapid diffusive
egquilibrium of Clz at the higher reaction rates, coupled with the
differential effeclt of temperature on dehydration and hydration
rate constants (Edsall 1969) which favouwrs Clx hydration at
higher temperatures. Giraud (1981) was able to increasse the

sensitivity of the modified boat assay to levels comparable to
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those of the present pH-stalt assay by maximizing the surface to
volume ratio of the reaction mixture through use of small reagent
volumes and a small reaction vessel, and by conducting the assay
at O C. An inherent advantage of the modified boat assay,
howeaver , is its potential for use with intact cells (Chapter 32
this study, Rooth 1938a, Maren 19467, Haswell and Randall 1976,
Haswell et al. 1978, Heming and Randall 1982).

The esterase assay possessed a wider usable range of enzyme
concentrations than either the modified boat or pH-stat assay
(Fig. 11), and was by far the simplest of the three technigues to
use. However, it was characterized by an extremely slow reaction
rate and as a consequence had poor detection limits and
gensitivity, especially at lower temperatures. Armstrong eé af.
(196467 have shown that the CH catalysed rate of pNA hydrolysis
proceeds  at  only 107% times the rate of 0z hydration. The
inablility of this assay to detect small gquantities of carbonic
anhydrase has been cited as & possible explanation for the
finding of Mashiter and Morgan (19735  that erythroovtes of
flounder (Platichthys fleus) lack CA activity (Haswell 1@77).
NMonetheless, the esterase assay does provide an excellent control
technigue for the other two assavs since, unlike the other two
techni ques, diffusive processes are net important in the esterase
ABSAY .

The uncatalysed dehydration of bicarbonate was swprizingly
slow under the conditions tested with half-times for the
unopposed reaction in the range of 3.8 to 10%5.0 min (Fig. 147,
Swanson  and Ma#en (1978) report a haldf-time of 1.6 min {(kheos =

D.007% sty at E7 C, pH 7.1 and  I=0,19, Fecaloculation of
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Fnoche' s data (19807, uwsing the relation bucos = Husoos/ 1OpH-pe

(Swenson and Maren  1978), wvields a half-time of 1.7 min (baecom =

QL0070 sm*)y  at 285 C, pH 7.1  and I=0, A Arrhenius plot
(logarithum of Mucos versus reciprocal of absolute temperature)

of the present data (Fig. 14} at pH 7.10 predicts half-times of
0.8 min {kueox = 0.01386 %) at 27 € and 2.0 min {(bhco= = 0.0057
s~*) at 25 C. These values are in good agreement with those of
Swenson and Maren (1978) and Enoche (1980) considering the length
af  temperatuwre extrapolation involved and the differences in
ionic strength.

The uncatalysed HCOOx™ dehydration reaction occurred far too
slowly to account for the observed arterial-venous decrease in
plasma bicarbonate across the trout gill (Tables 2 and 3). The
half-time for uwnopposed HOOs" dehydration (HCOx—  ~» COa) at
physiological pH values of trout blood (7.75-8.00) varied from 22
to 105 min (Fig. 145 . By way of comparison, the residence time

T

of blood in the gill ranges from & maximum of 2 s at rest to

about 0.5 o duwring exercise (Cameron and Folbhemus 1974, Randall
1982a0 . The complete circulation time in rainbow trout at rest
is only about 48 to 94 s (Davis 1970). However, whean- examining

biological systems the opposed reaction (HCO=~ @ COx) must be
taken into account because of the appreciable amount of free Cl;
present in blood. The half-time (ti,z) for HCO=" dehydration in

art opposed ClxiHCOx™ eauilibrium was caloculated as.

(102 tyoe = 1In 2 / (kgoe + kEowmlOH™1 + akpmcoz ¥ a® Kpmcomx)
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where a and a’ are the fractions of bound Clz present as HalC0x
and HCO=" respectively (Kern 1960). The variables a and a' were
assumed to be O and 1 respectivelvy, since the ratio [HCOx—1 to

(Ifree CO=] + [HzaCO=1) in blood is about 20101 (Knoche 1980).

Values of keoz and kow at I=0.1% were aobtained from Finsent e¢

al . (1956) . The biological applicability of t..= values
calculated 1in this way is open to guestion. For instance, the
calculations ignore the Aformation of COx*  and carbaming

compounds, the catalvysis of CO: hydration by oxvaniaons {eg.
HFDa=™,  HaFOa™) (Edsall 19469, and the inverse relationship
betweaen koow and buffering capacity (Gray 19713, thethale&%”
given the chemical complexity of fish blood, these t,.,2 values
{Table 8) probably are the best sstimates available. Half~times
far - HCO=" dehydration in an opposed carbon dioxideibicarbonate
equilibrium (Table £8) were much smaller than those of  the
unopposed reaction (Fig. 14) but still  exceeded the maximum
lamellar blood tramsit time (2 s at rest, Randall 1982&) by more
than 17 fold. Hence, excretion of plasma bicarbonate during gill
transit by way of the uncatalysed conversion of bicarbohate to
carbon dioxide probably is neglible wunder normal circumstances.
FRed cell, gill and swimbladder invariably contained carbonic
anhydrase (Table &), in keeping with the well documented role of
the enzyme in C0z excretion, ion  transport  and gas gland
functioning (Maetz 19896a, Fange 1964, Maren 1967, Carter 1973 .
Fish skin, like that of many amphibiane (Maren 19&67, Smith 1974,
Toews & al. 19781, lacked detectable carbonic anhydrase. In
terme of distribution and activity levels, the present results

are in good agreement with those of Maren (1967) and Houston and
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Table 8. Half-time (sec) for HCOx™ dehydration in an uncatal ysed
opposed carbon  dioxidelbicarbonate eguilibrium in ACUBOLS
solution, showing the effects of pH and temperature. See text
for details. Adata of kEern (19&60) at I=0. Bdata of present

study at I=0.15.

Temperature ()

R H o= i 1 pE 1EE AL

ol |

7. 00 240 136 82 48 26

7

8]
o~
i

' - 1635 21 bhar -

8. 00 00 165 Q0 o2 25
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McCarty (1978) . Teleost Dblood in the present study contained
suwfficient CA to accelerate bicarbonate dehvdration by some 215
to 343 times per mbh blood. This exceeds the catalvtic potential
determined by Haswell and Randall (19746} with the modified boat
assay (60-70 fold per wmbk blopd), which is to be expected
considering the differences in sensitivity between the modified
boat and pH-stal assavs. Teleost blood, thersfore, has only
slightly less catalvtic potential than mammalian bloodi mammalian
blood is capable of accelerating Clz reactions by some 440 ta BOO
fold, assuming an haematocrit of 4074 (Maren 1967).

The swimbladder of the bowfin, an organ which is adapted for
asrial respiration, contained approximately 2.3 timee the CA
activity of the nonrespiratory swimbladder of rainbow  Lrout
(Table &). Bowfins differ in this respect from Celamoichibhys

calabancus, the only other bimodally breathing fish in which the

CA activity of & respiratory swimbladder has been measureds: C.
calahancux swimbl adder lacks detectable carbonic anhydrase
activity (Burggren and Haswell 197%). The proposal, therefore,

that ‘"the epithelium of the air-breathing organ {(of +fish) does
not cqntain carbonic anhyvdrase except in those organs decived
from gill tissue” (Randall et &l. 1981) must be reconsidered.
Clz excretion across the air~breathing organs of {fish appears to
be limited during air exposuwre to the wuncatalysed rate of
bicarbanate dehvydration {(Randall et al. 1978, Daxboeck and Heming
1282 . The present findings indicate that factors other than the
presence  or  absence of epithelial C4 must be involved in this

response.  Epithelial carbonic anhbydrase in mammalian tissues has
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been implicated in attainment of chemical eguilibrium in blood
during capillary transit (Crandall and 0" Brasky 1978, Effros et
&l. 1978, FKlocke 1978) and in facilitation of Clz diffusion
{(Kawashiro and 8Scheid 197634 perhaps the CA in respiratory

swimbladders has a similar role.

The Ffunctional presence of plasma inhibitors of carbonic

anhydrase was  both species-specitic and temporally-specific
{(Table 77. All teleostean fishes examined possessed endogenous

CA inhibitors during at least some portion of their life history.

The inhibitor was absenlt in sexually mature individuals, although

only sexually mature salmonids were available for study. Amia
calva also  lacked an  inhibitor when @xamined. However,
considering the temporal variations found in  the teleost

inhibitor, one cannot  conclude that the absence of an inhibitor
in Apiae plasma is a permanent condition. Flasma inhibitors of GA
have been known for some time. Inhibitaors have been found in the
plasma of a wvariety of fish and mammals {Booth 1938b, Maetz

195360h, Leiner ¢ al. 19462) and more recently in  humans <(E.D.

Crandall., personal communication). Evidence of an inhibitor in
other vertebrate phyla has not been found. Flasma inbibitors of

CA are believed to be globular proteins (Booth 1938b, Leiner et
al . 19462, Haswell and Randall 19780, although definative
characterization of the inhibitor has not been published. Hence,
temporal  variations in the teleost inhibitor may have resultesd
from variations in plasma protein composition. - The
electrophoretic protein pattern of rainbow trout plasma has been
ohserved to vary gqualitatively Haider 1970, Borchard 1978) and

guantitatively Sehlotfeldt 1973} during the course o f
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devel opment. However, plasma protein patterns also are
influenced by stock differehceg (Langholtz and Dinklage 1970),
starvation (Fawatsu 1974), seasonal  temperatuwre variations
(Bohlotfeldt 1975), and disease (Bnieszko et af. 1966, Lowe-Jinde
1979 . The poszsibility that one or more of these labter factors
influenced the present resulits cannot be ruled out completely,

although signs of disease and starvation were not evident.

What possible advantages would be conferred by temporal
variation of plasma inhibition of CAT Booth (1238L) originally

proposaed thalt plasma inhibitors of CA functioned to immobilize
carbonic anhydrase released into the plasma from rod cells during
the cowse of the cells’ normal destruction or during injury.
The present study seoports Booths® proposal in as much  as  the
plasma of some individuals not only lacked an inhibitor, but also
increased the measwed carbonic anhydrase activity of tissue
homogenates (Table 7). Since endogenous activators of LA are
doubtful (Clark and Ferrin 19910, the plasma of those individuals
probably contained free CA. This plasma activity could not be

attributable to haemolysis during sample preparation since no

hasmolvasis was detected. The advantage of having CA  confined
ingide ervthroocytes is  that the jusaposition of COziHCODm—

conversion and hasmoglobin facilitates EBeohr and Root effects.

The presence of CA in plasma conceivably would negate this

advantage and so might be disadvantageous. However, under such
circumstances, the intracelluwlar reaction still would be expected

to dominate because of the greater buffering capacity of red

cells over plasma. The presence of extracellular CA during
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periods o f decreased  inhibitor activity would facilitate
attainment of chemical equilibrium between red cells and plasma

during transit through pulmonary and tissue capillaries (Urandall
and O0'RBrasky 1978, Efftros e¢ af. 1978, FKlocke 1978). Several
studies have claimed that the inhibitor i active against
carbonic  anhydrase inside intact éwythrocyteg {(Maetz 193&6b,
Haswell and Randall 1976 and thus wvariations in  inhibitor
activity might modulate intracellular CA activity. However, more
recent studies have been unable to confirm those earlier results

(Cameron  1978b, Obaid ¢ a&l. 1979), and the validity of the

ariginal  technigue wused has been gquestionad (Heming and Randall
19823 . Another possibility is that the inhibitors modulate the

activity of endothelial CA, such as is present in the capillaries
of  vertebrate lungs (Crandall and 07 Brasky 1978, Effros et af.
1978, Mlocke 1978). The functions of this endothelial CA  are
unclear at present.

Im conclusion, the uncatalyvsed rate of CO2:HCOw" conversion
occurs too slowly wunder the phyvsiological conditions of  fish
blood to account for the observed arterial-venouws difference in
plasma bicarbonate. Instead, the interconversion of plasma HOOw™

and Gz ocouwrs predominantly inside the ervihrocytes (Chapter 1),

which contain sufficient carbonic anhvydrase to accaelerate
COR:HCOs" reactions by several orders of magnitude. Movement of

HCOx~ hetween red cells and plasma iz examined in the following
chaplter. CA also is present in the epithelium of the gills  and
swimbladder. However, this epithelial CA plays only a minor role
in catalveing the dehydration of plasma HCOx™, in as much as the

bhasolateral membrane of the gill is largely impermeable to HOOx—
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(Ferry et al. 19827, Fish plasma containsg an inhibitor of CA
which piraobably functions to  suppress CA released from
ervihrocvies during their normal destruction. The activity of

this inhibitor shows temporal variations and perhaps species

variations.
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Chapter X,
ION TRANSFORT AMD EQUILIBRIA ACROSS

THE MEMBRAMNE OF SRLMO GAIRDNERI ERYTHROCYTES

The slowest step in capillary COz exchange is  MCOx—/C1—
transport across the red cell membrane (Forster and Crandall
1975, Chow ¢ al. 1977, Crandall and Bidani 1981, Forster 1982).
Even this step, however, is rapid with a half—time in mammalian
erythrocytes at 37 £ of about CG.1 g (Dalwmark 1972, Flocke 19764,
Chow &€ al. 1977, Obaid and Crandall 1979 . Al though the
mechanics and kinetics of anion transport in fish erythrocytes
have received scant attention, they have been studied extensively
in mammalian red cells. Anion exchange in mammalian red cells
involves a carrier-mediated transport mechanism (Gunn et al.
19773, Dalmark 1976, Chow et al. 1977, Crandall et al. 1978) which
is associated with a transmembrane protein channel, the HBand 3
anion exchange pathway (Rothstein & al. 1976, 1978, Cabantchilk
et al. 1976). This carrier svstem is inhibited selectively by
disulphonic stilbene derivatives like DIDS and SITS (Cabantchik
amnd  Rothstein 1972, Gunn et al. 1973, Rothstein et af. 19760,
For  the most part, the transport mechanism is a one-for-one
exchange of anions from one side of the cell membrane  to  the
other. The carrier system also is capable of net anion movements
(Gunn 1977), albeit at rates approximately 10 times slower than
those of anion sxchange  (Enawf et al. 19770 . There is

conflicting evidente as to the applicebility of this transport
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mechanism to anion movements in fiBH red cells. Several authors
have demonstrated that teleost and elasmobranch ervthrocovtes
possess  a HCOs"/C1"  exchanger that is comparable to  that in
mammal ian red  cells (Cameron 1978b, Obaid et al. 19795 .
Similarly, Haswell et af. (1978) found that Cl-/acetate exchange
in 7Tilapia erythrocytes is comparable to that in human red cells.
However, Haswell (1978) has stated that Cl™ gelf-exchange in
rainbow  trout ervihrooytes is unaffected by SITS-inhibition of

the Band 3

anion exchange pathway. Moreover, studies of the CA
activity of intact {fish red cells have suggested that fish plasma
contéing a factor which renders figh red cells functionally
impermeable to HCOx~ in vivo (Haswell and Randall 1976, Haswell
et al. 1978).

The role of the red cell in Clx exchange ultimately will be
influenced by any factor which alters eeither anion exchange
across the cell membrane or the activity of cellular CA.

Adrenal ine, for sxample, has been shown to activate the carbonic

anhydrase in avian erythrocytes and thus may enhance UTlg
axcretion during strenuous flight (Siegmund et al. 19747 . (AT

wall, beta-adrenergic agents have been demonstrated to stimulate
ion  transport  and to induce swelling in ervihroovies of $ish
(Ni kinmaa 1982, 1985,  amphibians (Rudolpbh and Greengard 19800,
birds (Riddick ¢ af. 1971, FEregenow 1973, Alper et al. 1980,
Falfrey et al. 19807, and mammals (Rasmussen et al. 1975, Quist
and Roufogalis 1977;. Both adrenergic swelling and non-hormonal
volume regulatory ion movements are associated with net transport
of anions via mechanisms such as Na“/E*/Cl™ cotransport (Kregenow

1973, Alper et al. 11980 or coupled alkali metal/HY, CLl™/HCOx™
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MATERIALS AND METHODS

A Nlgride Transport

Red cells were obtained from blood samples withdrawn  from
the dorsal aortas of chronically cannulated rainbow  trout  (see
General Materials and Fethods!). These blood samples w@re>dilutad
to  three times their original volume with ice-cold medium A
(medium A2 140.0 mM Mall.g H.0 mM ECL 1.5 mM CaClay o2 miM
MgCles: 5.0 mM D-glucosesd: 27.0 oM glyevlialveined pH titrated on
ice bto V.80 with 1.0 M NaOH). The ervihrocvtes were washed twice
in ice~cold medium & and finally were suspended to 23
haematoocrit in 3 ml of medium &, B, ©C or D. Meadia B, C and D
consisted of medium A containing 107" M acetarolamide, 1oma M
5178 (4-acetamido-4" ~iso-thiocyanato-stilbene-2,2" ~disulphonic
cacid) and 10 volZ% plasma, respectively. Flasma used in mediuam D
had been eguilibrated at room temperature with humidified room
air (Foepa = 0.0337%, Glusckaut 1951 and had a Ceepx of less than 2
mM (see Chapter 1 for details of measwement techniguel. Fead
cell suspensions were loaded with ®eC1~ by addition of 5 ul. of
118 mM Na®ell (0.66 mCismol, Amersham) and then were allowed to
gquilibrate on  dce for approximately 30 min. Finally, the
suspensions  were transferred to chill@d” plastic btubes (haat -
sealed barrels of L-mh tuberculin syringes)r and  centrifuged al
12,000 g and 1 € for 15 min (Sorval-superspesd RCEZ-E centrifuge).
fApproximately 0.2 ml. of packed red cells were isolated from each

tube by ocutting the tube below the cell-medium interface. It was
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assumed that this pellet of packed red cells contained 2% trapped
Feriv-laden medium (Bunn et al. 1973). Facked red cells, along
with a 9 mb rinse of the appropriate Ll —free medium, wer e

injected into a shaking tonometer flask containing 4.8 ml of  the

same el —free medium, thermostatted at 1 C. The resulting
haematocrit was between 1 and 2%. At known time intervals, O.4

ml. samples of this final suspension were withdrawn, lavered onto
G. 8 mh of ice-cold dibutyl phthalate and immediately centrifuged
for 320 sec in a Fisher Micro-centrituge (model 235). Warming of
samples during this centrifugation was minimized by storing the
centrifuge rotor  in a freezer at —4 C wuntil just prior to its

uge.  FRCL activity in the recovered medium was determined using

a MNMuclear Chicago Isocap liguid scintillation counter. This
activity was  corrected for  trapped activity and then was

expressed as a % recovery, where

NEED orecovery = (counts at time ¢ / counts at 20 mind - 100,
Thirty minutes corresponded to a period of time which was about
200 times  longer  than the expected half—-time of +the chloride
exchange. In studies with SITS (mediuwn C), the 30 min value of
the control {(medium A) was used in  determination of the %
rFRECODVEryY.

Extracorpuscular hasmoglobin levels were measured (Anthony
19461 to monitor haemolysiss none was detected in any of  the

reported studies.
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arbonate Transport in Red Cells

gf‘
§m

,i):

Bicarbonate transport in trout ervihrocytes was assessed by
measuw ing  the CA activity of intact red cells suspended in a
phosphate bt far containing NaHUOx. Catalysis of HOO ™

dehydration by intact red cells was followed manometrically using

the modified boat technigue described in Chapter 2. The only
difference in the design of assays with intact cells was the

inclusion of 30 mM NaCl in the bicarbonate solution to facilitate
HCOx—~:Cl™  exchange across the red cell membrane. Two series of
experiments were undertaken: (i) studies of the effect of blood
plasmai (ii) studies of the effect of pharmaceutical agents. Red
cells used in plasma studies were obtained from blood withdrawn
from the caudal blood vessels of anaesthetized rainbow trout (see
General Materials and Methods). Haswell énd FRandall (197&) state
that anaesthesia with ME-Z222 has no effect on HCOx movements in
intact trouwt erthyrocovtes. Fleedd celle wused in all other studies
wer e wbtéined from blood withdrawn from the dorsal aortas of
wnaraesthetized cannulated trout. Regardless of the method of
sampling, all blood samples were diluted to three lem / their
original volume with iéé:;mld Lﬂrtfand gé?:ﬁe. Ervithrocvies were
washed twice in Cortland saline and finally were suspended to 10%4
haematocrit in  either Cortland saline ("Cortland blood®) or
plasma ("whole blood®). All samples were keplt on ice until used.
Assavs were conducted at the ambient water temperature (8-11 ).
Imn studies with plasma, 0.2 ok of either Cortland blood ar
whole bDlood were assaved along with 0.1 ol of either Cortland

salinge, a foaming agent or a defoaming agent. Foaming agents
: L Al G . .
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used were bovine serum albumin (3 mgZ4, Sigma No. A-%647) and a
common colloidal osmotic filler, polyvinyl-pyrrolidinone E-30 (35
maal . Detoaming agents used were octanol (G,3 ml%)  and a
conmercial silicone-based defoamer, No—foam (0.2 mbL%, Argent F-
140283 .

In pharmaceutical studies, 0.2 ml of Cortland blood were

assayed along with 0,04 ml of either Cortland saline or a

pharmaceutical agent. Agents used were (~)—adrenaline, L-
noradrenaline, an alpha—-adrenergic antagonist phentol amine

(Regitine), and a beta-adrenergic antagonist Dl-propranolol HiCLl.
These reagents were prepared in Cortland saline within 30 min  of
their use to ensuwwe high activity. E+tects of the anion
transport inhibitor, 8IT8 0% M), and the A inhibitor,
acetazrolamide (10-% M), also were examined. Red cells used in
these studies were pretreated with the appropriate pharmaceutical
agent for at least 10 min prior to their use in assays.

CAa activity of intact red cells was converted to arbitrary
enzyme  units (2w} using eguation 92 (Chapter 2. The reaction
rate of Cortland saline was taken to represent the uncatalvysed

rate for Cortland blood, whereas the reaction rate of plasma was

taken to represent the uncatalvyvsed rate for whole blood. Flasma
used in speriments  reported in this study did not contain
carbonic anhvydrases reaction rates of this plasma Wt e

consistently less than that of Cortland saline.
Extracorpuscular haemoglobin levels were measured {(Anthony
1961) in all reaction mixtures to monitor baemolvsis. \[]

hasmol ysis was detected in any of the reported assays.
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drenaline on lonic Eguilibria Across the Red Cell

i

Blood samples were withdrawn from the dorsal aortic cannulae
of several rainbow trout and were pooled on ice. Two-mb aliguots
of pooled blood were eguilibrated at 10 C with bumidified gas
mixtures containing 0.2, 0.9 and 1.0% Cls in air (Wostoff pumps).
Blood samples were gassed for 20 min and then Q.05 ml. of either
saline (100 mM perchloric acid diluted to 0.4 vol% with Cortland
saline, pH 7.71) or adrenaline (10 mg-ml.m* (~)—adrenaline in 100
mM perchloric acid, diluted to 9.4 vol¥ with Cortland saline, pH
7469 were added. The adrenaline solution was prepared within 10
mim of its use. Samples then were gessed for another 30 min
before their respiratory and acid-base states were assessed.

A portion of each equilibrated blood sample was used to

measure® haematocrit  in quadruplicate, blood water content in
duplicate and blood Coomm. A second portion of each sample was
centrifuged anasrobically at room temperature for 9 min. The

resulting plasma and red cell pellel were used to measure plasma
pH, intraerythrocytic pH, plasma water content in duplicate and
plasma CCD;T\\Waggr contents and pH were measured as described
N .
previously. Coox values were measured gasometrically with a
Carle analytical gas chromatograph (model Q111) as described by
Boutilier et al. (1984b1d ., Adrenaline and noradrenalineg
concentrations were measuwred on 0.9 ml aligquots of plasma by high
pressura  liguid chromatography with a Spectra—-Fhysics H.P.L.C.
(model SF700) wusing the methods of Woodward (1983 . Further

aliguots of eqguilibrated blood and plasma were stored frocen {far



98

later analyses of (O1—, By Na™ and haemoglobin. Ton
concentrations ware measured as  described  in Chapter 1.
Hasmoglobin concentrations were measursd as iron by flame
photometry with a Farkin-Elmer atomic absorption

spactrophotometer  {(model 23800 wusing the methods of Zettner and

o

Mernsch (1947). Feos values were calculated from those in the ga
mixtures as described in the Cle: solubility study (Chapter 1),
Values of DbHCOs~ were calculated using eguation & (Chapter 1),
Intracelilular levels of bHCOx—, CI™, Na*, k* and water were
calocul ated using equation 7 (Chapter 1). Ton concentrations were
2R prassed per Eilogram of red cell or plasma water in
caloculations of Donnan ion ratios.

In a second ssries of experiments, similar blood samples
wereg equilibrated at 0.2 and 1.0 %4 C0s in air in the presence of

S-1oe Moadrenaline and either 1074 M Dl-proprancolol HOL or 1074

M SITs. Only hasmatocrit, plasma pH, intrasrvihrooyvbic pH and
blood hasmoglobin content were measuwed i this series  of

auperimaents.
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FRESULTS

Transport of chloride was extremely rapid across the plasma
memnbrane of Saelwo gairdmeri ervihrooytes. Chloride self-exchange
between intracellular and extracellular compartments in the
control situation was completed within 60 s (Fig. 15). The hal$-
time for chloride self-exchange, calculated from the regression
of time against the natural logarithm of [percent recovery + 11
for  the First 60 s of the reaction, was é.1 + 0.4 s (+ %54
confidence intervall. Inhibition of carbonic anhydrase with
acetazrolamide had no effect on chloride movements (Fig. 18). The
half—-time for Q17 self-exchange in the presence of acetarolamide
was Hd.4 + 0.4 . Similarly, addition of plasma (Coox less than 2
mM)y had no effect on chloride transport (Fig. 15).  The half-time
for chloride transport in the presence of plasma was 6.2 + 0.3 s.
Inhibition of the membrane anion exchange palthway with &SITS,
howaver, virtually abolished chloride movements across the red
cell membrane (Fig. 135).

Rainbow troul ervithrococyvies were permeable to bicarbonate, a

#

demonstrated by their ability to catalvre the conversion of
aextracellular HOOx" to  COz. Intact red celle suspended in

Cortland saline ("Cortland blood®) catalysed HOOx™ dehvdration by

43,12 Ffold per mb red cells (Table ). This wvaluse iz not
comparable directly to those measured in Chapter 2 because of
differences in sensitivity between the pH-stat and modified boat

ABBAYE . The carbonic anhydrase activity of intact erythrocytes,
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Figure 135, Efflux  of TFechloride from ervythrocoytes of Salmpo
gairdneri at 1 C, showing effects of acetazolamide (10-® M), SITS
(1o—4 M and plasma (1074 by  volume), Fercent recovery was
calculated as activity of #*C1~ in extracellular medium at time ¢
divided by activity in medium after 30 min equilibration,
multiplied by 100 (see text for details). Foints represent data

o

from I-4 trials.
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Table 9. Net HCOs™ flux through intact erythrocytes (eu-mL red

cell—*) of Salmo gairdneri, showing eftfects of Rl asmea,
acetazol amide, S5ITS, foaming agents, and defoaming agents.

Values are means + 1 S.E. (n=8).

Whole blood Cortland blood

{(cells in plasma) {cells in saline)

Control

Cortland saline F.93 4+ 0LEE 4%.12 + 1.76
Acetazol amide 0,00 + 0,01
SITSs 0,01 + 0,01
Foaming agents :

bovine serum albumin 1.6% + 0,03 20,09 + 1,21

+ 0,40

polyvinyl—-pyrrolidinone .75 + 0,02 10,09
Defoaming agents
actanol 101.46 + 2,94 108.82 + 59.83

No—£ oam 91.50 + 2.97 99,32 + .45
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and hence the net flwe of HCOx™ through intact red cells, was
abolished by acetazolamide and by SITSE (Table 9).

Flasma significantly influenced the net bicarbonate flux
through intact red cells (Table 9). Suspensions of red cells in
plasma ("whole blood?®) demonstrated only 25.0% of the net flux of
red cells suspended in galine ("Cartland blood®). However,
substantial foaming of whole blpod was observed during the assay
procedure. Similar foaming was nob evident when Cortland blood
was assayed. Investigation of the consequences of reagent
foaming indicated that foaming could in itself account Ffar the
observed inhibitory effects of plasma. Addition of foaming
agents (hovine serum albumin, polyvinyl—-pyrrolidinone)
significantly reduced the measured bicarbonate fluxes 1in  both
whole and Cortland blood (Table 9). Foaming agents reduced the
HCO=~  Flux in Cortland blood to near the level of control whole
blood. On the other hand, addition of defocaming agents (octanol.
No-faam) significantly increased the measuwred net HOO=" flux and
negated any differences in net flux between whole Dblood and
Cortland blood (Table 9). Thus, defeoaming agents countered the
eftects of plasma on flux of HCO=x~ through red cells.

Net HCOx~  Flux through trout erythrocvtes was influenced
significantly by adrenergic stimul ation. fidrenal ine and
noradrenaline both inhibited the net bicarbonate flux through
intact red cells in a manner which was dose-dependent (Fig. lay.
Adrenaline had a greater effect than noradrenaline. Adrenergic
inhibition of net HCOx~ flux was negligible at the physiological
levels of adrenaline present in unstressed fish (1077 M, see

below), bhut was responsible for a 31.7% reduction in net
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Figure 1é. Effects of adrenaline and noradrenaline on net

bicarbonate flux through intact erythrocytes of Salmo gaeirdneri.

o

Values are means + 1 S.E. (n=4-6).,
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bicarbonate flux at the phvsiological levels present in stressed

trout (107® M, Mazeaud and Mazeaud 1981). Adrenergic effects
ware not an artifact of reagent foamings use of NMo-foam in fouwr

trials did not alter the inhibitory effect of 10-% M adrenaline.
Mor waere they due to direct inhibition of the CA enzvmed neither
adrenaline or isoproteronol had any signficant effect on the [CA
activity of trout haemolysates, as measured in four trials with
the pH-stat assay (see Chapter 2 for details of assay method) "
Inhibition of net HCOx™ flux by adrenaline and noradrenaline was
abolished by simultaneous beta-blockade with propranclol (Table
193, indicating that the inhibition was mediated by beta-
adrenergic sites. On the ather hand, the inhibitory effects of
noradrenaline were enhanced by simultaneous alpha-blockade with
phentol amine (Table 1), Since noradrenaline contains both
alpha—- and beta-adrenergic activity, this raises the possibility
that alpha—adrenergic agonists  enhance HOOm™ Flux andc,
consequently, antagonize beta-adrenergic effects.

Effects of adrenaline on ion movements across the red cell
membrane weare investigated further 1in a series of C0
equilibration studies. In these studies, the adrenaline
concentration of whole blood was increased from leveles present in
vivo in unstressed fish (3.1 + 0.5 - 107% mol-L plasma™*, n=24)
to 4.6 + O3 - 107 mol-l plasma? (n=24), Noradrenaline

concentrations  remained wunchanged at 1.2 + 0.1 -~ 107%  mal-L

plasma~?* (n=48). . The results, as presented below, demonstrate
that adranal ine significantly influenced the @quilibrium

distributions of H*, Na* and Cl—, as well as, HCO=x".
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Table 10, Effects of alpha-adrenergic and belta-adrenergic
agonists and antagonists on the net HOO=" flux (eu-pl red cell—*)
through intact erythrocytes of Salpo gairdneri. Values are means

+ 1 S.E. (n=6).

Net bicarbonate flux 4 change

from control

Control

Cortland saline 41,27 + Z2.00 Q.
109 M adrenal ine 25.69 + 2,357 —37.8
10-% M adrenaline + 10794 M 42.92 + 1.865 4.0

propranalaol
10-% M noradrenaline F1.89 + 1,22 ~22.

1079 M noradrenaline + 1079 M 4%.88 + 0.41 S.6
propranolol

10-% M noradrenaline + 1074 M 22,008 + 0.8 Ay,
phentol amine
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Adrenergic Etimqlation resulited in a net loss of H*  from
trout  erythrocytes (Fig. 17)3 adrenaline—treated blood had &
Higher intracellular pH and a lower plasma pH at sach Peoz level
than control blood. The magnitude of the adrenaline effect was
related directly to blood Pecozi adrenal ine—induced changes 1n
intracellular H* concentrations increased from 2.05 + 0.35 nM at
1.8 torr Feez to .39 + 0.62 nM at 7.8 torr Foome These H™
movements increased the Donnan H* ratio, Rpe: in  adrenaline-—
treated blood (Fig. 18).

Adrenergic stimulation also resulted 1n a net cellular gain

of Cl™ and Na™, but had no effect on the distribution of K* (Fig.

18). KRew- (Lerythrocytel/Iplasmal) increased with adrenaline,
Rnas {(Lplasmal/Lerythrocytel) decreased, and Ry
{Iplasmal/lervthrocytel) remained unchanged., Reo- values of both

control and adrenaline-treated bloods were virtually identical to
Fye values, and both Rei- and R+ were in good agreement with the
data of Figuwe 3 {(Chapter 1). Thies indicates that Cl— and H™
remained passively distributed following traeatment with
adrenaline. In all cases trout erythrocyites maintained a low
intracellular concentration of Na* and a high intracellular
concentration of K™, relative to plasma levels, with Donnan
ratios vastly different from those of H*, Cl™ and HCOx~, and from
esach other. The distribution of Na™* and E* in these red cells
was maintained by the known Na™/E* pump on the red cell membrane.

Adrenaline had & significant effect on the Clz-carrving
capacity of trout bloodi adrenal ine-treated blood contained less
bHCOx" at each Fegoz than control blood (Fig. 19}, This decrease

in blood DbHCOx™ was due primarily to a decrease in  cellualar
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Figure 17. Flasma pH and intraervthrocytic pH of Salwo geirdneri
blood as a function of Feoz determined ip vitro at 10 O, showing
effects of adrenaline. Adrenal ine concentrations were Z.1-10-7
mol-L plasma™ in control blood and 4.6-107% mol-L plasma™* in
adrenaline blood. Yalues are means + 1 8.E. in=g)., Adrenaline

values denaoted with * are different significantly from

corresponding control values at P4L0.05 (paired t-test).
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Figure 18. Donnan ratios of H*, Na*, kK™, (17, and bHOO=" in
Salwo gairdneri blood as a function of Feos determined in witro
at 10 €, showing etfects of adrenaline. Anion  ratios are

Cervthrocytel/Iplasmal whilst cation ratios are

[Tplasmal/Lfervihrocytel., Rest of caption as in Figure 17.
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Figure 19. bHCO="  concentations in  oxygenated whole blood,
plasma, and erythrocytes of Salwo gairdneri as a function of Peoz
determined in witreo at 10 T, showing effects of adrenaline. Rest

of caption as in Figuwre 17,
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bHCO:=™; plasma bHCOx" was not affected significantly (Fig. 19,
fAfs a result, adrenaline produced a significant decrease in  the
Donnan  bHCOx™ ratio (Fig. 18). This decrease in Funcosm- was in
sharp contrast to the adremnaline-induced increase in Fas. and Rega -
{Fig. 18).

Adrenal ine-induced ion movements were accompanied by a
significant increase in  the mean cell size of ervthrocytes

(measured as the quotient of haematocorit (4 and  haemoglobin

concentration, g-L blood—*y Fig. 20) and by net movement of
water into the cell {(Fig. 20M. These effects were abolished by

blockade of beta-adrenergic sites with propranolol and by SITS
(Fig. 21). Adrenergic redistribution of H* also was sensitive to
blockade of beta-adrenergic sites; adrenaline had no effect on
R+ when beta-sites were blocked with propranolol (Fig. 21). 6s
well, adrensrgic effects on pH were sensitive to inhibition of

the membrane anion exchange pathway with SITS (Fig. 217.
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Figure 20. Mean
water content of
Feoz determined in

Fest of caption as

cell size (haemaltocrit /7  [haemoglobinl) and

Salmo gairdneri erythrocytes as a function of

witro at 10 C,

in Figure 17.

showing effects of adrenaline.
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Figure 21. Donnan H* ratio ({plasmal/lerythrocytel) and mean
cell sire of ervihroovites of Salno gaeirdreri as a function of
Fooz determined in vidro at 10 C, showing effects of addition of

adremnaline (3 - 107 M) and either propranolol (10-% M) or SITS

(10=% M). Values are means + 1 S.E., (n=4).
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DISCUSBION

Trout ervthirocvtes were readily permeable to chloride, with
a half~time Ffor OCl7 self-exchange at 1 C (6.1 ) which was
comparable to that of mammalian red blood cells under similar
conditions (7-8 s, Wieth and Bjerrum 1982). This large
permeability is further evidence for a passive Cl- distribution.
Since HCOx" has been shown to be as good an exchange partner for
Cl™ as Cl™ itself (Dalmark 1972), the present Cl™ self-exchange
data also suggest that fish red cells are readily permeable to
bicarbonate. The findings that trout srvithrocytes were capable
af catalyzing the dehydration of extracellular HCOs" was direct
avidience of their HCOx™ permeability. Fluxes of both Cl— and
HCOx™ through trout red cells were inhibited by 8ITS, as occurs
in mammalian red cells (Cabantchik and Rothstein 1972). SITS
specifically inhibits the Rand 3  anion exchange bathway
responsible for the chloride shift in mammalian erythroovites
(Cabantchik ¢t af. 1978) and probably has an identical effect on
fish erythrocytes. Membrane transport of anions in trout red
cells was independent of ervihrocytic CA activity. However , as
one might expect, erythrocytic carbonic anhydrase activity Was
dependaent wupon anion transport. Inhibition of anion exchange
during CO0z loading effectively isolates intracellular CA  from
plasma Dbicarbonate, its major source of substrate, whilst
inbibition during CO- loading slows G0z hydration via the "Law of
Mass Action® as HCOx— acgumulatea inside the cell. In this way,

inhibition of anion exchange is functionally identical to
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inhibition of ervthrocytic CA.

EBlaood plasma had no specific effect on anion transport or on
intracellular CA-activity. This is consistent with evidence that
teleost and elasmobranch red cells possess a mammalian-—-like
chloride shift which is wunatfected by plasma (Cameron 1978b,
Obaid et al. 1979). Haswell and Randall (197&) and Haswell et
al. (1978, bhowever, {found that fish plasma renders red ocells
functionally impermeable to bicarbonate using a manometic
technique identical +to that used in the present study. The
present results indicate that this plasma inhibition is a non-
specific artifact related to reagent foaming during the modified
boat assay, and not the action of a sgspecific transport/enzyme
inhibitqr_ Gimilar decreases in intracellular CA activity were
observed in the presence of bovine serum albumin and polyvinyl-
pyrralidinone. These effects, including that of plasma, were
countered by use of defoamers. Hence, COax produced by HCOm™
dehydration during the modified boat assay is retained in  foam.
This foaming slowed the diffusive equilibriuam of Clz betwesen the
ligquid and gaseous phases of the assay. Care must be taken,
therefore, to minimize or to standardize reagent foaming in order
to obtain wvalid results with the modified boalt assavy. Use of
defoamners cannot be recommended, however, unless the effects of
their presence on  the GCA enzyme and on oembrane transport
properties are understood.

The equilibrium distributions of most major ions in 2.
gairdneri blood were influenced significantly by catecholamines.
Beta—-adrenergic stimulation of trout red cells resulted in a net

cellular gain of Na*, Cl17 and Ha0, a net cellular loss aof H* and
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HCOm, and a pronouwnced cell swelling. The equilibrium
distribution of E* remained virtually unchanged. Belta—-adrenergic
swelling and  an  associated HY extrusion have been noted
previously in eryvthrocytes of rainbow trout and striped bass,
Morone saxitilis (Nikinmaa 1982, 198%, Nikinmaa ¢ af. 17845 .
Moreover, Nikinmaa and Huestis (1984) have shown that adrenergic

swelling and the associated pH changes in rainbow trout red cells

are independent of extracellular E*  and insensitive to
furosemide, but are  dependent  upon stracellular Na*  and
sensitive to DIDS and amiloride. Adrenergic swelling of fish

arythroocytes thus appears to involve a different molecular
mechanism than that involved in avian red cells, In avian
grythrocytes, adrenergic swelling involves Na*/K*/01~ cotransport
into the cell, reguitvres high, nonphysiological levels of
extracellular kK*, and is sensitive to furosemide but insensitive
to disulphonic stilbene derivatives (Riddick e¢& al. 1971,
Fregenow 1973, ‘alfrey et al. 1980). In terms of adrenergic
swelling, fish erythrocytes behave more like amphibian red cells,
in as much as  the regulatory volume increases of amphibian
erythrocytes in hypertonic mecdia also do not require
extracellular K* to maintain uptake of Na* and Hz0 (Eregenow
1981). Cala (1980 found that amphibian ervihrooytes gain
sodium, chloride and water during regulatory volume increases in
hypertonic media. These ion fluxes were electrically silent,
were sensitive to medium bicarbonate levels and DIDE, and were
associated wilth H* extrusion. This information led Cala (1989)

to propose that volume regulatory ion movements in amphibian  red
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cells involve obligatorily coupled alkali metal/H* and Cl~/HCDw™
Hoehangers. The present data indicate that similar swoehangers
sximt  in fish eryithrocytes and that they are sensitive to beta-—
adrenergic stimulation in isotonic media. Accordingly, binding
of beta-agonists to membrane receptors on fish ervthrococytes
results  in Na* and Cl™ influxes in exchange for H* and HCOx—3
the latter ion pair do not exert osmotic pressure when in
egquilibrium  with Clz and HxO0. The net result is an increase in
the number of osmotically-active particles in the intracellualar

compartment and, consequently, uptake of extracellular water and

cell swelling. These ion exchangers probably are involved in
volume regulation of i sh ervthrocvtes during osmotic
perturbations as well, The molecular mechanism inveolved in

swelling of avian red cells is sensitive to both osmotic
perturbations and beta-adrenergic stimulation (Eregenow 1973).
Moreover , Cala (1977) has shown that regulatory increases  in
arythroycte volume after osmotic perturbation of f1lounder
(RPleuronectes flesus) red cells is accompanied by a net cellular
gain of sodium, chloride and water, with little change in
potassium.

Alternative explanations of the molecul ar mechanism
underlying adrenergic swelling of Ffish ervihrocytes do not
account for the observed results as well as coupled Nav/H*, HGOx—
/CY™  exchangers. Coupled Na*/H*, coupled Na*/Cl~- and Na*/HCOQx™
/C1™  cotransport mechanisms bhave been found in & number of
invertebrate and vertebrate tissues (for review see Roos and
Bororn 1981, Murer e¢ al. 19835, PFaldfrey and Rao 19283%), and would

appear to be the most obvious alternatives. However, each of
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these mechanisms can be discounted. Na*/H™ rohangetrs  are
insensitive to disulphonic Etilbéne derviatives (8ITS, DIDS),
whilst coupled transport of Ma*/HCOx"/C1" results in a net
cellular gain of Na* and HCO=—, and a loss of Cl—. Ma*+/Cl1~
rehangers are sensitive to fuwrosemide, whereas Mikinmaa and
Huestis (1984) have demonstrated that the adrenergic response of
fish erythrocytes is not. In  human ervthrocytes, adrenergic
swelling has been proposed to involve a calcium-mediated change
in the submembrane cyltoskelebton of the red cell (Rasmussen 6 al.
1978y, This cytoskeleton, the microfilamentous spectrin complex,
is thought to control cell shape and size (Bteck 1974). Swelling
due to simple structural changes could conceivably increase
sodium  leakage down its concentration gradient into the cell and
would alter the Donnan distribution of passively permeant ions by
aftfecting the net charge state of haemaglobin (Gary-Bobo and
Solomon 1971). Under such circumstances, however, ong also would
expect significant lealkage of K* out of the cell. Moreover,
changes in the net charge state of haemoglobin would affect Rue,

Fer-— and Rucos- all in the same direction, whereas in the present

study adrenaline caused an increase in Rem+ and Rel- but a
decrease in Rucox—. At this point, however, the dubious nature
of the present Fucos- estimates needs to be considered. It was

arguaed  in Chapter 1 that the present Ruacox- values are biased by
carbaminohaemoglobin formation. It is conceivable, therefore,
that adrenergic-induced decreases in Racox- reflect a decline in
carbamino formation rather than bicarbonate extrusion. This 1is

an wunlikely explanation for the following reason. Adrensrgic
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swelling of fish eryvthrococvltes iz associated with a decrease in
cellular nucleoside triphosphate levels (Nikinmaa 1983, Nikinmaa
et al. 1984 and, since nucleoside triphosphates compete with COs
for the beta-—chain terminals of trout haemoglobin (Greaney and
Fowers 1%977), one would expect adrenaline to enhance carbamino
formation if anything.

The preseﬁt results demonstrate that the mechanism involved
in adrenergic swelling of trout red cells is sensitive to 8BITS
and thus involves the Rand 3 anion exchange pathway or  an
analogous structure. The results also indicate that the cation
and aniton exchangers are linked tightly in as much as inhibition
of the anion pathway also "inhibits cation movements. In
caontrast, Nikinmaa and Huestis (1984) found that, while DIDS
inhibhited adrenergic swelling in rainbow trout red cells, DIDS
had no effect on HY extrusion. They concluded from this
information that the cation and anion exchangers invalved in
adrenergic swelling of fish erythrocoytes are linked only looselvy.
Their results, however, were obtained under extremely adverse
conditions in  which trout red cells were suspended in an  air-—
gouilibrated HEPES buffer solution at pH 7.143%-7.277 and 22 C,
and thus may bhave been inflenced by degradation of the red cells.
Eddy (1977), Ffor example, has demonstrated thatt the normal
metabolic Functions of rainbow trout erythroocytes deteriorate
above 20 C.

Can H™, Ci™ and HCOx~ truly be considered passively
distributed across the red cell membrane in light of the present
information? © The adrenergic responses of fish red cells are

minimal at resting catecholamine levels (Nikinmaa 1982, Fig. 14
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this study? and under  those conditions the equl librium
digtributions of H*, (€1~ and HCOx~ appear to be adeguately
described as passive (Chapter 1). EBEven at elevated catecholamine
levels., & passive distribution adeguately describes the observed
egquilibrium  distributions of H* and Cl-. The distribution of

HCO=", however, remains in gquestion. Whereas, one would have

expe an increase  in Fucox- when plasma pH decreased in
adrenaline, the observed Ruacox- actually declined. To a certain
extent, this decrease in Ruaco=x- probably reflects changes in
cchemically~bound species other than HCOx~ {(ie. COx®=-, carbamino).

However, it de doubtful that the magnitude of those changes was

significant to produce the observed decline in red cell bHCOx,

Indeed, a passive distribution for HCOx™ may not hold when
adrenaline levels are elevated. Definitive statements about the

transmembrane distribution of HCOx—, however, are di#fi&ult to
make +rom the present data because of the inclusion of more than
one  chemical species in the term "DBHCOx™" and because of the
possibility of nuclearicytosolic discontinuities inside the red
cell.

A striking feature of the bheta-adrenergic response of trout
red cells was the concuwrrent inhibition of net HCOx~ flux through
the red cells, as indicated by the functional decrease in
cellular CA activity. 'Thiﬁ inhibition of net bicarbonate flux
did not represent a direct effect on the UA enzvme itself: beta-
adrenegrgic agonists had no effect on the CA activity of trout
haemol yaates, Nor was it due to a general anion impermeability.

In fact, inhibition of anion transport with SITS also inhibited



127

the adrenergic response, at least as regards cell swelling.
Several mechanisms could be involved in  this adrenergic
inhibition of net bicarbonate f1lux. Firastly, the Em of the
erythrocyte CA of fish is large (12300 mM, Maren and Wiley 1966,
Girard and Istin 1975, Haswell 1978) relative to the cellular
concentrations of bicarbonate at physiological Clsz tensions (25
mM,  Fig. 3 and 20, Table 3). Thus, intracellular ClaiHCOR—
reactions probably exhibit +irst order kinetics. fAs  auch,
decreases in the cellular bicarbonate concentration in response
to adrenal ine would  depress  the catalysed rate of HCO
dehydratiomn Secondly, numerous studies have demonslbrated that
the slowest step duwing capillary Clz exchange is HOO=—/C1™
transport across the red cell membrane (Forster and Crandall
197%, Crandall and Bidani 1981, Forster 1982). Adrenergic
extrusion of HCO=" from the erythrocyte during COz unloading of
blood could conceivably slow the net influx of plasma HCOx—  to
the cell and hence depress cellular CA activity. It is
interesting to npote that both of these mechanisms would aperate
maximally duwring branchial capillary transit when plasma HCOx™ is
the substrate of primary importance, whereas they would have
little if any effect during tissue capillary transit when Clz is
the primary substrate.

What is the possible adaptative significance of the
adrenergic response of fish erythrocytes? The resting levels of
plasma catecholamines measuwed in the present study (3.1 nM
adrenal ine, 1.2 nM noradrenaline) are among the lowest yet
reported for fish (Mareaud and Mazeauwd 1981) and are comparable

to these noted by Ristori et al. (1977)(2.923 nM adrenaline, 2.30
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nM  noradrenaline) for rainbow trout. A characteristic of the
adrenergic response of fish to stressful stimuli, including
strenuous exercl se, physical disturbance, hypoxia and injury, is
a rapid and large elevation in plasna catecholamine levels,
commonly to levels exceeding 1000 nM (for review see Mazeaud and
Mazeaud 1981). such ﬁtréaﬁ$u1 stimuli generally are accompanied
by lactate acidemia in fish. The adrenergic responses of fish
red cells probably enhance regulation of intracellular pH  and
thus ameliorate the effects of this metabolic acidosis. Nikinmaa
(1983, For instance, has demonstrated that the adrenergic

responses  of rainbow trout ervthrocytes enhance Oz-haemoglobin
affinitiv, primarily as a resullt of H* eutrusion. Moreover,
Nikinmaa et a&l. {(1984) have shown that the beta-adrenergic
responses of striped bass red cells serve to maintain arterial
oxygen coantent in the face of metabolic acidosis {following
periods of strenuous exerclse. Obviously, the disadvantages to

Oz uptake and release conferred by reduction in the surface area

to volume ratio of swollen ervthroovtes (Jonas  1979) are
outweighed by the advantages to Oz affinity conferred by
adrenergic H* extrusion. Adrenergic HCOOz" extrusion would do

little to alter plasma MOz~ levels directly in as much as red

cells normally contain very little HOO=x" and constitute less than

half of the blood volume. Howewver , the associated reduction in
net bicarbonate flux through erythrocytes would result in
retention of plasma HCOx™ during branchial blood transit,

independent of the exact molecular mechanism involved in  that

reduction. HCO=" is the primary non-protein buffer in biological
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systems (Albers 19270, Comrose 1974). Numerous studies have
demonstrated that myocardial cells, neural cells and CSF uptake
MOO=~  during périmdﬁ of acidosis and/or adrenergic stimulation
(Riegle and Clancy 1975, Roron and DeWeer 1976, Fenton & al,
1978, Gonzaler and Clancy 1981, Thomas 1982, Ahmad and Loeschohka
1983, ane thus increase their physiological butfering
capacities. Moreaover, plasma HCOx~ facilitates lactate release
from some skeletal muscle in acidosis (Hirche et @ al. 1975) .
Thus, adrenergic swelling and the accompanying reduction in net
bicarbonate flux through fish eryvithrooytes can be considered an
Taltruistic’  behaviowr by which the benetits of HCOx" buffering
are shared with other celle via the miliew interieuwr. This
exemplifies the general priority in vertebrates of intracellular
pH regul ation over extracellular.

In conclusion, fish erythrocytes are readily permeable to
chloride and bicarbonate which traverse the cell membrane via the
Band 3 anion exchange pathway or an  analogous SITS-sensitive
structure. The inhibitors of CA present in fish plasma {see
Chapter 2) have no effect on gither membrane transport of anions

ar  on intracellualar  ChH. ITon transport in fish red cells is

significantly influenced, howaver, by  catecholamines. Beta-

adrenergic agonists appear to stimulate coupled Na*/H*, MHCOz—/C1~
sechangers, similar  to those involved in volume regulatory ion
movemants in amphibian ervihrocytes (Cala 19800, Beta—-adrenergic
stimulation of fish erythroocytes results in a net cellular gain
of  Na*t, Cl™ and Ha0, a net cellular loss of H* and HCOx™, . a
pronounced cell swelling, and a reduction in net bicarbonate flux

through the red cell. Under these conditions, the transmembrane
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distribution of HCOx" may not be passive. The adrenergic
resSpOnses of fish erythrocytes probably are important in

maintaining Oz transport and in enhancing intracellular buffering
in stress. The effects of adrenaline Ip vivo are investigated in

the following chapter.
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Chapter 4.
EFFECTS OF ADRENALINME ON COn EXCRETION

AND ACID-BASE STATUS OF ZALMO GATRDINERI, IN QIUG

The principal pathway for Cls excretion in fish, as in other
vertebrates, is via movement of plasma bicarbonate into the red
blood cell where the bhicarbonate is rapidly dehydrated to form
L0 in the presence of carbonic anhydrase. Thie Clz then
diffuses down its concentration gradient from the red cell into
the gaz exchange medium (water/aiv). Catecholamines influence
the L0z carrying capacity of blood in vitro, alter the
transmembrane distribution of HCOOx™ in red blood cells, and
reduce  the activity of ervthrocyte A of rainbow trouwt blood
(Chapter 2. As such, adrenergic stimulation would be expected
to decrease exchange of Clz in rainbow trout in vivo.

The primary response to many forms of stress in fish is  a
rapid  and often extremely large increase in blood catecholamine
levels (Nakano and Tomlinson 1967, Mazeaud e¢ al. 1977, Butler et
&l 1978, 1979 . The secondary effects of this neuwro-hormonal
response vary in their duration and pattern according to the fish
species under consideration and the nature of the stress (for
review see Mareaud and Mazeaud 1981). In g@neralgA howaver,
transport of blood gases is influenced by catecholamines via
cardiovascul ar effects including incoreased cardiac oubput {(Jones
and Randall 1978, Randall 1982a, b)), lamellar recruitment

(Holbert e¢ &l. 1979, and increased permeability of gill
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epithelium (Isaia, et @l. 1978a, b). As well, Oz-hasmaglobin
affinity increases in stress due to adrenergic HY extrusion  from
the red cell and & reduction in ervthrocytic nucleoside
triphosphate levels (Nikinmaa 1983, Nikinmaa e¢ al. 1984, .
Thus, catecholamines would appear to modulate transport  and
schange of both oxvgen and carban diodide in stress via not only
cardiovascul ar effects, but also via direct modulation of blood
respiratory properties, The adrenergic respmnéeg of fish
ervihrocytes would tend to favouwr Oz exchange in stress, bult to
disfavour Clz exchange.

The objective of the present study was to eramine the
effects of adrenaline on the transport and esxchange of Clzx amd Oz
in Selmo geirdneri. Injection of catecholamines into the
circulatory system of fish elicits secondary effects virtually
identical to those associated with stress (Feyrauwd-Wailtrenegger
1979, Mazeaud and Mareaud 1981, Nikinmaa 1982). In the present
study, the respiratory and acid-base states of venous and
arterial bloods were assessed simultaneocusly in order to
determine the effects of injection of adrenaline on 0. uptake and

CO=z excretion.
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MATERIALS AND METHODS

Rainbow trout {(300-400 g) were implanted with both dorsal
and ventral aortic cannulae as described in the General Materials
and Methods. Fish also were fitted with a buccal cannula.
Buccal cannulae were constructed from sections of polyethylene
surgical tubing (FE-20) which had been heat-flared at one end.
The Fflared end was implanted in the buccal cavity. Bucoal
cannul ae exited the fish via a flanged section of suwwgical tubing

(FE-200) which passed through the roof of the mouth in front of

the nares. All cannulae were connected to pressuwre transducers
(Statham 22EDh)Y by way of I-way stopcocks to allow continuous
recording of blood and buccal pressures. The I-way stopcocks

provided sampling and injection ports.

Bome fish were given a 0.3 mlb-bolus injection of either
Cortland saline or () —adrenaline {(G-10-**  mol-g Ffigh—? in
Cortland saline) via the dorsal aortic cannula. This injiection
produced an estimated 107 M increase in circulating adrenaline
levels, assuming the blood volume to be 9% of body weight (Smith
1966) . Other fish were injected continuously for a period of 1 h
and at a rate of 0.5 ml-h"* with (~)-adrenaline (10-* M in
Cortland saline) via the dorsal aortic cannula. This injection
produced an estimated 107* M increase in blood adrenaline levels
within 24 min and an estimated 2.3-10"* M increase aftter 1 h.
Ambient water temperature was 10 C.

At known time intervals, blood samples were withdrawn
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simul taneously from both the dorsal and ventral aortic cannulag.
These samples were replaced with an equivalent volume of Cortland
saline. A portion of each blood sample was used to measure
haematocrit in duplicate and total U= content (Com). Cor was

measured with an oxygen electrode (Radiometer, type E30448) using

the methods of Tucker (1967). The remainder of the samples were
centrifuged at room temperature for 1-2  min. A1l subsegquent
meastremeants were made on plasma. Foz and pH values were

measured using én Instrumentation Laboratory Micro 13, pH/blood
gas analvser with associated electrodes and calibration standards
thermostatted at 10 C. Ceoe values were measured uwsing the
methods of Cameron (1971) as described previouwsly. Foeor wvalues
were calculated wusing eguation 8 and the values of aClz and pHape
obtained in Chapter 1. Area mean blood pressure, heart rate and

ventilation rate were taken from the pressure records,
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RESULTS

Injection of adrenaline into the dorsal aorta of Salno
gairdneri produced significant changes in the respiratory and
acid-base states of the fish (Fig. 22 and 23). Injection of an
equivalent volume of saline was without effect (Table 11).
Elevation of circulating adrenaline levels was associated with a
significant transient decrease in the gas exchange ratio (R =
dloon/dloz) (Fig. 24). It should be noted, however, that since
the reported R values were calculated using true plasma Cooe. the
reported values overestimate the actual R valuess true plasma
Coom ie necessarily greater than whole blood Cepz {(see Figure 3).
Monetheless, the reported values demonstrate that the rate of COz
excretion decreased, relative to the rate of 0Oz uptake, following
adrenaline injection. The reduction in R was fully compensated
for within &0 min of the injection. Reductions in R were

accompanied by & significant increase in plasma Cooz and Foos

2y

e

and a significant decrease in plasma pH (Fig. 22). Changes in
Crozy FPeoz and pH were fully compensated for within the 120-min
time frame of continuoaus—injection studies, but did not return to
pratreatment levels within the shorter time frame (43 min) af
bolus—-injection studies.

Injection of adrenaline either reversed the direction of or
abolished arterial-venous differences in pH and FPeon (Fig. 2.
Frior to injection of adrenaline, arterial plasma was more basic

and contained less freg Clsz (Fomz) than its verous counterpart.
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Figwe 22. Arterial-venous differences in pH, Coeoz and Foos
ACKr OGS the gills ot Salmo gairdneri, showlng the
efftects of injection of adrenal ine ARE & bolus
(G- 102 mal-g fish—) and as - a continuous stream
(5"1D4w mol-h—*), Arterial values are shown by open
circles. Venous values are sHown by salid
circles. Valuess are means + 1 8.E. (n=3). Values denoted with -+

are different significantly from the time zero value at FPLO,05
{(paired t-test). Arterial values denoted with ® are different
significantly Ffrom the corresponding venous value at PL0.05

{paired t-test).



137

injection

]
1

injection

8.1

77 |-
7.6

14 -

12

60 90 120

30

30 45

15

min

TIME,



138

Figure 2073, Arterial -venous differences in Coz,. Fom and
haematocrit ACEH 055 the gills of salmo geirdneri,
showing the effects of injection of adrenal ine as
a bolus (G- 10—2n mal-g fish™*) and as a continuous
stream (o-10-9 mol-h—*), Rest of caption as in

Figure Z2Z.
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Table 11. Respiratory and acid-base characteristics of arterial
plasma of Salwo gairdneriz, showing effects of a bolus injection
of 0.5 mb of Cortland saline. Values are means + 1 S.E. {n=5) .

Het, haematocrit.

Time post-injection {(min)
Q 15 0

pH B.046 + 0,019 8,049 + 0,027 8. 057 + 0,027

Ceon Fa21 4+ Q.43 .35 + 0,45 7.085 + 0.32
(miM}

Feow 2,00 + O,05 .02 4+ 0,11 1.92 + Q.07
(tory)

e
—
s

o~

166 + 1.5 14.7

+
-
2
——

Het 17.9 +
(%)
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Figure 24. Gas exchange ratio (R = ¢ plasmaCgo=/d bloodlo=) of
Bagipo gairdneri, showing the effecte of injection of adrenaline
as  a bolus (3-107** mol-g fish™*) and as a continuous stream
(S-10~® mol-h—*), Values are means o+ 1 S5.E. {n=3).

Values denoted by + are different significantly from the time

rero value at PL0.05 (paired t-test).
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After injection of adrenaline, however, arterial plasma tended to
be more acidic tharn and had about the same Feooz as venous plasma,
despite the observation that fish at all times maintained a
negative arterial-venous difference in Ceom. that is, positive
weretion  of COa. Arterial—-venous differences in pH and Fgoozm
returned to pretreatment conditions within 60 min following the
injection.

The significant arterial acidosis associated with elevated
adremaline levels was not accompanied by a corresponding decrease
in blood Coz (Fig. 23 which one might have expected due to Rohy
and Root effects. Blood oxygen content actually tended to
increase as plasma pH fell, although the changes in Co» were not
significant statistically. This absence of a pH effect on Co=
was not  attributable to an effect of adrenaline on blood Fozi
arterial and venous Fepz levels remained unchanged throughout the
studies (Fig. 23). It is conceiveable that the absence of a pH
effect was attributable to increased Oz affinity of blood (cf.
Nikinmaa 1983, Nikinmaa et al. 1984). However, recruitment of
additional ervihrocytes into the circulating blood cannot  be
ruled out, since haematocrit also tended to increase in  concert
with the decrease in plasma pH (Fig. 23).

Adrenaline had significant effects on the cardiovascular
system of Salwo gairdneri (?ig" 28) . Bolus injection of

adrenaline produced an immediate increase in arterial and venous

blood pressures. Blood pressuwres peaked within 3 min  of the
bolus injection and then slowly decreased, returning to
pretreatment levels within 45 min of the injection. Continuous

injection of adrenaline also produced an  increase in  blood
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Figuwe 23, Effects of adrenaline injection as a bolus (§-10—32
mol-g fish=*) and AS a continuous atream (FGe 1=
mol-h=*) on area mean blood pressuwwe, heart rate and ventilation

rate of Salmo gairdneri. Rest of caption as in Figure 22.
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pPressures, albeit this increase occuwred at a much slower rate.
In these studies, blobd pressures continued to increazse slowly
throughout the entire 60-min injection period and remained
elevated {for more than 60 min following that period. Adrenaline
had no detectable eftfect on ventilation rate and only a moderate
effect on heart rate producing & mild bradycardia which was

compensated for within 60 min of the injection (Fig. 285).
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DISCUSSTON

Elevation of blood adrenaline levels in Salpo geirdneri was
associated with a transient reduction in COz clearance and an
increase in body Cla stores. These results are consistent with
an adrenergic reduction in net HOOx™ flux through the red cell
during branchial blood transit. Similar increases in blood Cgo=
and Foepz have been observed following whole-body inhibition of
carbonic anhydrase in dogfish (Sgualurxr acanthias) (Maren 1962),
lake trout (Sxlvelinas nawayoesh) (Hoffert and Fromm 19&66), and
rainbow trout (Hoffert and Fromm 1972). Selective inhibition of
arythrocyte CA with an aminothiadiazole derivative (CL 11,366,
which reportedly lacks access to gill CA., has shown  that
increases in  body Cla stores following CA  inhibition are due
solely to red cell effects (Maren and Maren 1964). Ferry et &if.
{1982) have demonstrated with a blood-perfused rainbow trout
preparation that 8IT7S8~inhibition of the Band 3 anion exchange
pathway in erythroocytes also ceauses a reduction in COz excretion
and an increase in body COa stores. This reiterates that
inhibition of ervthrocyte anion transport bas the same functional
effect on branchial COx exchange as inhibition of erythrocyte CA
(Chapter ). Adrenergic reductions in C0n excretion probably
ware related to adrenergic HCOz™ extrusion from the red coell,
rather than the result of general anion impermeability or direct
inhibition of the CA enzyme {(Chapter 3. Adrenergic HCOx—

extrusion from the red cell would reduce net HCOx— influx during
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branchial bleood transit when plasma HCOs™ is the substrate of
concern for ervthrocyte CA, but would have little if any effect
on Cla exchange during tissue blood transit when CDz is  the
substrate of concern.

Ferry et &l. (1982) noted that inhibition of erythrocyte

HCO=—/C1l™ exchange significantly reduced 0z uptake in a blood-
perfused rainbow trout preparation. Fresumably, inhibition of
HCO=— influx to the red cell and the resultant reduction in the

intracellular HCO=™ dehydration reaction allowed oxy-labile H* to
accunulate sufficiently within the red cell to slow Bohr-on and
Hoot-—-on shifts duaring branchial blood transit. Under the present
experimental conditions, however, adrenergic reduction af net
HCO=" flux through 8. geirdneri erythrococyvtes had no effect on Oz
loading of blood. This emphasizes that the observed reduction in
Clz sxcretion was not due simply to an adrenergic response of the
cardiovascul ar  system in  as much as cardiovascular responses
would alter Clz excretion and 0z uptake in the same direction.
Oz uptake in the present in vive study probably was maintained in

the face of & reduction in C0: excretion by a combination of

factors: adrenergic H* extrusion from the red cells which would
partially offset the reduction in erythrocyte bicarbonate
buffering capacitys a decrease in erythrocyte nucleoside

triphosphate levels in response to adrenaline which enhances Op-
haemoglobin binding affinity (Mikinmaa 1983, Nibkinmaa et al.
1984) 3 haemoconcentration due to splenic contraction and  the
release  of additional erythrooytes, and to diuwesis (Stevens
1968, Wood and Randall 1273, Nilsson e¢ al. 1973)% and

adrenergic responses of the cardiovascular system (for review see
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Jones  and Randall 1978, Randall 1982a, b). Maintenance of Oz

loading when catecholamines are released in stress would ensure

Oz transport to the tissues in those situations. At the same
time, retention of plasma HOOx" would maintain an extracellular
HCO = ponl which then would be available to enhance the

physiological buwffering capacity of intracellular compartments.
Fespiratory H* associated with this HUOx™ retention could remain
in the extracellular Fluids or be excreted across the gills.
Fish gill epithelium is ver? permeable to H* (McWilliams and
Fotts 1978) and recent evidence (van den Thillart et ai. 1983)
indicates that Clx and H* excretion across the gill vary
independently of each other.

The responses of rainbow trout  to exogenous adrenaline
included a transient disruption of the arterial -vaenous
differences in plasma pH and Feoz across the gill. Typically,
arterial plasma has a lower COz content, a lower CO» tension and
is more basic than its venous counterpart. Following injection
of adrenaline, however, arterial plasma had a similar Foeoz as and
tended to be more acidic than venous plasma, despite the
chservation that a net loss of COz was still maintained during
branchial blood transit. These results could have been obtained
anly from blood that was far from COziHCO=" chemical eqguilibrium
att  the time the blood was withdrawn in vivo. When in chemical
equilibrium, an  aquenus solution with a lower Coo=z also has  a
lower Foom and a higher pH than a solution with a higher Cooz.
In the present study, net interconversion of [0 + Hz0l and

[HCO=~  + H*1 must have continued to occuwr during the blood



150

sampling and measurement procedures. Thus, the observed pH and
Foos values did not reflect the actual pH and Feoe of arterial
plasma at the site of withdrawal in vivo. &} chemical
dissquilibrium in arterial blood also is consistent with an

adrenergic inhibition of net HCO=" filwe through the red cell

during branchial blood transit. Fish gill epithelium is very
permeable to COz but relatively impermeable to HCOx™  (Ferry et

al . 19262), and consequently the bulk of C0. excreted during
branchial blood transit exits the blood as COz (see Table 5. In
the absence of catecholamine effects, CO&nsHCOm™ chemical
equilibrium is maintained dwing branchial Clz exchange via
catalysis of COa:HCDx~ reactions by ervthrocyte ChA. The
uncatalysed rate of COx:HCO=" reactions is at least one order of
magnitude too slow to enable chemical eguilibrium to be achieved
during branchial blood transit (Chapter 2). Following adrenergic
stimulation of Fish erythrocvtes, howewver , the functional
activity of ervihrocyte CA is reduced and consequently the rate
of HOOx™ dehydration during branchial blood transit can no longer
keep pace with diffusion of dissolved Clz. As a result, HCOx" is
retained in the plasma and the blood is no longer able to attain
COzHCO=— chemical equilibrium during branchial transit.
Chemical eqguilibrium would be attained in vessels downstream of
the gill, and would he accompanied theoretically by an  increase
in both arterial Pocoz and pH. Arterial pH under such
circumstances, however, also would be influenced by H* movements
across  the gill (McWilliams and Fotts 1978, wvan den Thillart et
al. 1983 and by adrenergic H* extrusion from red cells (Chapter

).
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The effects of adrenaline were transient in nature. This is
to bhe expected for several reasons. Firstly, a reduction in COs
excretion causes the diffusion gradient for dissolved L0z at  the
gas exchange organ to increase. Eventually, the point will be
reached at which simple diffusion of COz matches metabolic
production of Clz and a steady-state i re-established. Swenson
and Maren (1978) have examined the effects of total inhibition of
erythrocyte CA on COz excretion in mammals. They found that, at
rest in the presence of eryvithrocytic CA activity., 784 of edcreted
CO=z was derived from the catalysed dehydration of HCOx™, 10% was
from dissolved GOz, and 11%Z was from carbamino compounds (see
Table 3 for fish values). Total inhibition of ervthrocyte CA had
no  effect on the steady—-state rate of CO0z excretion. In the
absence of CA, however, 807 of excreted Clz was derived from
dissolved Cl=, 4% was from uncatalysed HCO=" dehydration, and 11%
was from carbamino compounds. Secondly., while catecholamines are
relatively stable in fish blood (half-times of 65.8 min and 163
min for  adrenaline and noradrenaline, respectively, {Mareaud
1979, catecholamines generally are rapidly deactivated, at least
in mammalian blood (Goodman and Gilman 195&4). Lastly, adrenaline
injections in intact animals cause a multitude of cardiovascular
and metabolic effects which then lead to the initiation of
refleres to counteract them.

The cardiovascular responses of fish to catecholamines have
been reviewsd by Randall (1970b, 1982a, bi and by Jones and
Randall (1978) . The present results are conéiﬁtent with the

known effects of adrenaline on the cardiovascular system of fish:
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a positive inotropic effect of the heartsi a dilation of gill
vasculature and decrease in gill resistance; and a rise in bloed
pressure which elicte a baroreceptor reflex causing simultaneous
vagal bradycardia.

In conclusion, the adrenergic responses of intact rainbow
trout at rest included a transient reduction in Clz excretion, an
increase in body Clz stores, and a disruption of arterial-venous
differences in plasma pH and Fco=z. All these results are
consistent with an adrenegrgic reduction in net HCO=" flux through
the red cell during branchial blood transit. Uz uptake by blood
was uwnaffected by this retention of CO=. Nikinmaa et al. (1984)
have demonstrated that the beta-adrenergic responses of fish
arythrococytes serve to maintain arterial 0. content in stress.
The present study indicates that these adrenergic responses also
serve to maintain an extracellular pool of HCOx~ in stress which

then can be used to enhance intracellular buffering capacities.
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GENMERAL. DISCUSSTION

This thesis has examined the transport and excoretion of
carbon  diocide in fish, and the role of the red blood cell in
that process. The results demonstrate that COz excretion in fish

proceeds  in a typically mammalian fashion (cf. Roughton 1964).

19

D s transported in the blood primarily as HCOs— (R0-99%  of
Coom) . which at an haematocrit of 254 is distributed bestween the

plasma water space and the red cell water space in & ratio of

about 9il. Relatively small proportions of the Clz content of
blood are present as dissolved Clx 2-34)  or  as  carbamino
compounds (8-6%) . In resting fish, the red cell membrane is

readily permeable to HCOx—, Cl™ and H*, all of which are
distributed passively across the cell membrane. During branchial
Clz exchange, plasma HCO=" traverses the ervthrocyte membrane in
an one-for-one exchange with cellular Cl™. This “"chloride shift?®
is similar in its time cowse and its sensitivity to disulphonic
stilbene derivatives and acetazolamide as is HCOx"/Cl™ exchange
in mammalian ervthrooytes (Cameron 1978b, Obaid eé¢ al. 1979, and

thus presumably involves a transport mechanism similar to the

mammalian Band 3 anion exchange pathway. Fish ervthrocytes
contain sufficient carbonic anhydrase to catal vse the

interconversion of COx and HCO=" by several orders of magnitude.
Thus, upon  entry to  the red cell, plasma HCOx~ is rapidly
dehvdrated to Fform COz. This Clz then diffuses down ite

concentration gradient out of the red cell and across the gill
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epithel ium. This pathway for Clz excretion is unaffected by
endogenous inhibitors of carbonic anhydrase present in fish
plasmas; these inhibitors lack access to the intracellular en:zyme
and have no effect on the anion transport mechanism 1in fish
erythrocytes. Hence, the gill model of COz excretion which
asserts that fish erythrocytes are functionally impermeable to
HCO=~  in wvive and that the bulk of Clz crosses the gill
epithelium directly as HCOx~ (Haswell and Randall 1978, Haswell
et al. 1980 no longer can be considered correct. Indeed, in
light of recent.evid@mc@ that the basolateral membrane of the
fish gill is relatively impermeable to HCOx" (Ferry et al. 1982,
the bulk of Clz leaving the blood during branchial capillary
transit must do so as dissolved Clz, and therefore must exit via
the red blood cell. The contribution of uncatalysed dehydration
of plasma HMHCOx™ to overall CO,x excretion is negligibles the
uncatal yesed reaction proceeds far too slowly to be of  any
importance dwing lamellar blood transit. The flux of plasma
HCO=" through the red cell is important in maintaining Oz uptéke
cdiring  branchial blood transit (FPerry € al. 1982, presumably
due to bicarbonate buffering of oxy-labile H* and facilitation of
Bohr—on and Root—-on shifts.

Carbon diodide behaves like a weak acid in agueous solutiong
increases in Clz tension necessarily decrease pH while decreases
in Clz tension necessarily increase pH. Maintenance of a stable
internal pH in biological systems, therefore, regquires  a
balancing of Clz production and excretion. In general ,
vertebrates regul ate their internal acid-base status by

adjustments to blood Cla levels. Fish, and perhaps most other
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water-breathing vertebrates, regulate Dblood pH by modulating
blood HCO=" levels while allowing blood Foeoe to parallel
environmental levels {(Cameron and Randall 1972, Randall and

Cameron 1973, Janssen and Randall 1975, Eddy ¢ al. 1977).

Elevation aof plasma HCOx" levels increases blood pH while
decreases in plasma HCO=" levels have the opposite effect. This

relationship 1is possible because the fish gill is relatively
impermeable to HCOx~ (Ferry ¢ al. 1982) but is readily permeable
to HY  (McWilliams and Fotts 1978) and C0n, which are excreted
acrogs  the gill epithelium independent of one another {(van den
Thillart ¢ al. 1983%).

While there is little doubt that the Na*/H* (MHa*) and 1
HCO=~ (OH™)  exchangers present on the apical membrane of gill
epithelium are involved in acid-base regulation (Cameron 1978a,
Heisler 1984), the present studies clearly indicate  that
extracellular HOOx~ concentrations in fish are controlled at
least in part at the level of the red blood cell. Fish
erythrocytes possess MNav/H" and Cl-/HCOx™ exchangers that are
sensitive to beta-adrenergic agonists and perhaps to osmotic
perturbations of the red cell. Adrenergic stimulation of  +fish
red cells results in a net cellular gain of Ma™, Cl17 and Ha, a
net cellular loss of MY and HCOx—, a pronounced cell swelling,
and & reduaction in  the functional activity of ervithrocoyte
carbonic anhydrase. In vivo, these responses slow the rate of
COn excretion during branchial blood transit and result in
retention of plasma HCOx™. Retention of plasma HCO=" probably is

important during periode of stress in compensating +or
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cardiovascular effeclts such as lamellar recruitment (Molbert e@
al. 1979 which conceivably could result in washout of blood Clz.

As well, maintenance of an extracelliular pool of HCOx™ in stress

makes plasma HCO=" available to enhance the intracellular
buffering capacities of other tissues. This pool of
extracel lul ar bicarbonate, although small, would have a

considerable effect on intracellular pH compensation because of
the initially low intracellular bicarbonate levels of water-—
breathing vertebrates (1-5 mM, see Table 5. The adrenergic
responses of fish erythrocytes also serve to maintain O uptake
at the gills in the face of the accompanying net reduction in
HEO=— 1w through the red cell., The reduction in
intraerythrocytic bicarbonate buffering of oxy-labile H™ in
stress is partially compensated for by H™ extrusion from the red
cell and by reductions in erythrocoyte organic phosphate levels
which enhance Oz-bhaemoglobin binding affinity (Mikinmaa 19873,
Nikinmaa e¢& al. 1984). The adrenergic responses of fish red
cells probably are transient in nature and exert their maximal
effect on acid-base regulation shortly after a pH disturbance
OCCUr s, As  such, they can be considered a “first line of
detence’ against fluctuations in internal pH. Long—-term pH
regulation most likely is achieved wvia gill function.

The adrenergic responses of fish erythrocytes probably
explain the absence of functional erythrocyte CA  activity in
bimodally-breathing Fish during air exposuwre. Several studies
(Randall e¢ al. 1978, Daxboeck and Heming 1982) have found that,
while bimodally-breathing fish are capable of maintaining o

uptake during air exposure, OOz edcretion in air is limited to
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the wuncatalysed rate of HCOx™ dehvdration. The gas exchange
ratios of these fish typically were 0.2-0.4 during air exposure.
Whole-body inhibition of CA was without effect on Cl: excretion
during air exposuwre of these animals, whereas injection of
HOQEnous carbonic arhydrase significantly increased Clz
axcretion in  air and returned the gas exchange ratio to about
wnity. The erythrocytes of bimodally-breathing +fish  contain
significant amounts of carbonic anhydrase (Burggren and Haswell
1979, Daxboeck and Heming 1982) and it is unlikely that these
eryihrocytes are generally impermeable to anions. More likelvy,
the stress of handling and air exposwe in the above studies
caused release of catecholamines into the blood which in tarn
reduced_the functional activity of ervthrocyte CA via adrenergic
stimulation of the red cells.

A valuable and informative technigue for guantifying the
movements of acid-base relevant ions in fish recently has been
developed which involves balancing the uptake and excretion of
L0z, H™ and counter-exchange ions {(Na*, (Cl17) between water and
the extracellular (plasmal) compartment of fish ((for review see
Heisler 1984). Use of this technigque has demonstrated that
movements of HCOx™ between the intracellular and edtracellular
compartments, angd  between the extracellular compartment and the
water occur during pH compensation. However, the possibility of
a stress-related redistribution of Nav, Cl™, H* and HCOx" across
the red Vcell mambrane seldom has been considered in  these ion
balancing studies. Since the red cells of fish typically occupy

pEeTGY of the total blood volume, the adrenergic responses  of
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fiash ervihrocytes probably are & significant souwrce of error  in
ion balancing studies. Thiz is especially true in studies in
which ion movements across the gill are inferred solely from
measurements of plasma ion levelsz in the absence of measuwrements

af water ion levels (cf. Wilkes ¢ &fI. 1981).
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ABRREVIATIONS AND 8YMROLS

aCls -~ Clz solubility coefficient

L0z — mean COz capacitance or dCeon/dFocos

bHCO=" - apparent bicarbonate or chemically-bound COz

CA — carbonic anhydrase

Co= — total oxygen content

Coo= ~ total carbon dioxide content

dX — delta X or change in any variahle X, for example, JdCI-
Fom — partial pressuwre of oxvgen

Feos — partial pressure of carbon dioxide

Fo- gas sxchange ratio or Jleco=m/dCoz

Fx = Donnan ratio of any ion X, for example, Rgi-
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