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ABSTRF:C‘I‘

A role for‘branéhial ion exc£ange mechanisms i? compensa-
tion of extracellulér acidoses hés been noted in teleosts and
is felated, in p;ré, to the Selective mepdulation of branchial
Cl~/HCO;™ (OH™) or Na*/NH,* (Ht) exchange. In an attempt ﬁéﬂ
characterize compensatory mechanisms utilized by the American
eel (Anguilla rostrata), observations of blood jacid-base and
ionic variables were made in eels'subjected to either pro-
longed air-exposure or external hypercapnia.

. -'It' was .revealed that the American eel (Angquilla
rostrétaiy,though not particularly'well—adapted for prolonged
aér;al'réspiration, is able to withstand the hypoxemia ﬁnd'
acidosis associated with extended air—exﬁésure (36 h):/’ An
indhpadity for aerial gas transfer caused an accumulation of
metabolic H* ions and respiratory CO; which contributed to a
se%ere' mixed acidosis, compencated, albeit slowly, dpon.
return to.water. The changés.observed in the flux of strong
iong {strong ion diffe;ence flux, SIDF) duriné recovery from
h,air;exéosure were attributed primarily to modification of
branchial Na*/acid exchange. Moreover, a significant correla-
"tion exi;ted between the rate éf SIDF and the rate of branch-
ial acid excretion. Net renal acid efflux was low (approx-
imatély 6.5% of total acid clearance) both during and after
prolonged air-exposure. Due to the slow rate of acid-base

recovery after exposure to air, it was suggested that the eel
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possessés a limited ca?acitg for acid-base regulation, a
result of uniquely low ra!es of branchial Cl-/HCO;~ exchange.
ﬁbwever, the eel wan capable of regulating the acidosisl
associated with hypercapnia equally well as the trout in spite
of limited Cl7/HCO3~ exchange and an enormous stimulation of
branchialgﬁaésuptake_gurihg hypércaﬁhia was detected in eels.
‘Furtheréére, there was no stimulation of branchial Na‘t uptake
in eels acclimated to low Na't water, which demonstrate an
inability to regulate hypercapnic acidosi;.é Intefesfingly, a
relationship arose between whole blood éH and the ext®rnal
concentration of Nat in eels during steady state conai ions.
It is concluded that the eel relies on modulation of B anchial
Nat/NH, T (8t) exchange rather than Cl7/HCO3™ (OH™) exchange to
compensate extracellular acidoses. However, as the eel
appears to react only slowly to changes in blood acid—base
status, it is speculated that hormonal adjustmeﬁté such as
plasma catecholdmine surges may play a limited role in the

manipulation of these processes. !
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RESUME
i e ‘ ™N

Un rdle compensatoire des acidoses extracellulaires a été
noté pour lés méchanismes d’échénges ioﬁiqus branchiaux chez
légrféléosées, et est associé, en partie, a la modulation
sélective des échanges branchiaux de Cl~/HCO;_(OH™) ou de
Na+/NH4+(H*1;,/£our essayer de caracterisé les méchanismes
compensatoires ‘qui sont utilisés par l’anguille -américaine
{Anguilla rostrata), des observations des variables acide-
basiques et ioniques sangﬁines ont eté fait avec des anguilles
asujgtties a une exposition a l’air prolongée ou a
l’hgiercapnie externe. )

Il a ete révelé que l’anguille américaine (Anguilla
ros?rata), bien due n’étant pas particulierement bien adaptée
npour la respiration aérienne prolongée, est capable de
résister a4 l’hypoxémie et a l’acidose associées a une exposi-
tion proloﬁgée a l’air (36 h). Une incapacité de faire un
transfert de gaz aeérien causa une accumulation d:ions méta-
boligues H* et de CO» respiratoire, qui ont contribués & une
acidose mixte sévére, qui fut compensée lentement au retour a

cu
l’eau. Les changemenﬁs-observés dans le flux d’ions forts
(flux différentiel d’/ions fortsa SIDF) durant le rétablis-
sement suite & l’exposition a l’air ont été atfribués a la
moaification d’échanges Na'/acide branchiale. En plus, une(::b’
corrélation signifiante existe entre le taux de la SIDF et le

taux de l’excrétion branchiale d’acide. Le flux rénal net

d’acide était bas (environ 6.5% du dégagement total d’acide)

N



X .
durant et apres l’exposition & l’air. Due'au faible taux de

reécupération acido~basique apres l’eXposi#ion a l’air, il a
été suggeré que l’angﬁille posséde’ une cahgg}té limitée pour
la’ régulation acido-basicue fésultant des taux faibles
d’échanges branchiaux de Cl™/HCO;~.

Néanmoins, l’anguille est capable de réguler 1’a&idose
associée a l’hype;capnie aussi bien que la truite en dépis de
1’échange limitée de Cl17/HCO3~; une stimulation énorme de

1/influx branchiale de Na*na ete detectée. Il n’y eu pas de

Aage

stimulation de l7influx b%gnchiale de Nat dans les anguilles
acclimatées & une eau a teneur faible dg Na¥, ce qui démontra
une inabilitée de reéguler ;’écidoge hypercapnique. Curieuse-
ment, une relation fut demontrée entre le pH.du sanghifmpleu\
et la concentration du milieu en Na¥ durant des conditions
stables. _ A

Il est conclu que l’anguille se fie sur la modulation de
1’échange branchiale de.Na+/NH4+(H+) au lieu de l’échange de
Cl™/HCO4;  (OH™) pour compenser les acidoses extracellulaires.
Comme l'énguille réagit lentement aux changements dans son
status acido-basique‘sanguin, i1l est spéculé que des ajuste-
ments hormonaux tei que des vagues de catécholamines pourrait

jouer un rdéle limité dans la manipulation de ces procédés.

a4 o=
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- ABBREVIATIONS-
- f =

Coppeneensnnnas total carbon éioxide
Cozevernneccnnn total oxygen
COgevecrennnnn. carbon dioxide .
Het.....ovoons hematocrit .
RBC..vsveeenann. red blood cell
POogseseanacnnns partial pressure of oxygen
Pepogevcececvennn partial pressure of carbon dioxide
PHE......0i0uvuun whole Blood pH
REC PH.vveuvnan red blood cell pHE
SID. ... iiinens strong ion difference
UFR..eavenaooo urine flow r']'a.-t.eT
INET-=---vevcen- net flux
TN+ oeacaceenns influx
JOUTec-vcereran efflux
15319 0) S strong ion difference flux
Jppecercannnnas net flux of titratablé alkalinity
TAMM--vvoeaann- net flux of ammonia
MCOZ....' ....... excretion of CO,
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CHAPTER 1

GENERAL INTRODUCTION



The relationship between an organism and its immediate
environmen£ is extrémely dynamic and, in@vitably; the environ-
mgnt impose§3ngtress upon an animal which challénges its
regulatory mecﬁéﬁisms. One imporfant physiological indicator

of this relationship in an animal is pH because the main-

tenance 6f PH is critical to the integrity of both structural
and enzymatic proteins. : ~
Acid-base Disturbances
Perturbations of blood acid-base status in fishes, which
often reflect changes in the homeostatic relationship with the
environment, are categorized generally as beilng of either
metabolic or respiratqry.ﬁrigin.

Metabolic acidosis 1is most commonly associated with
exercise and is characterized by a reduction in whole b%ood PH
and an elevation of plasma lactate concentrations (Wood and
Perry, 1985; Perry, Daxboeck, Emmett, Hochachka and, Brill,
1985; Heisler, 1986; Milligan and Wood, 1986a; Butler, 1986).
However, when used to stu@x’ébid~base regulation, it has been
shown that a component oﬁ the recovery observed in trout is a
result ‘of metabolic adjustments and 1s related to the
clearance of lactate (Mi%iigan and Wood, 1986b). Furthermore,
the acidesis encounteredjby fish following exhaustive exercise
is not purely of metabolic origin as elevations inﬁarterial
Pepz have been reported (Perry et al., 1985; Wood and Perry,
1985; Heisler, 1986; Butler, 1986). Although the respiratory

component of this acidosis is relatively minor, it is termed

. ¢



nevertheless a mixed acidosis. In a similar fashion, exposure

-

to air for prolonged periods of time in “air-breathihg“ fishes
can result in a mixed acidosis (Berg and Steen, 1965; Heisler,
1982; see also reviews by Johansen, 1970; Randall, Burggren,
Farrell and Haswell, 1981). Both lactic acid and mineral acid
loads have been infused intravascularly into  fish in an
attempt to mimic the changes encountered fallowing exhaustive
exerzcise (Wood and Caldwell, 1978; Kobayashi and Wood, 1980;
Cameron and Kormanik, 1982; McDonald, Walker, Wilkes and Wood,
1982). The infusion of}ei}hqzv;actic acid or mineral acid
(i.e. HCl) omits the }espiratory component of the acidosis.
Moréover, acid—basel disturbances of external origin, which
occur naturally as a result of changes in environmental pH
(i.e. acid rain), superficially cannot be distinguished from
an acidosis of purely\met?bolic origin (Neville, 1979; Packer
1979; McDonald, Hobe and Wood, 1980). Indeed, artificial
acidification af the enviroﬁment has been used to study
mechanisms of acid-base regulation (McWilliams and Potts,
1978; McDonald and Wood, 1981).

Acid-base disturbances of respiratory origin are compen-
sated by air-breathers using ventilation and, although seldom
encountered naturally, fespiratory acid-base disturbances in
fishes are similarly reiated to ventilation. In fishes,
evidence suggests that ventilation is strongly oriented to the

-
extraction of 05 ﬁ{Pm the water rather than the elimination of

CO, (Saunders, 195&; Holeton and Randall, 1967; Davis and
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Cameroﬁ, 1971; Randall and Jones, 1873; Dejours, Toulmond and
Truchot, 1977; Dejours, 1978; Wood and Jackson, 1980; Smith
and Johes, 1982) and, becauéL the capacitance of water for CO,
is greater than that for O, (Piiper, Dejours, Haab and Rahn,
1971), f£fish hyperventilate with respect to CO0» (Dejours,
1978) . Therefore, the ability to mcdulate arterial Pggo is
limited by the requirement for Oz in fishes. This
characteristic has been used as a tool in an attempt to{
uriderstand mechanisms of acid-base regulation. Respiratoryr
acid-base d%sturbances have been imposed on fish simply 1) by
ele&hting environmental Pega, Wwhich results 1in elevated
arterial Pggs (hypercapnia) and hence a respiratory acidosis
(exogenous hypercapnia; Cameron, 1976; Perry, Haswell, Randall
and Farrell, 1981; Perry, 1982; Thomas, 1983; foews,-Holeton
and Helsler, 1983; Claiborne and Heisler, 1984; Claiborne aﬁd
Heisler, 1986; Perry, Malone and Ewing, 1987a,b; Cameron and
Iwama, 1987) or 2) by elevating environmental Py, (hyperoxia),
which results in hYpoventilation and hencé elevated Pep2
{endogenous hypercapnia; Bornancin, De Renzis and Maetz, 1977;
Wood and Jackson, 1980: Thomas, 1983; Hobe, Wood aag Wheatly,
1984; Wheatly, Hobe and Wood, 1984; Wood, Wheatly and Hobe,

-

1984) .
Mechanisms of Acid-base Requlation

In fish, PH regulation is accomplished initially using
buffers which help to maintain a steady state pH and reduce

the'effe:ts of acid-base disturbances (see Heisler, 1986a,b).



There are two distinct buffer systems in fish; the COp-
bicarbonate buffer systFm and the non-bicarbonate buffer
system. Briefly, the CO,-bicarbonate buffer system is capable
only of buffering HT ions of non-respiratory origin and ifs
effects can be predicted by the Hendersog—Hasselbalch
equation. The non-bicarbonate buffer systen, which consists
mainly of protein residues with pK values close to
physiological pH (e.g. histidine), can buffer both respiratory
and non-respiratory acid-base disturbances. Non-bicarbonate
buffering in the extracellular fluid is considerably lower
than that of the intracellular fluid, although the
intracellular. bufféring capacity wvaries 1in the different
tissues of the body (Heisler, 1986a). Neither the bicarbonate
or non-bicarbonate buffer s&stem is capable of restoring
homeostatic conditions fol;owing an acid-ﬁase disturbapce and
both act transiently to prevent potentially lethal changes in
pH until homeostatic:conditions are restored by some other
means. Indeed, true regulation of pH disturbances occurs in
an electroneutral manner by the acbive transfer of
acidic/basic equivalents between +the animal and the
environment. In fish, the kidney énd. the gill have been
identified as tissues invloved in the active transfer of
acidic or basic équivalents during the process of acid-base

regulation, which is inextricably linked to ionic regqulation.

The Kidney



The role of the kidney in restoring blood acid-base
status during periods of internal acidosis/alkalosis can be
estimated i) by the concentration of buffers in the urine

(e.g. phosphate, ammonia) as there is an absolute amount by

~which the kidney can reduce pH, ii) by urine flow rate, as the

clearance of acid is fundamentally related\ to Sﬁe volume of
urine cleared, . iii) by characterization szﬂéhe acid-base
disturbance and iv) by examining a possible species-dependent
response. During metabolic acidosis caused by the infusion of
mineral acid .in trout (Wood and Caldwell, 1978) and catfish
(Cameron.and Kormanik, 1982) or by external acidification in
trout (McDonald and Wood, 1981), renal acid excreting
mechanisms can account for clearance of between 33 ana\lQEE_of
the accumulated acid load. However, the injeétion of lactic
acid into trout, which mimics the elevation of ECF ﬁetabolic
acid load following exhaustive exercise, can account for only
6%‘ of total acid clearance (Kobayashi and Wood, 1980):
Indeed, followiné'exhaustive exercise, renal acid excretion
acciﬁpts for only 8% of the net H' efflux (Wood, 1988) and
during purely respiratory acid-base disturbances (e.g.
hypercapnic acidosis, hyperoxic acidosis), there is similarly

little or no reliance on adjustments of ‘renal acid excretion

"f

(Cameron, 1980; Wood et al., 1984, Wheatly et al., 1984; Perry
et al., 1987a,b). 1Indeed, the predominant role of the kidney

during wcid-base disturbances appears to be the retention of

plasma [KCO3”] (Pitts, 1974; Wood and Jackson, 1980; Wheatly

=
~



et él., 1984; Perry et al., 1987b) rather than the excretion
of acidic equivalents. 4
The Gill
The gill, therefore, is pre-eminenﬁ in the compensation
of internal acidoses in fish. Indeed, the modulation of
branchial'ionic.uptake mechanisms, known to be important in
ionic regulation (Maetz, 1970; Evans, 1982; 1984; Payan,
Girard énd Mayer-Gostan, 1984), has been linked to changes in
blood acid-base status (deRenzis and Maetz, 1975; Perry et
al.,1982; Perry and Vermette; 1987). Moreover, evidence
suggests that dynanic manip&iétion of branchial ionic exchange
mechanisns occurs in fishes during internal acid—base'
disturbanceg (Cameron, 1976; Wood et al., 1984; Claiborne and
Heisler, 1984; Perry et al., 1s87a). At the gill, the
movement of Nat and Cl~ is determined i) by the electroneutral
exchange of Na' for HY(NH %) and €1~ for HCO; (OH™) at the
apical surface of the gill epithelium, ii) by the passive
efflux which is determined by both the electrochemical
gradient and gill permeability and iii) by exchange diffusion
(see Eva;ns,\ 1984.; Wood, 1988). Strong ion theory (Stewart,
1980) dictates that it is the net flux of all strong ions
(p;edominantly Na* and Cl7) that determines the net movément
of aaidic equivalents and hence, modulation of either the
uptake or efflux of an ion can result in changdes of strong ion
Cflux. During periods of internal acidosis, stimulation of

‘branchial Na®t uptake and/or inhibition of branchial Cl- uptake



can cause differential changes in the net flux of these ions.

As a result, there can be an excretion of acidic equivalents

to the external environmeﬁgzgzﬁan accumulation of bicarbonate
within the fish, hence rggulation of the acidosis. With the
notable exception of the Arctic grayling (Thymallus' arcticus:

Cameron, 1976), fish appear to rely predominantly on inhibi-
tion of branchial C17/HCO3” (OH™) exchange to regulate hyper—'
capnic acidosis (Wood et al., 1984; Claiborne—ahd Heisler,

1984:;1986; Perry et al., 1987a).

The American Eel (Anguilla rostrata)

The eel (Anguilla sp.) is  unusal among euryhaline
" teleosts because it lacks significant €17/HCO3~ exchange, as
indicated by almost undetectable branchial €1~ influx (Kirsch,

1972; Bornancin et gl.,'1977). Thus, an examination of the

American eel (Anqu%lla rostrata) presents a.unigque opportunity
to study the relative contributions of the -Cl'/HCO3' and
Na*/gt exchange mechanisms to:;cid-base balance. Although
dynamic manipulation of the <Cl17/HCO3~ exchange has been
reported in the eel (Bornancin et al., 1977), extremely low
activity would preclude a role in acid-base regulation.

as fish rely, at least partially, on modulation of
branchial Cl™/HCO3~ exchange it» compensate internal acid-baser
ﬁgﬁsturbances, thé objective of this thesis was to determine
the relative importance of branchial ionic excha#ge mechanisms

in acid-pase regulation in the eel. This was accomplished by

i) quantifying the changes 1in blood acid-base status following



-~

exposure to an acidosis and ii) examining the mechanisms used

to compensate this acidosis. 5 Two model acidotic stress
systems were used to accomplish this; prolonged exposure to

air and exposure to external hypercapnia.
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Experimental Animals

American eels (Anquilla rostrata) were obtained from an
eel ladderxr associated-with the Saunderé Hydroelectric Dam in
Cornwall, Ontaric and were transported on ice to the
University of Ottawa. Rainbow trout (Salmo gairdneri) of both
sexes were obtained from Thistle Springs Trout Farm (Ashton,
Ontaric) and were transported to the University of Ottawa in
hyperoxic water. to reduce the stress associated with
transport.

All fish were held on a 12 h light: 12 h dark photoperiod
in large fiberglass agquaria .(Living Stream; Toledo, Ohio)
supplied with flowiﬁg, aerated and dechlorinated City of
Ottawa tap water ([Na*] = 0.10 mM, [C17] = 0.15 mM, [Ca2+] =
0.35 - 0.40 mM, [K¥] = 0.03 mM, pH = 7.5 - 8.0) for at least
two weeks prior to experimentation. Water temperature varied
. between 5 and 159 C seascnally. Trout were maintained on a
diet ;f dried commercial trout pellets (Purina Trout Chow)
withheld 48 h prior to experimentaticn. Eels were kept unfed
at all times.

’Surgical Techniques .

To permit periodic_ blood and wurine sampling during
expexriments, indwelling cannulae were implanted chronically
into fish using several technigues. In eels, indwelling
‘cannulae were implanted into either the caudal artery, the
pneumogastric artery or the wurinary bladder. 1In trout,

cannulae were implanted into the dorsal aorta.

11
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For cannulation of the caudal artery, eels were anaes-
thetized in a solution of ethyl-m-aminobenzoate (2 g L~1; MS
222, Sigma)‘adjusted to pH 7.5 - 8.0 with Tris buffer (Trizma
Base, Sigma) and an incision was made approximately 10 cm
caudal to the anus and slightly below the lateral line. The
haemal arch was then exposed and poiyethylene tubing (Clay
Adams PE 50; ID = 0.58 mm; OD = 0.96 mm) was inserted into the
caudal artery after puncturing the vessel wall with a 26 gauge
hypodermic needle. Thé wound was then sutured, the cannula
was secured to the dorsal fin and the fich was placed in the’
experimental holding box where it was allowed to recover from
the effects of surgery.
| In a similar fashion, indwellding cannulae were implanted
into the pneumogéstric arterf. Following anaesthesia, an
incision was made 3 cm caudal to the heart and right later6¥
ventrally. The pneumogastric argary was 1isolated caudal to
the gall bladder and dorsal to the gas bladder. The artery
was ligated shut caudally ‘and clamped rostrally. A small
incision was made in the vessel wall with microscissors and
polyethylene tubing (Clay Adams. PE 50; ID = 0.58 mm; OD = 0.97
mm) was inserted. A purse-string suture (000 suture silk) was
used to ligéte the vessel wall to the éannula;£ To ensure
patency of the cannula, it® was passed through the body wall
and sutured to the lateral body wall using 00 suture silk.

The wound was then sutured,K and the fish was transferred to an

opagque Perspex box (vol 3 L) where it was allowed to recover

12



from the effects of anaesthesia and surgery for at least 48 h
prior to experimentation.

Te allow continuous urine collection, urinary bladder
catheters were also implanted into eels lacking other
cannulae. A polyethylene tube (Clay Adams PE 60; ID = 0.76
mm; OD = 1.22 mm) was inserted through the urinary papilla and
into the urinary bladder a distance of apgroximately 2 cm. To
prevent the occurrence of Xkinks, a more flexible length of
tubing (Tygon) was attached to the catheter and sutured to the
anal f£in. Following surgery, eels were transferred to
experimental holding boxes wheré they were allowed to recover

for at least 48 h before experimentation commenced.

\

To permit serial blood sampling from the dorsal aorta,
trout were anaesthetized in a solution of ethyl-m-aminoben-
zoate (0.1 g L™1; MS 222, Sigma) buffered to pH 7.0 with
NaHCO3 then placed onto an operating table (modified from
Smith and Bell, 1967) which allowed continuous irrigation of
anaesthétic. Indwelling cannulae w?re implanted into the
dorsal aorta (Sﬁith and Bell, 1964) using flexible polyethyl-
ene tubing (Clay Adams PE 50). The trout were revived on the
operating table, by irrigation of the gills with aerated
water, then.transferred to opaque Perspex holding boxes (vol 3
L) where they wsre allowed to further recover for at least 48

h before experimentation commenced.

Branchial Solute Fluxes

13



All branchial solute fluxes in eels were determined between
the months-of May and October in an attempt to control for
seasonal effects. Studies on trout were performed either
November or December of 1987. Branchial unidirectional Nat
and Cl™ fluxes were determined by monitoring the disappearance
of <%2Na (as NaCl; Amersham) or 36cl (as HCl; ICN) from the
experimental holding box. Approximately 1.0 uCi of 22Na or 1.5
uci of 3%Cl was added to each box and allowed to mix for 15
min. An initial water sample (20 ml) was removed following
the mixing period and another after 6 h. Activity of 22Na or
36cl was determined immediately on 5.0 ml samples while the
remaining water was stored (-20° ¢) for subsequent ionic
analysis (Na*, c¢17, X', NH,*) and determination of branchial
net ionic fluxes. Branchial net acid fluxes were determined
according to McDonald and Wood (1981) from measurements of
titratable alkalinity and ammonia concentrations (see below)
on initial and final water samples. The methodology does not
discern between the excretion §f acid and uptake of base but
this is inconsequential with respect to acid-base regqulation.
Analytical Procedures

Blood pH was ‘determined with a micro-capillary pH
electrode (Radiometer G299A) maintained at ambient water
temperatur:éiin conjunction with a Radiometer PHM-71 acid-base
analyzer and BMS3-MK2 blood micro-systemn. Ccoz ©f the blood
was determined on 100 ul samples using a carbon dioxide

analyzer (Corning Model 905). Blood Pgpp and bicarbonate

14



concentration ([HCO3-]) were calculated frém the measured Cgq>
and pH values according to the Henderson-Hasselbalch equation.
Values for the appropriate dissociation constanté of carbonic
acid and the sg?ubility coefficients of C¢O; at various
temperatures and pH’s were obtained from Boutilier, Heming and
Iwaﬁé (1984): Metabolic acid load (Davenport, 1974), in mM,
was calculated according to the following equation: , -
Metabolic acid load = [HCO37]; —-[HCO37 ], - (PH1 - PpPH) (1)
where is the in vitro non-carbonic acid buffer value of eel
blood at a hematocrit of 20% (-10.12 mmol L~! whole blood; see
Chapter 3). Plasma and urine osmolalities were determined
using a Wescor 5100C vapor pressure osmometer recalibrated
with 100 mmol kg‘:L standard toc compensate for low urine
osmolality. Plasma, urine and water concentrations of Nat, x*
and Ca2?? were determined by flame emission spectrophotometry
(Varian model Spectra AA-10). Cl™ levels were determined by
amperometric titration (Buchler-Cotlove Chloridometer). [Pi]
was determined speqtrophotometrically‘using a commercial assay
kit (Sigma) and total ammonia was measured by a micro-modific-
ation of the salicylate-hypochlorite reaction  (Verdouw,
vanEchteld and Dekkers, 1968). Pi and ammonia determinations
wére performed on plaéma samples deproteinized with 12%
trichloracetic acid. 22Na and 36C1 activities were determined
on 5 ml water samples by liquid scintillation counting (LKB
1215 Rackbeta). Branchial ' net fluxes (Jygpp) for these

electrolytes and wunidirectional fluxes (e.g. Jry, Joyyp) for

15



Na* and Cl~ were determined according to Maetz (1956).
Accordingly, influxes (Jyy) and net gains by the animal have
positive signs: while effluxes (Jgyp) and net losses have

negative signs.

16



CHAPTER 3
PHYSIOLOGICAL CONSEQUENCES OF PROLONGED AIR-EXPOSURE IN
—_— .
THE AMERICAN EEL, ANGUILIA ROSTRATA: BLOOD

RESPIRATORY AND ACID-BASE STATUS

iy
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Introduction

The BAmerican eel, Anquilla rostrata, although ladking
specialized air-breathing organs, is knowﬁ to make routine
excursions ontc land and may evenn migrate short distances
between ponds across damp meadows. The physiological
mechanisms for aerial respiration in the eel have been studied
previously (Berg and Steen, 1965; 1966). These studies have
revealed that air-exposed eels gulp and retain air in the
buccal cavity from which they are able to ﬁgtract oxygen via
transfer across the gills. Based on their measurements of
oxygen uptake and blood oxygen content, Berg and Steen (1965)
suggested <that branchial 0, uptake, in conjunctidﬁ with
cutaneous Oj transfer and O, reabsorption from the swinm
bladder, was sufficient to meet the metabolic requirements of
air-exposed eels at 7° ¢ but not at 15° c. However, it was
noted that eels encounter a severe acidosis during exposure'to:
air, presumably due to the inability to excrete CO,.
Unfortunately, the blocod sampling methodology employed
(animals “were .not cathéterized to permit seria{ blood
sampling) bg Berg and Steen (1965).and the absence of critical
measurements and calculations (e.g. blood Poz,“Pcoz and bicar-
bonate) did not allow a wvalid or complete assessment of the
respiratory and acid-base properties during prolonged aerial
exposure. More recent studieé (Kirsch and'Nonnotte, 1977;
Smith, Duiker and Cooke, 1983) have demonstrated that eel skin

is pooriy vascularized and relatively impermeable compared to

o
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respiratory epithelia, hence unimportant in transcutaneous gas
transfer. These studies have? revealed that cutanecpus oxygen
uptake, although a ‘significant component of total oxygen
uptake, is largely a reflection of oxygen consumption by the
skiﬁ' itself. The majority of gas transfer into the
circulation, therefore, may occur across the gills when eels
are in air even though cutaneous 0, uptake may be high (Berg
and Steen, 1965). Given the absence of special gill
modifications permitting .effective aerial gas transfer,
arterial blood gas tensions and acid-base status may be
affected adversely.

In this chapter, the consequences of prolonged air-
exposure on blood respiratory and acid-base properties in the
eel have been evaluated in an attempt to determine the
effectiveness of aerial gas‘iransfer. 0f particular inFerest
is a quantification of the acidosis associated with air-
exposure which arises presumably due to the inability of the

eel to excrete CO;. The results will be compared with those

obtained from true -amphibious fishes (e.g. Synbranchus

marmoratus) which also use gills and/or buccal epithelia for

3
gas transfer while in air.



Materials and Methods

Experimental Animals

Immature American eels (Anguilla rostrata) weighing

between 97 and 298 g (mean weight = 184.9 + 17.0 (SE) g; N =
42) were utilized in this study. Water temperature varied
between 4 and 9° ¢ during the course of the experihen%s.
IN VITRO PROTOCOL
Buffering‘ Capacity:

Approximately 3 - 5 ml of blood was withdrawn slowly (1
ml min'l) via caudal artery cannulae. from eels that had
recovered from surgery for at least (48 h. Bloéd from 7 eels
was pooled, centrifuged and the plasma reﬁoggd. The plasma
aqd red blood cells (RBC's) were re-mixed in round-bottom
tonometer flasks (each contzining 25 units ammonium heparin)
to yield predetermined haematocrits- (Hcts). of 10, 15, 20 and
-30 %. Tﬁe tonometer flasks were placed in a constant temper-
aéure (10° C) water bath, shaken éqhtinuougly,' and gassed
initially with 0.25 % CO, in air fof 45 min before samples
were withdrawn. The flasks wefe gassed subsequently for 30 min
with 0.5 , 1.0 and 2.0 % CO; in air. At each Pppy, 0.7 ml of

blood was removed and analyzed for Hct, whole blood pH (pHe)

and total carbon dioxide content (Cgga). Gas mixtures were

obtained using a Wosthoff gas mixirig punp. Non-bicarbonat -

buffer values (g), used in calculations of base deficit (see
below), were determined for each Hct according -to the rela-

tionship:

v

20

A

“



E = Ccoz2/ PH. , ) (2)
Finally, a regression relating Hct and buffer value was
established.

Oxygen Dissociatioh Curves, Roct Effect, pHe versus RBC pH

-

Relationship: ‘ .

Whole blood oxygen dissociation curves were constructed
and Pgp's determined, using the mixing technique described by
Haab, Piiper and Rahn (1960). Briefly, blood from 7 eels was
pooled, divided into two equal portions and placed in
tonometer flasks kept at 10° C (see above). One flask was
gassed with 100% O, and the other with 100% N,. In a separate
experiment (N = 7), flasks Qere gassed with 0.25% CO; in 0y
and 0.25% COp, in Nz.' All gases were supplied from
pre—analyzed precision gas mixtures (Air-Products Inc.:
Ottawa, Ontario). Blood was withdrawn_anaerobically from éach
flask in varying proportions, mixed thoroughly and analyzed
for total oxygen content (Cgs), oxyg;n partial pressure (Po2) «
Hct and pHe. Log Pgg was expressed as a function of whole

blood pH. The magnitude of the Root effect and the

relationship between pHe and RBC pH were quantified on pooled

blood (N = 7) by measuring Cgs, pHe and RBC pH as carbon

dioxide tension was varied betweén 0 and 2 % (O, 0:25, 0.5,
>

1.0, 1.5, 2.0 %) CO, in oxygen. ?

In Vivo Protocol
For these experiments, the holding apparatus consisted of

an opaque plastic tube (4 cm internal diameter) perforated

21



with small holes (0.75 cm‘diameter: densiﬁy = 15/dm2) that
permitted adequate water or air convection but prevented
excessive movement of the eels. The tube was stoppered at
both ends and suspended in an opaque acrylic chamber (éolume =
6 L; Perspex) that was supplied with fléwing water. The
holding chamier was aerated vigorously with compressed air to
enhance alir/water convection. The caudal artery cannula (see
Chapter 2 for det§ils of cénnulation) was secured outside of.
the holding box to allow easy access and was flushed at least
once daily with freshwater teleost ,sal%ge (Wolf, 1963)
containing 10 units ml~l heparin (ammonium salt; Sigma).

Eels were exposed tc air for a period of 36 h and then sub-
sequently retugged to water for an 18 h period of recovery.
Exposure to air "(10° C) was achieved by draining the water
from the eel holding box to a level below that of <the
suspended tube. The remaining water served to humidify the
alr surrounding the eel and ensured that the skin remained
moist. Blood samples (0.7 ml) were withdrawn from the caudal
artery cannulae immediately before air-exposure, at periodic
intervals during air-exposure (1, 2, 3, 6, 12, 24 and 36 h),
and after return to water (1 and 18 h). Control eels were kept '
in water for 54 h. A decline in sample size resulted due to
problems with cannula patency in both control and air-exposed
eels during the latter stages of experiments. To compensate
for this problem, an additional group of eels were subjected

to a blood sampling regimen that commenced after 3 h of

22
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L
air-exposure. This is the reason for the variable N numbers.

Additionally, serial blood sampling and resultant anaemia -

caused arterial Cp, to decline even in control animals. For
this reason, both absclute and corrected Co2 values are
presented. The corrected C02 values were obtalqsd by relating
the absolute Cp, to the initial Het:
Corr. Cps = Cop X initial Het / Het ‘ - ' (3)
Hct, pHe, RBC pH, Ppp, Coo» and Ceoz were determined
immedjately on each sample as described in Chapter 2
(Analytical Procedures). The remaining blood was centrifuged
and the plasma was stored (-70° C) for subsequent analysis of
lactate concentrations, determined using conventional enzy-
matic methods described in Bergmeyef (1974) . Apg;ékimetely
0.7 ml of saline was reinjected slowly into the caudal artery
cannula following each sahple to partially restere blceod

volume.

Statistical Analvysis

In Figures,/zeriability of the data is indicated by + 1

SE. Results have{peen statistically analyzed using two-tailed,

paired or unpaired Student's t-tests between sample means with -

a 5 % level of significance.

» ~
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Results . —

In Vitro Experiments

The relationship between non-bicarbonate buffering

capacity (E) and Het in eel blood was determiried to be:
—@= 2.73 + 0.377(Hct)  (r = 0.988). (4)

Mean inifial Het in vivo was 19.6 % yielding an average
inigzal.blobd buffering capacity of —16.12 mM L™l whole blood.
Eel blood, in vitro, displayed significant -thr' and Root
effects (Fig. 1 A,B). The Bohr coefficient was calculated to
be -0.38 based on a comparison of 0O, dissociation curves at
Pco2 Zero (nominal Peo2) and 3.7; torr. Toté& oxygen content
varied with whole blood pHE according to the relationship:

Cop = =~14.47 + 2.55 pHe (Fig. 1B). T (5)
A decrease in pHe from 8.1 to 7.5 (the pHe reduction

observed during alr-exposure) caused Coo to decrease by 25 %,

in vitro.

In _Vivo Experiments

The effect of prolonged air-exposure on selected blcod
respiratory variables is 1illustrated in Fig. 2. Arterial Cgp
declined rapidly during the initial 3 h of air-exposure and
then more gradually for the remainder of the air-exposure
period. Arterial Cpp, returned to control levels immediately
upeon returning the eels to water (Fig. 2 A,B). Arterial Poo
decreased from abkout 75 torr to 25 torr during the initial 3 h
of vair-exposure and thereafter remained étable. Re-immersion

- in water caused an immediate rise in.P5® to approximately 125

24
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_Figure 1. In vitro respiratory properties of eel blood showing

A) oxygen ﬁissociation curves at Pcgy; = 0 torr (e—e
Psp = 10 torr, N = 7) and 3.75 torr (¢o—0, Pgg = 21 torr,
N 7‘), and B) the magnitude of the CO,-induced Roct
effect (Cpp = 2.55 pHe - 14.47, r = 0.988). All

determinations were performed on pooled blood. Sée text

for further details.
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Figure 2. The effects of prolonged air-exposure (#—¢ ) on

selected arterial blood respiratory variables in the

American eel including A)total\o_z content, B) total 0,
I .

content corrected for serial sampling dilution, C€) oxygen

"l’/

tensions (Pg,), D) hematocrit (Het) and E) lactate
concentration ({lactate]). Control eéls (o0—0 ) were left
in wé'tLr for the entire- 54 h period. N numbers are
indicated in parentheses above the data points in Fig.
2A. * represen'ts significant difference from control

value at corresponding time; + represents significant

difference from pre-exposure value (pre) .
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torr (Fig. 2C). Both th; control and air-exposed eels dis-
played a similar pattern of Het adjustment during the first 12
h of air/water exposure. However, between 12 h and 36 h, the
air-exposed eels tended to have hiéher Hcts (Fig. 2D). Blood
lactate levels increased after 6 h in air and continued to
increase until the eels were returned to water, at which tinme,
blood lactate levels declined toward control levels (Fig. 2E).
Eels in air developed severe extracellular and RBC acidosis
(Fig. 3A). A comparison 5f the relationship between pHe and
RBC pH in vitro (Fig. 4A) and in vivo (Fig. 4B) demonstrates
that RBC pH was not regulated during air-exposure but simply
conformed to the in vitrec relationship. The extracellular
aciddsis\ was at least partially respiratory in origin as
indicated by the elevated Pprp> (Fig. 3D). However, a
" metabolic component 1s also suggested by the decline in blood
total Cpy in the latter stages of air-exposure (Fig. 3C). ?he
temporal changes in whole blood acid-base status during
air-exposure are shown on a PH-HCO5~ diagraﬁ (Fig. 5). This
.makes it cléar that the acidosis was composed of respiratory
and metabolic components throughout the air-exposure périod as
evidenced by the persistent hypercapnia and base deficit. In
the first hour after return to water, the change in whole
blood acid-base status followed the in vitro buffer line,
indiéating purely respiratory compensatiog. The elevation of

pHe in the subsequent 17 h primarily reflected the clearance

".

Gi

of metabolic acid.
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Figure 3. The effects of prolonged air-exposure (#—e ) on
selected arterial blood acid-base variables in the
American eel including A) whole blood pH (pHe), B) red-
blocd cell pH (RBC pH), C) total CO; content (Cggz) and

D) COp tension (Pgpp)- All other details as in Fig. 2.
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Figure 4. A) The relationship between whole blood pH (pHe) and
red blood cell pH (RBC pH) in vitro (stippled area repre-
sents-i 1 SE about the linear regression). The pHe-versus
RBé PH reiationship was determined by equilibrating
podled blood ffbm catheterized eels (N = 7) Qith_a range
of CO» tensions (0.25, 0.5, 1.0 and 2.0 3%). B) Super-
imposition of in vivo pH values (+ 1 SE) on the in vitro
line. The numbers associated with each peoint indicate“\\\
the duration of air-exposure, in hours. P represents !

pre-exposure values; Rl and R18 represent 1 and 18 hours

after return to water, respectively.
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Figure 5. A pH-HCO;~ diagram showing the temporal changes in
blocod acid-base status in the a@erican %gl during and
after 36 h of continuous aif—exposure. Tﬁé dashed lines
represent the in vitro whole blood non-BCO;~ buffer line
(% = =-10.1 mM L'l). The numbers associated ?ith each
point indicate the duration of air-exposure, in hours. P

1 represents pfe- exposure acid-base values; Rl and R18

fepresent 1l and 18 hours after return to water, respec-

tively.

30



9Hd

9L - 6L

Ll

8°L

6L

08

I'8

¢8

[HCOs 1(mM)

i 00

(410y) 004




—

Discussion

During prolonéed aerial exposure, the American eel
displeays a limited capacity for gas transfer as indicated by
the éecreases and increases 1in arterial blood oxygen and
carbon dioxide tensions, respectively. Wwhile in air, the éel
is known to gulp and retain air in the buccal cavity for
extended periods of time (Steen and Kruysse, 1964; Berg and
Steen, 1965, 1966). According to Berg and Steen (1965), the
gradual removal of 0O, from the gulped air. accounts for
approximately one third of total oxygen uptake while the
remaining two thirds is accomplished by O, transfer across the
skin. The results of more recent studies, however, indicate
that eel skin is poorly suited for transcutaneous gas transfer
‘and may simply extract sufficient O, from the ambient environ-
ment (air or water) to meet cutanecus metabolic requirements.
Indeed, the skin of the closely related European eel (Anguilla
anguilla), is poorly vascularized, displays a low value of
XKrogh's constant for 0, diffusion (3.1 - 4.3 X 10715 mol sec™?
em™! torr~l) and consumes 0, at a greater rate than cutaneous
0, uptake (Kirsch and Nonnotte, 1977). Smith et al. (1983)

also reported poor wvascularization in the skin of the

Australian short-finned eel (Anguilla australis). Although
these authors reported a high percentage of total oxygen
uptake by the skin (47 %), they were unable to assess the
actual trahscutaneous . transfer (e.q. water-to—blood). In

light of these results and because of the difficulty in
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distinguishing between cutaneous 0, uptake and transcutaneous
O, transfer, it is possible that Berg and Steen (1965)

overestimq{ed. the importance of cutaneous 0, uptake in the

P
-

‘oxygenation of arterial blood. There are no direct
- L
— -
measurements of transcutaneous CO, movements in fishes

inhabiting air. The results of the present study, however,

. Suggest that eal skin/does not contribute significantly to CO,

exCretﬁpn while in air, based on the steady rise in arterial
Peo2 dufing the period §f prolonged gir—exposure. The pattern
-9f gulping and.retéining air‘in the Euccal cavity employed by'
éhe eel during aerial exposure, is similar to the pattern of
aerial respiration utilized by other fishes that use gills,

modified gills or buccopharyngeal tissue to extract oxygen

¢ ]

while breathing air (e.g. Synbranchus marmoratus; Johansen,

1966; Helsler, 1982; Graham and Baird, 1984; Amphipnous
cuchia; Lomholt and Jchansen, 1976; see also revi;ws by
{ohansen, 1870; Randall et al., 1981). However, there are
differences apparent in the efficiency of .aerial gill oxygen
transfer between those air-breathing fishes that commonly rely
on aerial gas exchange (e.g. Synbranchus) and the predomin-
antly water-ventilating eel. Assuming negligible trans-
cutageous oxygen uptake in air and water, %he decrease in
arterial Pg, from 75 to 25 torr must reflect a major reduction
in the efficiency of branchial O, transfer. Presumably, this

reduced efficiency is due to the absence of counter-current

convective processes, a stagnation of the ventilatory medium
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which reduces the bhlood-to-air Pg; gradient as O, is extracted
'continuously from the gill cavity (the duration of breath-
heolding can be as long as 5 min; Berg and Steen, 1965), and a
decrease in diffusive conductance with the collapse of gill
lamellae. In contrast, Synbranchus can maintain arterial Ppy
while breathing air (Johansen, 1966; Heisler, 1982) pefhaps -as
a consegquence of buccal epiéhelial vascularization and
‘;tructural modifications to the gill that prevent the lamellae
from collapsing. The reduction in arterial Pg,; during air-
exposure, combined with a pronounced reduction in RBC pH and
conceomitant Bohr and Root effects, contributed to a marked
lowering of -arterial oxygen content. The magnitude of the
Root effect feported here .(-2.55 vol%/pH unit) is similar to
that reported previously for Anguilla wvulgaris (Steen, 1963)
and Angquilla anguilla (Brihges, Hlastala, Riepl and Scheid,
1983). As the presence of a pronounced Root effect is

disadvantageous during prolonged air-exposure, it 1is not

surprising that air-breathers such as Synbranchus (Johansen,

1966; 1970), Amphipnous (Lomholt and Johansen, 1976),

Electrophorous (Jochansen, Lenfant, Schmidt-Neilsen and

Peterssen, 1968) and HNeochanna (Wells, Forster and Meredith,
1984) do not exhibit significant Root effects. Thus, these
fish are capable of maintaining haemoglobin 92 saturation
despite the severe extracellular acidosis that often
accompanies air-exposure (sgg below). The low oxygen affinity

P—

{(Psp = 21 torr at Pggp = 3.75 torr; pH = 7.76) measured in
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vitro and presumably -even lower O, affinity in vivo during’
air-exposure (Pggz = 2-9 torr) cannot be considered
advantageous for air-breathing when arterial Pg; is 24  torr
(Fig. 2). The high Psolvalues in amphibious air-breathing
fishes, however, that are capgblé of maintaining arterial Pgs,
clearly ére of adaptive significance foér aerial respiration.
It must be emphasized that the prevailing view that
air-breathing fishes display lower biood 0, affinity than
aquatic forms (e.g. Lenfant and Johansen, 1972) has been
éhallenged (Powers, 1980). Although differences in~ Psgo
between air-breathing and water-breathing fishes may not-
always be obvious in vitro, they might exist in vive because
of elevated CO, levels in air-breathers (Randall et al.,
19é1). The acidosiéfreported in this study was attributed to
rétention of respiratory CO; as well as addition of metabolic
acid to the blood. Carbon dioxide retention also has been
observed in the blood of Synbranchus during air breathing
(Johansen, 1966; Heisler, 1982). Evidence for an‘inability to
excrete CO, by fishes utiMzing gills for aerial gas exchange
is supported further by lqw gas exchange ratios (Lomholt and
Johansen, 1976; see alsc Randall et al., 1981) and low CO5
tensions in expired air (Graham and Baird, 1984). It is
likely that the Ppp of the air that is retained within the
buccal cavity rapidly equilibrates with venous blood,
preventing further CO, excretion during the latter stagesrof

the brea%§~hold. Indeed, Lomholt ‘and Johansen (1976) have

1
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demonstrated that the Ppps within the air sacs in Amphipnous
reaches equilibrium with blood perfusing the air sacs éfi;r
only 2 min of an a&erage 8-10 min breatﬁ—hold. In thé absence
of CO, excretion (Mcozj mgasu;gmeﬁts in the present study, if

is speculated that Mcoé declined as each breath-hold
progressed thereby causing a persistent elevation of arterial
Pcoo. Increasing the frequency of ventilation presumably would
increase CO, excretion but this strategy is not utilized by
the eel perhaps to limit convective water loss. The
observation\\gf base deficit during air-exposure (Fig. 5)
indicates that a metabolic acid was added to the blood. . It is
assumed that the metabolic H' ions originated from the
hydrolysis of internal ATP stores and/or hydrolysis of ATP
combined with anaerobic glycolysis (Hochachka and Mommsen,
1983) as indicéted by the gradual elevation of plasma lactate
levels (Fig. éé). Thus, it would appear that the eel may cope
with prolonged air-exposure by increasing anaerobic metabolism
which is not surprising, given the low arterial 0O, contents
'that have,been measured. The base deficit, representative of
metabolic acid added to. the blood, occurred shortly after
air-exposure @as initiated (Fig. 5) whereas exXcess lactate
only appeared in the blood following 12 h. The discrepancy
between the appearance of metabolic acid and lactate in the
blood may reflect degradation of internal (presumaﬁly
muscular) energy stores (Creatine-Pi and ATP) which sustain

metabolism during the initial stages of air-exposure, followed

357



by a switch to anaerobiévglycolysis and lactate production in
the latter étages of air-exposufe. Alternatively, the delayed
appearance of lactate in the b;ood may have resulted from
preferential retention of lactate in the tissue of origin
compared to rapid release of H' ions. The precise source of
thié lactate is not known. Temporal discrepancies between
lactate and ' metabolic acid appearance in the blood have
frequently been observed after exhaqsti?e exercise in fish and
invariably lactate levels peak at a later time (Wood and

Pefry, 1985). The observation that RBC pH dﬁring alr-exposure
conformed to the in vitro relationship between pHe and RBC PH
is in sharp contrast to the preferential regqulation of RBC pH
that has been observed in otﬁer fishes during extracellular
acidosis (Primmett, Randall, Mazeaud and Boutilier, 1986;

Boutilier, Iwama and Randall, 1986; Perry et

l., 1587a). The
regulation of RBC pH during acid-base disturbances in fisheg
is due to adrenergic stimulation of erythrocytic Nat/H*
exchénge (see review by Nikinmaa, 1986). Thus, it would
appear that the eel does not élevate plasma catecholamines.
during air—exposu:e or alternatively eel RBC's are insensitive
to catecholamines. .\ The latter hypothesis 1is favored as
‘epinephrine levels are expected to be high during air-exposure
to mobilize tissue glycogen stores for anaerobic glycolysis.
Certainly, this 1is an area that warrants further

investigation. <
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" In conclusion, this study has revealed that the eel is
able to withstand the hypoxemia and acidosis associated with
extended air-exposure (36 h). Effective loss of the gill as a
gas exchange structure results in an oxygen debt which
e#entually necessitates a switch to anaercbic metabolism.
Accumulation of metabolic H' ions and respiratory O,
contribute to a severe mixed acidosis which, mediated by Root
and Bohr effects, further exacerbates the 0, debt. Hence, in
the absence of an aerig% gas exchange organ, the eel is not

particularly well-adapted for aerial respiration but its

unusual tolerance to hypoxemia and acidosis does pernit

short-term terrestrial excursions.

‘\"-/.'
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ACID-BASE AND IONIC REGULATION IN THE AMERICAN EEL
(ANGUTLIA ROSTRATA) DURING AND AFTER PROLONGED
AERIAT, EXPOSURE: BRANCHIAL AND

RENAYT, ADJUSTMENTS

38

\J‘



by

Introduction

An interest in the physioclogical consequences of aerial
exposure in eels has developed because of their habit of
making routine excursions  onto land to migrate between ponds.
Unlike trué amphibious air-breathing fishes (e.g. Synbranchus
marmoratus), however, the eel is not -particularly well-adapted
for aerial gas transfer (see Chapter 3). Conseaquently, during
prolonged air-exposure, the eel sustains a severe
extracellular acidosis of 'respira%ory and metabolic origin
(Berg and Steen, 1965; see also Chapter 3) that is compensated
gradually upon return to water (Chapter 3). The two major
sites of acid excretion in fishes are the gill and kidney‘(séE
review by Heisler, 1984). During air-exposure, the gill is
eliminated as a potential si%e of acid-base regulation and the
importance of the kidney is questionable as there 1is the

possibility of reduced urine flow to counteract dehydration.
Upon return to J;ter, both locations are available for
transfer of excess acidic equivalents inEo the external
medium. There is reason to suspect, however, that the eel has
a limited capacity to modify branchial aéid excretion compared
to other fishes because of the extremely low rates of
Ci'/HCO3‘ exchange (Kirsch, 1972; .Bornancin. et al., Maetz,
1977). There is ample evidence to suggest that modulation of

this pathway 1is the 'prevalent mechanism for regulating

internal acidosis in fish (Wood et al., 1984; Wood and Perry,

N

a
7/ - —
_/ ' }
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1985; Claiborne and Heisler, 1986; Perry et al., 1987a; Wood,
1988).

Thus, prélonged air-exposure followed by immediate retufn
to water presents an opportunity to study the partitioning of
acid-base regulation between the gill and kidney as a function
of water availability and to examine the effectiveness of the
gill in acid-excretion in the apparent absence of significant
Cl7/HCO3~ exchange. In ;his chapter, the branchial and renal
adjustments have been assessed in the American eel {Anguilla

)

rostrata) during and after 36 h of continuous air-exposure.
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Materials and Methods

Experimental Animals

Immature American eels (Anguilla rostrata) wéigﬁing
between 50.5 and 156.5 g (mean weight = 84.3 + 13.8 (SE) g:; N
= 90) were utilized in these experiments (see Chapter 2i.
Water temperature ranged between” 4 and 9° C during the course
of the experiments and both control and exﬁerimental fish were
subject®d to the same temperature va?iations.

Protocol |

Eels were exposed to air for a period of 36 h and then
subsequently returned to water for an 18 h period of recovery.
Blood samples (0.7 ml) were withdrawn from the caudal artery
(see Chapter 2) before air—exéosure, at periodic intervals
during air-exposure and after return to water.. Control'eels
were-kept.in water for 54 h. Blood saﬁples‘were immediately
centrifuged and the plasma stored (-70° C) for subsequent
analysis of piasma solutes (Nat, K%, ca?t, c1~, total ammonium
and inargaqic phosphatiiéfi)), and osmolality. o

Branchial Sclute Fluxes

Time periods chosenbfor the branchial flux determinations
wera 0-6 h before air-exposure and 0-6 h, 6-12 h following 36
h of contihuous air-exposure. All other details have been
outlined in Chapter 2 (Generél Methods).

Renal Solute Fluxes

.

Urine was collected continuously in plastic vials for 6
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or 12-h periods before air—éxposure (0-6, 6-12 h), during air-
exposure (0-12, 12-24, 24-36 h) and after air-exposure (0-6,

6-12 h) from eels that had cannulae implanted into the urinary
bladder (Chapter 2). Evaporation®was mninimized by covering
the plastic collection vials with parafilm. Urine samples
were analyzed immediately after collection for pH and volume.
100 ul of urine was diluted 20 fold, acidified (1% V/V)} with 1
M nitric acid and left frozen at -20° C until further assays
could be performed. Samples then were thawed and total
ammonia, Pi, Na't, ¢17, X' and ca?t concentrations were
determined. The remaining urine was stored at -70° C for
later determination of osmolality. Urine from a separate group
of fish (N = l6) was used immediately following collection to
determine total urinary acid excretion. Total urinary acid
excretion was calculated as the sum-of the titratable com~
ponent (TA-HCO3™) and the non-titratable component (total
ammonia) multiplied by the urine flow rate (UFR). Urinary
[TA-HECO3™ ] was measured by adding a known volume of 0.02 M HC1
to 200 ul of urine to lower the pH below 5.0, then vigorously
aerating and agitating the'sample for 15 min to remove CO,.
NaOH (0.02 M) was then gradually added using a microburette
(Gilmont) to restore urine pH to the blood PH representative
of the particular sampling period. The difference between the
quantities of acid and base added to the urine yielded the

titratable component of urinary acid excretion.
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Statistical Analysis
Data shown in Figures and Tables are means + 1 SE. Where
appropriate, a paired or unpaired Student's t-test was used to

compare sample means and 5% was taken as the fiducial limit of

significance.
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Results - ‘)
Plasma Solutes

Plasma osmolality increased markedly throughout the air-
exposure period (Fig. 6A) suggesting significant dehydration.
Osmolality was restored rapidly to initial values upon re-
immersion in. water. Ammonia and ~Pi concentrations in the
plasma changed in a similar manner as osmelality during and
after air~exposureB§Fig. 6B,C). The effects of air-exposure
on the major plasma electrolytes are illustrated in Fig. 7. A
gradual elevation of' [K'] occurred (in the absence of hemo-
ly;is), which was reversed following air-exposure during the
12 h period of recovery in water (Fig; 7C) . Notably, plasma
levels of Na®, cl” and ca2' did not parallel the changes in
plasma osmolality although [Na¥®] did tend to increase during
air-exposure. Although plasma [Cl”] actually decreased while
eels were in air, this observation may not be physiologically
relevant because [Cl”] remained low even after return to water
(Fig. 7B). Plasma [Ca2+] was stable throughout the experiment.

Branchial aAdjustments

Using standard radiotfacer methodology, it was not
poss%ble to detect branchial influx of Cl~ in either control
or experimental animals over 6 h measuring periods. For this
reason, net Cl~ fluxes rather that unidirectional €1~ fluxes
have been presented in Fig. 8. %s a consequence of stimulated

JiyNat and to a lesser extent reduced JoypNat (not sig-

nificantly different at 0-6 h post air-exposure), JNETNa+ was
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Figure 6. The effects of prolonged air-exposure (o—e N = 7)
on selected plasma variables in the B2American eel
includi?g A) osmolélity, B) ammonia concentrations and
C) inorganic phosphate concentrations. Control eels
( N =7) were left in water for the entire experiment
(54 h). =* . represents significant difference from the
control walue at the corresponding time; + represents

significant difference from pre-exposure values.
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Figure 7. fhe effects of prolonged air—exposuré on the
concentrations of selected plasma ions including A) Na¥t,
B) €17, €) K" and D) Ca2*. All other details as in Fig.

6.
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Figure 8. The effects of prolonged air-exposure in the
American eel on branchial solute fluxes. 2) Nat influx
" (FraNat, positive values), Na®t efflux (JoyrpNa™, negative
values) ;nd Na* net flux (JygpNat, solid bars); B) ci~
net flux (JIygpCl~): C) KT net flux (JIygppK'): DL’ the net
strong ion difference flux (JIyprNaT+IyppKT-InppCl™:
SIDF). Flux - studies were performed at 0-6 h before
air-exposure (Pre) and at 0-6 and 6-12 h following
air-exposure (Post). All fluxes are expressed as umol
kg™l h7*. N numbers are 16 for control fish (clear
bars) and 15 for expérimental £ish (cross-hatched
bars). * represents signifigant difference from the
control value at the correspénding time; + represents

significant difference from pre-exposure values.
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immediately upon: returr;ing~ the eels to water (Fig. 8aA). At
6-12 h post air—exposure', InprNat was ~not significantly
different from the®pre air-exposed values although it remained
significantly elevated above the control eels. 1In contrast,
INETCL™ was .reduced (e.g. more negative) to .the same‘extent in
both control ‘_and experimental animals presumably as a result
of increased JouypCl~ since JynyCl™ was undetectable. Due to the
differential adjustments of branchial net fluxes of Nat, Kkt
and C17 (Fig. 8), a significant pattern emerged with respect
to the . difference between cation and anion net fluxes
(IyprNat+IyprK -INgpCl™, Fig. 8D). JygppNat+IyprK -TygpCl™ was
elevated.during the initial 6 h following air-exposure and
remained elevated (although not significantly different from
initial values) during the 6-12 h flux p‘ériod. Based on

i

empirical evidence (Wood et al.,1984; Wood, Boutilier and

Randall, 1986; Vermette and Perry, 1987), the magnitude of
IygpNat+IyppK -JyppCl- is the primary factor influencing
branthial net acid excretion (JNETH+) . Consequently, one would
predict an increase in branchial JyppHY following
air-exposure. Indeed, branchial JygpH' did irlcrease following
air-exposure (Fig. 9) and was similar in ma.gnj:tude to the
increase in JyppNat+IyppK'-IyppCl- (approximately 100 umol
kg™t h™l of additional JyppHY). The rise in JyppH' was
attributable to ammonia excretion increasing to a greater
extent than titratable acid uptake 7(Fig. 93).

Renal Ad-justments
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Figure 9. Branchial excretion of acidic eqni?alents in the
American eel before and' after prolonged air-exposure.
Shown are A) the components of branchial acid excretion,
titratable acidity flux (Jpa) and ammonia excretion
(Tamm) expressed as umol kg’l h~1 and B) the sum of these ’

"which represents net acid excretion (JygpHY). Flux rates
are expressed as umol kg~! h™1. All other details as in

Fig. 8.
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Urine flow rate (UFR) decreased during air-exposure and
was associated with a pronounced increase in urine osmolality
(Fig. 10). Consequently, concentrations of the various_
urinary solutes (Nat, c17, x*, Pi, NH,*), with the notable
exception of Ca2+, increasgd throughout the- air-exposure
period (Figs. 11,12). Urinary excretion rates of the various
solutes, however, remained unchanged in air due to the
depressed UFR (Figs. 11,13). Again, the exception was renal
ca2t excretion, which actually decreased during air-exposure
(Fig. 13D). Upon returning the eels to water, UFR was stimu-
lated tremendously and osmolality was returned to control
values. Urinary solute excretion rates were increased during
the recovery phase in water dueg to the stimulation of UFR
and/or elevated urinary solute concentrations "(Figs. 11,13).

The involvement of the kidney. in acid-base regulation
during and feollowing air-exposure .in the American eel is
illustrated in Fig. 14. The reduction in UFR during
air-exposure precluded any substantial contribution of the
kidney to acid-base regulation although there was a statis—
tically significant increase in urinary JyppHT in the final 18
h of exposure. Reﬁal InerH? was stimulated marked'l.y during
the first 6 h following return to water diue to the combined
effects of elevated UFR (Fig. 10), Jra-gcoz— (Fig. 14A) and

Jamm (Fig. 14B).
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Figure 10. The changes in A) urine osmolality and B) urine
flow rate (UFR) associated with prolonged air-exposure in
the American eéi. Collection periods were increased to
12 h during air-exposure. N numbers are 16 for control
fish (clear bars) and 15 for experimental fish kcross—
hatched bars). * represents significant difference from
the control value at the corresponding time; + represents

significant difference from pre-exposure values.
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Figure 11. The effects of prolonged air-exposure- in the
J

American eel on urinary buffers, ammonia (AMM) and
inorganic phosphate (Pi). Represented are A) ammonia
concentrgtions (AMM], B) ammonia excretion rate (Jamm)
C) inorganic phosphate concentrations [Pi] and D) Pi

excretion rate (Jpi). All other details as in Fig. 10.

52



0-6 6-12 |2-24

e I =
o éé .ImMWi%W *Ew
I, M N?
MY AT-IMm N
¢ My A C-M Ne
mA .L%B @C ;Wh_wm_D S

___ . __
© ¢ o o 0w o w» 42 505

(Ww) [WAY] (.04, 6% -sejowrl) WAYp  (nw) [1d] (.- By ssjownr) Idp

TIME (h)



Figure 12. The effects of prolonged air-exposure in the

i/

American eel on urine ion concentrations including A)
Na*, B) ¢17, ¢) K" and D) ca?t., N numbers are 16 for
control fish (clear bars) and 15 for experimental fish
(cross-hatched bars). x represents - significant dif-
ference from the control value at the corresponding time;

+ represents significant difference from pre-exposure

~values.
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Figufe 13. The effects of prelonged aizgexposure in the
American eel on renal excretion rates (umdi kg™l n~Y) of
various ions including A) Na® (Jy,+), B) €1~ (J¢1-), Q)
K* (Jx+) and D) ca?t (Jg,2+) with prolonged air-exposure.
N numbers are 16 for control fish (clear bars) and 15
for experimental fish (hatched bars). * represents sig-

nificant difference from the control value at the corres-

ponding time; + represents significant difference from

pre-exposure values.
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Figure 14. The effects of prolonged air-exposure in the
American eel on the renal efflux rates of A) titratable
acid minus bicarbonate (Jpa-HCO3—: measured as a single
conmponent), B) émmonia (JAﬁM), C) the net excretion of
acidic 'equivalents (JNETH+)- and D) urine DpH. Fluxes
expressed as umol kg~1 _hll. All other details as in

~— -

Fig. 13.
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Discussion
Blood Acid-base Status

The results of the present study demonstrate that:' the
eel, whether in air or water, possesses a severely limited
capacity for acid-base regulation. During air-exposure, blood
PH is reduced because of retention. of fespiratory CO, and
increase@ anaerobic metabolism (see Chapter 3). As such, the
acid-base disturbance associated with prolonged air-exposure
is similar to the mixed extracellular respiratoz;y/metabolic
acidosis frequently observed in fish aftercexhausting exercise
(see review by Wood and Perry, 1985). Indeed, the accumulation
of metabolic acid (base deficit) in the blood after 36 h in
aif (9.53 mM) .is approximately equal to the extracellular
fluid (ECF) metabolic acid load in a variety of fish species
immediately post-exercise (Scyliorhinus' stellaris, Piiper,

Meyer and Drees, 1972; Salmo qairdnerf, Milligan and Wood,

1986a; Katsuwonus pelamis, Perry et al., 1985; Raja ocellata,

Wood and Perry, 1985). Although the recovery from.exhausting
exercise is a distinctly different physiological process than
the recovery from' air-exposure, a comparison of the results
above with those obtained from exercising fish nonetheless
does reveal the ihefficiencf of acid-base regulation. in the
eel. Faced with similar extracellular metabolic acid loads,
fishes recovering from exhausting exercise are capable of
restoring Qléod aﬁid—base status usually within 12 h whereas

the eel recovering from air-exposure manages to clear just 50%
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of the ECF acid load after 18 h recovery in water. It is
speculated that thg inefficiency of yacid-base regulation in
the eel compared . to other fishes is related to fundamental
" differences in branchial ionic exchange mechanisms although
the possibility of slow metabolic HT removal 3leading to
delayed recovery cannoct be excluded.
Branchial Adjustments

It is well established that branchial €1~ influx in the
eel is exceptionally low compared to other teleosts (1.2 umol
kg‘l h~1; Kirsch, 1972; 3.6 umol kg'l h~1; Bornancin et al.,
1977). Given the low rate of JinyCl~, it is not surprising
that unidirectional 36Cl movements were undetectable over 6 h
flux periods using standard radiotracer methodology (in the
study of Kirsch (1972), 24 h were required to accurately
quantify JyyCl~). Because of the coupling of C1- uptake and
HCO3™ excretion in fishes (see reviews by Evans, 1984;
Heisler, 1984), the low rate of JrNCl™ in the eel is reflected
by uniquely low plasma [C1”] and relatively high [HCO3™] and
PH (e.g. Farrell and Lutz, 1975; Schmidt-Nielsen and Renfro,
1975; Bornancin et al., 1977; see also Table 1). Moreover,
inhibition of C17/HCO3;~ exchange and concomitant base reten-
tion during periods of internal acidosis is eliminated as an
acid-base regulatory mechanism. Of course, it is the net flux
of Cl17 rather than the unidirectional €1~ fluxes that ulti-
mately determiﬁes the contribution of C1~ movements to the net

transfer of acidic eqﬁivalents across the gill. In this
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regard, modulation of Cl~ efflux could potentially contribute
to acid-base reqgulation. This prospect apparently is also
eliminated in the eel because the passive effiux of €17 must
be kept low in order to partially counteract the reduced Cl1™
influx (Kirsch, 1972).: Although the changes in Cl~ net flux
reported here.following air-exposure are consistent with the
regulation of acidoéis, their significance is doubted beéause
the changes were relatively minor and control eels displayed a

similar trend. The apparent inability of the eel to modulate

-

branchial C1~ mnovements is significant because. the modifi-
cation of JygppCl~ during and/or follbwihg a variety of
acid-base disturbances has been Feported to be the dominant
mechanism .of acid-base regulation in fishes (hyperoxic
acidosis, Wood et al., 1984; follo#&hg exhaustive exeréise,
Wood and Perry,_ 1985; hypercapnia, Claiborne and, Heisler,
19867 Perry et a2l., 1987a). According to strong ion difference
(SID) theory (Stewart, 1980) and experimental data (Wood et
al., 1984; Wood.et al., 1986; Vermette and Perry, 1987),

branchial acid excretion wultimately is determined by the

arithmetic difference between strong cation and strong anion

net fluxes (net strong ion difference flux, SIDF). In "the
present study, SIDF has been estimated as
JIyppNat+IyppKt-IygrCl~. The significant increase of SIDF

observed after eels were returned to water is an appropriate
response for compensating the acidosis accrued during

air-exposure. The most significant response promoting the
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elevation of SIDF was stimulation of JyyNa® in the initial 6 h
following re-immersion in water. . As expected, there was a
reasonéble cofrelation betweén the rate of the SIDF and the
rate of branchial acid excretion. The absoluée magﬁitu&e of
the branchial net acid flux during recovery from air-exposure,
albeit low compared to other fishes regulating equivalent acid
loads, was suff1c1ent to account for the slow decrease in the
ECF metabollc acid load (approximately 70 umol kg~ 1 n~1 over
18 h).

Renal Adjustments

-
™

Under ﬁormal conditions, urine resides in the bladder for
variable periods of time before being excreted. However, the
bladder catheterization tecpnique only enables the collection
of continuocusly voided tubular urine. -Thus, in-the present
study, the contribution of the urinary bladder in acid-base or
ionic regdlation was not assessed. Further problems associ-
ated with analyzing urine collegted ~continuously from
gas-permeable urinary catheters include the inability to
collect urine under anaerobic conditions thereby leading to
€Oy loss from Lhe urine and pH fluctuations, and a con-
siderable catheter dead space volume of approximately 0.35 ml
resulting in catheter transit times which averaged 2.0 h in
control fish. Prolonggd alr-exposure was associatgg with ECF
dehydration as indicated by the pronounced rise‘ in plasma

osmolality and was presumably equivalent to the Eﬂolume of

fluid excreted by the kidney and the amount lost by evaporgi
H B
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tion across the body surfaces. ‘The increase in plasnma
osmolality (about 40 mOsm kg‘l) cannot be accounted for by
elevated levels of the measured ions (Na*, K*, cl-, NH4+,
Ca2+) which suggest there were considerable changes in sonme
unmeasured osmolyte(s). The kidney played a relatively minor
role 1in acid-base regulation both during air-exposure and
during the recovery peried in water. The prima:y-adjustment
of renal function while eels were in air wéé a marked
reduction in UFR. Clearly, this is important for minimizing
dehydration but precludes a major role for the Kkidney in
acid-base balance. Although UFR is reduced by the eel when in
air, there is an obvious physiological 1limit in the capacity
to concentrate the ur;ne. Oour results‘indicatg‘that UFR in
air-exposed eels approaches values reported for
seawater-adapted eels (Schmidt-Nielsen and ‘Renfro, 1975).
" Glomerular filtration rate (GFR) was not measured in the
present study thus the cause of the reduced UFR remains
uncléar5 The pronounced increase in urine gsmotic and ionic
concentrations, however, suggests that increased tubular
reabsorption of water or reduced tubular fluid secretion could
be involved. Schmidt-Nielsen and Renfro (1975) reported that
ie reduced UFR in seawater-adapted eels was not due to
:a justments of GFR but rather to changes in tubular fluid
reabsorption and secrefion. Although renal acid excretion was
significantly increased during the latter stages of
air-exposure and the initial period of recovery, the magnitude

+

]
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of these changes was insuffi;ient to substantially alter the
ECF acid-base status during air-exposure or assist in the
x:ecovery after air-exposure. Moreover,. a significant com-
ponent of the apparent increase in renal acid excretion after
air-exposure must have been initiated during air-~exposure but
was not measured during that period due to the reduced UFR and
to thg_cath;ter dead space volune. Hence; renal excretion of
acidic equivalents accounted for approximately 6.5% of the
metabolic acid cleared after air-exposure whereas béénchial
contributions accounted for 93.5% of the acid clearéd. The
lack of involvemerit of the eel kidney in acid-base regulation
is perhaps best illustrated by analysis of the urine between 6
and 12 h after air-exposure. During this period, a substan-
tial'ECF metabolic acid load existed yet renal acid excrgtion
was unaltergd. The reliance of other freshwater teleosts on
the kidney for acid-base regulation is variable and‘ is
probably related to species differences and the nature of the
acid-base disturbance. The simulation of metabolic acidosis
by infusion of mineral acid in trout (Wood and Caldwell, 1978)
and catfish (CSﬁeron'and Kormanik, 1982) or external acidifi-
cation in trout (McDonald and Wood, 1981) can stimulate renal
acid excreting mechanisms which can account for clearance of
between 33 and 100% of the accumulated acid load (33%, Camerocn
and Kormanik, 1982; 50%, McDonald and Wood, 1981; 100%, Wood
and Caldwell, 1978). Surprisingly, the injection—of lactic

acid into trout, which perhaps best mimics the elevation of
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ECF metabolic acid load in the eel at *fhe conclusion of
air-exposure, cauéed only minor changes in renal acid excre-
tion and could account for only ‘6% of total acid clearance
(Kobayashi and Woeod, 1980). Thus, the possibility that the eel
kidney can respond effectively to other types of acid-base
disturbances cannot be excluded. 1In conclusion, the changes
observed in SIDF during recovery from air-exposure were
attributed primarily to modifigation of branchial Nat/H?
ethange. A correlation existed between the rate of SIDF and
the rate of branchial acid excretion. Although the nmetabolic
removal of acidic equivalents has been demonstrated in other
fishes, the increase in the rate of branchial net acid efflux
was sufficieﬁt to account for the slow rate of recovery
observed (70 umol kg‘l h~%). Net renal acid efflﬁx was low
(approximately 6.5% of total acid cleafénce) both during and
after preolonged éir—exposure. The predominant role of the
kidney during air-exposure was to-minimize dehydration. It is
suggested that the 1limited capacity for racid-base regulation
displayed by the eel is, in part, a result of low rates of

branchial Cl17/HCO;™~ exchange.
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CHAPTER 5

DIFFERENTIAL APPROACHES TO BLOOD ACID-BASE REGULATION DURING
EXPOSURE TO PROLONGED HYPERCAPNIA IN TWO FRESHWATER

TELEOSTS: THE RAINBOW TROUT (SALMO GAIRDNERI)

AND THE AMERICAN EEL (ANGUILILA ROSTRATA) .

| 18
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Introducticn

” .
Acid-base and ionic regulation are linked ,in fishes (see

Evans, 1984; Heisler,_1984}. Moreover, the relative contribu-
tions ..of theléills and kidneys to agid-basé regulation are
diverse (see Chapters 1 and 3; Cameron, 1980; Kobayashi and
Wégg, 1580; McDonald and Wood, 1981; Cameron and Kormanik,
1982; Wood ete«al., 1984; Perry et al., 1987a,b). It is
apparent, however, that respiratory acid-base disturbances
(e.g. hypercapnic acidosis, hyperoxic acidosis)'are regulated
almost exclusively by the gill with little or no reliance on
renal adjustments (Cameron, 1980; Wheatly et al., 1984; Wood
et al., 1984, Perry et al., 1987a,b). In the fish gill
epithelium, Na* and €1~ uptake from the water are related to
acid and base extrusions, respectively, via electroneutral
Na*/H' (NH4*) and Cl7/HCO3™(OH™) exchanges on the apical
(mucosal) membrane. H Thus, during periods of internal
adidosis, stimulation.of Na¥/acid excﬁange and/or inhibition
of Cl7/base exchange causes excretion of acidic equivalents to
the external environment. The net result is accumulation of
bicarbonate within the fish and ultimately, regulation of the
acidosis. With the notable exception of the Arctic grayling
(Thymallus arcticus; Cameron, 1976), fish appear to rely
predominantly on inhibition of branchial Ci;/Hcog*(OH‘)
exchan_= to regulate hypercapnic acidosis of endogencus fWood
et al., 1984) or exogenous (Claiborne and Heisler, 1984:;1986;

Perry et al., 1987a) origin.
L.
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The eel (Anguilla sp.) is unusual among euryhaline
teleosts because it lacks significant Cl™/HCO3~ exchange, és
indicated by almost undetectable branchial Cl~ influx (see
Chapter 4; Kirsch, 1972; Bornancin et al., 1977). ~ Thus, an
examination of the American eel (Angquilla rostrata) and the-
rainbow trout (Salmo gairdneri) during hypercapnic ';!cidosis
préesents an unique opportunity to study the relative contri-
butions of the Cl'/HC:'03'(OH;) *and Nat/H* (NH, ) eﬁchange'
~mechanisms to acid-base balance in fishes. Although dynamic
manipulation of the Cl™/HCO3~ exchange has been reported in
the eel (Bornancin et al., 1977), extremely low activity
presumably will preclude a role in acid-base regulation.
Indeed, 1in Chapter 4, 1t was argued that absence of sig-
nificant C17/HCO3~ exchange in the American eel may have been
the basis for the inefficient acid-base regulation observed
after prolonged air-exposure. The results of that study,
however, may have been influenced by profound metabolic
adjustments. -

In this chapter, i) the potential of the Na+/H+(NH4+).
exchange pathway to modify blood pH in the eel by acclimating
fish to various external Nat concentrations has been assessed,
ii)* the ability of the trout and the eel i to regulate

H - . >
acidosis has been compared, and iii) the impor-

hypercapnic
tance of external Nat levels on the ability of the eel to
regulate hypercapnia has been evaluated. These experiments

were performed to test the hypothesis that the eel relies
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solely on adjustments of branchial Na*/H*(NH,*) exchange to
correct internal ‘acidosis because it lacks the capability to

modify Cl'/HCO3'(6H‘) exchange.
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Materials and Hetﬁods
Experimental Animals

Both American eels (Anggill; rostrata) weighing between
108 and 233 ¢ (mean wt = 111.2 + 16.1 g (SE); N = 44) and
rainbow trout (Salmo gairdneri) of botﬂ sexes and weighing
between 147.3 and 398.8 g (mean wt'= 267.8 + 34.7 g (SE); N =
22). were utilized in these expériments. All fish were
maintained (as outlined in Chapter 2) in large fiberglass
aquaria (Liv{HE Stream; Toledo, Ohic) supplied with flowing,
aeréted and dechlorinated City of Ottawa tap water ([Naﬁj =
0.10 mM, [Cl™] = 0.15 mM, [Ca2*] = 0.35 - 0.40 mM, [KY] = 0.63
mM, pE = 7.5 - 8.0).
Acclimation Conditions

To increase +the concentration of Nat in the water,
dechlorinated, city of Ottawa tapwater (flow 1200 ml minfl)
was titrafed with a.solution of 6 M NaCl (0.40 ml min~1) into
holding aquaria in order to attain {Nat] = 21.97 + 0.09 mM (N =
264), [Cl™] = 2.04 + 0.11 (N = 264), [Ca?t] = 0.35 -~ 0.40 mM,

*

(K*] = 0.03 mM and pH = 7.4 - 8.0. Eels were acclimated to

-

these conditions for at least 6 weeks prior to experiment-
ation.

Eels were acclimated for the same period of time to low
Nat water. City of Ottawa tapwater was used as source water
for a reverse osmosis unit (Culligan) used in conjunction witi

a deionizer. This system was capable of removing 85 - 98% of

all ions while maintaining a water flow rate of approximately

&7
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800 ml min‘l.‘ The deionized water (800 ml min~l) Was titrated
with a solution 6f'1.3 M CaN0O4;/0.3 M CaC12 (0.20 ml min‘l)
f' into~holdiﬁ§ aquaria to attain fNa¥t]-= 0.0090 + 0.0003 mM (N =
456), [C17] = 0.162 + 0.017 mM (N = 455) and [Ca2+1 = 0.439

0.023 (N = 456). To maintain pH at . approximately 7. 8‘<EEEQ>€

deionized water was further titrated with 6 M KOH (0.04

-
A

min‘l).' Eels_were accliméted to these conditions for at;ieast.
.6 weeks prior to experimentation. -

During all experiments, eels acclimated to both high Nacl
and low Na®™ water were kept under these conditions.

Branchial Solute Fluxes

In all experiments, whole ~body fluxes were determined.
However, due %o the relative .impermeability qf eel skin
(Klrsch, 1972) and the negligible renal ionic fluxes (see
Chapter 4), whole body fluxes essentially reflect branchial
ionic fluxest To determine branchial soluge fluxés, water flow
to thé Perspex boxes was halted for the duration of the flux.
\ Water "temperature in the boxes was maintained by increasing
the level of the waﬁer surrounding the boxes on a "wet table®
and maintaining water flow to the table. The box was
vigorously aerated to maintain water Ppoo at approx1mate1y 150
torr. Branchial Na* and C1™ influxes (JryNa® and JyCl-) and
net fIﬁigg'(JNETNa+ and JyppCl™) were determined as outlined
in Chapter 2. Specific activity of the water was maintained

\ between 3000 and 5000 DPM/uMol. Water samples were removed

after a 20 min mixing period and then again following the flux
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perioé to determine Na® or Cl1~ specific activities. This flux
per:i:od- was 3 h for the determination of both Nat and Cl1™
influxes in trout and.for defermination of Na* influx in eels.
To accurately measure Cl™ influx in eels, the flux period was
éxtended tto 6 h.

Protocol

Fbllowing a 3 'h normocapnic pegaod, hypercapnia was
induced by equilibrating wate¥® contained within the holding
apparatus, which consisted of an opaque, 3 L Perspex box, with
0.8% CO, in airs This was accgmplish;d using a vérticg;,
counter-current gas exchange column (see Perry et al., 1987a).
The rate of water flow into the columg was allowed to exceed
that flowing to the boxes while an" overflow was used to
maintain water levels at the top of the column. Water flowing
down through the column was'allowed to mix with 8% CO, in air,
released at the bottom. As the gas rose, Et was dispersed by
marbles (diameter 1 cm), effectively increasing the surface
area for éésﬁexghgnge. Précise control of Prop was attained
by varying the fléwﬁof water through the column. .The hyper-
capnic water Qas then passed into the experimental holding box
.where Pppz WwWas monitored. Flow from the column was
approximately 600 ml min~%, adequate to supply water to 3 fish
simultaneously. A Wosthoff gas mixing pump (model M301 AF)
was used to supply the 8% CO; in air.

Blood Sampling Reaimen
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For American eels' (Anquilla rostrata), blood samples (0.6
ml) were .withdrawn from cannulae implanted in the pneumo-—
gastric artery (see Chapter 2} 3 h prior to hypercapnia, at 1,
4, 12, 24, 48 and 72 'h during hypercapnia; agd at 1 and 24 h
pést—hypercapnié. In a similar fashién, blood samples_were
withdrawn from cannulae implanted into the.dorsal aorﬁa_of
trout (see Chapter 2). Due to attrition, this sampling regimen
was .altéied slightly for +trout. During the hypercapnic
period,'no sample was taken at 4 h and a single sample was
taken at 36 h instead of at 24 h and 48 h. -

Measurements were made of‘ hematocrit (Het), total CO,
(Cco2) » whole b;ood pH (ﬁHe) and red blood cell (RBC) pH.

All analytical procedures (for determination of blood acid-

base status and ionic¢ fluxes) have been outlined in Chapter 2.

Statistical Analvsis

Data shown in figures and tables are means + 1 S.E. To

test for significance between experimental groups, a 2 X 2

factorial ANOVA was performed in conjunction with a Tukey's

studentized range test. To test for significant difference
within experimental groups, a Student's t-test was used. The
fiducial limit of significance for all tests was taken as 5%.

See figure legends for details.

70



Results

The eel in normal water, when compared to the trout kept

under similar environmental conditiens displayed a metabolic

~alkalosis (Fig. 15). Acclimation to elevated external [Nat)

(high NaCl water) exacerbated the metabolic alkalosis in the
eel whereas acclimation to lowered external [Na'*:] (low Nat
water) caused a metabolic acidesis with respect to the normal
water eel (Fig. 15). The acidosis developed by the eel after
acclimation to low Na¥ water did not differ significantly from-
the acid-base status of the trout in nermal water (Fig. 15).
In the eel, branchial influx of Cl1l™ was not significantly
affected by acclimation to either high NaCl or low Nat water
(Table 1). Branchial influx of Na¥h was stimulated by
acclimation to high ©NacCl water and WQS inhibited by -

acclimation to low Na' water (Table 1). ‘These results concur

with the perturbations in blood acid-base status following the

acclimation period.  Although the rates of both JyyNa® and
JIﬁCl' were considerably lower in the eel than in the trout,
the ratio of JyyNat to JyxyCl was much higher in the eel due to

the extremely low values of JyyCl~. An integration c¢f the

data in Table 1 and Fig. 15 revealed that blood acid-base

status in acclimated animals could be estimated, at least
qualitatively, by the ratio of JINNa+ to JryCl™. Branchial
net fluxes (Jygp) did not differ significantly between groups
in which accurate measurements could be made (JNETNa+ or

JyprCl” could not be determined with accuracy in high NacCl

»
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Figure 15. A ;_::I-I-HCO:;D diagram showing blood -acid-base status
of trout and eels ac-climated to variable exﬁernal [Na*t)
(indicated). indicates significant difference 'from
the eel acclimated to normal water; " indicates s:;i.g—
nificant difference from the trout. Means were statiéti—
cally compared using ANOVA 1n conjunction with a Tukey’s

Studentized range test. _ >
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Table 1:

A comparison of resting branchial ionic fluxes between

uhe,ralnbow trout and the Amerlcan eel following_acclimation

to var;oui external
urdles kg1 hour—lt

[Nat].
+ 1 SE.

All wvalues are péesented as
* indicates significant differ-

ence from normal water eel; + lndlcates significant differ-
ance frem the trout. -

TYPE ~ JNETNa+
TROUT .(¥=12) ~14.60
L +8.74
EEL:
NORMAL {N=12) =9.70
+7.20
L 9
Low. Nat (N=10) 3.56
' +8.59

ETGE NacCl (N=11)

+
JINNa

324.59%

+48.83

33.58%

+3.54

g8.16*t

$£1.29

920.86*t

+176.11
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JNETCl-

-9.30
+7.21

-4.01

+10.92

-0.84

"+13.94

JNCl™

189.46%
+28.87

5.92%
+0.93

4.83%
+1.61

6.28%
+0.57

Y

JINNa+/JINCl_

1.71
Ve

/
*5.67



water due to the high background levels of NaCl).

During hypercapnia, water PCO, was increased to 6.42 +
0.23 to}r (N = 77) from approxiﬁately zero torr and conse-
.quéntly blood PCO, was elevated throughout the hypercapnic
period in both the normal water eel and the trout (see Fig.
lSA)é With the onset of hypercapnia, whole blood pH decreased
in the eel and trout by approximately 0.4 and 0.35 units,
respectively (Fig. 16B). The acidosis ‘was compensated
graéually during the hypercapnic pericd (Fig. 16B) and was
associated with a rise in plasma [HCO5™] (Fig.LIGD).’ RBC pH
dropped to a greater extent in the eel (0.25 units) than in
the trout (0.1 unit) (Fig. 16C). A comparison of the relatio-
nsﬂiﬁ between whole blood pH and RBC pH in vitro and in vivo
(auring hyﬁercapnia) revealed that RBC pH in the eel (Fig.
19), unlike the trout (Fig. 20), conformed to the in vitro
relationship'and tBFrefore was not regulated preferentially
over extracellular pH.

During the post~hjpercapnic period, a slight alkalosis
developed (Fig. 16B) due to differential rates of branchial
excretion of dissolved CO; and acid-base relevant ions (Fig.
16A§D). The alkalosis was fully compensated by the <trout
‘after 24 h of recovery but persisted in the eel (Fig. 16B).

P

Accordingly, plasma [HCO;~] remained elevated in the eel (Fig.
16D) .
The temporal changes in blood acid-base- status during

—~hypercapnia in the eel and trout are shown as pH-HCO3~ <
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Figure 16. The effects of external hypercapnia (#—e J on

selected arterial blood acid-base variables in the

. American eel (left) acclimated to ngrmal water and the

rainbow trout (right) including A) arterial Pgps, B).

whole blood pH, C) red blood cell (RBC) pH'and D) total
CO02 (Ccpz)- Control animals ‘(o—o) were maintained in
normocapnic water. N numbers are 7 for both experi-
mental and control' eels; N‘ numbers are 6 and 5 for

experimental and control trout, respectively. A

Student’/s t-test was used to determine () .significant-

difference from control value at corresponding time, ($)
significant difference from pre-exposure value (,PRE-) and
(¥) significant difference from both control and pre-

exposure values. ha
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Figure 17. A pH-HCO;~ diagram showing the temporal changes in
blood acid-base status in the American eel acclimated to
normal water during and after 7Z  h of exposure to
external \hype<%apnia (0.8% COy). The dashéd line
represents the in vitro whole blood non-HCO3~ buffer line
(? = -10.1 mM L~1 whole blood:qsee Chapter 3). The
numbers associlated with each point indicate the duration
of hypercapnia, in hours._ P represents pre-exposure
acid-base values; Post 1 and Post 24 represent 1 and 24 h

after return to normocapnia, respectively.

.
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Figure 18. A pH;HCO3‘ diagram showing the temporal changeé in
blood acid-base status in the rainbow trout acclimated to
normal water during and after 72 h of exposure to
external hypercapnia (0.8% CO5). The dashed line’
represents the in vitro whole blood non-HCO3~ buffer line
(? = —-8.2 mM L-1 whole blood; Vermette and Perry, 1987).

All other details as in Fig. 17.
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Figure 19. The effects of external hypercapnia on the

relationship between whole blood pH and RBC pH in eels
acclimated to normal water. In vivo pH values (+ 1 SE)
have been superimposed on the in vitro relationship
between whole bloced pH and RBC pH (see Chapter 3).. *
indicates significant difference from the regression
shown with 95% confidence intervals. The numbers
associated wifh each point indicate the duration of
hypercapnia, in hours. P represents pre-exposure
values; Post 1 and Post 24 represent 1 and 24 h after

return to normocapnia, respectively.
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Figure 20. The effects of external hypercapnia on the
relationship betwéép whole blood pH and RBC pH in trout

acclimated to normal water. In vivo pH values (+ 1 SE)

have been superimposed on the in vitro relgtionship::i;

between whole blood pH and RBC pH (from Vermette and

Perry, 1987).
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diagrams (Figs. 17,18). Aftef‘l h of hypercapnia,.the changes
in'whole blood acid-base status in both the eel and the trout
simply reflected non-bicarbonate buffering. During the
ensuing 72 h of hypercapnia, metabolic compensation of the
acidosis occurred in both the eel and the trout as indicated
by movement along constant Pggs isopleths. After hypercapnia
(Fig%é_ 17,18), blood acid-base status in both the eel and
trout initially reflected the rapid removal of respir;tory
acid (CO3) resulting in a metabolic alkalosis. The differen-
tial abilities of the eél and trout to c?mpensate the post-
hypercapnic metabolic alkalosis were assoc%gted with differen-
tial rates of HCO;~ removal from the blood (Figs. 17,18).

Eels acclimated: to high NacCl water exhibited responses
similar to the norgg} waper eel following the onset of

hypercapnia (Fig. 21). RBC pH was elevated above the controls

prior to the onset of hypercapnia and during the initial 4 h

©of hypercapnia, the decrease in RBC pH was less in eels

acclimated to'high NaCl water when comparea to normal water
eels during this period (Fig. 21C). Moreovef, a'comparison of
the relationship between whéle bleod pH and RBC pH in vivo and
in vitro (Fig. 22) revealed that RBC pH was regulated prefe-
rentially only during this time. Red blood cell pH did not
rise significantly above control wvalues until 1 h post-

hypercapnia (Fig. 21C) though the values did not deviate from

. the in vitro relationship between whole blood pH and RBC pH at

this time (Fig. 22).
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Figure 21. The effects of external hypercapnia (e—e ) on
selected . arterial blood acid-base variables in the
American eel acclimated to normal water (left) and
acclimated to high NacCl water (right). N numbers are 6
for experimental and control eels acclimated to high

NaCl water. All other details as in Fig. 16.
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Figure 22. A pH-HCO;~ diagram showing the temporalhcha es in
blood acid-base status in the American eel acclimated to
i

: /
high NaCl water during and after 72 h of exposure to

external hypercapnia (0.8% C02).' All other details as in

Fig. 17.
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Figure 23. The effects of external hypercapnia on the
relationship between .whole blood pH and RBC pH in
American eels acclimated to high NaCl water. For details,

see Fig. 19.
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Post-hypercapnia, the changes in arterial PCO,, whole
blood pH and plasma Cpgz in eels acclimated to high NaCl water
were similar to eels acclimated to normal water (Figé.
21A,B,D; 22).

The temporal changes in blood acid-base status during
hypercapnia in eels acclimated to low Na® water differed
significantly from eels acclimated to normal water (Fig. 24).
Notably, plasma Cpgop (Fig. 24D) remained unchénged during 72 h
of hypercapnia and whole blood pH was not even partially
regulated (Fig. 24B). Post-hypercapnié, both blood‘Pcoz and
RBC pﬁ returned to conirol values within 1 h (Fig. 24A,C).
Whole blood pH remained ;ignificantly depressed at 1 h post-
hypercapnia but returned to control 1levels after 24 h of
recovery (Fig. 24B). Plasma Cpgz Wwas not significantly
elevated at any time during the experiment (Fig. 24D).

' Shown %g a pH-HCOjz~ diagram'(Fig. 25), blood acid-base
status during hypercapnia in eels acclimated to low Nat water
conformed to the in vitro buffer line and therefore simply

reflected non-bicarbonate buffering.

™
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Figure 24. The effects of exﬁernal hypercapnia (@€ )} on
selected arterial blood acid-base variables in the
American eel acclimated to normal water (left) and
acclimated to low Na®t water (right). N numbers are 6 and
5 respectively for experimental and control eels
acclimated to 'high NaCl water. All other details as in

-

Fig. 16.
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Figure 25. A pH-HCO3~ diagram showing the temporal changes in
bloed acid-base status in the American eel acclimated to
low Na™ water during and after 72 h of exposure to
external hypercapnia (0.8% éoz). All other details as in

Fig. 17.
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Discussion

Acid-base regulation in fishes during acidosis is
accomplished by the transfer of HCO3;™ into the body which is
equivalent to. the extrusion of acidic equivalents into the
environment. The differential adjustments of branchial net
ionic fluxes (predominantly JyppNa® and JyppCl™) correlate
with the net movementHPf acidic equivalents (see Chapter 4;
Wood et gi., 1984; Wood et al., 198s; Claibofne and Heilsler,
1986; Vermette and Perry} 1987). Adjustmeﬁts of branchial net
ionic fluxes during;’épid—baée disturbancés result from the
modulation of either/branchial efflux and/or influx. During
periods of agédosis, the appropriate net flux Eesponses are
increased JyppNat or decreased JygpCl™. The results of the
present study indicate that the eel is entirely reliant on
modulation of JygrNa®. We suggest that this strategy for
acid-base regulation in the eel is a reflection of the
exceptionally low rates of unidirectional ¢€1~ fluxes.

Effects of Acclimation

In the eel, the branchial uptake of €1~ is not affinity-
limited because elevating the external concentration of C1~
(high NaCl water) above levels speculated for Xm in the eel
{(lmM; Bornancin et al., 1977) did not significantly' affect
uptake. Moreover, acclimation to low Nat water might have
been expected to cause an increase in the number of chloride
cells (Laurent, Hobe and Dunel-Erb, 1985) thereby increasing

the number of branchial Cl7/HCO;~ exchange sites as occurs in
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the trout (S.F. Perry and P. Laurent, unpublished). However,
as no stimulation of €1~ uptake was detected, it is speculated
t13at the eel is physiologically iaucpable of modifying C17
uptake jmeshwater and the l_gw capacity for ClT uptake will
impede dynamic modulation of lnet cl" flux under stressed
conditions. The limited capacity for Cl": uptake is reflected
by decreased plasma [Cl”] (Chapter 4; Bornancin et al., 1977)
;nd a significant "anion gap" (Farrell and Lutz, 1975) when

compared to the trout. Unlike other fishes (Catostomus

commersoni; Hobe, Wood and McMahon, 1984; Salmo gairdneri;

Wood et al., 1984; Vermette and Perry, 1987; Perry et al.,

1987a; Thvmallus arcticus; Cameron, 1976), the magnitude of

branchial Cl~ uptake is approximately 1/6 of branchial Na*t
uptake in the eel and, although JyyN&t is m%ch greater in the
_trout than the eel, plasma [Nat] in the “eel (Chapter 4;
Bornancin et al., 1977) is similar to the trout (McDonald and
Wood, 1981;:. Perry et al., 1837a). The resulting strong ion
difference (Stewart, 1980) in eel plasma correlates with
elevated whole blocd pH (Chapter 4; Bornancin et al., 1977).
The results of the "present study demonstrate a relationship
.between the external concentration of Nat and whole blood pH
in the eel due to changes in branchial Nat uptake without
concurrent changes in Cl1~ uptake. During acclimation to high
NaCl water, the elevation of external [NaCl] resulted in the
stimulation of JryNa® but did not affect JyyCl™. Stimulation

of JryNa' without a concurrent increase in N/.':L'*' efflux would
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cause a positive net flux during the . initial period of
acclimation wuntil a new steady-state was achieved (e.qg.
IyerNat was not significantly elevated after 6 weeks of
acclimation). T;e observed increase in whole blood pH
probably was related to a further increase in plasma SID
caused by a transitory increase in Nat net flux. Conversely,
" in iow Na* water, the uptake of Nat became affinity-limited
and JINNa+ was depressed. The passive efflux of Nat would
then result in a net loss of Nat (lowered plasna [Na+]) and
hence a decrease in whole blood pH. Ultimately, however,
efflux- modulation restored JygppNa® to control levels (Table 1)
and further adjustments of pH were prevented.

Thus, it is apparent that the changes in-blood acid-base
‘status associated with variablé external [Nat] were related to
transient adjustments of JNETN3+- Hence, an examination of
the branchial influxes of both_Na+ and C1~ in trout and eels
acclimated to high NaCl, normal and low Nat water revealed
that the ratio of JINN3+'to JINCl™ qualitatively estimates
blood acid-base status during steady-state conditions. )
Effects of Hypercapnia

The eel is known to clear the metabeolic acid load accrued
during a 36 h exposure to air slowly when compared to other
Ifishes faced with similar metabolic acid 1loads (Katsuwonus
gelamis;u;grry et g;., 1985; Salmo gairdneri; Milligan and

Wood, 1986a; Scviliorhinus stellaris; Piiper et al., 1%72; Raija

ocellata; Wood and Perry, 1985). In chapter 4, it was
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-postﬁlated that the limited capacity to regulate this acid=-
base disturbance is due to extremely low rates of Cl7/HCO3™
exchange in the eel. The presenf study shows that the eel is
capable of compensating the acidosis associated. with
hypercapnia as well as the trout (see also Perry et al.,
1987a). Indeed, the changes in blood acid-base status during
hypercapnia in the eel are similar to those reported for other
freshwater and marine fishes (see Cameron and Randall, 1972;
Janésen and Randall, 1975; Cameron, 1976; Eddy, 1976; Randall,
Heisler and Dreeé, 1976; Eddy, Lomholt, Weber and Johansen,
1977; Cameron, 1980; Perry.et al., 1981; Perry, 1982; Thonas,
1983; Toews et al., 1983; Perry et al., 1987a). Increasing
the external'concentration of NaCl has no apparent effeét on
the ability to regulate whole blood pH during hypercapnic
~acidosis even though eels acclimated to high NaCl water were
able' to elevate plasma [HCO3~] to approximately 30 mM. The
inability of both the eel acclimated to high NaCl water and
the eel acclimated to normal water to fully compensate whole
blood pH is perhaps, in part, related to ﬁhe arithmetic
relationship between whole blood pH and [HCO37]. To fully
compensate whole blood pH, plasma [HCO3™) theoretically would
have to rise to approximétely 50 mM, far above the picarbonate
tﬁreshold reported for most fish (Claiborne and Héisler,
1986). Compensation of hypercaénic acidosis is ihhibited by a

lowered concentration of external Nat revealing the dependence’

of the eel on the modulation of branchial Nat uptake rather
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than branchial Cl1~ uptake. Presumably, the magnitude of any
changes in Cl~ net- flux are too small to 'result in detectable
tranges in blood acid-base status. |
\.~ There is no apparent explanation for the relative
inability displayed by the trout in‘this study to compensate
hypercapnic acidosis when compared to previous studies (see
Camérdﬁ and Randall, 1972; Eddy et al., 1977; Perry, 1982:
Perry et al., 1987a) other than seasonal effects on catechol-
amine mediated responses; trout were exposed to hypercapnia in
October and November of 1987. Catecholamines are released
during hypercapnic acidosis (Perry et al., 1987a), and may
modify branchial ion exchanes (see Vermette and Perry, 1987).
Changes 1in blood acid-base status in the eel post-
hypercapnia differ from those reported in other fishes. The
eel displays a persistent elevation of ‘plasma [HCO3;]
following hypercapnia unlike the trout which rapidly returns
plasma [HCO37] to control levels. The reduction of elevated
HCO3~ in the trout post-hypercapnia is due to a net inward
movement of Cl1- (Perry et al., 1987a), due to stimulation of
JINCl™.  The stimulaéion of either JrNCl™ or JyprCl™ is not
possible in the eel due to the low, constant rate of Cl™/HCO5~
exchange.
In the study in which eels were exposed to air (Chapter
3), it was shown that RBC pH is not selectively regulated in
vivo but simply conforms to the in vitro relationship between

whole blood pH and RBC .pH. During hypercapnia in eels
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acclimated to low Nat or normal water, RBC pH alsc conforms to
the in vitro relationship indicating that the eel either does
not elevate plasma catecholamines or that RBC pH, unlike most
other fishes (see Nikinmaa, 1986), 1is unaffected by elevated
plésma catecholamines. It is unclear why eels acclimated to
high Nacl water displayed a greater préﬁensity for RBC pH

regulation during the initial 4 h of hypercapnia. This

requlation did not persist throughout the hypercapnic period.

Vo

Regulation of RBC‘pH in other fishes occurs due to adrenergic S
stimulation of Na*/H™ exchange (see §ikinmaa, 1986) and may
minimize depressions of arterial 0O, content during periods of
extracellular acidosis (Nikinmaa, Cech and 'ﬁcEnroe, 1984;
Boutilier et al., 1986; Primmett et al., 1986). Significant
Root and Bohr effects occur in'vitrq in eel blood. Indeed,
following the acidosis associated with hypercapnia, a 20%
reduction of arterial 0, content wéuld result (Chapter 3).
This, however, does not appear to compel the eé} to regulate
RBC pH.

In conclusion, it is apparent that whole b}ood PH in the
eel and trouf during steady-state conditions 1is estimated by
the ratio of JINNa+ to JNCl™. During hypercapnia, plasma
[HCO3™] is elevated in the eel presumably due to increases in
the activity of the branchial Na*/H+(NH4+) exchange, as the(ﬁﬁ*\
. elevation of plasma [HCOs;~] is abolished by abrogqﬁed_external

{Nat]. Thus, the eel is capable of regulating the acidosis
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associated with hypercapnia déspite severely limited Cl™/HCO3™

(OH™) exchange.
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CHAPTER 6
DIFFERENTIAL APPRDACHES TO BLOOD ACID-BASE REGUEATION IN THE

AMERICAN EEL (ANGUILLA ROSTRATA) AND THE RAINBOW TROUT

(SAILMO GATIRDNERI): BRANCHIAL ADJUSTMENTS.
P
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Introduction ~
It was shown that tﬁe eel is capable of regulating the
acid-base disturbance associated with external hypercapnia
equally well as the trout and, moreover, agdependence upon
external Na’ was demonstrated (see Chapter 5). It was tenta-
tively concluded that the eel relies on adjustments of
branchial Na*/H"(NH,¥) excharge whereas the trout relies oﬂ
adjustments of both branchial Cl17/HCO3;™(OH™) and Nat/H™(NH,Y)
exchange.
In this chapter; the differential dependencies of the
. eel and trout on branchial ionic exchanges for acid-base
regulation will be explored directly during hypercapnic
acidosis. It is speculated that, unlike the trout, the eel
will rely completely on modulation of branchial Nat/H'(NH*)
exchange rather than Cl7/HCO;™ (CH™) exchange in an attempt to
_compensate this acidosis. The results will demonstrate that
i) unlike the t;out, the eel is unable to modify branchial Cl1~
/HCO3~ (OH™) eﬁéﬁ%ﬁge to 'compensate this acidosis and 11)
akthough a role \%or the modulation of branchial Nat/NgE,*
exchange is apparent in the eel, the exact mechanisms by which
branchial Na*/NH,* exchange leads to compensation of this

acidosis are unclear.
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‘Materials and Methods =

Experimental Animais

American eels (Angquilla rostrata) weighing between 93 and ~
257 g (mean wt = 123.8 + 12.3 g; n = 76) and rainbow trout
(Salmo gairdneri) of both sexes and weighing between 119.2 and
349.89& (mear wt = 243.5 + 23.3 g; n = 24) were utilized in
these experiments (see General Methods). Eels were acclimated
tq'low Naf water as outlined in Chapter 5. Eels acclimated to
high NacCl were not utilized in this study Eecause i) branchial
ionic fluxes could not be accurately assessed dae to the high
background levels of NaCl.and ii) eels acclimated to high NacCl

water did not differ in the ability to regulate hypercapnic

acidosis.
Protocol

Hypercapnia was induced environmentally by equilibrating
water containea wifhin,the holding apparatus, which consisted
of aﬁ opagque, 3 L Perspex box, with 0.8% CO, in air. This was
accomplished in two ways. During the flux period, water
within the Perspex box was gassed with 0.8% CO, in air and
water Ppps was maintained at approximately 6.5 torr. At all
other times, this was done using a wvertical, counter-current
gas exchange column as outlined in chapter 5. A Wosthoff gas
mixing pump (model M301 A-F) was used to supply ali mixed
gass?s during the experiment.

Branchial Solute Fluxes
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To determine branchial solute fluxes) water flow to the
Perspex boxes was halted for the duration of the flux. Water
ﬁemperature in the boxes was maintained by increasing the
level of the water surrounding the boxes on a "wet table" and
maintaining water flow to the table. The box was vigorously
aerated té maintain ambient water Ppp- Branchial Nat and c1-
influxes (JryNa® and JyyCl~) were determined by monitoring the
disappearance of either 22Na (as Nacl; Amersham) or 36cl (as
HC1l; ICN) from thé external environment following the addition
of isotope to each box (see Maetz, 1956). Specific activity of
the water’has‘maintained between 3000 ahd 5000 DPM/umel and
was increased. gradually éuring the experiment to avoid
backflux problems. Water samples were removed following ‘a 20
min mixing period andrthen again following the flux period.
Between consecutive fluxes, the Perspex boxes were flushed
with appropriately gassed water for at least 15 min to avoid
ammonia accumulation. This flux period was 3 h for
determination of both Na* and Cl~ influx in trout and for
determination of Na* influx in eels but for determination of
Cl™ influx in eels, it was extended to 6 h. The activity of
22Na or 36Cl was then determined on 5 ml water samples while
the remaining samples were stored at -70° C for later analysis
of Nat, k' and ciD.

Time periods chosen for the determination of branchial
Na*¥ influxes in eels and trout and c1D influxes in trout were

6-3 and 3-0 h pre-hypercapnia, 0-3, 3-6, 9-12, 21-24, 45-48
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and 69-72 h during hypercapnia and 0-3, 3-6 and 2i-24 h post-
hypercapnia. In eels, c1D influxes were determined 6-0 h pre-
hypercapnia, at 0;6, 6-12, 18-24, A42-48, 66-72 h duhing
hypercapnia and ¢-6 and 18-24 h post—hypercapnia.‘ The sane
regimen was used for control fish. vValues for net ionic
fluxes obtained from Nat influx experiments and Cl influx

experiments were combined at corresponding times.
-

Statistical Analvsis

Data shown in figures and tables are means + 1 SE. B0
-~

test fof significance between experimental groups, a 2 X 2
factorial ANOVA was performed in conjunction with a Tukey’s
studentized“;ange test. To test'for significant, difference
within expe;imental groups, a Student’s t-test was used. The

fiducial limit of significance for all tests was taken as 5%.

See figure legends for details.
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Results

With the onset of hypeféapnia, water Pppp was elevated to
6.53 # 0.47 torr (N = 186). In trout, both branchial JryNa‘t
and JyNCl™ were significantly reduced during the latter stages
of'hypercapnia (Fig. 27A;B) and remained depressed during the
in};ial stages of recovery. However, JINNa+ became sig-
nificantly elevated while JyjyCl~ rose to control levels at 24
h post-hypercapnia (Fig. 27a). During ‘hypercapnia, the
changes in both JyppNa® and JygppCl™ concur with these observ-
ations (Fig. 26A,B). However, durin?:fpe initial stages of

™~
recqvery, IneTCl™ Dbecame significantly elevated without

conéérrent increases in JNCl™. At 24 h, JyprNat was not
elevated significantly and the significaht elevation of
JygprCl™ was not associated with an elevation of JyyCl~. The
contributions of the net ionic fluxes to acid-base regulation
appear to counteract each other as only during the initial
stages of hyperca?nia did SIDF (see Fig. 26C) become positive
(indicating acid excretion) and only immediately post-hyper-
capnia did SIDF become significantly negative (indicating base
excretion). JyprK' did not change significantly.

In the .eel acclimated to normal water, exposure to
hypercapnia for 72 h resulted in a graduél stimulation of Na¥t
‘influx without detectable changes in Cl1~ uptake (Fig. 29a,B)
with a rapid return to xgontrol levels during recovery.

However, JNETNa+ did not significantly increase until 72 h;

the net flux of both €1~ and K" did not change significantly
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Figure 26. The effects of external hypercapnia (0.8% CO,) on
bra%chial solute fluxes in'the trout acclimated to nofmal
water. A) Na' net flux (JNETNa+), B) the net flux of Cl1™
(INETCLT), C).the net flux of strong ions (SIDF) and D)
XKt net flux (JNETK+). All fluxes are expressed as umol
kg'l h~l. N numbers are 6 for both control f%éh (cleaf
bars) and experimental fish (solid bars). * represents
significant difference from the control value at the
corresponding time; A_ represents significant di?ference
from pre-exposure values; ¥ represenﬁg significant

difference from both pre and control values.
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Figure 27. The effects of external hypercapnia (0.8% CO,) on
branchial influxes of &) sodium (JyyNa®) and B) chloride
(FrnCl7) in trout acclimated to normal water. N numbers
are 6 for control fish (clear bars) and 6 for experi-

"mental fish (solid bars). All other details as in Fig.

26. ;
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Figure 28. The effects of external hypercapnia (0.8% CO,) on
‘ branchial solute fluxes in the eel acclimated to normal
water. N numbers are 6 for control fish (clear bars) and

6 for experimental fish (seolid bars). All other details

as in Fig. 26.
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a4
Figure 29. The effects of external hypercapnia (0.8% CO5) on

branchial influxes of A) sodium (JyyNa¥)~-and B) chloride
(FJ1xCl™) in eels acclimated to normal water. All other

details as in Fig. 26.
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at any point during the experiment (Fig. 28A,B,D). The
arithmetic difference between the net fluxes of Nat and c1~
(strong *on difference flux; SIDF) followed the changes in
IyprNat and rose significantly aﬁbve both control and pre-
values only' during the final ‘stages of hypercapnia (Fig.
28A,Q). Howevef, during recovery, SIDF became significantly

depressed when cémpared to controls due the significant

decrease in JyprNa*.

Eel acclimated +to 1low Nat water showed predictable
changes 1in branchial ienic fluxes. Although significant
differences were detected in both influxes (Fig. 30) and net
fluxes (Fig. 31), changes were not of great magnitude and

generally occurred in a manner which was counteractive to

acid-base balance.
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Figure 30. The effect§ of external hypercapnia (0.8% CO5) on

branchial solute fluxes in the eel acclimated to low Na™t
water. N numbers are 6 for control fish (clear bars) and

6 for experimental fish (solid bars). All other deﬁails

7

as in Fig. 26. ’
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Figure 31. The effects of external hypercapnia (0.8% C05) on
branchial influxes of A) sodiun (JINNa+) and B} chloride -
(FrNC1l7) in eels ‘acclimated to low Na* water. . All other

" details as in Fig. 26.
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Discussion

The constraints of electroneutrality dictate that the
difference between the net flux 6f strong ions (see Stewart,
1980) will exactly ‘oppose the flux of acidic equivalenﬁs.
Hence, an increase in the influx of strong ions will result in
the equal efflux of acidic equivalents. The differential.
adjustment of branchial het icnic fluxes (predominantly
IygrNa® and JygpClT) is known to occur during acid-base
disturbances in fish (Chapter 4; Wood .et al., 1984; Wood et
_l., 1986; Claiborne and Heisler, 1986; Vermette and Perry,
1987) and is-a-fesult of the modulation of either branchial
efflux or influ¥.

In the trout,.rapid decreases in both branchial Nat and
Cl;uptake (JINNa+ and JyNClT) resulted in the net loss of both
ions and.the changes in JINNa+ were contrary to the process of-
acid-base regulation:. However, the positive strong ioﬂ £flux
(strong ion differencé flux; SIDF), which occurred initially
during hypercapnia, is indicative of pH regulation and
corresponded to the changes in blcocod acid-base staﬁus reported
in Chapter 5. Similar changes in branchial ionic fluxes have
been reported in trout following the intravascular infusion of
epinephrine (Vermette and Perry, 1987). /

Presumably, any éhanges in SIDF in the eel would be due
to changes in JyprNa®’ as the eel is unable to modify Cl™/HCO3~

exchange. In the previous chapter, it was noted that whole

blood pH 1n the eel was dependent on the external concentr-
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ation of Nat. Furthermore, it was demonstrated that, while
eels acclimated to normal water were capable of compensating
blood acid~-base status tﬁroughout the hypercapnic period, the
ability to compensate hypercapnic acidosis was abolished in
eels acclimated to low Na¥™ water. These results ére indifect
evidence that the eel éelies solely on the activity of
branchial Nat/acid exchange or the modulation of net movements
of Na¥ for compensatiggﬂof hypercapnic acidosis.’

However, the results of the present study do not fuily
concur with those of the previous chapter. Although a
.pronounced stimulation c¢f branchial Na™* uptake was detected in
eels acclimated to normal water during hypercapnia, there were
no appa;ent effects on the net movement of Nat until the
termina@ion of hypercapnia and hence no changes were detected

in SIDF until this time. From this result,r it can be

predicted that no change in_the flux of acidic equivalentg//

would result. _Epwever, an examination of the changes in blood
acid—base.status (Chapter 5) reveals that regulation of whole
blood pH in eels acclimated to normal water occurred through-
out the hypercapnic period. Although in fishes SIDF is
generally considered a function of the net movements of Na©t
and Cl17, under certain circumstances, other strong électro—

lytes are known to make a significant contribution to

branchial SIDF (K'-Eddy, 1985; cCa2*-Perry and Wood, 1985). .

This could explain the apparent inability to detect changes in

SIDF diring hypercapnia as only the net movements of Na‘t, K+

s
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and Cl~ were monitored. However, any changés%}n blood acid-
base status which occurred independent of th; ‘movement of
branchial Nat should‘also have occurred in«eﬁkg/acclimated to
low Nat water. The inability of the eel acc%émated to low Nat
water to regqulate hypercapnic acidosis (Chapter 5) excludes
the possibility of the involvement of other strong ions in
acid—base.regglation; Indeegf the only apparent difference
between eels acclimated to low Nat and eels acclimated to
normal water 1s the ability to.modify branchial Na¥ upéake.
Hence, although no stimulation in net flux was detected
initially in eels acclimated to normal water, the ability to
regulate hypercapnic acidosis must be attributed to modulation
of branchial JNETN3+° }nd;ed, the present study has shown
that during recovery from hypercapnia, jNETNaf in eels
acclimated to normal water drops-significantly and contributes
to a significant decrease in SIDF. This result concurs with
éompensation of an in}n:ernal alkalos’is, known to be present
following hypercapnia (see Chapter §5) and furthermore,
indicates a reliance on modulation éé IngprNat.

The inability to"détect changes in branchial JNETNa+
during hypercapnia is perhaps, in part, related to the nét
efflux of sodidﬁ%by the kidney. In this siudy, measurements
were made of whole body flux because in other fish, it has
been shown that the kidney has limited "involement iﬁ the

excretion of acidic equivglents and functions to retain base

during periods of internal hypercapnia (Cameron, 1980; Wheatly
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et al., 1984; Wood et al., 1984, Perry et al., 1987a,b).
However, the k_idney contributes to a net efflux of Nat (see
Chapter 4; see also Cameron, 1980; Wheatly et al., 1984; Wood
et al., 1584, Perry et al., 1987a,b) and hence, branchial net
uptake of Nat may have occurred and may have been stimulated
during hypercapnia but was undgrestimated due, to increased
renal efflux of Na™.

Compensation of respiratory acid-base disturbances in

other teleosts occurs primarily due to the modulation of

.branchial ion exchange sites rather than kidney function.

Moreover, the response of these pumps following hypercapnic
acidosis appears to be relatively rapid (approximately 12 h;
Cameron, 1976; Wood et al., 1984; Claiborné and Heisler, 1984;
Perry et 2l1., 1987a), a response ‘which can be minicked by
elevated plasma epinephrine (Vermette and Perry-,. 1987).
Circulating ca_ltecho‘lamines are known to be elevated in fish
following a variety of stresses (acid-infusion, Boutilier et
al., 1986; Tang, Nolan ancﬁ Boutilier, 1988; hy{aeréapnia, Perry
et al., 1%87a: exhaust;’.ve exercise, Primmett et al., 1986;
Milligan and Wood, 1987; hypoxia, Fievet, Motais and Thomas,
1986) and gill perfusion experiments hawe indicated adrenergic
control of branchial ionic uptake (Payan, Matty and Maetz,
1975; Payan, 1978; Perry, Payan and Girard, 1984a,b). It
seems unllkely that adrenergic stimulaticon of branchlal Nat
uptake C\lld account for the observed 5-fold 1jncrease in Na¥t

uptake which ocecurred in '_eels accl/lmated to normal water 72 h

c 110



after Ehe onset of hypercapnia. Moreover, receptor desen-
sitization ig Known to occur following the prolonged elevation
of catecholamines within 24 h. Hence, beth the role of
catecholamines in the adjustment of branchial Nat/acid
exchange and the mechanisms behind the tremendons stimulation
of Nat uptake during hypercapnia must be gquestioned. The
present results sugges% that the reéponse to prolonged
hypercapgic acidosis 1is chronic, perhaps due to increased
numbers of "chloride cells" (CC),'thought to be involved in
the movemen£ of both Nat and Cl~ (see reviews by Kirschner,
1977; Karnaky, 1980; Ph%lpott, 1980; Foskett, Bern, Machen and
Conner, 19583). The nature of the stimuli which act to
increase the number of CC is largely unknown (Foskett et al.,
1983) although a correlation exists with elevéted plasma
cortisol levels. The time course regquired for the differen-
tiation of CC in Tilapia (Foskett, Logsdon, Turner, Machen and
Bérn, 1981) closely parallels the duration of hypercapnia ih
this study. However, when the freshwater eel was treated with
cortisol, a hormone known to elicit CC production (Perry and
Wood, 1985), there were no observable effects on the net flux
of Nat (data not shown:; see also Forrest, Cohen, Schon and
Epstein, 1973).

In conclusion, this chapter has demonstrated that the
trout relies on dynamic manipulationlof both Na+/NH4+ and Cl~
/HCO3™ exchange though modulation of Cl'/HCO3“ exchange

appears to be pre-eminent in acid-base regulation. Although no

111



change in the net flux of Nat was detected in the normal water
eel during hypercapnia, from the observation that i) there was
a sFimulation of branchial Nat uptake during hypercapnia in
eel acclimated to normal water, which has demonstrated an
ability to regulate hypercapnic acidosis and ii) there was no
stimulation of branchial Na* uptake in the eel acclimated to
low Nat~water, which demonstrated an inability to regulate
hypercapnic acidosis, 'it is concluded that the eel relies on

branchial Na™ uptake to compensate hypercapnic acidosis.

o/
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CHAPTER 7

GENERAL DISCUSSION
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Stresses are frequehély encoﬁntered. by fish (exercise,
temperature changes, changing envirommental salinity, air-
exposure, hypoxia, hypercapnia, hyperoxia) and, commonly,
these stresses are associated with detrimental changes -in
acid-base status. Maintenance of homeostatic pH is important
to the integrity of a fish and the role of branchial ion
exchange processes 'in comgensation of pH disturbances in
fishes is wéll documented. :Strong ion theory (Stewart, 1980)
dictates that it is the net flux of stroné ions (predominantly
Nat and €1~ in fish) that determines the net movement of
acidic equivalents. Modulation of elither the uptake or
passive efflux of an ion will result in changes the net flux
of an ion. The compensation of acid-base disturbances cgn
occur by the modulation of either branchial C17/HCO5 (OH™)
exchange or Na¥/H'(NH;¥) exchange in teleosts. Howevei, the
selective inhibition of branchial Ci’ HCO2 ™ (OH™) exchange has
been reported in numerous teleosts during"acid—base disturb-
ances (Wood et al., 1984; Claiborne and Heisler, 1984; Perry
et al., 1987a). As the uptake of both Na* and Cl™ are active
processes (Evans, 1984), selective inhibition of branchial C1°
/HCO3™(OHT) exchange during an acidosis is a more ener-
getically efficient process than the stimulation of branchial
Nat/H* (NH,*) exchange. In the American eel (Anquilla
rostrata), the ability to absorb external chloride has been
greatly reduced as -indicated by extremely low rates of Cl17

uptake (s=2e Chapters 4,5,6; see also Kirsch, 1972; Bornancin
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et al., 1977). The objective of this thesis was to determine

the importance of branchial ionic exchange sites in acid-base

' requlation in the eel using prolonged exposure to air and

exposure to external hypercapnia as model stress systems.

Briefly, the relative incapacity for aerial gas transfer
demonstrated by the eel during air-exposure led to the
accumulation of ggpabolic H'Y ions and respiratory CO» which
contributed to a-severe mixed acidosis. The metabolic portion
of this acidosis was compensated, albeit slowly, upon return
to water. The changes observed in SfDF, ﬁhich concurred with
the net excretion of acidic equivalents, were attributed
primarily to modification of branchial Nat/H* exchange. Due
to the slow rate of recovery following exposure to air and
although the results of this study could have been affected by
metabolic adjustments associated with hypoxemia, it was
sugéested that fhe eel displayed a limited capacity for
acid-base regulation, a result of low rates of branchial
Cl™/HCO3~ exchange.

To further examine this possibili§y, eels were exposed to
external hypercapnia. It was postulated that the eel would
display a similar inefficiency of acid-basé regulation during
hypercapnic acidosis. However, the eel was capable of
regulating the acidosis associated with hypercapnia as well as
other teleosts (see Chapﬁer 5; see also Cameron and Randall,
1972; Janssen and Randall, 1975; Cameron, 1976; Eddy, 1976:

Eddy et al., 1977; Cameron, 1980; Thomas, 1983; Perry et al.,
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1981; Perry, 1982; Perry et al., 1987a; Toews et al., 1983) in
spite of limited Cl1™/HCO;~ exchange. Althéugh no change in
the net flux of Na+ was observedé a stimulation of branchial
Na™ uptake during hypercapnia in eels acclimated to normal
water was detected, which corrélated with the ability to
regulate hypercapnic acidosis. Furthermore, there was no
"stimulation of branchial Na* uptake in eels acclimated to lew
Nat water, which were unable to regulate hypercapnic acidosis.
In a similar fashion, whole blood pH was shown to vary with
the externai [(Na*], further indicating dependence on branéhial

Nat movements in the eel.

Regardless, the eel 1is capable of regulating both the
acidosis assgciated'with air-exposure (metabolic) and hyper-
capnia (respiratory), albeit s;owly following air-exposure. It
is apparent that the eel relies on modulation of branchial
Nat/ut(NH,*) exchange rather than branchial Cl7/HCO3™ (OH™)
exchange to compensate extracellular acidoses. Both exposure
to air and exposure to hypercapnia resulted in the stimulation
of branchial Na%t/HY(NH4¥) exchange as indicated by elevated
Nat influx although the stimulation of branchial Na¥/HT (NH; )
exchange occurred slowly during hyﬁercapnia. Indeed, branchial
ionic exchange mechanisms in the eel appear to react only
slowly to changes in blood acid-base status. Following air-
exposure, although the increase in the rate of branchial net

acid efflux was sufficient to account for the slow rate of

recovery observed (70 umol kg~ h7l), a role has been
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suggested for the metabolic removal of acidic eguivalents as
demonstrated in other fish (see Milligan and Wood, 1987).
Assunming even partial compensation metabolically, the role
attributed to branchial Na*/H+(NH;+) exchange in compensation
of the acidosis after air-exposure would be reduced.

The observation that RBC pH during roth air-exposure and
hypercapnia simply conforms to the in vitro relationship
between pHe and RBC pH contrasts markedly with the observation
that RBC pH is preferentially regulated in many other fishes
during extracellular acidosis (Primmett et al., 1986; Boutil-
ier et 2l1., 1986; Perry et al., 1987a) due to adrenergic
stimulation of erythrocytic Nat/H* exchange (see review by

Nikinmaa, 1986). However, the starry flounder (Platichthys

stellatus), which is an inactive, benthic species, like the
eel, does - not preferentially reg&late RBC pH following
exhaustive exercise. Moreover, the flounder does not elevate
plasma catecholamings following exhaustive, exercise (see Wood
and Milligan, 1987). It has been postulated that the eel
either i) does not elevate plasma catecholamines during acid-
base disturbances or ii) RBCs are insensitive to
catecholamines. However, when coupled with the knowledge that
fish are known to elevate plasma catecholamines during
stressed states (Boutilier et al., 1986; Fievet, Motais and
Thomas, 1986; Primmett et al., 198%: Milligan and Wood; 1987}

1., 1987a; Tang, Nolan and Boutilier, 1988) and that

Perry et

catecholamines are known to have biological effects in eels
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(veﬁtifétion, Peyraud-wWaitznegger, 1979; hyperglycemia, Epple

and\Nibbio, 1985), erYthrocytic Nat/H* exchange appears to be
inéénsitive to elevated catecholamines in the eel when
compared to other fishes. Moreover, although the eel has
demonstrated an ability to modulate branchial Nat/H™ (NH4T)
exchange, it seems unlikély that adrenergic stimulation of
branchial Nat upté*e could account for the observed 5-fold
increase in Na¥ uptake which occurred in eels acclimated to
normal water 72 h after the onset of hypercapnia. It is
épeculated that i) the process of branchial Nat uptake either
is insensitive or becomes rapidly insensitive to ‘elevatéd
plasma catechaiémines and ii) the eel relies on the
interventiop of a hormone other than catechelamines _ to
stimulate branchial Nat uptake during perturbations of blood
acid-base status. This is an area which wiil hopefully

warrant further. investigation.
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