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g i ABSTRACT
Increases in the blood levela of catecholamines ha\fe been noted
during or following stresses in fish; regulation of bluod acid-base

status and blood oxygen transport have both been postulated as roles

‘for these catecholamines. Responses of freshwater rainbow trout, Salmo

i

gairdneri, to adrenergi;:' stimulation were stu;lied, using elevations of
aither exoqenoué lepinephrin.e'y_gg prolonged infusions or endogenous
epinephrine during hypercapnia. _

Ylonitoring of blood acid-base, respiratory and_ 1'onié: variables
during prolonged epinephrine infusion revealed. a reSpirator\,i acidosis
caused—BYy retention of carbon dioxide. Althou.'ngh whole bloo‘d pH was
significantly depressed, red blood cgll pH either remained constant or
increased. Pre-treatment of fish with propranolol (a beta-adrenergic
antagonis.t) or phentole;mine (én alpha—adr_energic)antagonist-) priof to

epinephrine infusion revealed this red blood cell pH-rr‘agullation to be

beta—-adrenergically mediated, presumably due "to a putative Nat/H”*

exchange, located in the red blood cell membrane. Increases in
hematocrit, due to red blood cell swelling, diuresis and splenic releass

of red blood cells were also” noted during epinephrine infusion.

Alpha-antagonism blocked the increases ih hematocrit and hemoglobin

concentration. lIncreasad arterial oxygen tensidn; was observed during

epinephrine- infusion, and this was related to increases in gill
ventilation, perfusion and diffusive conductance. |

Branchial and renal parameters were also monitore‘d during
——

epinephrine infusion. Increased branchial acid excretion duriag

epingphrine infusion was observed to be the result of a complex
’ .
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‘modulation of both ionic influxes and effluxes: a significant éorrelation
was found between trhe arithmetic difference of the net branchial
ElL‘nices of sodium and chloride and the amount of acid; excreted.
Ihcreases in :"ihi:/buffering of .the urine permitted increased exeretion of
~acid through the kidney. . Partitioning of the acid excre;ton showed
that the gills handled about 85% of the excreted acid, while the kidney
. handled the remaininqlls%.‘ Althouqh incrl,e"ased reﬁ-é-rqnd br"a'nchial acid
excration were observed, it was not possible to distinguish whether the
modulation of this acid excretion was- in response to . adrenergic
stimulation, or to the acidosis accompanvying epinephrihe infusion.

Exposure of trout tb hypercapnia’ revealed that they are able to
re'g\plate blood acid-base status and maintain blood oxygen content
during this stress. Alpha- or Deta-adrenergic Dblockade during
hypercapm‘a did not interfere with the ability of the fish to regdlate the
er'ttrace‘llular acidosis. Blood oxygen content regulation was partially -
blocked by pre-—t'reatment' of the fish with either .phHentolamine or
bropranoldl. Pre-treatment with both phentolamine and propranolol,
simultaneously, caused death of the fish, presumably due to the severe
hypaxemia. Thus, both alpha- and beta—adrenergié stiinulation are
important to their ability 'to requlate blobd oxygen content, bhut their
mediation of blood acid-base status is questionable.

-Although blood reSpixfatory ’r'esponses indicated that epinephrine
played a diract role in mediating responses associated with to oxygen
carry'ing capacity, evidence for a role in acid-basa requlation was not

as persuasive. A correlation between increased epinephrine lzvels and

incréased branchial and rer\al acid excretion did exist, but the role of

— ( -
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epinephrine in acid-base regulation is thought to be minor.
it s speculated that the primary role of .epinephrine mobilization during

stresses is the immediate regulation of blood oxygen carrying capacity.

Therefore, -

ol
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RESUME
Des augméntations dans'les concentrations sanguines de
catécholamines ont &té gotéeé durant ou suivant des périodes de
contr;aiﬁtes physioiogiques chez 1es_,‘ poissons;. la r&gulation de l'&tat
acido-basique et_du transport .d'oxygd@ne sanguin sont des rdles
pos.tulés pour ces catécholamines. Les répoﬁses de la truite arc—en_—cief

d'eau douce, Salmo gairdneri, & des apports adrénergigues ont G&té

studides, en utilisant. des &levations d'adrénaline, soit exogine (par
infusion prolongée) ou endogéne {durant lhypercapnie). --

Des observations des variables acido-basiques, fespirétoires et
igniques durant une infpsion ont révélée¥ une acidose respiratoire
entrainée par la rétention du giioxide de carbone. Bien que le pH
. sanguin &tait abaissé, la pH de.s gkobulgs rouges &tait constant ou a
augmenta. Le pra-traitement des poissons avec le propranolol (un
antagoniste beta~adrénergique) ou le phentolamine {un antagoniste
alpha-adrénergique) avant linfusion -d'adrinaline a reveld que la
régqulation du pH des globu-les rouges  2tait de natura
beta-adrénergique, due a un échange Na'/H' au niveau de _la mambrane
cellulaire. Des augmentations "dans Mhématocrite, due au gonflement
des glo;ules rouges, a llaugmentation de la: production d'urine ot aussi
au relachement des globules I:Ouges de la rate, ont aussi 2té noldes
durant linfusion dladrénaline. Llantagonisme-alpha bloqua 1es
augmentations d'hématocritz et de concentratibn d'hémoglobin=. Jn
gain dans la tension artérielle d'oxygéne fut ohservé durant llinfusion
d'adrénaline, et ceci fut relié aux augmentatiofls dans la vEntilation at

la perfusion branchiale et aussi une augmentation dans la diffusion

trans—-branchiale.
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Les paramétrss branchials et- rénals ont aussi étg eﬁregistré;
durant linfusion d'adrénaline. Des augmentations dans llexcrétion
branchiale d'acide durant llinfusion d'adrénaline furent ble résultat de
changements complexes dans les fluxs loniques: une r‘ela_tion signifiante
fut trouvée entrs la dif‘féfence mathématique entre les. fluxs nets de
sodium et de chlgre et le montant d'acidé excrété. Un accroissement du
pouveir tampon de lurine pe‘rrriit une augmentation de llexcrétion
d'acide ;;ar llentremise du rein. - La répartition de llexcrétion d'acide
démontra ‘que les branchies ont .passéegs 85% de l'acid; rexc,rétée, tandis
que les reins en passarent 15%. Bien que des augmentations dans
l'lexcrétion rénal et branchial fureat notés, il ne fut pas‘ possible de
distinguer si le changement dans le montant dlacide excrité £tait en
réponse'é une stimtlxlation adrénergique ou a llacidose qui accompagnait

. . P ®
linfusion d'adrénaline.

L'exposition des truites 3 l‘hypercapnie révéla_qu'elles sont
capables de régler 1'&tat acido;basique du sang et aussi de maintenir le
niQeau d'oxygdne face a cette imposition. L= blockage alpha- ou
beta~adrénergique durant’ 'hypercapnie n'a pas enlevé 1'6bili£e’ des
poissons de.r‘égler l'lacidose extracellulaire. Le contenu sanguin
dloxygene était partiellement bloAqué par pré-traitement des poissons
avec soit la phentolamine ou le propranolol. Le pri3-traitament simultané
avec la phentolamine et le propranolol causa la mort des poissons,
p_résumément dué 3 l'hypoxémie. Ainsi, les stimulations alpha~ =2t
heta-adrénergiques sont importantes aux abilités d:as poissons de régler
le contenu sanguin d'oxygene, mais leur role dané l= réglement de
llatat acido-basique reste en doute.

MBme si lzs r3ponses respiratoires indigque un role direct pour

il

vii



l'adrénaline dans la modulation des réponses bxygér}iqges du sang, un

role pour celle-ci dans la régulation du pH n'est pas au_ési definl. WUne

correlation entre des niveaux d'adrénaline_g8levés et une augmentation

dans l'excrétion rénalg ét branchiale d'acide existe, mais 'le role de
, lladrénaline dans la régulation du pH sanguin est probablement.mineur.!
Néanmoiﬁs, il est avanc;é ‘que le role primordiale de la: mobilisation
adrénergique durant 1'es ‘perturbations est le reglement immadiat du

montait doxyg2ne sanguin.
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ABBREVIATIONS

Copgrerer- total carbon dioxide

CO2 ....... total oxygen

Hetesonan hematocrit

rbcevveen, r2d blood cell (erythrocyté)
Hbeooveonn hemoglobin

P02 ....... nxygen tension

P002 ...... carbon dioxide tension

pHe ....... whole blood pH

rbc pH....red blood cell pH

UFR....... arine flow rate

Ine‘t ...... net flux ——

Iin" ..... influx

]Out; ..... 2fflux

ITA ....... net flux of titratable alkalinity
Jamme* - -+ -net flux of a‘;n.\mor?ia -
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GENERAL INTRODUCTION



Regulation of both blood oxygen content and blood pH is intimately
linkéd in fishes. Through modifications in ventilatory rates, oxygen

Iuptake and carbon dioxide excretion may be varied. Carbon dioxide, in

. . - . )
agqueous solutions (e.g. blood), behaves as a weak acid; therefore,

changes in CO;,Z levels caused by differential rates o<f 002 excretion will
affect blood pH. A large quantity of work has dealt with thg effects of
stress on blood oxygen carrying capacity and acid-base status.
Although a wealth of information on the eifects of stressful
perturba‘tions on the internal status in fishes has been aécumulated,
less is known’ abourt the hormonal and humoral responses elicited by

these perturbations. Catecholamines are rapidly mobilized in response

to stress; therefore, a role for their involvement in blood oxygen

_transport and acid-base reqgulation is plausible and this possible

—

invol\q’\ement is outlined subsequently.

Catecholamines

Variations of blood pH have been described following various
stress in fish. Decreases in blood pH {acidoses) have been sh_own-'after
exhaustive exercise (Black, Chiu, Forbes and Hanslip, 19%59; Piiper,
Meyer and Drees, 1972), environmental témperature increases {(aad
consequentially of the blood; Rahn and Baumgardner, 1972; Randall and
Cameron, 1973; Heisler, Weitz and Weitz, 1976; Walsh and Moon, 1982},
environmental hyperoxia (Dejours, 1972, 1973; Wood and Jackson, '1980;
<Vilkes, Walker, McDonald and Wood, 198l), hypercapnia (Lloyd and
White, 1967) and ﬁypoxia {Holeton and Randall, 1967). E‘.xposure. to
acidic waters may (Packer and Dunson, 1970; Janssen and Randall,

1975) or may not (Diveley, Mudge, Neff and Antony, 1977) cause a

2



.cofresponding drop. in blood prTﬂ.depending oﬁ the acidity and the
hardness of the water. Decreases in blood pH are accompanied by a
concomitant increase in plasma epinephrine levels; these increases have
been characterized during acidosis caused_i-s; intr;vascular acid
infusion (Boutilier, Iwa'mg‘ and Randall, 1986), ex/posure to  low
environmental Ca?'+ concentrations (Perry, Varbost, Vermette and Flik,
1986), exhaustive éxercise {Primmett, Randall, Mazéaud and Boutilier,
1986), violent swimming activity instituted by chasing," prodding or
tail—grasp:mg (Nakano and Tomlinson, 1967; Opdyke, Carrol and Keller,
1982; Ristori and Laureht, 1@85) and hypercapnia {Perry, 19§6; Perry,
tlalone and Ewing, 1986a) (see also Table 1). Epinephrine also

increases in concentration during acute hypoxia, although it is as yet

unclear whether this is due to the acidosis incurred by hypoxia or the

accompanying drop in 002 (Butler, Tavylor, Capra and I_Jav‘ison, 1973,
Fievet, Motais and Thomas, 1986). o |

In fishes, most of the circulating catecholamines are released from
the chromaffin tissue of the head kidney (Nilsson, 1983}). This
chromaffin tissue is analogous in funé:tion to the adrenal medulla of the

higher vertebrates.

[

Physiological Consequences of Epinephrine Release

1) Effects on red blood cells:

During a blopd acidosis, decreasing intracellular rbc pH would lead
to a detrimental raduction in blood oxygen carrying capacity &e to the
Bohr and Root effects (Root and Irving, 1943). An adrenerqgic

-

activation of the transmembrane sodium/proton antiporter decrzases the



Table 1 .. Peak plasma epinephrine concentrations in various fish spg‘cies during or following a variety of sfresses
or physical activities.

Type of stress or Resting value  Stress value Species Source ' .
physical activity. (n) (nH) ' '
YExhaustive exercise 1.0 3.7 _. $. gairdneri — Prinsett et al., 1986
2Exhaustive exercise [.4 14.4 5. gairdneri Butler et al., 1986
Spontaneous swimaing - 5.9 19.3 Scyliorhinus canicula Butler et al., 1986
Spontaneous swimming 1.2 1.9 S. gairdneri Ristori and Laurent, 1935
Violent exercise . 1.§ 7.9 S. gairdneri Ristori and Laurent, 1985
3Violent exercise 3;3 5.0 Squalus acanthias Opdyke et al., 1982
*Violent exercise 2.2 29.7 - S. gairdneri C.L. Hilligan and C.H. Hooﬁ- *
- (pers. coma.} P
violent exercise 19.1 33.0 Plathichthys stellatus  €.L. Hilligar and C.H. Wood
(pers. coma.)
External hypercapnia LS 24.0 5. gairdneri Perry ;t al., 19862 _
S8loed acidosis B W 5.5 5. gairdneri Buﬁliligr et al., 1986
“Low external Ca?* (0.025 aM) 2.9 . 80.0 S. gairdneri Perry et a{., léaﬁb
Air-exposure {10 nin) 629.8 292.5 Gadus sorhua Wahiquist and Nilsson, 1980
External hypoxia (24 h)v 0.4 8.8 S. gairdneri R.G. Boutilier and D.J. Randall

“ (P02 = 30 tarr) {pers. tomn.)

! Fish were swum to exhaustion at 1201 critical swimming velocity in a Brett-type (Brett, 1964) swimaMy respirometer.

? Fish were swum to exhaustion at a swieaing speed of approxieately 2 body-lengths sec=! in a water channel {Johknston

and Hoon, 1980).

T - . . . . . . ,
¥ Violent physical activity was initiated by firsly grasping the tail and holding on for a 3 min. period.

Fish were exercised by chasing thes around a tank for & min. (trout) or 10 min. (flounder).
Blood acidosis was induced by infusing fish with 5 ol -kg*! body weight of 0.05 K HC]l dissolved in saline.

This value is probably not representative of epinephrine levels in truly resting fish since aninals were allowed to recover
fron the effects of surgery and anaesthesia for only 1 h.
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acidosis of the intracellular i‘bc_milieu, thereby protecting the -

hemoglobin from the extracellular pH change (Nikinmaa and Huestis,
1984; Cossins and Richardson, 1985; Mahe, Garcia-Romeu and Z\lotais.l
1985).

Increases in ihe intracellular concentrations of osmotically active
ions, <due to variations in proton excretion may bring about incr2ases in
the volume of rbcs. Swelling of rbecs may cause dilution of intracellular
nucléosic\e triphosphates (NTP: ATP and GTP) and hemoglobin, thereby
leading to decreased binding of NTP to.hemoglobin‘ and increasing
oxygen affinity of the hemoglobin (NTPs are negative modula-iors of
hemoglobin oxygen affinity; Weber, 1982) (Nikinmaa, 1983; Jensen,
- 1986). \S&el-llinq also alters the transmembrane distribution of c‘hloride
by diluting impermeable -ions within the rbc: the Donnan chloride
distribution ratio will increase ;nd along with it, intracellular rbc pH
will increase (Hladky and Rink, 1977).

An adrenergic stimulation oftsplenic release of rbcs will cause a
Het increase {Yamamoto, [tazawa and Kobayashi, 1980; Nilsson, 1983).
Th.is i’ncreasing Het causes increased total circulating hempglobin lavels,
thereby increasing oxydeg—'transport capacity during strzss ({Nilsson,
1983). Other possible causes of increased Hct in the hlood may he the
reductio-n of blood yolume due to increased diuresis {%ood and Randall,
1973; Tetens and Lykkeboe, 1985) and/or plasma shifts beEween various
internal compartments (Yamamoto =2t al., 1980). These rha'/ also be
under adrenergic con’trol. \

Thus, the possibility of adrenergic =ffects on’rbc pH, rbhe volume,

rbc release from the spleen and reduction of plasma volume could serve

3
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to maintain hemoglobin oxygen- affinity and/or oxygen transport capacity
o
during a stress-induced extracellular acidosis. This -~ possible

involvement is a primary subject of this thesis.

-

2) Circulatory effects of epiriephrine

The cffects of epinephrine haye/b‘gen characteri.v:éd in systemic,
branchial and coronary cir\culatory systems in - teleosts. Both
alpha-constrictory and beta-dilatory mechanisms are demonstrable in
each system, although dominance varies with the tissue selected.
Alpha-adrenoceptor mediated vasoconstriction dominates in the systemic
vasculature, though overall systemic resistance may decrease during
exercise (Jones and Randall, 1978; Wood and Perry, 1985). Changes in
microtirculation to- and within va_rious muscle or organ systems may be
under local control: flow to white and red muscle and kidney incrsases
dufing exercise, while flow to "deep" organs (1iv.er,, stomach and
spleen) decreases (Wood and Perry, 1985). Furthermore, coronary
vascular vasodilation in response to epinephrine has been shown in

’

k
Pacific blue marlin heart (Davie *and Daxbgeck, 1984). -Both

alpha-adrenoceptor mediated vasocenstriction of © arterio-venous

anastomoses and efferent lamellar arterioles and beta—adrenoceptér

\ -
vasodilation of afferent lamellar arterioles are observed.in rainbow trout

gill (Pettersson and Johansen, 1982; Petteré::on, “1983; Perry, baxboeck
and Dobson, 1985). These combined effects cause a net decrease in
branchi;l vascular resistance, an increase in lamellar recruitment and an
increase in blood flow through the gills {Pettersson, 1'983; Perry et al.,

1985).

e
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3) Branchial and renal effects of epinephrine

Increased water influx -across the gills has been demonstrated

——

during exercise in rainbow trout {Wood and Randall, 1973). 'ths could
be related to increased epinephrine levels, as epinephrine increases the
permeability of the gill to small hydrophilic molecules such as water and
urea and the iipophilic molecule butanol (Isaia, Maet: and Haywood,
1978). This ’incfease in :;11 permeability might also apply to oxygen
(Haywéod; Isaia and Maetz, 1977; Isaia et al., 1978; lIsaia, 1979, 198.).
Increased pulsatility, such as that induced by the positive chronotropic

action of epinephrine (Wood and Shelton, 1980), also increases the

permeability of the gill epithelium to small lipophilic molecules (i.e.
ethanol; Davie and Daxboeck, 1982). Gill diffusive conductance may
also be increased by increasing the functional surface area of the gill

via hemodynamic effects ({(see above; Pettersson, 1983, Perry et al.,

1985). Epinephrine induced modulation of branchial tonic fluxes
L}

(Na+/NHZ(H+) and/or Cl-/I-ICOS(o[-{") exchanges) have also been

postulated as an acid-base regulatory role of epinephrine (Perry, Payan
and Girard, 1984ai. Finally, changes in ventilatory rates have also
been hypothesized as a response to epinephrine (Wood and Perry,

1985): hyperventilation in response to epinephrine -injections -has been

observed 1n the eel {Anguilla anguilla) (Peyraud-Waitzenegger, 197%).

Increaéed diuresis during exercise may. also be adrenérqicall‘/'
modulated in response to increased water influx across the gills (Wond
arid Randall, 1973; Tetens and Lykkeboe, 1983). (Changes in renal
handling of ionic components 2f the urine, as well as excretion of
acid-base equivalents, have also been postulated as roles for the

7.
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kidneys (Wood énd Caldwell, 1978; Cameron, 1980; Kobayashi and Wood,
1980; McDonald and Wood, 1981; Cameron and Kormam‘i«:, 1982; Evans,
lgéz, Holeton and Héis‘ler, 198'3; McDonald, Walker, Wilkes and Wood,
1982; Hobe, Wilkes, Walker, Wood and McMahon, 1983; Wheatly, Hobe
and Wood, 1984). Tﬁe most important role of the‘. kidney during
acid-base disturbances is the retention of blocd HCOE: by-linking acid
secration into the urine to the reabsorption of HCOE, loss ‘of~—I=L€O§

into the urine may be prevented (Pitts, -1974; Wood and Jackson, 1980;
Wheatly et al., 1984), and blood pH may be regulated by adjustments of

HCOE concentration.

Although much work- has been accomplishé‘d in an attempt to
elucidate the role of epinephrine du\ri-ng stress, many of these roles
remain speculative, due to thé indirect nature o% the experiments
involved (i.e. increasaes in epinephrine concentrations by an outside
stimulus). Direct evidence as to the role of epinephrine during
stress was needed; thersfore, the objectives of this thesis were to
determine the direct effects' of epinephrine on blood acid-base status,
bleood respiratory status and the branchial and renal consequences of
epinephrine release. In order to accomplish this, ’prolonged
intra-arterial infusion of epinephrine iﬁ order to simulate blood levels
during. stress was carried out (chapters 2, 3, 4 and 5). A_Eecond
method utilized in this study was to once again simulate incréases in
b.lood epinephrine concentrations; this_ time, s_péi:ific agonists were
infused, in order-to monitor specific alpha- and beta-adrenergic effects
dirsctly. The third and final méthad employed to obtain evidence for

3



he implications of epinephripe release during strzss_was to simulate
@sed levels of epinephrine via a physiological stress_ (hypercapnia)
and bloclg__tp_e_ehf.fects pf _e_;_:_»ilne_phrine. By selectively blocking either
alpha- or beta-adrenoceptors or both, it was possible to indirectly
observe specific alpha— or beta-adrenergic reSponsés t)o this stress.

[t must be stated - that the following chapte.rs (2 through 7)

constitute five papers which have been submittad for publication or arae

in press at the time of submission of this thesis.




CHAPTER 2

¥ .

THE EFFECTS OF PROLONGED EPINEPHRINE INFUSION ON THE

PHYSIOLOGY OF THE RAINBOW TROUT, SALMQ GAIRDNERI
I-. BLOOD RESPIRATORY, ACID-BASE AND IONIC STATES.

10



INTRODUCTION

-

Increases in the circulating levels of catecholamines have been

N

noted during periods of stress in\ fishes (see revibw 'by Mazeaud and
Mazeaud, 1981; see also Table 1). Although it is known that
epinephrine is released in response to strass, little is known about
the involvement of catecholamines in acid-base regulation in fish. |
Catecholamines are important modulators of cardiovascular function

. »
{see reviews by Nilsson, 198%51,'0), gas transfer and Dbleod gas

transport (Peyraud-Waitzenegger, 1979; Petti—:-rsson, 1983; Perry, et al.,
1985). They- also have a  putative role 1in ;modulating branchial
permeabilities (Isaia, 1984) to small lipophilic molecules (butanol, ethanol
and maybe oxygen): Recently, the involvement of catecholamines ‘in rhc
- pH regulation has. also been elucidated: (see reView by Nikinmaa, lq'Bti).

.In this chapter, the hypothesis is _advanced that epinephrine
mobﬂization during periods of acute extracellular acidosis operates to
prevent pH-related disturbances of blood O, transport by stabilizing

rbc pH. The experimental protocol for this and subsequent chapters

(3,4,5) iavolves simulati'ng the elevated circulating levels of

-, epinephrine, measured during acid-basz disturbances, hy -continuous

intra-arterial infusion. Data presented here and in chapters 4 and 5

were obtained from the same experimental series of fish.

£
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. MATERIALS AND METHODS

Experimental Animals

Rainbow trout {Salmo gairdneri) of either sex weighing between 171

and 442 g (mean weight = 272.4 t 1.4 g(SEMS; n = 42) were obtained
from| Thistle '§r3rings Trout, Farm (Ashton, Ontario) and- transported to

the [University of Ottawa. Fish were held indoors in large rectangular

fibdrglass tanks {Frigid Units, Inc., Toledo,. Ohio) supplied with
flojing, aerated and dechlorinated Ottawa City tapwater ([Na®] = 0.10
; [C17] = 0.10 mM; [CaZf] = 0.35 mM; [XT] = 0.03 mM; pH =
7.00-8.0). The temperature of the hol'ding and experimental water
varied between 8 and 14°C  during the four month span of the
.J_cper.iments (chapters 2, 4 and 5; June-Sept., 1985). Fish were fed a
daily diet of .dr‘i_ed -comme-rcial trout peilets (Purina Trou‘t. Chow) but

were not fed for 43 h before experimentation.

Animal ‘Preparation

.E‘ish were anesthetized in a 1:10000 (w/v) solution of ethyl m-
aminobenzoa’;‘e- (48 222, Sigma) buffered to approximately pH 7.9 with
NaHCO, ang placed onto an operating table (Smith and Bell, 1967) that
permitted )éontinuous irricja‘fion of the gills with the same solution. To
permit bl)!)od withdrawal and epinephrine infusion, iméiwelling cannulae
were im{;jﬂan'ted into the dorsal aorta (Smith and Bell, 1964) using
flexible; polyethylene tubing (Clay Adams PE 50, ID =.0.58 mm, OD =
0.965 :‘;’nm). The trout were also fitted with urinary catheters (Wood
‘and l'éandall, 1973) by inserting a heat-flared flexible polyethylene tube
(Clay Adams PE 69,- ID =0.76 mm, OD =1.22 mm) thro‘?gh the urinary
papilla and advancing it so _that the catheter tip was located within the

12



urinary bladder. The catheter was secured by ahligature' around the
papilla and wés sutured to the’rar_\al fin. g

To determine plasma catecholamine™ levels during dorsal aortic
epinephrine infusion, a .second cannula was implar;ted in the caudal -
artery/vein 'of‘ four fish according to the method of Wood, idcMahon and
McDonald (i977), sing PE 50 tubing. Urinary bladder ‘cathéte;ri:zations
were not performed on these fish. . 3

Following sﬁrgery, fiéh were piaced into .opaque acrylic boxes
S(volume = 3 L), similar to those of McDonald (1983}, sﬁ;;‘pliecl with
flowing water aﬁd allowed to f‘ecover\for at least 48 h oprior to
experimentation. The flux boxes wers ;:;artially i'mmersed in a cooling
bath to maintain constanjt témberature and vigorously aerated to provide
adequate water convection. The urinary catheters drained continuously
into ‘- plastic vials«, t.hat- were secured outside of /the fish boxes
approximately 7 cm below water level. Dorsal aortic and caudal
artery/vein, cannulae were-—flushed af h=:~ast once daily with approximately
0.3 ml of freshwater teleost saline solution (modified from Wolf, 1963)
containing 113 mM NaCl; 13 mM NaHCO4, 4.2 mif KO, I.3 mil CaCly,
1.2 mid MgSO4, 1.0 mM Na,HPO,, 0.4 mM KHZPO_,;, 0.1 mM (NH,),S0,
and 10 um’f@'ml"l heparin {(ammonium salt, Sigma).

In Vivo Protocol

Initially, fish were infused. via the dorsal acrta cannulae with
saline (further modified so that [HCOZ] = 4 mi, pH = 7.3-8.9) for a 4
h period using syringe pumps (Sage Model 352} at a flow rate of 3.6
ml'h'l. This 4 h preliminary - period was consider=ad essential to
re-gstablish steady-state conditions with respect to urine flow rate

13
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(UFB) and other sensitive variables. Fish then wer2 subjected to a-
further 3 h of saline infusion at the same rate, folldwed by 24 h of

L-epinephrine (experimental group) or saline (control group) iafusion

" and finally an additional 12 h interval of saline infusion (experimentals

and controls). L-epinephrine (bitartrate salt, Sigma) wa$ added to
saline immediately prior to infusion to yield a final concentration of 2 X
l:')"'5 M (pH = 7.8-8.0). f-lased on approximations of internal
epinephrine distribution voluméﬂ'(assumed 10 belequivalent to
axtracellular fluid volume; about 300 ml'kg'1 body .weight), biological
Ralf-life (15 min:_x'tés; from unpublished personal observations of.‘ blood
pressure changes in trout following bof'u's injections of epinephrine
(S.F. Pérry); see also Nekvasil and Olson, 1986a, b.)-—'and an infu‘sion
rate of 0.6 ml'h"l, plasma epinephrine levels were estimated to be 5.0 x
-10"'8 M throughout the experimental infusion period. These estimated
levels were confirmed after 4 h of infusion Y{see below) by high
pressure liquid chromatography (HPLC) measurements. In order to
impede the oxidation of epinephrine during infusion, syringes and
cannula tubing were blacker;ed--to prevent light penetration.

Urine was collec\t‘ed continuously over 3, 6 or 9 h intervals and
analyzed to “provide measurements of UFR, pH, total CO, (Ceoa) ey
(Na*], [CI"], [X*], [Ca®], inorganic phosphate (P,), [NH,"], flux.
rates (elxcretion) of these solutes and net acid excretion (ses materials
and methods for chapter 5 for details). Water samples were removed at-
appropriate times for determination of branchial solute 2xchanges (see
matarials alrid‘ methods for chapter 4 for details). In this study, 0.7 ml

blood samples were withdrawn from the dorsal aortic cannula midway

14
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through the first 3 h saline infusion per'iod, ‘then at 1.5 h, 4.5 h, 10.5
h, 21.5 h of the 24 h epinephrine or saline infusion period, and finally
at 1.5 h, 4.5 h and 10.5 h of the final 12 h terminal saline i'nfusion

interval. Me_asgrements were made of hematocrit {(hect), CCO?* axygen

partial pressure (PO,), whole blood pH (pH.) and rbc pH as describéd _
below. Re'ma‘ining-blood was centrifuged and the plasﬁa removed; 10%
(v/v) of the anti-oxidant, sodium bisulphite (5 mM), was added to the
plasma sa‘;nples de;tined for catecholamine analysis. S'e;mples ‘were then
quickiy f.i'ozen in liquid nitrégen and stored at -70° C for subsequent
ion and/or catecholamine determinations (seé analytical procedures
below). Remaining blood cells {approximately 0;2 ml} were resuspended

in saline and reinjected into fish via the dorsal aortic cannulae.

in ‘Vitro Protocol

.
' . fod
g

Approximately 3 ml of blood was withdrawn slowly (1 ml'min'l) i

1
*
#
£
/

from the dorsal aortic cannula of fq'\sh that had r—;:-gvered from surgery/
T e

for at least 48 h. Blood from each fish (n = 12} was added to indivi_du/é

. e .

50 ml tonometer flasks containing ammonium heparin (100 unit"g) that .
w;ere immersed in a temperature corntrolled, shaking water bath set at
ambient water temperature -(1‘00 t 90 C): Flasks were shaken
continuously and gasséd for approximately 1 h with 0.3% 002 in~0,
(IPCOZ = 2.3 torr) before the’ experiments commenced. Experiments
consisted of monitoring pHe, rbé pH, and hect at various PCOZS, and
epinephrine levels using a p'airad experimental des_ié_n. (Gas mixtures ofj
0.3%, 0.5% and 1% CO, in O, were provided by mixing CO, and 0,
using a gas mixing pump (Wosthoff Ylodel 301 A-F). 25 ul of
L-epinephrine (in salihe) was -added diractly to the tonometer flasks

- 15



from freshly preparad stock solutions (pH = 7.8-8.0) to yield esthnated

final concentrations of 5 x 10'8, 5 x 1077 and 5 x 1079 M. Again,

actual epinephrine levels were 1:3ter détermined by HPLC (seec b'eIOW)a-J

' Blood samples were withdrawn and analyzed 30 min. after the addition

of epinephrine or the switching of the gasses.

Analytical Procedurgs

pH, and' PO, were determined by using a micro capillary pH
slectrode (Radiometer G299A) and PO, electrode (ES046) maintained at
ambient temperature in conjljnction with a.Radiometer PHM 71 acid-base
analyser and lBMSS Mk2 blood micro system. Rbe pH was determined

with the same apparatus, utilizing the fast freeze-thaw technique of

Z?},diel‘ and Kim (1977}. BAiOQd“CCOZ was determined on 100 ul ‘samples
using a total CO, analyzer (Corning Modél 905). Het was determined
by centrifuging 80 ul of blood in a heparinized capillary tube for 8 min.
at 5000 g. PCO, and bicarbonate concentr{ation ([HCOE]) were

calculated using a reorganizationr of the Henderson-Hasseibalch equation.
The - operational '.'pK values 0of carbonic acid ({pK!') at various

temperatures and pH's and ti;le sol@bility coefficients of 002 (alpha

002) for trout plasma were obtained from Boutilier, Heming and Iwama

»

{1984}. ' ' '
Plasma Na’ and K7 levels were determined on diluted plasma (200x)
. \ -
using flame photometry (EEL Flame Photometer), plasma Cl by

coulometric titration on 100 ul of undiluted sample using a chloridometer

{Buchler-Cotlove}, plasma Cal* and Pi by spectrophotometry using
commercial assay kits (Sigma), ‘and plasma ammoenia by a

micro-modification of the salicylat';e-hypochlorite reaction (McDonald and

16
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Wood, 1981)\? Pi and ammonia determinations were pérformed on samples
de-protetnized with 12% TCA. -
Plasma catecholamines were determined wusing HPLC (Waters
Chromatogra;ﬂh) in conjunction with electrochemical detection
(Bioanalytical Systems LC-4B Electroche}nical Detec;tbr) following the

extraction procedu.qes- of Woodward (1982). A reverse’ phase column

{Waters, Nova Pak 018) was used with a 0.15 M monochloroak_:etate
- buffer (pH = 3.0; containing 2 mM'l-1 NaQED'TA, 200 mg sodium octyl

}sulfate) -mobile phase at a flow rate of 1.0 rnl'min"l.

The applied
potential to the LC-4B oxidative flewcell was +0.65 volts versus the
Ag/AgCl reference electrode.

Statistical Analysis:

In Figures and Tables, variability of the data is indicated by %l :

SEM. Results have been statistically analysed using paired and

r
unpairad Student's t-test where appropriate between sample means; 5%

was taken as the fiducial limit of significance.
&
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RESULTS
Maintaining the patency of dorsal aortic cannulae throughout the

~

course of experimentation was a major problem in the present study.
As a donsequence of cannula .failure, n numbers decl.ined during the,
latter stages of infusion. In order to :offset the attrition-related lack of
‘values at 22.5 h of epinephrine infusion ar}'d during post-epinephrine
infusion, results from two separate groups of fish were poocled. In one
grbup, blood was sampled throughout the entire experiment while in the
other, blood sampling commenced after 10.5 h of epinephrine infusion.
These are the reasons for variable n numbers in the Figures and
Tables. As variability in both groups was simi'lar, we believe such a‘
c;ri:ange iﬁ the egcperimental design did not alter the results. Cannula_
faillure was not a problem in control aﬁimals. |

Continuous intra-arterial infusion of saline was without significant
sffect on the circulating levels of epinephrine or norepinephrine (Tabl&
2) thus any differences between control and experimental groups
presumably reflects physiological effects of exogenoué rather than
endogenous epinephrine. Infusion of 2 x 1072 M epinephrine for 4.5 h
at a flow rate of 0.6 ml'h']‘ caused plasma epinephrine levels to rise by
approximately 16X to 6 x 10"8 Y (Table 3).[ This value is similar to the
estimated and desigad value of-5 x 10'8 M. It is assumed that plasma
epinephrine remained elevated at this level thﬁ'ghout the remainder of
the infusion period.

Epinephrine infusion induced a pronounced but transient blood
acidosis that had disappeared by 10.5 h of infusion and ther=after blood

pH remained constant. The acidosis was respiratory in origin as

18,



Table 2: Plasma laevels of epinephrine and norepinephrine during

continuous intra-arterial infusion of teleost saline. Infusion

0.6 mi~h™l.

rate
parentheses.
Time [Epinephrine]
(h) (nM )~
Pré-infusion (6) 4.655 ¥ 1.24

4.5 (6)

7.5 (6)

10.5 (6)
16.5 (6)
28.5 (5)
31.5 (5)
34.5 (5)

40.5 (5)

6.90 ¥ 1.26
7.31 £ 2.58
5.11 £ 0.99
5.38°% 9.99
5.74 £ 0.85
3.79 % 1.58
2.55 I 0.68

2.54 £ 0.45

+ . .
Means - SE; values of n are shown in

-

{Norepinephrine)

(nM)

7.93
3.10
3.48
6.11
4.83
4.92

5.75

-+

b3

b

t+ 1+ 1+ I+ I+

1+

3.01

0.50

0.51

2.35

5.36

.99
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Table 3: Plasma catecholamine levels after 4h of continuous intra-arterial
infusion of 2 x 107° M epinephrine. Asterisk denotes

significant difference (P<0.05) from saline infusion value.

tleans © SE (4).

LN

Condition { Epineﬁhrine] [Norepinephrine] -
(nM) (nv)
Saline infusion 3.87 ¥ 2.2 3.38 £ 1.2
" Epinephrine infusion’  62.08 % 1.7 : 2.21 £ 0.7
- @
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Figure 1:

The effects of p'rolonqed intra-arterial epinephrine ;nfusion on
measured (whole blood pH '(pHe); oxygen tension (PO,)) and
calculated (carbon dioxide tansion (PCOZ); micarbonate
concentration, {HCOE]) blood respiratory and acid-base
variables.‘ Control fish (open circ-les) were infused with
saline continuously for 42 h while the epine.phrine—treatec'i fish

(solid circles) were infused initially for 7 h with saline

{pre-epi) followed by 24-h of epinephrine infusion_ and finally
12 h of saline infusion« (post-epi). ‘Asterisks denote
significant differences from pre—epinephtjine values; daggers
denote significant differences from corresponding values in

the control group. n values are indicated at each data point.
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Figure 2: Measured (open c_ircles) and predicted (open squaras)

-

changes in blood bicarbonate concentration ([HCOS}) during
prolonged intra-arterial epinephrine infusion. ~ Predicted
[HCOS] has been calculated using the experimentally

determined buffer value (beta) of =9.81 * 0.9 mM 17! whole

blood (n = 6) according to the reslationship [HCOE] =

(-beta) * {dpH). Asterisks denote significant differences from

predicted values. n values are indicated at each data point.
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‘indicated by the elevatioﬁ of arterial P002 that persisted throughout
the experimental period (Fig. ib). The apparent elevation of PCO2
during the poét—epinephrine saline infusion méy be {artifactual and
related to the.," unusually low PCO, during' the initial saline infusit;r-l.
Indeed, experimental and control PCOz‘s wera not significantly ditferent
during the final 12 h of infusion. Plasma [HCOS] levels increased as
a consequence of epinephrine infusion (Fig. l¢} and correlatad welln with
the restoration of blood ;BH to pre-epinephrine values. Plasma [HCOE]
gradually returned toward initial and control levels duri.ng the final 24
h of infuslon.‘ The changes in [I-ICOE] induced by epinephrine,
trzatment were over and aBove those predicted by ﬁqon-bicarbonate
carbon dioxide buffering (Fig. 2). 902 was depressed temporarily by
epinephrine and became .significantly elevated during the 12 h
post-epinepkllrine period (Fig. lb). Epinephrine elicited an immediate
rise in hct that returned to control values by 4.5 h (Fig. 3a). Serial
blood sampling led to gradual but significant raductions in hct in both
experimental and control groups ({Fig. 3a) even though a considérable
quantity of ra2moved rbcs were resuspended and .reinjected into fish
afts:.r each sampling pericd. Mean hct never decrzased below 12% in
“either group.

The reduction of whole blood pH (pHe) induced by epinephrine, 1n
vivo, was not accompanied by a parallel reduction of red blood czll pH
(Fig. 3b). In factg rbc pH actually increased slightly during
epinephrine infusion although the <changes were not statistically
significant. The dissimilar patterns of pHe and rbc pH changes during

the course of epinephrine infusion caused the pH gradient across the
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Figure 3: The effects of prolonged intra-arterial epinephrine (open

circles) infusion on A) "hematocrit (hct) and B) whole

) blood pH '(pf’le),'red blood cell pH (rbc pH) and the pH
L
gradient adross the rbc membrane (phe - rbc pH)}. Asterisks

‘ -
denote significant differences from pre-epinephrine values;
daggers denote significant differences from corresponding
valu2s in the control group (solid circles) . n valugs are

indicated at each data point. Al other details ars as in Fig.

l.
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Figure 4:;-The relationships between whole blood pH (pHe) and red
blood cell pH (rbc pH) and’ the interactide effects of‘\

epinephriﬁe both A} in vit_ro and B) in vivo. The 'pHeJ\“-

versus rbc pH relationship was determined EI‘.. vitro by

aequilibrating blood obtained from 6 chronically catheterized
fish, in separate tonometer flasks with 3 different CO,
tensions (0.3, 0.5 and 1.0 % COZ)' The average epinephrine

concentration in the in vitro experiment was 9.0 T 2.5 x 1079

M. The in vitro pHe versus rbc pH relationship has been
reproduced as the solid '1ine in Fig. 6B with various in vive
and in vitro values s—uperimpo_sed. Point A represents the
values during initial saline infusion while point's B, C .and D
represent the pH values after 1.5, 4.5 and 10.5 h of
ep'mephrine' infuston, respec.tively. Point 3' signifies the
predicted rbc pH value at 1'.,5_h’ given the same change in
pH, as in point B, accordi-;g) to the in vitro rélationship.
Thus the vertical distance AB' is the predicted decrease in

rbc pH at 1.5 h, AB is the actual measured increase in rbc

pH at 1.5 h, and BB' is the deviation from the in vitro

relationship attributed ta elevated epinephrine. For
comparative purposes, the in vitro effects of epinephrine on

pHe versus rbc pH have been illustrated (open squares).

" See text for further details.
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red cell membrane (pHe - rhe pﬁ) to become significantly reduced (‘r“ig.
3c), especially‘durmq" the first 4.5 h of infusion. The relationship
between pHe and rbc pH observed in vivo, during epinephrine infusion,
was also much different than the relationship quantified in vitro as
shown in Fig. 4a. In vitro levels of epinephrine were 9.0 a5 aM
(n = 8), approximately an order of magnitude lower than the level
imeasured during. epinephrine infusion. The strikingly ‘different
relationships” between pHe and rbc pH m vitro and during epinephrine
infusion are illustrated in Fig. 4b. Point A represents values from fish
during the initial saline infusion period; point B' represents the
predicted values of pHe and x_'bc pH, based on the in !_i_g_r_'é relationship
(solid line), following 1.5 h of epinephrine infusion. Thus, the vertical
distance AB' is the predicted reduction of rbc pH during the
epinephrine induced extracellular acidosis. Peint B and the vertical
distance AB represeat the actual vaiues of pI-ie and rbc pH following
1.5 h of epinephrine infusion and the aetual change in rbc pH during
the extracellular acidosis, respectively. [t is clear that epinephrine
caused rbc pH to deviate far from . the in vitro pHe versus rbc pH
relationship and this deviation can be quantified as the vertical distance
BB' (0.20 pH units). Following 4.5 h of epinephrine infusion (Point C,
Fig. 4b), rbc pH still was significantly elevated above the predicted
value by 0.14 pH units but had returned éo the pre—-epinephrine wvalue
by 10.5 h (Point D). Deviation from the "normal" pHe versuds rbc pH
relationship also was observed in vitro when epinephrine levels wers
progressively elevated to 1.2 x 10“6 sl during equilibration with either
0.5% or 1.0% 002 (Fig. 4c, Fig. 5). Significant reductions in the rbec
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Figure 5: In vitro effects of epinephrine on A) hematocrit {hct), B}
whole blood pH (pH_) and red blood &ell pH (rbc pH) and C)
-.-the pH gradient across the red blood cell membrane (pHe -
r:bc pH)." Blood was collected from cannulated trout (n = 5)
and equilibratfed in separate flasks with 1% 002. C = control
blood (9.0 x 10'9 M epinephrine}; whera not indicated, SEM's
lie withi'n the mean. Asterisks denote significant ditferences

from control values.
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Figure 6: The effects of prolonged intra-arterial epinephrine (open

circles) infusion on plasma A) potassium levels, B} sodium P

levels and C) chloride levels. Asterisks denote significant
differences from pre-epinephrine values; daggers denote
significant differences from corresponding values in the
control group (solid circles}. n = 9 for both groups
except where otherwise indicated. Al othet: details are as

in Figure 1.
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transmembrane pH gradient wére noted only at epinephrine levél.s of 2.0
X 10-7 M or h.igher (Fig. 5c) and wer.e due to reci-proca/l, changes in .
"‘bth pHe lancli rbc pH, although only: the changes in pHe _were'
statistically significant. The epinephrine-induced ‘reductior:s ot
DHe - l;be pH, in 'y_y:_r_g_, wera similar iq magnitude to thoséhnotedjgﬁ
vivo although the eff,éct, in vivo, occurred at a lower epinephrine lavel
(10X lower). _Spf‘h’ephrine, in Sdé_ro. caused rbecs to swell as t.ndicated
by increasing hct (Fig. 5a). This effect was minor comparad t‘o the
elevation of hct observed in vivo (Fig. 3a) and was only statisticauy
significant at an epinephrine concentration of 1.2 x lD"6 M O{20X graater
tl'})an during epinephrine infusion). '

-

Epinephrine infusion had no apparent effect on plasma levels of

v

Nat or Cl™, but did induce significant elevations of plasma [X%] during
' 9

the\ first 4.5 h of epinephrine infusion {Fig. 6). Plasma Ca=t levels

increagsed significantly throughout the -epinephrine infusion period and

remained elevated during the first 12 h of saline infusion (Fig. 7a).
7

T effect of epinephrine o.r‘1 plasma [Pil and {ammonia] wers somewhat
/,%:iable and difficult to interpret although plasma [Pil tended to
' ‘decrease during the initial 4.5 h of epinephrine treatment and rise
during the latter stages of infusion (Fig. 7b). It is unclear why

plasma ammonia levels were significantly elevated da—the-ssntal-group——

N



Figure 7: The effects of prolonged intra-arterial epinephrine (open

circles) infusion on plasma A} calcium levels, B) inorganic

.

phosphate (Pi) levels and C) ammonia levels. Asterisks
denote significant differences from pre-epinephrir;e values;
daggers dgnote significant di.fferences from correéponding
values in the control group (solid circles). n = 9 for
b?th groups axcept where ‘otherwise indicated. All other

details are as in Fig. 1.
-»
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DISCUSSION

Previous studies exémining the physiological effects of exogenous
catecholamines in fishes have utilized single, r;aplid".lintravascular
‘injections {e.q. Peyraud-Waitzenegger, 1979; Peyra;xd-Waitzenegger,
Barthelemy and Peyraud, 1986; ‘Nikinmaa, 1982a,b; Hughes, Peyraud,
Peyratid—Waitzenegqer‘ and Soulier, 1282; Epple and Nibbio, 1985; Epple
and Kahn, 1985} in order to simulate circulating plasma levels as
measured during a variety of stressful cqndition-s. In nearly all
instances, plasma catechelamine 1(-'-:'\"615 -were’nc-)t me;asured but were
-calculat:ed based, on the concentration of the solution inl'ected and
estimnates of biological half-life and internal catecholamine distribution

!

volume. Based on the recent catecholamine measurements of Epple and
f

Nibb'io (1985), following single injections of epinephrine into American

eels (Anguilld rostrata) (1-8 ug‘kg'l), it is-likely that the actual

circulating epinephrine levels in pre‘vious studies using such estimations
{s2e above) ranged between 10_6--10-7 M. These levels ar=2 considerably
higher than the recentl‘y reported values in trout -dur_ing ar following a
variety of stresses (see Tableﬂl). In the present study, "resting'
values of epinephrine.and norepinephrine were 4.7 and 7.9 x 10-9 M,
respectively and are similar to the values reported by Ristori, Rehm
and Laurent (1979), Woodward (19_5@ and Heming, Randall and Mazeaud
{in pt.'epar.ation) for intact, cathetegized rainbow trout. These recently
measured values are significantly w thaﬁ in earlier reports
'([epinephrine] = 2.7 x 10°3 ¥; HNakano and Tomlinson, 1967;
{norepinethine] = 1.2 x 10-8 Y; Rich, 197‘9.) presumably due to
refinements in blood samplimj techniques and éatecholamine measﬁringl
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methodology. Dﬁring continuous infusion of epinephrine, plasma leveis
~increased to 6.2 x 108 W (Table 3), which are similar to the levels
measured during physiological stfess {(sea above). Due to the rapid
degrad'ation of epinephrine following a single bolus injection, it is
believed that continuous infusion permits long-teppf‘evaluation of
‘nelevate-d epinephrine lavels, thereby simulatipﬁf.__more closely the
prolonged elevation of plasma epinephrine induced by some stressors
(LeBras, 1982 and above). Nikinmaa {1982b) reported that the effect
of epinephrine on increasing hct was dissipating within only 10 min. of
a single injection. The technigue of intra-arterial infusion used in the
present study (0.6 ml'h"l) did not appear to unduly strzss the fish as
indicated by stable datacholamine  levels (Table 2) and other
physiological variables. The only par;-.ameter to be affected by infusion
of saline was urine flow rate (see - chapter 5)- which  increased
presumably as a result of vascular hypervolemia or a related elevation
'of blood pressure. It is re‘corﬁmended, however, that a stgnificant
period (4-6 h) be allowed for fish, to adjust. to the process of infusion
itself, before experimentation commences. The limitations of prolonged -
intra~arterial infusion of epinephrine inclu'de possible desensitizatibn \ot
the cAMP response and subsequent blunting of physiclogical responses.
Desensitization/and/or lIoss of .the c;yclic AMP response 15 a
complex matter. Incrzased- levels of epinephrine may <ause complete
saturation of the receptors, but this is unlikely (Kunos, 1976).

Maximal response to epinephrine may be achieved by stimulating only. .

50% of the available receptors (Atlas, S;ear and Levitzki, 1976). This

may he due to the fact that "spare" receptofs ar= not hound to
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adenylyl cyclase and ‘are therefore not functionnal. Continued
occupancy of a receptor by epinephrine due either to continued
presence of epine'p'.hrine or to the slow dissociation of the

epinephrine-receptor (E-R) complex does .not result in continued

activation of the adenylyl cyclase system. This reduction-in_sensitivity -

3 due to a two-step process; i) the E-R complex conformation is altered
and becomes uncoupled from the adenylyl cvclase and ii) the -E-R
compiex-or the receptor alone is rerooved from the cell surface and
moved into lysosomes for degradation and/or st.or'ago '(Kirchik, Codina,
Hildebrandt, Iyengar, Roja, 'Abramowiu; Hunzicker-Dunn and
Birmbauer, 1984}, The uncoupling of -the E-R complex f{rom the
adénylyl cyclase has a half~-life of 10 min ‘in incubated mou.se cells and
tne reduction in absolute number .of E-R complexes occurs within 2-6 h
{50-60% loss) and peaks at 24 h (80-95% loss) (Su, Kéndall and Perkins,
1980). This removal og receptors and reduction in response sensiiivity
could conceivably be the reason for a reduction in the effects of
epinephrine infusion-during the final hours of experimentation.

Two additional problems associated with studying the effeéts of

———

catecholamines in fishes ' that are unrelated to the method of

administration (;.e. injection versug continuous infusion) are
seasonnality (soe Peyraud-Waitzenegger et al., 1980} and toe poésibility
of catocholaminotropic effects (Epple and Nibbio, 1985}. In tr}’; prasent
study., experiments were conducted between June 13 and Sef;t 18 1985,
thus it is unlikely that the results were affected sic_{ojficantly by
changing seos.oos. Norepinephrine lsvels remainad constant during

infusion of epinephrine but the possibility of catecholaminotropic effects
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cannot be dismissed since dopamine levels were not monitored. Epple
and Nibbio (1985} reported significant elevations of dopa'min'e following
injections of 2-8 uq'kg-1 of epinephrine in American eels. |

In this study, evidence has been praesented shoWing that
infusion of epinephrine induces a condition of respiratory acidosis along
with an elevation of'plasma [HCO'3'], which ultimately corrects the
gxtracellular acidosis. Tﬁe rise in plasma [HCQE] initially is Jdue to
non-bicarbonate HY buffering but ultimatel;/ results from enhanced net
acid excretion at the gills and kidney {see chapters 4 and 5). There
are two possible causes for retention - of CO?_ during epinephrine
infusion; Ef;ese are hypoventilation and inhibition of erythrocytic
bicarbonate dehydration. IHypoventilation has been showh to induce
hypercapnic acidosis by inhibiting 002 excretion (Boutilier et al., 1986;
Iwama, Boutilier, Heming, Wright _and Randall, manuscript submitted)
and may result from epineghrine administration (Peyraud—w.aitzenecher

i

et al., 1980) via stimulation of alpha-adrenergic rece|;tors. In

European eels (Anguilla anguilla), the hypoventilatory effect of

epinephrine has been observed only during winter months wher2as
identical treatment during summer causes hyperventilation, a result of
beta-adrenergic receptor stimulation (Peyraud-Waitzenegger =2t al.,

1980). Thus, based on seasonality, one would pradict hyperventilation
and elevation of PO, (Peyraud-Waitzenegger, 1979) in the prasent
investi@ation, in the absence of species or dose-related differences.
Since ventilation volumes were not measured in the present study, the
ventilatory effects of epinephrine in trout remain unclear. However,
the results are.not consistent with hype;ventﬂation. Indeed, the initial
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reduction of PO, and the pronounced elevation of PO, following the
removal of f-_epinephrine support the hypothesis of epinephrine-induced
hypoventilation. Restoration and maintenance of "nprmal“ P02 values
during the final 22.5 h of epinephrine infusion may be related to
adrenergic enhancement of gill diffusing capacity as demonstrated by
Pettersson (1983) and Perry et al. (1985) which would tend to offset
the effects of hypoventilation on arterial oxygenation. However, any

factor which enhances gill 02 diffusing capacity should have a similar

etfect on CO, diffusing capacity vyet PCO, did not change in a

reciprocal fashion- as PO,, except at 1.5 h of infusion (Fig. 1). For
similar ‘reasons, the prolonged elevation of PCO2 cannot be attributed
to epinephrine induced incre=ases in metabolism {Larsson, 1973).

. The prolonged elevation of PC'O2 in the fdce of unaltered F’O2
provides evidence for a reduction "in  the rate of rbe HCOE‘
dehydration, perhaps due to inhibition of rbc CF/HCOE exchangé, a
process which has been postulated as the rate limiting step in piscine
CO2 excretion (Perry, Davie, Daxboeck and Randall, 1982; see also
review by Perry, 1986). This hypothesis is supported by in vitro data
ot rainbow trc;ut blood show%ng inhibition of Clﬂ/HCOE exchange
{Heming, 1984), an increase in the 'Donnan Cl™ ratio (Cli/CIe) and a
concomitant increases in plgs;na II—ICOa-"] —( Her;;g et al., manuscript
submitted) following épinephrine addition (1078 M). It must be
emphasized that a dirzct comparison between the results of the prasent
study ~ with those of Peyraud-Waitzenegger (1979) ‘are probably not
justified given the likelihood of higher circulating levels of epinephrine

(estimated to 'ge 10_7 M), the short duration of the experiments
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{measurements were made within 5 min. of epinep'hrin; Injection), and
markedly lower initial levels of PO2 (30-50 térr versus 100-110 torr).
The results of this study demonstrate that epinept'-l—rine may plgy
an importént role in stabilizing rbc pH during conditions of e:-ctracel_lular
aciddsis. Indeed, reductions of plasma pH, in‘,:l-uced by intra-arterial
acid._infusion' (Boutilier et al., 1986) or external hypercapnia (Perry et
eki;jaﬁ) have been shown ‘to initiate  the release of epinephrine into

the culation. We have shown, here, that circulating levels as low as

6 x 1078 1y, in vivd, are sufficient to prevent a reduction in rbc pH
during a simultaneous lowering of pHe by ©0.16 units. An identical
effect of epi'r;eph'rine ‘was observed in vitro (Figs. 4,3), although
significantly gréater quantities of epinephrine were requirad to elicit
similar changes in the -t\raqsmembran“e proton gradient (a significant

raduction of pHe - rbc pH was observed only at 2.0 x 10_7 M

epinephrine). éimilar in vitro changes in the proton distribution across
the rbc have been reported by Nikinmaa (1982a)” and Heming et al.,
(manuscript submitted), although at considerably higher levels of
.apinephrine (5 «x 1078 M). It is wunclear why higher lavels of
epinephrine are required to initiate effects on the rbc in vitro, but
.pd;ssibilities include the absence of catecholaminotropic eaffects and
interactions with other humoral/neuroiumoral s_ystems'. Alternatively,
the rbcs in vitro may be gradually deteriorating with respect to
ophysiological function. The mechanism responsible for
epinephrine-induced rbec 'alkalinizat%.on apparently involves beta-rec};ptor
mediated stimulation of Na*/H® ekchange (Baroln, Garcia-Romeu,

Lamarre and Motais, 1984; Cossins and Richardson, 1985; ‘tiikinmaa,
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1986). Stimulation of Na'/H™ exchange also is conéistent with red cell
swelling which is known to accompany rbec alkalinization (Nil-:inmaa,’
‘1982a; Nikinmaa and Huestis, 1984). Recently, Bennett and Rankin
{1985) have identified beta receptors on eel rbc membranes which
provides further eavidence for their involverr;ent in stabilizing 'rbc
acid-base status. Th_e maihtenance of rbc pH during extracellular -
acidosis is of physiological significance because it allows arterial oxygen
content to rémain relatively constant by preventing deleterious shifts in
the hemoglobin oxygen dissociation curve (Bohr and Root effects) {(Root
and Irving, 1943). The importance of epinephrine in‘ the maintenance
of a-rterial oxygen content‘i_s indicated by the c_)bservations of constant
Ca0, followin‘g exhaustive exercise in trout (Primmett et al., 1985) and

striped bass (Morone saxatilis; Nikinmaa, Cech and McEnroe, 1984) and

HCl infusion (Bou'tilier et al., 1986). In these experiments, pHe
decreased by 0.16-0.30 units, epinephrine levels werz elevatad (not
measured in the study of Nikinmaa et al., 1984), and the changes in
rbc pH were significantly less than those predic;,ted based on a passive
transhembrane distribution of protons (from in vitro studies).

Pre-trzatment of the exercising fish with the beta receptor antagonist, )

]

propranoclol, resulted in significﬁﬁ? reductions of CaO, which were

2
~associated with reduced rbec pH, when compared to "contrsl" exercising
fish. ' -

No changes in the pla;ma levels of Na' or Cl” were observed
during epinephrine infusion even though significant changes in
branchial net fluxes and renal excretion of these ions were noted (see

chapters 4 and 5). These results are in agreement with those of Epple
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and . Nibbio (1985) following single injections of gfinephrine into eels and
'areQ'not surprising given the large éxtracellular pool size of NaCl in
relation to-the low rates of the branchial and renal net fluxes (no
greater than 200 uM'kg"li'h_l'in the present investigations). The
increase of plasma [K+] during the early stages of epinephrine infusion
may reflect xr/ut exchange between intracellular and extracelluiar
compartnlents (Lade and Brd\vn, '1963) and mig;nt he a signifi’cént
me::kianism in the regulation of blood pH during .eu:u_t;;,fj extracellular
acidosis: A similar, although more prolonged, elevation of plasma [K"']
was ‘reported by Wheatly et al., (1984) during the regulation of
hyperoxic acidosis in rainbow trout. The sigﬁificant elevation of plasma
[Ca2+] was not due to increased renal reabsorption (chapter 5) but
may have been related to Ca2+/H+ exchange bhetween extracellular fluid
and bone and/or mobilization of bone calcium carbonate. Whether or not
such mechanisms operate during regulation of acid-base disturbances in
rainbow trout has not been examined, although Cameron (1985)
concluded that the bone compartment of the Channel catfish (Ictalurus
punctatus) does not contribute to the compensation of hypercapnic

acidosis. \

The results presented here and in the following three chapters =~

havel been attributed to elevated circulating levels of epinephrine. It
must be emphasized, however, th\at the interpretation of these results is
somewhat complicated by simultaneous reductions of plasma pY that were
induced by epinephrine. While the possibility that some results arz due
to depressed pH and not epinephrine cannot be ignored, we consider
this unlikely as many of these effects persist even after plasma pH is
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rastored. The problem of separating the reffects of epinephrine from
the _effects of pH is discussed in greater detail in chapter 4.

Based on the resul_ts of this study and others, we speculate that
the release of epinephrine into the circulation during periods of acute
extracellular sacidosis initiates a“_: series of adrenergic responsazs that
influde stabilization of rbc pH and accumulation of plasma bicarbonate.
Rhc pH stabilization prevents deleterious reductions of artérial oxygen
content whereas plasma qug accumulation is necessary for .reétoring

extracellular pH. The branchial and renal mechanisms involved in

plasma HCO§ accumulation are discussed subseguently.
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CHAPTER 3

b ]

A PHARMACOLOGICAL STUDY OF THEWFFECTS
OF PROLONGED EPINEPHRINE INFUSION ON BLOOD RESPIRATORY
AND ACID-BASE STATES IN THE RAINBOW TROUT

'SALMO GAIRDNERI
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INTRODUGTION
In recent years, the involvement of catecholamines in the control
of branchial gas transfer and blood gas transpori--in-—fishes has been
the focus of intensi%e 'research {see reviews by‘ Nilsson, 1984a,b;
Randall and Daxboeck, 1984; Wood and Perry, 1985; Nikinmaa, 1986).
Sxperiments primarily have involved the elevafion of epinephrine levels

i__rl‘vivo‘(e.g. Payraud-Waitzenegger 'et,e&, 1980), in vitro (e.g-.

Nikinmaa, 1982a,b) or in perfused gill .preparations (e.g. Pettersson, ..
19831 and subsequen.t-analysis of various adrener 1z responses. ”fhe
results of these studies and the numerous observations of increased
circulating catecholamine levels during or following' gtress in fishes
(see Table 1) have formed the basis of a model in which epinephrine is
thought to play a crucial role in the control of oxygen transfer and
transport during stress {e.g. Wood and Perry, 1985).. However, the
. -

importance of adaptive adrenergic responses, esp&m‘any q:du'ring
physiologically rglevant stresses such as exercise, has been
questioned (Butler et al., 1986) because the concentrations * of
circulating catecholamines achieved during such stresses are
substaniially lower than the levels normally u.sed experimentally to elicit
compensatory reSponses'i‘n gas transfer and transport.

In the present study, a procedure of continuous intravascular

infusion has been utilised; this procedure was shown to adequately

simulate the increased circulating epinephrine levels associated with

strass (chapter 2). In chapter 2, epinephrine infusion was used as a
means of simulating stress in fish. This chaptﬁr was designed as a
follow-up to chapter 2; the infusion process was shortened in order to
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more accurately refléct the actual éffects of _epinephrine in vivo (the

v
effects of epinephrine infusion were diminishing after 12 h in the
previous chapter) and blood oxygen content and hemoglobin

concentrations were measured. Th primary objective was to

' i

demonstrate that a realistically elevat : concentration of epinephrine
(approximately 6x10°8 'M) is indeed capaife of initiating important
rasponses to enhance 02 transfer and trans;&t, and secondarily, to

characterize the adrenoceptor types involved.
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MATERIALS AND METHODS

. R
Experimental Animals:

Rainbow trout {Salmo gairdneri) of either sex, weighing between

117 and 326 g (mean weight= 210 ¥ 9.6 g)(SEM); N= 30) were obtained
from Thistle Springs Trout Farm (Ashton, Ontario) and transported in
oxydgenated water to the Uniyersity of Ottawa. Fish were maintained

according to the holding procedures outlined in chapter 2.

Experimental Protocol:

Dorsal aortic cannulae were implanted into the rainbow trout
according to the preparation methods outlined in chapter 2.

Maintenance of the animals prior to and during experimentation was -also
-

as _outlined in Chapter 2.

]

Experiments consisted of monitoring blood acid-base and

respiratory  variables -during’ epinephrine - or adrenergic ~agonist
g ' :

infusions, in the presence or absence of . selective adrenoceptor

blockade. Fish initially were injectdd either with a bolus injection of

0.5 ml Cortland saline (Wolf, 1963) (saliné control group), 2 mg'kg_]‘

phentolamine ('alp'ha-adregloceptor antagonist; Rogitine, (:'Jiba-Geigy), 2
rﬁlg_'kc_l_1 propranoclol (beta-adrenoceptor antagonist; Sigrr;a), or both
phentolam.ine 'and propranolol. In alltc_’ases, the bolus injection was
followed immediately by infusion of saline for 1 h at a réte of 0.6
ml'h"l. -In"the control groups, saline infusion was continued at this
rate for a firther 12 h whereas in the experimental groups, fish were
infused for i?. h with 2x107° M epinebhfine {L-epinephrine bitartrate;’
Sigma') . Actual concentration of epinephrine was not measured for this
study, but was assumed to be the san';e as in-chapter 2, dqe to the

N 13,



identical protocol. Ceitrol injections of antagonists were carried out;

: . .
no variations in blood acid-base or respiratory variables were observed,

’

and the results of these injections are presented in chapter 6.

Intravasculdr infusions of selective or non-selective’ adrenergic
agonists were performed in a similar manner as described above for
. —

epinephrine. Briefly, groups of fish were infused with Cortland saline

for 1 h, followed by a 12 h period of infusion with either 21072, M

phenylephrine ialphal agonist; L-phenylephrine hydrochloride; Sigma),
2%1073 M clonidine‘ (alpha2 agonist; clonidine hydrochloride; .‘Sigma) or
lef)_s M  isoprenaline (non-selective{ beta agonist; lisoproterencl
bitartrate; Sigma). '

| All drugs were dissolved in Cortland saline ilpmediately before use
and the resultant solutions were adjusted to pH 7.3-8.0 with -1 N NaQH 7'
‘or HCIL. Iy order to impede thg oxidation of u?pinephrigme and
iSOprenaliI}i during .infusion, syringes and -cannulae tubing were
blackened to prevent light penetration.

Arterial blood samplés wera withdrawn after 1 h of saline infusion
(pre-infusion sample) and after 1, 4, 8 and 12 h of aither éalirﬁé,
epinephrine or agonist- infusioﬁ. A final sarhpie was taken 12 h
following tr'xe conclusion of infusion (post-infusion period}.

3

Bloo.d samples were analysed immediately for Hct, pHe, rbec pH,

T ini imataly 17 :
CO2' CCOZ and POz. The remaining blood (approximatealy _1’)0 ul} was
stored at -20° C for subsequent determination of hemoglobin levels.

Approximately 0.5ml df_;.SaLihe was reinjected slowly into the dorsal anrta

after eéch sample, to partially replace lost blood volume.
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Analytical Procedure: . ‘
_Analysi§ of samples for pH,, rbc pH, C'éoz, PO,, Hect and Cpp
was done immediately using the protocol outlined in chapters 2 and 6.
Hemocjlpt}in medsurements were performed on Eluplicate samples using a
c:or.nmerc\‘ia'lly avalla‘blé hemoglobin assay kit (Sigma). Blood | was
hemolyzed and stored byA freezing’; 0.05 ml of blood was addéd to 1.0 ml
of the reageni an.d measured spectrophotometrically \m.tﬂe supplied

standard.

- Statistical Analysis
Statistical analysis of all data in Figures and Tables was performed

as described in chapter 2.
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RESULTS

Intravascular infusinn of epinephrine, in the absence of
adrenoceptor antagonism, caused a transient acidosis of arterial blood
(Fig. 11}. The acidosis was respiratory in origin, as in’dicated by a
prbnqunced 2levation of PCOZ' from 1.2 to 1.9 torr and an increaso in
CCOZ of 0.9 mM which is similar to the ir{crease expect'ed from
non—bic;fbonéte buffering of 002 (1.1 mM). This predicted change in
Cco'Q\WGS calculated using the exmp rfﬁléntally ‘de.termined buffer valuc_:-
{beta) of -9.81 ¥ 0.9 rnmol'L_1 whole;blood (chapter"Z) according to
the relationship  Cpy, = -9.81 x pH.’ |

Although whole blood pH was transiently 16wered by epinephrine,
rbec pH actually increased si?nifican\tly by as much as 0.2 pH units and
remained eievated throughout the entirz period of epinephrine intus.ion
(Fig. ll).. Rbec pH was no longer significdantly elevated above the
pre-infusion value at the post-infusion sampling time.

Serial blood sampling and the resultant anemija ca‘t-,i’sed arterial 002
to decrease -Elu_ring all treatments. For thil. reasoh, corrected values of
COZ are presented in the figures. The correcte}l\coz values were
obtained by' adjusting the absolute 002 acqordinq to the inverse
relationship between C, and Hct that was established in saline-injected
fish (002 = 0.15"Hect + 2.40; from chapter 6, Fig. '3l)‘.. Due to the
variability of the. initial Hcts among treatment groups, :;11 initial 002'5
were standardized to a si;rting Het of 25%, once adain using the
relationship (302 =0.15"Hct + 2.40.

The effects of epinephrirlle on the oxygen transporting properties
of trout blood are illustrated 'in Fig- 9. Arterial oxygen content was

¢ -
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Figure 8:

The effects of prolonged intravascular epinephrine infusion on
selected blood acid—baée -variables in the rainbow Wthe
ébsence of adrehergic blockade %nephrine control; solid
circles; N = 6} or following pre-trezatment with the
alpha-adrenergic antagonist, phentolfamine {solid triangles;

N = 6). Control fish (open circles; N = 6) were .infused witl'}
saline th-roughogt the experimental period.” The pre-infusion
(Pre) blood sample was withdrawn 1 h'after saline or
antagonist injection and the post-infusioﬁw(Post) blocd sample
was taken‘lzl h after termi;‘lating the.infusion. Asterisks

denote significant differences from the pre-infusion values.

See text for further details.
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Figure 9: The effects of prolonged intravascular epinephrine infusion on

selected blood respiratory variables in the rainbow trout in

.

the absence of adrenergic blockade (epinephrine contral; solid
circles; N = 8) or Ifollowing pre-treatment with the
alpha-adrenergic antagonist, phentblamine {solid triangles;l
N = 6).‘ Control tish {open circles; N = 6} were infused with
saline throughout the experimental period. Asterisks denote
significant differences from the pre-infusion values; NS =

non-significant. All other details as in Fig. 8.
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" alevated transiently due to temporary el_evations -in bloed oxygen
carrying ‘capacity and P02. The elevation in blood oxygen ‘carryingz
‘capacity was reflected by increases in- Hct an.d hemoglobin levels. In
experimental groups (Figs. 9,11,13)", thgre was a tenden_cvyﬂ' for Het
and [Hb] tn decline throughout the infusion period due ﬁo dilution of
blood caused by serial sampling'. -

Pre—treatm:ant of fish with the alpha-adrenergic antagonist,
phe.ntolamine, did not affect the immgdiate‘ changes in blood acid-base
status caused by‘epinephrine, although there were a few subtle
differences in the latter stages of infusion (Fig. 8). [dost notably,
PCO‘2 and 0002 remained elevated above the pre-infusion values.g
However, the' values of F’CO2 and CCOZ in" the phentolamine-treated an;i
'untreated groups were not significantly. different at any sampling period
during epinephrine infusion (Fig. 9). Thus, it is possible that the
9002 and Cnq, values in ttléle phentolamine-treated fish were abnormally
lon;vr during the pre-infusion .period, for unknown reasons.
Pre;treatment with phentolamine abolished thelincreases in Hct and
(db] that were characteristic of fhe epinephrine infusion (Fig. 9).
Arterial oxygen ‘Ccontent r=\rr15ined elevated, however, due to a

-

pronounced rise in POZ'
Beta~adrenergic blockade, with propranolol, caused no immediate
effects on the changes in whole blood acid-base status during

epinephrine infusion but did completely eliminate the marked

alzalinization of the rbc {Fig. 10). Additionally, the increases in PCO2

and CCOZ were sustained through 8 h of epinephrine infusion in
contrast to the shorter duration (less than 4 h) of these changes in the
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Figure

10:

The'effects of prolonged intkayascular epinephrir;e
infusion on selected blood acid-base variables- ip the
rair;bow trout_/‘in the -absence of adrenergic blockade
(epinephrine. control-; solid circles; N = 6) or f{ollowing
pre—treatmen't with the. beta-adrenergic antagonist,
propranolol {solid squares; N = 35). Control fish (open
circles; N = 6) were infused ;Nith saline throughout the
exp;ﬁmentall perioa. Asterisks denote significant
differences from the pre-infusion value; daggers denote

significant differences from epinephrine control value at

‘corresponding time; NS = non-significant. All other.

details as in Fig., 8.
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Figure

11:

The effects of prolonged intravascular epinephrine
infusion on selected blood respiratory variables in the
rainbow trout in the absence of adrenergic blockade
{epinephrine control;solid circles; N = 6) or f{ollowing

pre-treatment with the  besta-adrenergic-- antagonist;—

}

pfopranolol (solid squares; N = §5). Control fish (open
squares; N = 6) -were infused with saline throughout the
experimental period. Asterisk‘s ‘denote significant
differences from the wnre-infusion values; NS' =

non-significant. All other details as in Fig. 8.
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A

\Figure 12: The effects of prolonged* intravascular epinephrine
infusion on selected blood acld-base variables in the
rainbow trout in ’;:he._'absenc_:e o_f adrenergic blockadé
(epinephrine control; solid circles; N = 6) or following
complete adrenérgic blockade wusing both alpha- and
beta-adrenergic antagonists, phentolamine and propranolol
(open squ'ares; N = 6). Control fish (.open circles; N =
6) were infused with sal‘mg- throughout the experimental
period after double antagonist inject{on. Asteris}:é denote
significant differences from the pre—ihfuéion values;
daggers denote, significant differences from epinephrine

contral wvalues at corresponding time; NS =

non-significant. All other details as in Fig. 8.
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absence of propranclol. -~ The epinéphrine—induced increases, in Het,
. ~ ' S,
[Hb] and Copg weére unaffected by propranclol treatment, although the

increase in F"O2 was prevented {(Fig. 11).

Infusion of epinephrine after injection of both propranolol and .

phentolamine did not affect any measured blood acid-base or resgiratory

"vari'abl‘e""‘fl'-'iij’s".' 12,13) other than causing delayed elevations of pCO,,

Ceog and P02 (non-significant). |

Infusions of the alpha-adrenergic agonists, phenylephrine (a.lbha1
agonist) or clonidine {(alpha, agonist) caused significant depressions of
whole blood pH (Table 4). Phenylephrine infusion was aésociated with
a pronounced increase of rbc pH in contrast t¢ the stable rbe pH

méasured during infusion of clonidine {Table 4). The reductions in
pHe caused 'bl{/ alphg:‘—adrenergic'stimulation were respiratory in origin,
as indicated by the increases in F’CO2 (Table 4). The infusion of
clonidine or phenylephrif‘ﬁ;h:aused a pronounced . reduction in PO2
during the initial 4 . h of inf:;ion although the decrease at 1 h inTthe
phenyl-ephrine—infu.sed fish was not :.statistically significant due to the
variability of the data {Table 4). ‘

Infusion of the non-selective beta-adrenergic agonist, isoprenaline,

caused variable and apparently time-dependent changes in blood

acid-base and respiratory parameters (:I‘jables 4,5}. During the initial -

-

4 h E)\f infusion, pHe was elevated and PCO2 reduced, suggesting a

LI B
condition of respiratory alkalosis. However, during the final 3 h of

infusion, pHe was decreased (not significantly) comparad to ‘the

pre-infusion value and PCO2 was elevated, indicating respiratory

-

acidosis. Rbe pH ~ was ‘significantly elevated throughout the entir2
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Figpre

13:

-]

The effects of prolonged intravascular epinephrine
W

infusion on selected blood respir'atﬁ‘y variables in the

rainbow trout in the absence of adrenergic blockade

(epinephrine control; solid circles; N = 6} or following

complete adrenergic bl_ockade using hoth alpha- and

beta-adrenergic antagoni-sts', phentolamine and propranolol

{open squares; N = 6). Control fish (open circles; i}I =

6) were infus?d with saline throughout the experimental

period after double antagonist injection. Asterisks denote

significant differences from~ the pre-infusion values;

daggers denote significant differences fromm epinephrine
contral  values at. corresponding  time; NS =

non-significant. All other details as in Fig. 8.
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period of isoprenaline infusion (Table 4).
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DISCUSSION.
Methodology - )

In the present study,. a proacedure of - prolenged intravascular
infusion of epinephrine has been utilized as in chapters 2, 4 and 5,
rather than the mo"re conventional procedure of single bolus injections
(e.g. Peyraud-Waitzenegger, 1979; Peyraud-Waitzenegger et al., 1980;
Nikinmaa, 1982a,b; Epple and Nibbio, 1I985; Epple and Kahn, 1985) in
order to simulate elevated plasma epinephrine levels -associated with
stress, in fishes. Clearly, there are advantages and disadvantages
with ‘both methods of epir;ephrine administration {i.e. single injection .
\;ersus continuous infusion) yet it is believed that continuous infusion
is the preferred method for evaluating the long-term physiological
effects of elevated epinephrine levels and may simulate mora closely the
extended elevation of plasma [epinephrine] accompanyiﬁg many stresses
fup toA 12 h in duration; e.g. Perry et al., 1986a). Recently, _Nekvas'il
and Olson (1986a) have estimated that the residence time of biologically
active épinephrine following a bolus arterial’{njection in rainbow trout is
approximately 10 min due to the combined actions of plasma clearance
and metalsolic-inactivation (see also Nekvasil and Olson., 1986b). Thus,
it is not surprising that Nikinmaa (1982b) reported.that the stimulatory

. effect of epinephrine on arterial Hct was dissipating within only 10 min

\ff a single m;egilon‘, .

Control of Arterial P02
\ —_—

The results of this study suggest a similar adrenergic tvnlvement

4

in the control of ventilation and arterial ?02 in the rainbhow trout as
. t

"has been' shown previously in the eel (Anguilla anqguilla)
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(Peyraud-Waitzenegger, 1979; Peyraud-Waitzenegger 2t al., 1980). - It
must be empi‘l"aAsirzed, however, that r;:ill ventilation was no"f'./‘a;:tually
monitored in our study but that adjustmen‘ts in ventilation volume have
been inferred 'from changes in arterial gas tensions. The elevation'of
P02 by epinephrine or isoprenaline inf\usion, the abolishment™of the
-apinephrine-induced increase by pre-treatment with propranolol but not
phentolamine, and the lowering of 902 by phenylephrine or clqnidine
infusion, are consistent with bé‘ta—adrenergic hyperventilation and
alpha-adrenergic hypoventilation as in the eel (Peyraud-Waitzenegger,
A1979; Peayraud-Waitzenegger ‘?.E.iv 1980).

Additionally, adrenergic adjustments o.f PO, may have been elicited
hy alteraf;ions of gﬂl_ O2 difftisive conductance caused ?y lamellar
recruitment (Bgoth, 1979; Holoert, Boland and Olson, 1';79) and/or
changes in gill epithelial permeabili-ty to oxygen iHa'jwood et al., 1977).
Indeed, epinephrine has been shown to raisz arterial ‘DOZ in the
absence of véntilatory adjustments both in vivo (in curarized eels;
Peyraud-Waitzenegger, 1979) and in perfused qead preparations
(Pettersson, 1983; Perry et al., 1985) thereby indicating the importance
of changes in 02 diffusive conductance‘ in the control of arterial POZ.' It
is, di.tficult to assz2ss the rbles of}adrencr?eptors in controlling gill
epithelial permeability to oxygen because ofl accompanying hemodynamic
effects (Payan and Girard, 1977; ‘E‘arrel, Daxboeck and Randall, 1979;
Pattarsson, 1983; Nilsson, 1984). Nonetheleds, a model has heen
formulated (see Isaia, 1984} in which stimulation of beta-adrenoceptors
increases qill permeab’illity to small lipophilic molecules by incrzasing the
fluidity of ‘the lipid plasmalemma.
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Epinephrine is known to increase cardiac output in ‘teleosts by

beta-adrenoceptor mediated positive .inotropic and chronotropic effects

(see review by Nilsson, 1983) and hence will reduce the transit time of

“blood flowing withinllamellae. A reduction in blood transit time within
the gill may tend to reduce.ar!:erial'1'-’('_)2 as has been demonstrated in
“berfused gill preparations (Perty et al., 1985). Wood and Perry (1985)
have proposed tﬁat increases in ventilatory and diffusive conductances
induced by epinephrine during such periods of elevated cardiac output
serve to offset gill transit time limitations and thereby. maintain or
‘actuaﬁlly iﬁcrease arterial POZ' as in the present study.

Although unable to ‘distinguish betw:éen the ventilatory,
cardiovascular, hemodynamic and permeability effects of epinephrine on
PO,, we have demonstrated neverthéless th.at time elevation  of
2pinephrine to levels similar to those measured during periods of stress
can increase arterial 1'—’02 and thersby raiss arterial oxygen content.
Because the experiments were performed during summer months (July -

September, 1986), we presume that beta-receptor mediated responses

predominated (‘Peyraud-Waitzenegcjer, et al., 1980) and were solely

responsible for promoting the rise in PEJO2 during epinephrine infusion.
The results presented in this study contradict those of the preceding
chapter in which blood PO, decrzased with epinephrine infusion. 1 am
not able to explain this discrepancy. Similarly, it is worth noting that
Nikinmaa {1982b) reported no change in PO2 following intra-arterial
\-.\_'_.n - .
injection of epinephrine in rainbow trout. It 15 unclear whether the
discrepancy between thesz' studies is related to seasonal differznces

because Nikinmaa {1982b) did not report the time of ysz2ar his
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experiments were pérforme;d- During winter months, we . have observed
pronounced reduction’s‘ in arterial P02 after epinephrine injection
{unpublished observations) presumably due to the prec_iomine_mce of
alpha—adrenocept'or—mecliated hypoventilation (Peyraud-Waitzenegger et
al., 1980}.

At least two a';:iditional adrenergic mechanisms contributed to the
increa;‘.e in arteriél oxy;jen content. during eﬁinephrine-infusion:
elevation‘of blood oxygen carrying capacity and an increase in
hemoglobin oxygen affinity.

Control of oxygen carrying capacity -

The elevation of blqod oxygen carrying capa,\city, as reflected by
increased hemoglobin levels, was: mediated sdlely' by
alpha-adrenoceptors. [t is speculated that the principal rzponse was
contraction of the spleen and concomitant release of rbcs into the
circulation. -Previous studies on a variety of species have shown that
spleen contraction, in fish, is controlled by alpha-adrenoceptors (see

" Nilsson, 1984). Other factors that may have contributed to the

elevation of blood oxygen carrying capacity are f{luid shifts betwesn

. o ¢ . ;
vascular and interstitial compartments (Yamamoto ot al., 1980), diuresis

{chapter 5} and "plasma skimming" at the gill (Nikinmaa, 1982a).
Indeed, Nikinmaa (1982a) concluded that "plasma skimming" at efferent
arterio-venous anastomoses was the major cause of ti‘le increased arterial
[Hb] after an injection of epinephrine because venous [Hb] did not
change. It is .unlikely, however, that "plasma skimming" contributed to
‘the alpha-adrenerqgic increase in [Hb] reported in the pressent study

because stimulation of alpha-adrenoceptors 1is thought to cause
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constriction of efferent arterio-venous anastomoses (Payan ‘and Girard,

1977;“ see also reviews by Nilsson, 1983, 1984). 8Such a response

prééut;nably woul.d -dég:-‘.:jease lthem .shunting‘ of low Het blood into centrali
filamental sinuses ahd promote 3 decrease in dorsal aortic [Hb] and Hect
rather than the converse, as we have shown. ‘E‘urthermor:e, Olson
(1984i demonstrated no consistent effects of epinephrine on "plasma

skimming” in blood-perfused gﬂlls of three tealeosts.

-

Coniffol m‘.‘HbO2 affinity

I‘he pr;onounced adreénergic incr;.ase in rbc pH was mediated
entirely by beta-adrenoceptors that are knéwn to be associated with
';Ji‘scir;e rbc membranes (Bennett and Rankin, 1985). This observation,"
at physiological epinephrine levels, supports the numerous reports of
beta-adrenoceptor n;édiated rbe. alkalinization during catecholamine
administration in vitro (Nikin'maa,. 1982b; Nikinmaa and Huestis, 1984;
Cossins and Richardson, 1985; chapter 2} or in vivo (c'hapter 2) and
du.ring or foilowing stress (Nikinmaa, et al., 1984; Primmett et al.,
1986; Perry et al., 1986a; chapter 6). The various cellular mechanisms
promoting the adrenergic increase in rbc pH ara revie'.:ved by Nikinmaa

(1986) and clearly the most important effect is the stimulation of rbc

transmembrane Na*/H" exchange (Baroin 2t al., 1084). The stimulation
of this Nat/H* exchange, by epinephrine, not only raisds rbc pH but
also promotes swelling (see z\likinmaa, 1986). Both of these events
contributz to the elevation of arterial oxygen content by incrzasing.

HbO, affinity via the Bohr offect (leftward shift af the  oxygen

1

: |
dissociation curve due to increasad pH) and decreased cellular NTP?

i

concentrations {due to swelling).-
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A curious result in the present study was the pronounced

clevation of rbc pH caused by the infusion of phenylephrine (Tabig 4}.

"It is unlikely that thiss was a direct consequence of rbec

alpha-adrenoceptor stimulation because clonidine or epinephrine in the
presence of propranolol did not affect rbe pH. A possible explanation

is that phenylephrine (an alpha, agonist) infusion initiated the release

of epinephrine from chromaffin tissue . whereas clonidine yn alpha,:

agonist} infusion did not (alphal éatecholaminotropic~ respon%e).

Contro'l of arterial PCO2

L4 .
The retention of carbon dioxide and associated extracellular

acidosis caused by epinephrine infusion confirm the results of chapter 2

that demonstrated a similar, although more persistent, respiratory

-

acidosis during epinephrine treatment. There are two possible’

hypotheses for the retention of carbon dioxide during epinephrine'

infusion: i) hypoventilation and/or decreased gill CO, conductance, and

ii) inhibition of erythrocytic bicarbonate dehydration. Reductions in

ventilation,and/or‘ yill - diffusive conductance should produce reciprocal

changes in PCO, and PO, (see Discussion, chapter 2). It is clear,
however, that the infusion of epinephrine in the absence of adrenergic

blockade did not cause reciprocal changes in P002 and _1'-’02 ‘and that

CO, retention was occurring during conditions of optimized branchial

gas Wr as indicated by increased PO,. Moreover,

.alpha-adrenergic antagonism did not prevent the epinephrine~-induced

rise in PCOZ. Thus, the retention of carbon dioxide caused by
epinephrine sursly was kot due to hypove_ntilation and/or decreasad qill

002 diffusive conductance but presumably due to beta-adrenergic

63

i3



[ &3

{nhibition of rbe bicarbonate dehydration. Possible mechanisms
promoting the putative decrease in bicarbonate dehydratipn " are
inhibition of rbe Cl_/Hdoa exchange (the chloride shift) which" s

thought to be the rate-iimiting step in piscine CO2 axcretion ('Perrgf et
al., 1982; see also review by .Perfy, '1*_386) or inhibition of erythrocytid
carbonic anhydrase. Although definitive data 'are lacking, 1 believe that
inhibition ofl Cl‘-“i’"HCOS exchange is more likely‘ 'and is supported by 1_:1
\_fit_rc; data on rainbow trout blood demonstrating an"mcredse in the
Donp_ah Cl™ ratio {rbc {Cl']‘/ plasma - [C17]}) and a concomitant

increase in plasma [HCOE] after the addition of epinephrine (T.A.

- Heming, D.J. Raf\dali and M.M. Mazeaud, in preparation).

R'egardless .of the precise mechanism(s) involvé‘d, the -
beta-ad'reng;i:gic. retention of 002 raported here may explain __'the
pronounced elevation of arteriall ) F’C(j2 that ng\ijs beend. obser.v;d
con'sistently followind exhaustive exercise in rjl‘umerous fish“Species {sec
review by -;u.'ood and Perrvy, 1985).’ Incieed," the state of the _t‘ish'
f'olflowing exhaus.tive exercise is essen.tially analogous to fhe con&i_tior} of
ﬁh_e animal during epineph;ine infusion -becausé circulating epinephrine

levels are elevated (see Table 1} and branchi.lal ventilatory 'and. diffusive

conductances are enhanced (Wood and Perry, 1985). Henece, the

increasz in PCO, after exhaustive exercise is likely due o
v &

-1

beta-adrenergic inhibition of rbc HCO§ dehydration.
A -
The simulation of physiologically relevan£ “levels of =circulating
epinephrine promoted a sefies of adrenergic responses consistent with
enhancement of 'brc:mchial 02' transfer and blood ox7gen transport
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Fapacity. 'I‘h}ase responses include al_kalinization of the rbc

(beta—adrenergic effeci) thereby promoting ‘an increase in HbO,

affinity, increased blood oxyger'l carrying capacity (alpha-adrenergic
. ‘ " .

effect) presumably due to splesn contraction, and an elevation of

arterial PO'Z,_(beta—adre:i@rgic effect) owing to gill wventilatory and/or

e s . N . »
diffusive conductance adjustments. Thus, it is: considered that the

~

relegse of epinephrine into the circulation during periods of strass is an
“important adaptive regponse in> the "maintenance of arterial oxXygen

2

content.
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CHAPTER 4

‘THI EFFECTS OF. PROLONGED EPINEPHRINE INFUSION ON THE

PHYSIOLOGY OF THE_RA_INBOW TROUT, SALMO GAIRDNERI

1. BRANCHIAL SOLUTE FLUXES.
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INTRODUCTION
In freshwater fishgs_r internal lonic regulation is dependent upon
the acti\;re branchial uptgke of . Na¥ and Cl~ ions froml the external
environment. The branchial ionic uptake mechanisms involved have

been studidd in great detail” (see reviews by Maetz, 1971; Evans, .1982,

f~984; Payan, Girard and Mayer-Gostan, 1984) and’ there is strong

.
5

ev‘}dence that Na* uptake .is linked to the excretion of acidic equivalents
(H+_and/or NH;') while Ci~ up_take/i% coupled to the excretion of basic
equivalents (HCOS and/or OHT). For these reasons, ionic regulation
and acid-base regulation are intimately related‘. Few studies have
addressed the problem of how such adjustments of branchial ionic fluxes

are ab:hieved. JIn this study, the hypothesis tha epinephrine is

-

" involved. in the control &f gqill ionic exchange mechanisms for the

.purposes of acid-base regulation_is studied. This hypothesis is based

e

upon observations of - elevated plasma epinephrine levels during

extracellular acidosis (see Table 1) as well as the results of gill

. _ ,
perfusion experiments that indicate adrenergic contral of branchial lonfT™
Ve

uptake (Payan, Matty and Maetz, 1975; Payan, 1978; Perry et al.,

1984a). As in. the chapter 2, experiments were performed in vivo
"l

during continuous infusion of epinephrine to elevate its level to that

measured during periods of extracellular acidosis.

v N
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MATERIALS AND METHODS
. r
Experimental conditions and the treatment of animals prior to and
during experimentation were as outlined in chapter 2. Branchial solute

fluxes were determined on fish fitted with indwelling dorsal aortic

" cannulae and urinary catheters. Continuous ‘urine collection permitted

separation of branchial and renal --fluxes.l Skin and gut contributions
were considered to be negligible. |
Protocol

Fish were subjected_to the infusion regimen desrcribéd in Materials
and Methods for chapter 2, Iin order to achieve an estimated blood
epinephrine concentration of 5 X 1078 \i. Actual epinephrine levels
were determined by high pressure liquid chromatography, as d_escfibed
in 'chapte'r 2. ‘ : s

A?nmonia accumulation, water acid-base disturbances and isotopic
backflux problems wers minimized by'determiﬁiﬁg solute ‘/fluxes over 3 h

imtervals only. Additionally, the boxes wers flush_ed for at least 10

" min {0.7-0.8 1 Hzo‘min.'l) between successive flux periods.

Branchial unidiractional Na* and C17 fluxes were determined on

. N . ' 2
separate groups of fish by monitoring the disappearance of 22

Na (as
[\:_[aCl; Amersham) or .3601 (as HCl; ICN). Approximately 1-1.25 uCi of

isotope (the amount added was increased gradually at each flux period

in an attempt to maintain a constant ratio of external to internal specific

¥

activities) was added te 2ach box and allowed to mix for 15 min. Jd=a -

initial 10 ml. water sample was removed following the mixing period and

another after 3 h. Activity of 22Na or 3601 was deterr\nined‘ immediately
on 5.0 ml samples while the remaining sample was frozen for subsequent
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ionic analysis (Na+, cr, k¥ and ammonia). Eight time periods were
. " .

identified as beinq'\n:ost interesting {3-6 h salihe; 0-3 h, 3-6 h, 9-11 h

and 21-24 h epinephri_n'e; 0-3 h',,3—6 h afmd 9-12 T “final saline) and-

were selected for flux determinations. Otherwise, fish were supplied

r

with continuous water flow. = . 7

———

\ I'd . .
Branchial ‘net acid fluxes were determined on a separate group of

infused fish (n = 5) from measurements of titratable alkalinity and

ammonia cencentrations (see below) on initial and final water samples.
. Nt ‘

analysis and calculations ~

=

. ' s a .
Na \and E“‘)Cl;acti\.fities were determined on {ml water samples by
-~ .

liquid scintillation countin'g (LKB 1215 Rackbeta). Water éoncentrations
of Na't -;ﬁd K" were determined by flame photometry ({EEL Flame
Phatometer); concentrations of t Cl': were measured by amperometric
titratic;n (Buchler—Cotiove Chloridometer). Total ammonia.concentrations

were determined using the method of Verdouw, vanEchteld and Dekkers

(1978). Net fluxes (J__,) for these electrolytes and unidirectionnal

fluxes (i.e. Iin' Iout) for Na® and Cl~ werd determined according to

Maetz (1956). Accordingly, influxes (Iin) and net gains by the animal
have positive signs while effluxes (Iout) and net losses have negative

signs.

Titratable alkalinity was determined on 10 ml water samplgs by

\ T

titra{ing to pH 4.00 with 0.02 M HCl as describad by *AcDonrald and

’

 Wood (1981). The net branchial acid flux (Inet}{+) was calculated- as

the sum of the titratable aci@ity flux (ITA; i.e. negative titratable

PR : ) t
alkalinity) and ammonia flubx (Iamm)"’ :

- A



| \ L~ -RESULTS

Occasionally, significant differences were noted between thegcontr 1

an@)experime’ﬁtal groups during the initial period of saline infusign

»

(Figs. 14b, 15a _and‘ 16a). ‘As a consequence, the results have been\
statisticaily analy-zed in 2 ways: 1)‘by using a pairad approach in .which
all values were. compared to the 1n1t1al saline mfusmq values, and 2)
comparing control and experimental values at Ldentlcal time periods
using a non—-paired.de‘sign. Saline infusion (contral group) had- no
pffect on any measured variable.

Infusion of epinephrine caused a reduction in the branchial net
fluxes of Nat and Cl _-('i.e. becoming more negative) indicating an
increase in net NaCl loss from the animal into the external envirdnment.

4

{lowever, thera were significant differences between the pattern of
J

netNa+ and Inetcr adjustment _dufing epinephriné infusion. tost

inportantly, the changes in J

netClq wers more rapid and of a greater
A

magnitude than the.changes in InotNaJr. The reductions in InatNaJ' and
. < i =

Inetcr both tended to persist upon'return to saline infusion (Fig.
l4a,b). Branchial InetK+ was slightly negative in both group%s and was
unaffected by epinephrine infusion (Fig. ldc).

-The redi:’ction in InetNa+ was due solely to e;n inhibition of sodi&m

influx (I.mNa"', Fig. 15a) whereas the larger raduction in Inetcr was a

result of C17 influx (]incf) inhibition (Fig. 15b) combined with
3 ‘

- . ~ : .+ -

increased Cl~ efflux (IoutCI , Fig. 16b}. <Changes in ImNa and ImQI

“were most prono'unced following 9-12 h of epinephrine infusion. ]’.mcf

had been restored to pre-epinephrine levels following 21-24 h while
' ' K

I.mNa+ ramainad slightl¥ depressed (Ffig. 15). Both I.mNa+ and Iincf
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Figure 14. The effects of prolonged 'intra-arterilal epinepf:riné intusi.on
on-branchial net fluxes o'f A) sodium,. B) chloride and-é)
potassiurr;. . Control .fish (open bars-) were ' infused with
saline continuously for 42 h while the epinephrine-treated
fish (hatched bars) were infused initially u.;ith-sal'me for 7
h (pre-epi). folloﬁed by 2:1 h of epinephrine in-fusion and
finally 12 h of saline infusion {post-epi). Asterisks denote
significant differences from pre-epinephrine values;
daggers de_noté significant differerices from corresponding
values in control group. n = 14 except where otherwise

indicated .
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Figure,15. The effects of prolonged intra-arterial epinephrine infusion

i

{hatched bars) on branchial. influxes of A) sodium and B)
chloride. Asteri-sk's éeno;e sigﬁificant ditfe;ences ‘from
pre-épinephrine values; dagger:s. denote significaht
differences from corresponding values in the control group

(open bars}. n numbers as " indicated. All' other details

are as in Fig. 4.
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Figure 16. The effects of prolonged intra-arterial epinephrine |
infusion (hatched bars) on bfranchial effluxes ot A)
sodium and B} chloride. ‘Asterisks denote significant
diffe?@ncas from pre-epinephrine values‘; daggers denote

- significant differences trogn corré’spondinq valuz in the

contlrol group (open bars}. n numbers as indicated. All

other details are as in Fig. 14.
1]
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were not significantl\y different from pre-epinebhrine values during. the

final saline infusion péﬁod- Ioutcr remained elevated until 3-6 -h of

the final saline. infusion (Fig. 15).

-

As'a‘consequence of the differential effects of epmephrmb on the
branchial un1d1rect1ona1 fluxes oli 'Na and Cl7 (sece abova), a

physiologically blgmhcant pattern emerged witp respect to  the

Fl

L . . _ -
dtffer\gnce between InetNa and ]netm Unet -7 Cl; Fig. 17).

net
+

J_ _.Na - J

et Cl” was elevated rapidly during epinephrine infusion,

net

peaked between 3 and 12 h of infusion and was returning toward

—eni : by 21-2 “(Fig. 17). + - .
pre~epinephrine levels by 21-24 h -(Fig. 17) InetNa' Inetcl was

*

unaffected by further saline infusion. E’Bsed on en{pirical evidence

(‘N’Bocf, Wheatly and Hobe, 1984), the magnitude of InetNa+ - I Cl- is
the prime determinant “f Dbranchial net acid excration (]

17).

Indeed, in the present study, a positive- relationship. was observed

nPt

between J - ]'n t"l and net acid excretion- (Fig. 1%3). Although

netl

the relationship was ‘somewhat} obscured by a high degree of variability,

it is clear that branchial extrusion of acidic equivalents was greatest

{i-e. Inet'H+ becoming less positive) when J Na® - 7

et cl” also was

net
zlevated, i.e. during the first 12 h of epinephrine infusion (Fig. 13).

Two variables contribute to the calculation  of InetH+: these are

4

titratable_alkalirnity flux (ITA) and ammonia flux In the

(Iamm) :
present investigation, the elevation of net acid extrusion (Fig. 13c) was

-due entirsly to a resduction in ITA (Fig. 19a). The minor changes ‘in

Jpa during the final saline infusion werz offset by similar

-signifi = i amained stant.
non-significant changes in Iamm such that Inetd r2main con' a
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Figure 17. The effects of prolonged intra-arterial epinephrine

infusion on the arithmetic difference between sodium and

L) 4 3! - + " - 3 .
| chloride net flux (InetNa .}netgl. ). Asterisks denote

significant ditferences from pre-eépinephrine wvaluss. n

numbers as indicated. 4 /

/

_———
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ne " < : + - - .
Figure 18. The relationship between InetNa Inetm and. branchial

net acid excretion in the trout, Salme gairdneri. The

data were collected during prolonged intra-arterial

6., See text for
-~

\1

i
infusion of saline or epinephrine; n

further details.
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Figure 19. 'The effects of prolonged intra-arterial infusion- of

apinephrine on branchial- net fluxes of A) titratable

- acidity (ITA), B) ammonium (] ) and - C) acidic

amm

rquivalents (Inetl-l+). Asterisks ‘denote significant

n
()]

differences from pre-epinephrine values. n



- g

Jva (pM-kg™'-h™")

Jamm (uM-kg™'-h™")

Jnet HY (uM-kg™'-h™")

L4300

" =200

Epinaphrine

Post-api

+200

+1001 '

3

~-100

-300

Time (h)




) DISCUSSION ‘ &‘
o
The effects of catechdlamines on branchial _solute fluxes |

freshwater fishes have been investigatea previously in some detail using

isolated, ' saline-perfused gill preparations (Payan et al., 1975; Payan,

1978; Payan, Mayer-Gostan and Pang, 1981 Girard/ and Payan, 1977,

1980; Perry et al., 1984a). The conclusions based on such perfusion

experiments have been subjected to\‘ criticism for a variety of reasons

including the use of abnormally high levels of catecholamines in order to
1

elicit effects, difficulty in distinguishing . between specific effects of

céte&holamines and second'arfﬂ( effects caused by haemodynamic

adjustments, and non-physiological conditions of perfusion {2.g. lack of

dorsal aortic pressure). - In the present investigation, we have

evaluated the effects”of epinephrine on branchial solute fluxes in the
intact fish using levels of this catecholamine consistent with those
measured during a variety of stressful conditions (6.2 x 10"8 M oafter
four hours of continuous intra-arterial infusion; sze also Table 1)4,. A
comparison between the present results and those of previous perfusion
studies reveal some common features but also considerable differences.
Unlike the results of perfused trout head experiments, which show a
marked stimulatory effect of epinephrine on Na+/NH4+ exchange (Payan
et %1_-, 1975; Payan, 1978; Girard and Payan, 1977), in vivo infusion
actually caused significant inhibition of Na* uptake that was not
associated with lowered ammonia etflux.‘ On the other hand, inhibition
of Cl7 uptake (Fig. 15) is consistent with the beta-rsceptor mediated
inhibition of branchial'ImCI_ in t‘he perfused trout head preparation
(Perry et al., -198@. Reasons for these discrepancies are unclear
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although we speculate that branchial * ionic uptake in 4 some earlier
perfusion stuélies may have been limited by thé diffusive prope-rties of
the ,gi:h epithelium such as surfa‘ce area and thickness of the diffusion
barrier. If this were'so, epigephrine may have st'lxnulated ].mNa+ in
previous studies simply by increasing the diffusive conductancre of the
gill via lamellar recruitment (Booth, 1979) in a similar ?narm’er as for
oxygen transfc;»r {Pettersson, 1983; Perry et al.., 1985). It is unlikely -
that active ionic uptake is diffusion limited in the intact an_imal.

The results presented here suggest an important role for
epinephrine in acid-base regulation and arz consistent with observations
of elevated levels of circulating catecholamines during conditions of
internal acidosis induced by intravascular acid infusion { Boutilier et .
al., 1986), exterfxal hypercapnia (Perry et al., 1986a), exhaustive
exercise (Opdyke ca_f al., 1982; Primmett ot al., 1986; see also Vood and
Perfy,'1986) or acute hypoxia (Fievet et al., 1986’); Based on those .
observations and the stimulatory effect of clevated plasma [epinephrine]
on branchial excretion of acidfllc equivalents reported here, €t is
tempting to assign a role to epinephrine in the compensatio.n of
éxtraceilular acidoses as speculated by Perry et a_l-_éjf%ﬁa) during
regulationdof hypercapnic.gr_:_igl_psis- Certainiy a role for epinephrine in
acute erythrocyte acid-base balance has alrsady been established
(Nikinmaa et al., 1984; Boitilier et al., 1986; Primmett 2t al., 1986 see
also chapter 2). However, the elevations of plasma epinephrine levels
during persisfent acid-base disturbances have been shown 13 be
transient (Boutilier et al., 1986; Perry ot al., 1986) so other factors

likely are involved in the ragulation of chronie acid-basaz disturbances.
—
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Based on strong ion difference the_ory (i.e. blood pH is determined
by thc,\ dlfferenCP between strong cations -and anions; Stewart, 1981)
and empiru,al data (Wood et al., 1984) it is apparent that the magnitude
of net branchial acid excretion ultimately depends upon the arithmetic
difference between InetNa+ and 'InetCl- across the gill. Typically, the
ragulation of dept;essed extracellular 'leH caused by -respiratory

disturbances is characterized by an increase of branchial Inet

‘Tnetcr (Cameron, 19765 Wood et al., 1984; Claiborne and Heisler,r 1984;

-

Perry et al., 1986a) that is believed to result from 'dyn;afnic manipulation

of the influx and/or efflux rates of these jons. The relationship

s

* €1~ and gill acid excretion apparéntly stems from

Na - T

between J net

net
the relationship between the exchanges of Na* and Cl.- for acidic and
basic equivalents, respectively. Epinephrine infusion, in the absence
of any external acid-base disfurbance, caused similar increases in
InetNa+ - Inetcr and net H™ excretion as has been observed during
actual a;id—base perturbations. It is clear, however‘%hat the changes
in. J__Na® - J _,Cl” did not result from simple modifications in the
ratas of Na® and Cl7 influx but to complex and differential adjustments
_to both influx and efflux.-Indeed, the apparent stimulation of Cl” efflux
in the absence of any effect on Nat efflux or X' net flux suggests
independant control of the passive outward movement of these ions.
Such a_‘scheme,, however, is difficult to explain given that salt less in
freshwater fishes is thought to be governed by gill diffusive
properties. Regardless of the mechanisms involved, therz-is little
doubt that epinephrine enhances the extrusion of acid equivalents into

the external environment which should be reflected by elevated levels of

B0
T
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bicarbonate in-ythe plasma. In chapter 2, it was demonstrated that —

plasma [HCOS] i

Treased by approximately 1.9 mil between 1.5 and
10.5 h of epinephrine infusion over and above the increase attributable ‘}\

to non-bicarbonate buffering. Assuming that plasma HCO

; s in ’
equilibrium with the extracellular fluid (ECF) compartment and an ECF

volume of 274 ml'kg™! body weight (Hobe, Wood and Wheatly, 1984),

approximately 525 umol'l{gal-of additional acidic eq_uivalents must have
‘been excreted across the gill. Our calculations indicdate that additional
branchial‘.AI-I"' excretion over this particular peric_)d could ac;t;unt for the
removal of about 1800 umol".cg-l, an amount well in @xcass of the
caléulated increase in ECF [HCOE]. Such a discrepancy may ha;ve

o

resulted from the tfansfer of HCOE between extracellular and

iritracellular compartrﬁents. Lo
Although the results obtainad in the present study suggest a

distinct role' for epinepﬁrine in the regulation of branchial acid

excretion, the possibility of interactive factors being involved cannol be

ruled out. One such factor is the acidosis induced by epinephrine

infusion. T2 our knowle;dge, the diract effects of reduced blood pH on

branchial écid' excration have not been evaluated; however, the

transient and relatively minor extent of the acidification indicate that

. direct pH effects probably cannot account for all »f the various

physiological responses observed in our study. Certainly, branchial

det H' excretion remained elevated and other branchial effects also

persisted even after plasma pH had been restored to pra-infusion

values. Spécific effects of raduced pH on branchial ionic fluxes raraly

have b-een investigated, although Payan (1973) reported that Na© uptake
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was inhibited in the perfused trout head preparation following
acidification of the perfusion fluid. In a similar p-reparatiorn, Perl’y et
al., (1984b) noted that hypercapnic acidosis of the internal perfusate
caused a stimulation of Cl7 uptake.. It is difficult to réach a conclusion
on the possibility of dirsct pH modulation of branchial ion uptake-
processes —given the paucity of available data. Other experiments
designed to investigate the relationships between internal acid-bése
status and gill ionic uptake -have been performed on int:act animals in
which secondary events such as catecholamine mobilization could not be

controlled. Certainly, this is an ar=a of research that warrants further

investigation.
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CHAPTER 5

THE EFFECTS OF PROLONGED EPINEPHRINE INFUSION ON 'THE

PHYSIOLOGY OF THE RAINBOW TROUT, SALMO GAIRDNERI

III. RENAL IONIC FLUXES.
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INTRODUCTION

Dynamic rrianipulation_s of both branchial and renal acid excretory

-

mechanisms have been postulated as important means ‘of .acid-base *

regulation in fish (see reviews by Cameron, -1978; Heisler, 1984i.
Although direct ﬂmodu:?tﬁ{\ of these ' pathways during acid-base
tra

disturbances was demo ted, “the magnitude of the branchial/renal

partitioning of acid or base excretion during correction of acid-base'

disturbances has not been clearly est-.‘alblished and may be related to

spacies differences ' as well as to the nature of the acid-base

disturbance. The variable nature of the involvement of the fish kidney
" in acid-base regulation s indicated by reports of compléte/renal
compen‘sation (Wood and Caldwell, 1978), wminor renal compensation
(Wheatly et al., 1984), or complete lack of renal compensation (Evans,

1982) .Eollowing imposed internal acid loads. Regardless of the

contribution of the kidney to ‘whole body acid excretion, it is likely to

blay an important role in preventing filtered HCOE from being excreted

in the urine by linking acid sgcretion to HCOE réabsorption {Wood and
: 4 .

Jackson, 1980; Wheatly et al., 1984) in a similar manner as in’ mammals

(Pitts, 1974). The prevention of urinary HCOS loss ‘1.5 crucial for
successful acid-base regulation  in fishes because of the reliance on
plasma [!-{COE] adjustments to cor;;:{ipﬂ disturt?a;;;s ;i’Hei:'slér:
1984}). ;
. :
Parturbations of blood acid-base status hkave been shown ‘to -rﬁluse
elevated plasma 1eve;ls of epinephrine.ir Such elevations appear to
interact with branchial acid extrusion mechanisms to enhance net acid
excretion (chapter 4) thereby elevating plasma pH. The interactions of
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epinephrine with renal lonic anrd _acid-base excretory mechanisms,
hWowever, have not. been evaluated. 'In this chapter, a detailgd
examination 15 conducted on the effects of cohtinuous intra-arterial
epinephrine infusion on renal eXcietion of electhplytes and acid-base

A
equivalents in order to assess the role of epinephrine in controlling

renal compensation of acid-base disturbancés.
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MATERIALS AND METHODS

The experimental qonditiéns_, and treatment of animals vefore and
during experiment-ation were as described in chapter 2. Fish were
fitted with dorsal aortic cannu.lae and urinary catheters ‘and only fhe
fish in which'.both cannula and catheter were patent were used for
experimentation. Continuous urine‘ collection for ~the duration of the
“axpariments N;xs accomplished by allowing the urinary catheters to
dréin, by gravity, into plastic vials .located below the acrylic holding
:boxes. |

Urine was collected during a preliminary 3 h saline infusion

period; during a 24 h epinephrine or saline infusion period (between.

0-3 h, 3-6 h, 6-9 h, 9-21 h and 21-24 h) and during a final 12 h
period of post-epinephrine saline infusio'n (0-3 h, 3-6 h, 6-9 h and é-l‘.’.
h). Urine samples were analy.zed immediately upon collection for pH,
total CO, (Cggy) and volume and were then diluted 10X, acidified (1%
v/v) with 1 N nitric acid and left frozen at -20° C until further éssays
could be performed. Samples then were thawed and total ammonié,
phosphate, Na+, cl, kY and Ca:"+ concentrations were detérmined. .

Urine from a separate group of five infused fish was titrated
immediately upon collection to determine the titratable component (TA -
HCOE) and the npon-titratable componf-:fnt (ammonia) of urinary acid
excretion. Total urinary acid excref%on was calculated as the sum of
nrinary [(TA - HCOE] and total [ammonia] multiplied by urine flow
rate (UFR).

Electrolyte Analysis

Urine pH was measured using a micro capiilary pH electrode
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(Radiometer 3299A) in conjunction with a Radiometer PHM 71 acid-base -

analyzer and BMS3 MK2 blood micro system. Co, was’ rneasu'redh:'rf
Vinject'mg evolved gas into a gas chromatograph (Carle AGC Series 100)
" following acidification of 100 ul of urine with 2 ml of HCl {1 N} in a
gas-tight syringe (Hamilton) that had previously been purged with N2
(ultra-high purity). The total ammonia concentration of urine was
determined wusing a micro—modificatioh of the _saLi%ahe-hypochlorite
technique (Verdpuu;, vanEchteld and Dekkers, 1978). UUrine Qhosphate
and calcium levels were measured using commercially available kits
(Sigma). Potassium and sodium concentrations weré n;ietermined by
flame photometry {(EEL Flame Photometer) and chloride concentrations
were measured by ampe‘rometric titration  (Buchler-Cotlove
Chloridometer}. -

Ur‘mary_[TA - HCOE]‘was measured by adding a known volume
of 0.2 N HCL to 200 ul of urine in order to lower the final pH below
5.0, then vigourously aerating and agitating the sample for 13 min :to
remove COZ' NaOH was then gradually added using a microburet
(Gilmont) to restore urine pH to the blood pH representative of the
particular sampling period (see chapter 2). The difference betweenthe
quantities of acid and base added to the urine vyielded the titratable
component of urinary acid excretion.

Urinary effluxes for ammonia, phosphate, Na*, c17, k¥ and Cat*
were taken as the product of urinary concentrations of thf electrolytes

multiplied by UFR. Renal clearance ratios for these =lectrolytes (C){)

were calculated using the following equation:
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Cy =_(X] UFR ‘ - . (2)

where [X]u and [X]p represent the concentrations of thle particular
electroiyte in the urine and plasma, raspgctively ffor plasma '
con&:éntratiohs, see chapter 2) and GFR is assui%ed to be 1.77 x UFR
{Holmes and Stainer, 1966). A linear relationship between UFR and GFR
has been demonstrated (Hoftmann and Butler, 1979) thus the conversion
factor of 1.77 is assumed to be constant over the' range of experirﬁental

urine flow rates.

Statistical analysis

Due t-o variability betWeen the control and experimental groups
(although not statistically different), much of the data\have been
presented as abgolute changes frb'{l the initial control or experimental
value during the initial period of §a1ine infusion. For simplicity and
clarity, only the absolute values/g; the experimental group have been
indicated. The results were statistically analyzed by comparing the

AN

sample means of control and experimental animals at /identical time

|

I -
periods using two-tailed pairzd and unpaired Student's t-tests. 5%_\was

accepfed as the fiducial limit of significance.
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Considerable differences were observed between control ‘and
experimental values during the initial period of saline infusion for many
of the measured renal variables. Such differences, although never
statistically signitica'nt, tended to obscure actual ehant;es during
epinephr"u;e infusion. Thus, for reasons of clarity,, much of the data
have been presented Afhs absolute changes f;'o:n the initial saline infusion
values. For simplicity, in such instances, only the absolute
ialre-epinephri.ne infusion values from ‘the experimental group have becn

reported.

An immediate and pronounced effect of epinephrine infusion was a
. "

transient increase Tn urind Iow rate (UFR) tnat returned to normal
levels following "9 h of infusion {(Fig. 20). Upon return to—.saline
infusion, there was a sigﬁnificant reduction of UFR. Ian a similar
manner, epinephrine caused a significant depression of urine pH during
the first 9 h of administration whereas return to saline ipfusion caused
—urine pH to increase {Fig. 29). Associated with the raduction of urine
pH was a short-lived elevation of urinary acid éxcretton primarily due
to 2 stimulation of the titratable component, (Jp, - HCOS) (Fig. 21),

although ]a'nm also increased in a non-significant fashiori. Similarly,
i- _,..:_.--

/

renal acid excretion was reduced during the post-spinephrine period as

pe ]

a consequence of both altered (Jp, - HCOE) and J__. (Fig. 21).
Urinary CCOZ was constant throughout the epinephrine infusion period,

'but was consistently elevated during the 12 h post-epinephrine périod

{Fig. 21).

——

R . . R . . +
Large and persistent incrzases in urinary czoncentrations of MNa

83



o

Figure 20. The effects of prolonged intra-arterial i}lfﬁsion of
g epinephrine on A) urine pH and B) urine flow rate
(UFR). Control fish (open bars) were Infused
cont.inuously with saline for 42 h while"”tl}jle__
apinephrine-treated (hatched bars) fish were infused
initiall-y for 7 h with saline (pre-epi) followed by 24 h of
epinephrine infusion and finally 12 h of saline infusion
.r' (post-epi). lAste'rislcs denote significant differences’ from
pre-epinephrine values; daggers denote significant

differences from corresponding values in control group. =n

numbers- are as indicated.
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Figure 21. The effe-cts of prolonged intra-arterial infusion of
2pinephrine on the renal efflux rates of A) titratable acid
minus bicarbonate (Jqp, - HCO'E; measured as a single
component), B) ammenium '(INHZ), C) acidic equivalents
(InetH+) and D) total urinary CO, levels (Cggq)-
Asterisks denote * significant differenc‘es from

pre-epinephrine values; n = 6 throughout.
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The effects of prolonged intra-arterial infusion of
epinephrine (hatched bars) on urinary coneentrations of
A) sodium, B) chloride, C) potassium and' D) calcium.
Data have been plotted as absolute changes from the
values during an initial period of saline infusion
{(pre-epi). Daggers denote significant differences from
corresponding values in control group (open bars). n

numbers are as indicated. All other details are as in

Fig. 20.
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~and Cl17 were observed during epinephrine treatment with‘[Cl_]
increasing to a greater extent than [Na"'] (Fig. 22). The changes in
urine ?i’eﬂa"'] énd [Cl7] were due to -cpinecreased tubular reabsor}ztion as
indicated by increased renal clearance ratios (Fig. 23). Urine K%
concentration also was increased (Pig. 32), but the renal clearance ratio
for K¥ was not significantly elevated except at one time period (betwsen
73-12 h;“ Fig. 23) suggesting that the increase of urine [K+] probably
was not due to altered tubular functioning, but simply due to the
“increased K% levels in the blood (chapter 2}. Urine Ca* levels were
unaffected by epinephrine irifusic;h although renal ¢a2+ efflux wds
markedly elevated, primarily due to thé increase in UFR (Fig. ”?.4).
Rer‘.al efflux rates of Na™, bl" and K*’ (Fig. 24) were greatly stimulated
due to the combined effects of decreased tubular reabsorption (Na+ and
Cl1” only) and increased UFR. The effects of epinephrine on urinary
ionic 2xcration were most evident during the first 12 h of infusion (Fig.
24).

The effects of epinephrine on the renal handling of the tw;) most
osrevalent urinary buffers, inorganié: phOSphatel(P;) and ammonia,
are shown in Figs. 257 and 26. Urine P, levels incraased '
.throughout epineph_rine infu‘sion {Fig. 25A) but due to the large
variability of the data, no ind/’i‘g_idual value could be shown to oe
significantly different from cor?trol values. A statistical Eamparison
between the overall mean value of the epineph:;'me trzated group and
the overall mean value of the control group during this 24 h period,
however, proved to he highly significa;qt. puring the post-epinephrine
;‘)eriod, when urine pH was significantly elevated, urine Fi was greatly
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Figure 23. The effects of prolonged“ intra-arterial infusion of
epinephrine on the- apparent renal clearance ratios for
major urinary eleétrolytes. Renal clearance ratios wero
calculated using an esti:—nated GFR .of 1.77 x UFR "and
have been plotted on a logarithmic scale. Asterisks

denote significant differences from pre-epinephrine values.

n numbers as indicated for NH? (top). See text for

- further details.
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Figure 21. The effects of prolonged intra-arterial infusion of
epinephrine (hatched b'ars) oﬁ ‘renal efflux rates of A)
sodium (JNa®), B) chloride (JC17), C) potéssium kY
and D) calcium (IEaZJ’;. Data have been plotted as
a2531ute changes from the values during the period of
initial saline infusion (pre-epi). For clarity, only the
absolute \}alues of the experiinental group ara shown.
Daggers denote signific‘ant differences f-rdrrY correspondiﬁg

values in ‘control group (open bars). n numbers are as

indicated. All other details are as in Fig. 20.
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Figure 25. The effects of cohtinuous intra-arterial ingusion of
epinephrine (hatched bars) on _u_r~‘1nary concentrations df
.“ A) inorganic phosphate (Pi) and B) ammohia.' Data have
been plotted as absolute ”changes from the values of the
experimental group during the initial saline infu.sion

{(pre-epi}. For clarity, only the a(psolute values of the

experimental group during the initial saline infusion are

¥ ‘
. shown . Daggers dehaote significant differences from
 corresponding values in control group (open bars). n
numbers as indicated. j
—
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_ Figure

26.

The effects of prolonged intra-arterial @ infusion  of
epinephrine (hatched ba;s)"o‘n “renal”a#fflux rates of )
inorganic phosphate (Ipi) and B} ammonia (Iammonia)'
Data have been plotted as absolute changes from the
values during the period of initial saline infusion_
(pre-e{:i). For clarity, ohly the absolute values of the
experimental group during the initial saline jnfusion are
shown. Daggers denot2 significant differences f{rom
corresponding values in contral gfoup (open bars). n

numbers are as indicated. _ .
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Figure 27. )The effects of prolonged intra-arterial infusion of
epinephrinéﬁ_‘ on renal excretion charge balance.

Bicarbonate concentration ([HCOS]) was calculated from

hrd

the concentration of titratable acidity minus bicarbonate
-0 : ([TA‘- HCOS]) assuming that HZPO:’: accounted for all |
TA. HPOi" and H,PO, concer;\trations were calculated
from the Henderson-Hasselbalch gquation using the
measured levels of total inorganic phosphate, urine pH and
a pK value of 6.86. Urine anions and cations were
sampled at identical times; note that concentrations are

given in qu‘l_l. See text for further details.
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reduced due to an increase of tubular Pi reabsorption by a factor of 3X
(Fig. 23). Renal excretion of Pi changed in a similar fashion as urine

Pi concentration. During epinephrine infusion, the urinarf

concentration of ammonia decreased (Fig. 25), but due to the increade
_ - 3

of urine flow rate, to%al Je,lmm_onia afflux remained relétively constant
{Fig. 26) even thougt; 't;enal tubular secretion of ammonia decreased
significantly (Fig. 23). |
Fig. 27 summarizes the effects of epinephrine on renal electrolyte
‘excretion.” It is evident that prior to epinephrine infusion, a state of
charge balance existed‘ in the urine with only a minor cationic
‘component of the urine unaccountable (<8%). Epinephrine infusion
caused large incrzases in overall electrolyte excretion; however, the
excretion of measured anions increased to a greater extent than .
measured cations such that charge halance was not possible without the
addition bf an unknown cation. I£ is speculated that this cation is

magnesium.

99



- DISCUSSION

The values noted in the‘,prese‘nt study fof renal electrolyte and
acid excretion in control fish are considerably greéter (appr.aximately
1.5-2X) than those associated with resting and non-stressed rainbow
trout (e.g. Wood and Jackson, 1980; McDonald and Wood, 1981;
McDonald, 1983; Wheatly et al.,.1984). These differences weres not
ralated to altefed tubular reabsorption or secratory mechanisms because
urine electrolyte concentrations and renal clearance ratios were similar
to values reported in ‘earlier studies. Instead, it is likely that elevated
renal excretion rates resultad from abnormglly high urine flow rates
{approximately '1.5—?,){-- greater than usually reported; e.g. Wood and
Jackson, 1980; Wheatly et al., 1984; Fig. 20) that in turn were a
consequence of the saline infusion process. Previous studies (Wood and
Caldwell, 1978; Kobayashi and Wood, 1380) as well' as our own
unpublished obser‘;ations,' have  indicated that urine flow rate is
increased rapidly by plasma volurﬁe loading following either single
intravascular injections or continuous infusion of saline. In the present
study, an attempt was made to minimize plasma volume changes by
infusing at»a low rate (0.6 ml'h‘l) but clearly, even this low rate of
infusion was capable of elevating glomerular filtration rate. 7Thus, no
claim is made that renal excretion rates reported herz are indicative of
true regting values, but nonetheless the methodology employed did allow
a valid assessment of the relative effects of elevated plasma levels of
2pinephrine on renal function.

Further problems associated with -analyzing urine collected
continuously from gas-permeable urinary bladder catheters have been
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discussed in detail by Cameron and Kormanik (1982}. Briefly, these

inglude the inability. i} to collect urine under anaerobic conditions

thereby leading to CO, loss from the urine and concomitant pH

‘

fluctuations and 1ii) to assess the role of the urinary bladder in
acid-base/ionic regulation since the catheterization tachnique only
enables the collection of continuously voided tubular urine. Of course,

under normal conditions, urine resides in the bladder for variable
h Y

periods of time before being excreted.

Epinephrine induced numerous and pronounced changes in renal
function, man‘;r of which suggest a role for epinephrine in the contral of
renal compensation of acid-base disturbances. The epinephrine-induced
effects on renal variables that are consistent with compensation of
internal acidosis included transient elevations of urine flow rate,
rhosphate 2xcretion and net acid excretion, as well as depressed urine
pH. On the other hand, the persistent reductions of urine ammonia
levels. and ammonia excretion ~ rate that were2 observed during
epinephrine infusion certainly are counterproductive with respect to
compensation of internal acidotic conditions because ammonia as well as
contributing to net acid excretion, is an important urins buffer. "l‘hese
changes in the renal handling of ammonia werz rela:’ted to pr %unced
reductions in tubular ammonia secretion and may serve to explain why
marked reductions in urine pH during thé first 9 h of epinephrine
infusion causec{ only minor and very short-lived increas=ss of net acid
excretion. The functional significance of decreassd ammonia sr?cretion
during conditions of elevated‘ epinephrine is unclear ’but may e related
to the constraiﬁts of urine charge balance or an attempt to mninimize
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changes in urine buffering capacity during the périod of er;hanced
phosph'ate excretion (Fig. 26). The increase in renal phbsphate
excretion was dLlle to the combined.effects of elevated urine flow rate,
non-significant decreases in tubular reabsorption, and increased renal
filtration in the latter stages of epinephrine infusion due to elqgfd

plasma phosphate levels {chapter 2). ,

Although rer‘f*Ql net acid excretion was not greatly stimulated by
epinephrine infusion, this does not preclude a role for epinephrine in
renal compensation of acid-base disturbances. Indeed, our results

]

suggest that epinephrine may be important in reducing the amount of

filtered HCO3 that actually is excreted in tEé urine. This suggestion
is based on the fact that plasma HCOE lavels increqsed significantly
during epinephrine infusion (chapters 2,3) yet urine HCOE levels
remain=d constant and subsequently increased during the
post-epinephrine infusion period { Fig. 21). Thus, it is likely that
tubular HY secretion did increase during epinephrine administration,
without major impact on net acid excretion, in order to reabsorb the
additional HCOE that must-have appeared in the glomerular filtrate.
Similarly, we speculate that tubular H* secretion was diminished upon
retu‘rn to saline infusion thereby causing urine HCOs_' concentration to .
increase and net acid excretion to decreass significantly (Fig. 21). It |
is important to point out that the primary role of the freshwater teleost
kidney in the compensation of respiratory acidosis is considered to be
the prevention of excess filtered HCOE from bj’\?g excreted (‘.Vood”and
Jackson, 1980; Wheatly et al., 1984; Perry et al., "1986G) thereby

allowing plasma HCO3 levels to rise until pH is ‘restored. This scheme
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also r;ecessitates increased tubular H* saecretion that may, basad on our
results, be dependen.t upon elevated epinephrine levels.

The marked increase in urine floy observed during the initial 9 h
of epinephrine inf.usioh- was probably iwt due to plasma voldme changes

as all fish were pre-infused at identical infusion rates with saline.

However, the possibility of water movements from intarstitial to vascular

compartments cannot be discounted. Other possible causes of elevatad
UFR are decreased tubular reabsorption of water and increased systemic
blood pressure. We consider the latter to be the mostﬂlikely possibility
given the known effect of single. epinephrine injections in raisihg
systemic blood pressure (Wood and Shelton, 1975; Pettersson and
Nilsson, 1980; Farrell, 13981}y due to alpha-adrenergic stimulation (see
review by Nilsson, 1984). It is interesting that UFR returned to contral
values during the latter stages of epinephrine infusion and then
decreased significantly below contral values upon return to saline
infusion (Fig. 20). Various other renal variables (pH, -Inet1{+' [Pi]'
IPi) rasponded in a similar manner. These results suggest that it may
not be the absolute levels of plasma epinephrine that ultimately affect
physiclogical function but sudden lchanges in epinephrine levels. Epple

and Nibbio (1985') reached a similar conclusion with respect to the

catecholaminotropic and glycemic effects of catacholamines in the «oel

{ Anguilla roétrata) .

Due to the constraints of charge balance, urine equivalents of
anions and cations ({valencies coryidered) must bHe equal. Given the
number of measurements perfor%:e/ci and the errors associated with each,
1 am satisfied that such a balance did exist during the pre-epinephrine,
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and throughout ;:most of the post-epinephrine infusion periods (Fig. ?.7').

The minor “cation gap" that did exist {(i.e. [C17] + [HCOS‘"

(4,p0,7) + 2(HPO,2T) - [Na'l - 2(Ca®*) - (K*] - (NH,D

+

presumably reflected a ra;io of unmeasured cations to unmeasured
anions that was greater than unity and relatively cénstant during the
saline infusion pex;"i‘ods. The principle unmeasured ions’ likely were
magnesium and sulphate. The _mechanisms involved ‘in the renal
excretion of sulphate andw magnesidm in fresh wa‘t'er fishes have not

been studied in detail, but recently Oikari and Rankin {1985) Dhave

demonstrated that trout are capable of either net sacretion or net

reabsorption of magnesium depending on plasma Mgz+

status. Thus, the
pronounced increaser in the magnitude of the "cation “gap" dur'mrg
epinephrine infusion may have been due to altelred renal handling of
magnesium.

[t has begn proposed that circulating _catecholamines‘are-importan't.
for mediating osmoregulatory adjustments following'transfer betweesn
freshwater and seawater (Mazeaud and iazeaud, 1981; Eddy, 1981_).
Jur rasults suggest that epinep;i.rine may be important in this regard
by decr=asing the rezabsorption of Na® and Cl™ ions therebyﬁ' stimulating
renal excration of NaCl. Such a response might be beneficial
immediately upon acute transfer to seawater when salt loading is maximal
and branchial ion extrusion mechanisms have not yet become aci_'.ivated.

In the last three chapters (2, and 4}, continuoﬁs infusion of
ppinephrine was used as a method to increase the circulating levels of

gpinephrine in rainbow trout, without submitting the animals to othar

stressors that are normally associated with elevated epinephrine levels
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(e.g. exercise or hypercapnia). Althoﬁgh distingquishing the effects _'or
epinephrine from the_.ief_fegts of the‘ acid-base disturbance which it
incurs is not possible given the present ex-perimerltal design, it is
apparent that epinephrine can pl{;\y an important‘role in the regulation
of acid-base disturbances. The epinephriné-induced maintenance of rbe
pH in the face of ‘whole blood acidosis, serves to ensure adequate

arterial oxygenation by preventing the deleterious effects of reduced pl

a

on haemoglobin function (Bohr and Root effects) (chapter 2,3).

Increased branchial acid-efflux (chapter 4) and renél acid secration,
that occur during epinephrine infusion, correct inte;nal acidosis by
allowing the' accumulation of HCOE {branchial acid efflux accounts for

approximately 85% of total acid efflux, with the kidney a‘ccounrtinq for
the remaining 15%). It is obvious from this series of experiments that
additional work is required to separate the effects of epinephrine from _

possible pH effects, and to further clarify its role in piscine acid-base

regulation.
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CHAPTER 6

ADRENERGIC INVOLVEMENT IN BLOOD OXYGEN TRANSPORT
AND ACID-BASE BALANCE DURING HYPERCAPNIC ACiDOSIS

IN THE RAINBOW TROUT, SALMO GAIRDNERI

-
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INTRQDUC‘fION

‘Elevated levels of circulating catscholamines (primarily epin'ephrin'e)
have Béen observed in several fish species ci‘x_Jring or following periods
_of acute internal acidosis. Ihvestigators have utilized a variety of
experir}lental protocols to induce acute acidosis (Nak§no and Tomlinson,
1967; Opdyke, et al., 1982; Perry, et al., 198'6a,b,;:: Boutilier, et al.,
1986; Primmett, et al., 1986; Butler, et al., 1986; Ristori and Laurent,
.1986). During -such strassful conditions, fish must cope wit’hf the
detrimental effects of the acidosis, per se, and also the deleterious
consequences - of reduced pH on branchial oxygen uptake and blood
oXygen transport d‘ue to Bohr and Root" effects {(e.g. Root and Irving,
a %3). Consequently, it has been suggested that the 'mcree.se-d ;;Iasma
;a}els of catecholamines asssociated with acidgsis in ~ fishes -may be
important for 4ptimizing’ oxygeﬁ transfer and transport as well as
ini-tiating a series of. acic.i-base rc?gulatory _responses (see: review by

4
. Wood and Perry, 1985). However, with few exceptions, the evidence

supporiz.ing a role for catecholamines in acid-base bhalance or control of
oxygen transport during %hysio}ogical acid-basz disturbances s
circumsténtial and has arisen primarily from studies (in vivo and Lr_1_
vitro) eka_min'mg the effects of abnormally high exogenous catechélarnine
levels on selected physiological systems (for relevant raviews, s2e
Nikinmaa, 1986; Woodf and Perry, 1985; Randall and Daxboeck, 1984).
In the przceding four chapters (2, 3, 4 and 5), it was raported that
prolonged intravascular infusion of epinephrine in rainhow trout
simulated the plasma levels of this "ormone measurad' during the 'mitial

few hours of i';'yrpercapnic acidosis (5:{10"8 M; Perry et al., 1986a) and
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promoted numerous branchial, renal, and erythrocytic responses
consistent x«;ith the suqqested' involvement'.of.-e"pinephrine in contralling
* blood acid-base status and oxygen content. ”'I‘hese results, obtainad at
physiological  epinephrine levels, demonstrate _ the potential for
eptnephrir;e to requlate acid-base disturbances, but dirsct evidence s
still lacking. |

In this' chapter,- a diract’ assessment of ‘the' ‘invoivement of
catecholamines in controlling arterial oxygen content and acid-base
status during hypercabﬁia will be attemﬁted by monitoring selected- -
blqod raspiratory and acid-base variables following selective alpha- or

beta-adrenergic blockade. . i

»
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MATERIALS AND METHODS

Experimental Animals:

Rainbow trout (Salmo gairdneri) of either sex, weighing between

110 and 2879 {(mean weight= 202 t 5.7 g(SEM)}; N= 70) wefe obtained
from Tﬁistle Springs Trout Farm, (Ashton, Oﬁfario) and transport'e_d in
oxygenated water to the University of Ottawa. Fish were maintained
according to the procedures outlined in chapter 2..

In Vivo Pro toéol

Dersal’ aortic cannulae were implanted into the rainbow trout
according to the animal preparation method‘s— outlined in chapter 2.
Maintenance of the animals was also as previously described in chapter
2.

Experiments consisted of monitoring: blood acid-base status and

respir_atory variables during 12 h of normocapnia or -=2xternal
hypercapnia (1%. COz) following pre-treatment of the fish” with alpha-
(phentolamine; Ciba-Geigy) and/or beta (propranplol; Sigma) adrenergic
antagonists. Propranolol and phentolamine were dissol\;red in saline
immediately before use. ‘The antago'nist solution was adjust;ed to a pH
of 7.8 and injected slowly intq the dorsal aorta (approxim‘ately 0.5 rﬁl)
at a dose of 2 mg'kg"l body :m'eight. Normocapnic and hyper—é;p;lic
control fish were injected in a similar manner Witkh 0.5 ml Cortland
saline (Wolf, 1963). - )

In normocapnic experiments, a blood sample (0.6 ml) was
withdrawn slowly 1 h prior to injection of the antagonist(s) and at 1,
4, 8 and 12 h following the injection. In hypercapnic 2xperiments, fish

*

were first injected with the antagonist{s} and a blood sample was taken
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1 h after this injection; hypercapnia was initiated and additionnal blood

samples were taken at 1, 4, 8 and 12 h. ('\~

Het, pHe, rbc_pH, total oxygen content (Cn,)., Coog and PO,
were determined immediately on eacl'; blood sample as described below.
Approximately 0.6 ml of saline was reinjected slowly into the dorsal
aorta aftar each sample, to partially restore bl‘oodl volume.

‘External hypercapnia- was achieved by equilibrating the inflowing
water with appr»ﬁimateiy 1% CO,2 (PCO2 = 7.5 torr). This was
accomplished by allc;wing water and 7% CO2 in air to, flow in opposite
dirzctions through a large surface area gas ‘exchange column.}; Surface
arza was increased by filling the column with marbles (diameter =-1
cm). By -carefully ,adjlisting the water flow rate through the column,
the PCOZ of the inflowing water could be kept constant for extended
peri-ods of time. Water flow was approximately 1200 ml“min ! and was
sufficient to supply inflowing water to 3 fish sin}ultaneously. A Wosthoff
.gas mixing pump (Model M301 A-F) was used to sup;oly the 7% 002 in

air.

In Vitro Proto'colz

Blood was wit‘ndfawn &slowly from cannulated trout that had been
allowed to recover from surgery for 48 h (.total number of fish used for
in vitro experiments = 20; mean weight = 177 & 1zig). The blood was
pooled, centrifuged, and some plasma lwas' removed to increase
hemaltocrit to approximately 25%; rbc's were resuspended in the plasma
and the blood was divided into two equal portions. One portion was for

——

immediate use while the other was placed on ice for Q within 2 h.

The blood for immediate ude was then dividad into 6 &ound-bottom
’ ' 110 (.
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flasks (containing 100 units ammonium ‘hepa'rin) and placed in .a
temperature controlled, shaking water bath set at ambient temperature
(8°C % 29C). The blood was gassed with 0.2% carbon dioxide in
oxygen for 45 rpin, after Wﬁ'ich a 0.7 ml sample was removed. Blood was
then gassed with 1 or 2% 002 in 02 following the addition of either 20
ul of 2x1074 " epinephrine (dissolved in saline before use and pH_
c;xdjustn-:‘d to 7.8-8.0 with NaOH) or 20 ul of saline. The estimated final

4 R
concentration of epinephrine was 2x10 6 M. Samples were taken after

45 min of gassing. This procedure was then repeated with the blood

which had been placed on ice. Commercial gas mixtures (Air Products
Inc.) and/or a Wosthoff gas-mixing pump were used.

Hct, pHe, rbec pH, POZ’ 002 and CCOZ were determined

immediately upon blood sampling. Analysis of thess variables was as

@er:c;usly described in chapter 2. 002 was measurad utilizing the
met of Tucker (1967) using a Radiometer ES045 PO, electrode in a

chamber thermostatted to ambient water temperature.
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RESULTS | -

In Vitro Experiments: ‘ , -

The relatiaﬁship b’etween pl-Ie and rbec lpH, in vitro, is illustrated
in Fig. 28 and is given by the equation: rbc pH = 2.82 + 0.586 pHe.
This relationship was obtained by titrating blood with a .range of carbon
dioxide-oxygen gas mixtures between 0 and 2% COE. The extent of the
Root effect in trout blood was estimated using a similar protocol. The

data in Fig. 29 demonstrate that trout blood displays a pronounced

COZ' induced Root effect. A decrease in pHe from 7.85 to 7.40 (the

pHe reduction observed during hypercapnic acidosis, in vivo) caused

Cqyy to decrease by 29%. The Root effect ultimately is a function of the

~rbc pH and because the slope of the regression between pH, and rbe

pH was less than unity, the magnitude of the Root effect ‘asl'a function

of pH_ was considerably less than as a function of rbc pH (Fig.

]

28A,B).

r

The addition of 1077 K epinephrine to trout blood .did not abolish
the Root effect {Fig. 30) although it did reduce the extent of the
oxygen content depression. The data have not been statistically

analysed because the experiments were performed on blood pooled from

,G animals. * The means by' which epinephrine reduces the magnitude of

the Root effect may involve mechanisms 6ffler than preférential rbc pH
regulation because in thié particular experiment,.- rbc pH was not
markedly increased by epinephrine treatfnen; although the pH gradient
across the rEc membrane (DHe -~ rbe pH) did decrease substantially.

In Vivo Experiments:

Serial blood sampling and resultant anemia caused 002 to
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Figure 28: The in vitro relationship between pHe and rbc: pH at
10°C. The relationship'was _obtained by equilibrating
pooled rainbow trout blood obtained from chronically

- catheterized fish (N=20) with a range of 002 tensions

from 0 to 2% COz in air.

N
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Figure 29: The CO, induced Root effect in rainbow trout blood at

)]
10°C in vitro expressed as a function of A) rbec'pH or B)
pH,. Values of r for both relationships are statistically

R

significant (P<0.05).
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Figure 30: The in vitro effects of increased blood--PCO,, in the

absence or ©presence of ‘elevated epinephrine
(approximately 2x107° M;%¥stipled bars), on A) blood
oxygen content (Cn,,}, B) whole blood pH (pH,), C) red

blood cell pH (rbc pH) and D)} the rbc transmembrane pH

{ grradien‘t (pHe - rbe pH). Values were obtained from.

4

blood pooled from 6 chronically catheterized rainbow
trout, hence standard error barss have not been

included. See text for further detailsg.
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Figure

31. The in vivo relationship between arterial total oxyge‘n

content (Co"z) and hct. This relationship was obtained
from 6 chronically cannulated fish from which ‘five
consecutive Dblood samples were removed, according to
the sampling protocol for ex.perin;lental fish. This
relationship was used to account for sampling -dilution in

experimental fish. Value of r is significant (P<0.05).
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¢
decrease regardless ‘of the treatment. < For this reason, both absolute
and corrected C., 'values are presented in:the figures. " The corrected
002 values were obtained by adjusting the absolute 002 according to
the inverse relationship: between COZ an.d het that was established in
saline-injected nbrmocapnic fish (CIO2 ='Q.1S‘hct + 2.40; from F‘ig..
31). Due to the variability of the initial hcts amonq—treétment groups,l |
all initial Cozfs were standardizeld to a starting hct of .25%, once again
using the relationship COZ _,='i-0.15‘hct + 2.40. These two corrections"
allowed gffective comparisonsl to be made_between -'c'ii«tferent‘ experimental
‘groups as well as i;)etween different ﬁeriods for the same group.

NORMOGCAPNIA

Injectidn of normocap%mic fish with the adrenergic alntag-onis‘,ts,.
}:{t.\/entolamline. or propranelol, caused no significa%t changes in. any
measured -blood parameter (Figs. .32, 33). Occasionally, significant
dif@erences were observed between the various treatment groups (Fig.
32A,D) 'b,ut these differences were unrelatec.i F_o antagonist
injection. Most notably, rbc pH was .delpressed in the p:: pranolol and
phentolaminé—treated fish (Fig.. 33C) and Pao2 elevated . in the

propranolol-injected fish (Fig. 32B).

-

HYPERCAPNIA

Blood Acid-Base Variables

Y

External "'hypercapnia, under control conditions, caused typical
changes lrf blood acid-base status (Fig. 34). Arterial PEZOZ was
elevated immec_iiately upon exposure to increased ambient P002 and
remained elevated throughout the hypercapnic period. As a result of.
increased PCO,, ‘whole, blood pH (pHé) and rbc wera decreasad.
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Figure 32: The effects of intr;avascular bolus injections (ng'kg'l)
c;f the agrenergic antagonists phentolamine (alpha-
a.drenoceptor antagonist; solid triangles; N=6) or
propranolol (beta-adrenoceptor antagonist; solid squares;'
N=6) under ndrmocapnic conditions on arterial A)
hematocrit (het}, B)‘ blood oxygen content (Coz),. Cy,

blood oxygen content corrected for sampling dilutions and

normalized to starting hct of 25% (corrected Coé, and D)

partial pressure of . oxygen. (POQ): Control fish (solid

circles) were injected with 0.6 ml Cortland saline.

Asterisks denote significant differences from control

values at corresponding time. PI = Pre-injection.

-4
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Figure 33: The effects of intravascular bolus injections (ZTg=kg'l)
of the adrenergic antagonist phentolamine u(a’lp}ia-
adrenoceptor antagonist; solid triangles; N=6) or
_propranolol (beta-—adr;noceptor antagonist; solid sqﬁares;
N¥6) uﬁd'er normocap.nic conditions on arterial A) carbon
dioxide tension, B) whole blood pH (pH_), C) red blood
cell pH (rbec pH), D) the r.bc transmembrane pH gradient
(pHe - rbc pH) and E) bicarbonate concen.tration
([HCOZ]).  Control fish (solid circles; N=6) were
injected with 0.6 m! of Cortland saline. Asterisks denote

significant differences from control values at

corresponding time. PI = Pre-injection.

119~



pHe

pHe-rbc pH rbc pH

[HCOs™ ] (mM)

PCO, (torr)

., Pre- Post-injection
8_m|echon
6 A
4 ’ . i
er .- — e
=
sol B S
78F ":::::_______ e — __‘i-_-z——-ql
76
741 GL
T 1 t 1 1 ] ] 1
76 ¢
1© o —
ar N "
*
T.2¢
- T 1 ] 1 1 L L L
05 Di___/T\I i |
, 04 T — :.-._...q:’ ____“*‘-_-_-_______i
03  &-+—¢ ’ ¢ .
0.2‘[
o { ] 1 1 | 1 1
ok E
n A I
5 .g::::-“ﬁ.%i_____
& - :
[ { | 1 L | 1

Pl

Time (h)




~Figure ‘34: The * effects of alpha- .or beta-adrenergic blockade on
sele.‘cted blood acid-basc; variables during acute
hypercapnia in rainbow trout. Fish werel given an
intravascular bolus injection (2mg'kg'l) of the particula;
antagonist orl saline (0.6 ml; control hypercapnia fish) 'l
h before withdrawing an initial pre-hypercapnic (PH)

blood sample and the onset of hypercapnia. Solid circles

1l

= normocapnic control fish (N=6); open circles

1]

hypercapnic control fish (MN=6); open triangles
phentolamine (alpha;adrenoceptor antagonist) injected
hypércapnic fisn (N=6); open squares = propranolol (beta
adrenoceptor blocker) injected”hypercapnic fish {(N=6). A)
arterial carbon dioxide tension (PCOZ), B} whole blood
pH (pl{e), C} red blood cell pH (rbc pH), D} the
transmembrane pH gradient (pHe - rbc pH) and E)
bicarbonate concentration ([HCOE]). Daggers denote
significant differences from pre-hypercapnic (PH) values;
asterisks denote significant differences from hypercapnic
don‘trol.values at corresponding time. See text for

further details.
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DHe waé reduced rto a,greate.r extent than rbc pH thereby éausihg the
pH gradient across the rbc. membrane- (pHe - rbec pH) to decrease
significantly (Fig. 34D). Both dee and rbc ﬁ‘H‘.grédually increasad
toward pre-hypercapnic vaiues throughout the 12 h hypercapnic period
dL'xe' to gradual elevation of plasma HCOE levels {Fig. 34E}.
Pre—‘treatment of .4ish with adrenergic antagonists did not alter the
pattern of extradellular acid-base adjustments during hypercapnia,
including the - rad:al elevation of plasma HCO:;. However,-

pre-treatment with the beta-antagonist propranolol, did cause rbc pH to

decrease and pH_, - rbc pH to increase significantly compared to
K '

Kd

controls.

A comparison between the in vivo and in vitro pH_ 'versus rl-gc pH
relationshifa is shown in Fig. 35. Under control conditions, rbc pH, as
measured in yilo during hypercapnia, was significantly and constantly
elevated above the values predicted from the in vitro refationship (rbc
pH = 2.82 + 0.586 pHe; Fig. 35)'. Propranolol completely abolished the
ability of fish to réise rbec pH above the'_i_rl vitro predicted values
during the final 8..h of hypercapnia (Fig. 35B). Pre-treatment with the
al‘pha—antagonﬁist phentolamine had no effect on the in mthe Versus

rbec pH relationship (Fig. 35C).

Blood Respiratory Variables:

Under control cpnditions, arterial ‘oxygen content remainedq
constant during hypercapnia (Fig. 36C) despite the severe extracellular
acidosis and the presence of a' marked Root effect in vitro. The
maintenance of 002 was due primarily to elevated hct and PO2 (Fié;.
36A,D} and to a lesser extent the partial regulation of rbc pH.
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Figure 35: The relationships between whole bleod pH (p[-Ie) and red

blood cell pH (rbc pH) both in vitro and in vivo, prior to

and -during 12 h of hypercapnia in rainbow trout under

_A) control conditions (solid circles; N=868); B) following

betaFadrenc)'ceptor blockade (open squares ; N=6) and C)
following alpha-adrenoceptor blockade ({(gpen triangles;
N=6).  The in vitro regression between pHe and rbc pH
was obtained from Fig. 28 and the shahded area represen{s
the 95% confidence interval about this ‘regression line.
P = pre-hypercapnic value. See Figs. 28 and 33 for

further details.
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Figure 36: The effects of alpha- or bheta-adrenergic blockade on
selected r'espiratory variables dﬁring acute hypercapnia in
rainbow trout. Fish were given an intravascular bolus
inie_ction (ng‘kg—l) of the particular antagonist or saline

(0.6 ml; control hypercapnia fish) 1 h before

withdrawing an initial pre-hypercapnic (PH) blood sample

and the onset of hypercapnia. Solid circles =

normocapnic control fish (N=6); open circles

hypercapnic control fish (N=6}; open triangles

phentolamine (alpha-adrenoceptor an‘tagonist) injected
hypercapnic fish (N=6); open squares = propranolol (beta-
adrenoceptor blocker) injected hypercapnic fish (N=6).

A) arterial hematpcrit (het), B) arterial oxygen content

(COZ)' C) arterial oxygen content corrected for sarﬁphng
dr_ilutions and no;malized to an initial hct of 25%, D)
partial pressure of oxygen in arterial blood (POZ)'
Daggers denote significant differences from
pre-hypercapnic (PH) values; asterisks denote significant
differences from hyperce;pnig: control value at

corresponding time. See text for further details.
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Pre-treatment of fish with either propranolol or phentolamine caused

C02 to decreése during hypercébnia (Fig. 36C). Phentolamine lowered
002 by reducing POZ (Fig. 36D) and rbc pH (Fig. 34C).

The extent "of the blood oxygen content regulation during
hypercapnic acidosis,,lgespitfj marked Root effect in trout blood, is
illustrated in Fig. 37. Under control conditions, Cn, was significantly
élevated above the values predicted from the in vitro rele;\tionship~
between DHe and Cn, during the initial 8 h -of hypercapnial. Cq, also
was incfeased abou_fe_the values predicted from th‘e rbc—002 relationship
but to a lesser extent and for a shorter duration. This lesser
deviation of in vivo COZ values from predicted in M' values is a
reflection of preferential rbcde regulation. Pre-treatment of fish with
adrenergic antagonists caused- 002 tc?._decrease below values predicted
from the in vitro relationship b[at\'.veen pH and 002 indicating that
additional factors other than the Root effect in hypercapnic trciut

contribute to the depression of arterial oxygen content.
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Figure 37: The —relationlshi_ps between whole blood pH (-pHe) or red

blood cell .‘p;I-I (rbc pH) anci blood oxygen conternt‘ (COZ) o
both in vitro and in vivo, prior to and during 12 h of
'hypércapnia in rainbow éout. unde'r A) control c.onditions
(solid circles; N=6); B) {ollowing beta-adfenocepfor
block:'-.\de {open squa;res; N=6) /and C follow_ing alpha-
-adrenoceptor blockade (9pen t oY es; N=6). The‘ in
- vitro reg'ressions between p'He énd Coo and.rbc pH and
CO? were obtained from Fig. 29 and the Qhade'd area
repfesents. the .95% ‘confidence inter;val' about this
_'_regression line. P = pre;hypércapnic yalueé See Figs. 28

F

and 27 for further detailﬁ.

125

i



Hd 2qJ
SL vL €L 2L

or les BL 11 91

4

aHd

L vl €1

t I |

T

T _ I I iy

T

b

jojounidaid + nrudpasad iy

I I 1

[osjuoa-oiudonsed Ay

=

Y



DISCUSSION

The results of the present investigation clearly demonstrate an

essential role for catecholamines in regulating arterial blood oxvgen.

content during hypercapnic 4kidosis but on the other hand do not
support dan important involvement of catecholamines in extracellular
acld-base balance. Th% various mechanisms involved in- controlling
blood oxygen content and at_:id—base statustduring hypercapnia and the
importance and nature of the adrenergic interactions with these

.mechanisms are discussed subsequently.

Blood Oxygen Transport’

Despite ' the presence of a marked Root effect in vitro and a
pronounced extracellular acidosis in vivo, arterial blood oxygen. content
rem.ained constant during hypercapnia. This result differs from other
studies in which slight reductions of blood O, content during
hypercapr_aia' we‘re reported (Eddy, 1976; Eddy, Lomholt, Weber and
Iohanserl\, 1977; Smith and _J'ones, 1982). Comparisons bétween the
various studies, however, may not”be valid due to th.e differences ;n
jampling times, ambient CO2 tensions and other relevant environmental
conditions (e.g. water temperature and seasonl); ‘;‘hrthermore, it is
. unclear whether plood 02 contents were corrected for serial sampling

dilutions in the previous studies.

At least three factors, under adrenergic control, contributed to

the maintenance of arterial oxygen content in hypercapnic fish; i) an .

increase in PO,, ii) elevation of blood oxygen carrying capacity, and
iii) preferential regulation of rbc pHy < -
The elevation of arjzterial P.O2 during hypercapnia was abolished

.
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during selective alpha- or beta-adrenoceptor antagonism indicating the

importance of both types _of‘ adrenergic receptors in controling POz. In

fishes, artérial .'P(’Dz is sensitive to changes in gill ventilation and
perfusion,.as well as the diffusive propertiés of the gill epithelium.
Branchial ventilation was not measured in these experiments. but the
results of previoué_ studies {(Janssen and Randall, 1975; Sm_i;h and
Jones, 1982) clearly demonstrated a hyperventilatory response in
rainbow trout during environmental hypercapnia. The ihvolvemént of
" catecholamines in cdiqtrolling ventilation in rainbow trout is unknown but

in the eel, Anguilla anquilla, stimulation of beta-adrenoceptors causes

hyperventilation whereas stimulation of alpha-adrénocz_aptors causes
hypoveﬁ;ilation (Peyrauq—Wai_t_zeneggerr, 1979). During summér months,
the beta-adrenoceptor meadiated response apparently is dominant
(Peyraud-Waitzenegger, Barthelemy and Peyraud, 1980) and the net
effect of intravas‘cular epinephrine injection in the el s
hypervehtilation and elevation of 'F’O2 (Peyraud-Waitzénegger: 1979).

| -]
The converse situation apparently exists during the winter season.

-

Applying these conclusions to our results that were obtained during the
summer, it is suggested that beta-adrenoceptor mediated stimulation of
ventilation was an import‘ant factor contributing to'the elevation of PO2
during hypercapnic acidosis. Cle=arly, the adrenerqgic <ontrol of
ventilation during acid-base disturbances is an area that warrants

9

further research.
9

The involvement of catecholamines in modulating branchial diffusive
conductance of oxygen has been examined in perfused gill preparations

in which the convect}az\e processes (ventilation and perfusion) are
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eliminated ‘as depe‘n'dent variables. In this manner, Pettersson .(1983)
and Perry et al., (1985) demonstrated that epinephrine enhanced gill 02

diffusion in saline-perfused cod (Gadus morhua) and rainbow trout

heads, respectively. Both studies suggested a _‘ role for
beta-adrenoceptors in .c_:ontrolling O2 diffgsion by increasing lamellar
suface area (Booth, 197-9) and/or epithelial O2 permeability (Haywood,
[saia and Maetz, 1977). A significant difference between the two
pverfusion studies was al_pha—adrenoceptor mediated stimulation of O2
diffusion in the cod head but inhibition in the trout head. Reasons for
this discrepancy are unclear although Pefry et al., (1985) suggested
alpha-adrenoceptor mediated inhibiton of gill O2 permeability wés the
predominant response in the perfused trout head while Pet.tergson
(1983) argued that 1amei1ar recruitment was predominant in the chd
head. O_n the basis of our results and previous studies performed on
t‘rout (Booth, 1979; Perry et al., 1985), we spegulate that
beta-adrenoceptor mediater,{ stimulationq o”ngill ‘02 diffusive conductance
is an important factor promoting the increase in arterial ‘E’O2 during
hypercapnia. Additional'ly, we cannot exclude, the possli“bility of
alpha-adrenoceptor mediated enhancement of diffusive conductance given
the results of Pettersson (1983) that suggesfed alpha-adrenergic
stimulation may cause lamellar recruitment by constricting efferent
lamellar arterioles. One additional process that might contribute to the_‘
increased arterial oxygen tension during hypercapnia is an increase in
non-respiratory intralamellar blood shunting (Part, Tuuréla, Nikinmaa
and Kiessling, 1984) as discussed by Nikinmaa et al., (1984). Briefly,
an increase in the proportion 6% blood flow within non-respiratory basal
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portions of lamellae and subseqL.xent mixting of this acidic blood with
arterial blood would cause hemoglobin' to release some oxygen into
soluticn. |

A second factor contributing to maintenance of arterial oxygen

content during hypercapnia was a significant elevation of blood oxygen

carrying capacity as evidenced by a pronounced increase in haematocrit

(from 20 to 33%; Fig. 36A). Althoughr hemoglobin levels were not
measured in the presenlt study, it is belizved that the increase in
hemgtocfif during hypercap‘nia was due. primarily to an increased
number of circulating rbcs and to a lesser extent, rbc swelling (a
consequenée of increased rbc PCO, and adre;lergic stimulation of rbc
Nat/H" exchange, see below). This view is supported by the
observation that hypercapnic acidosis, in vitro, "in the presence of
absence of elevated epinephrine levels, causes relatively minor increases
“An hematocrit (Perry et al., 1986a). The increase in blood oxyaqgen
carrying capacity reported here was mediated exclusively by

+

alpha-adrenoceptors and presumably resulted from contraction of the

spleen . and concomitant release of rbes into the circulation (Nilsson e;nd
Grove, 1974; Yamamoto et al., 1980) as well as reductions in plasma
- yolume caused by diuresis {Tetens and Lykkeboe, 1985; see also
chapter -5), fluid shifts between various internal ' compartments
(Yamamoto et.al., 1980) and plasma skimn{ing {Nikinmaa, 1982Za; Olson,
19843« In tw‘c‘nj recent studies, blood hemoglobin‘levels were shown to
increase following exhausting exercise in striped bass (Nikinmaa, et al.,
1984) and rainbow trout (Primmett et al., 1886} . I?triped bass, the
increase in hemoglobin concentration s.;vas not prevent;ed by
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pre-treatment with the beta-adrenoceptor antagonist, propranolol, and
this is consistent with the results presented here, demonstrating
alpha-adrenoceptor regulation of artemrial oxygen carrying capacity. On
the 6ther hand, Nikinmaa (198éb) reported that the circulating number
of rbcs was increas_ed by both alpha- and beta-adrenergic'mechan’isms
following a bolus irjection of epinephrine in rainbow trout. b
iThe third factor contr:ibuting to the maintenance of arterial 02_
content during hypercapnia was preferential regulation of rbc pH as
shown in Fig.. 34. The elevation of rbc pH at any given pHe above
those velues predicted from the in vitro (pI-Ie - rbc pH) relationship
was entirely dependent upon beta-adrenoceptor stimulation. As such,
our results agree with the results of numerous 'in vivo-.and in vitro
studies thét have sr;own beta‘-—adrenocebtor mediated alkaliniza/tion of the
fish rbc (Nikinmaa, 1982b; Nikinmaa et al., 1984; Nikinmaa and Huestis,
1984; Primmett et al., 1986; Perry et al., 1986a). The mechanism
respansible for adrenergic elevation of rbc pH is stimulation of Na+/H":
exchange (Baroin, Garcia-Romeu, Lamarre and Motais, 1984; Cossins
and Richardson, 1985). The partial regulation of rbc pH cauded by the
increased rate of rbc tranémembrane Na*/a* exchange not only is
important for minimizing the Root effect during extracellular acidosis
{see alsq Boutilier et al., 1986; Primmett, et al., 1986) but also
promotes rbc swelling which in turn may cause an increase in HkO

2
affinity due to decreased cellular levels of nucleoside triphosphates
| 4
{NTP) {see review by Nikinmaa, 1986).
It is difficult to judge the relative importances of the wvarious

adrenergic mechanisms that cortrolb arterial O2 content during
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hypercapnia. However, the results of the gl_ vitro hypercapnic
experiments _(‘E‘ig. 32) suggest that beta-adrenoceptor mediated
stimylation of rbc Na‘/H* exchange may be 1éss important than the
increases in gill diffusive and ventilatory 62 conductances and the
elevation of blood oxygen carrying capacity. It is worth noting that
blood oxygen content was depressed to the greatest extent during
hypercapnia following alpha-adrenergic blockade. This suggests that
the al;;ha-adrenoceptor mediated increase in blood O2 carrying capacity
may be the most significant response. However, it was only following

complete adrenergic blockade (after pre-treatment with both propranolol

and phentolamine) that fish actually succumbed, presumably due to

severe blood hypoxemia.

Acid-Base Balance

The changes in blood acid-base status reported in the prasent.

study are similar to those reported previously for a variety of

freshwater fishes exposed to hypercapnic water (Cameron and Randall,
f

1972; Janssen and Randall, 1975; Eddy, 1976; Eddy et al., 1977;

Cameron, 1980; Thomas and LeRuz, 1982; Thomas,« Fievet, Barthelemy

and Peyraud, 1983; Perry, Haswell, Réndalf é.nd Farrell, 1981;
Claiborne and Heisler, 1984, 1986; Perry et al., 1986a). These studines
};ava clearly demonstrated that fish reguldie hypergapnic acidosis by
gradually accumulating bicarbonate in the various internal compart-ments
at conste:nt blood PCO2 (see review by Heisl®st, 1984). In trout, the
predominant m?chanis:n causing plasma bicarbonate levels to increase
during periodg- of hypercapnic acidosis is sustained inhibition of

branchial Cl"/HCOj exchange (Wood et al., 1984; Perry st al., 1986a)
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a'nd an associated stimulation of branchial acid efflux ({base influx).

Additionally, increased rénal a;:id excretion aléo contributes: to
bic_arbonate accumulation although to a much lesser extent (Wheatly‘_e_t
al., '1984; Perry et al., 1986Db). . |

The control of branchial and renal acid-excretion is poorly
understood although recent studies have indicated that catecholamines
might play an important role .(Perry et al., 1984a; chapters 4 apd 5%.
Indeed, - simulation w©f elevated circulating epinephrine levels by
prolonged intravascular infusion of epinephrine »prometed numerous
branchial and renal responses that have been observed during periods

of respiratory acidosis (e.g. inhibition of branchial Cl/HCO;

exchange, stimulation of branchial and rénal acid excretion, and

increased urinary buffering capa‘city {chapters 4 and 5). The results
of the present study, however, do not support an essential role far
epinephrine in regulating extracellular acid-base disturbances although
the possibility of partial involveme'cénnot be "excluded. In other
5 accumulation

and pHe regulation were unaffected by alpha- or beta-adrenoceptor

words, the observation that the pattern of plasma HCO

blockade could either r.-eflect fthe complete absence of an adrenergic-role _
in extracellular acid-base balénce or alternatively indicate that there are
additional  neural or humoral factors interacting with acid-base
regulatory mechanisms. Presumably, epinephrine levels were elevated
in the present experiments as shown previously in hypercapnic trout
(Perry'et al., 1986a) so the potential certainly did exist for .epinephrine
to interact with branchial and renal acid extrusion processes. -
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The release of epinephrine from chromaffin tissue and Iits

concomitanE entry into Athe circulatory system during acute hypercaphic
acidosis promotes a series of adrenergic responses that serve to
stabilize arterial oxygen .content by increasing POz, elevating blood
oxygen carry'ing- capacity, minimizing the reduction in rbc pH, and
enhancing the affinity of hemoglobin for oxygen. It is speculated that
the pronounced increase in PO2 results from hyperventilation (a°
beta-adrenoceptor reSponse)‘ and enhanced diffusive conductance (due
to beta- and/or alpha-adrenoceptor mediated lamellar recruitment and
beta~adrenoceptor mediated' increases i'n gill epithelial permeability to
oxygen). The elevation of blood oxygen".carrying capacity is primarily
due to contraction of tﬁe spleen (an alpha-adrenoceptor response)} and
release of rbes into the circulation but "additional féctors such as
diuresis, fluid shifts between internal compartments and plasma
skimming may also be involved. The p-artial and preferential regulation
of rbc pH is a consequence "of stimulated acid ext;usion from the rbc
via Na*/u"* exchange (a beta-adrenoceptor response). The stimulation
6f Na"/H* exchange causes rbc swelling which, in turn, lowers the
concentration of cellular NTP, thereby also increasing the affinity of

hemoglobin for oxygen.
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GENERAL DISCUSSION
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Regulation of internal acid-base status is of primary importance in

living organisms: detrimental metabolic effects caused by sudden and

rapid ‘variations of pH could be disastrous to the organism. Indeed, pH |

regulation is of primordial importax:lce for Stirvival.‘ Durfng reéent
years, much work has been accomplished in attempting to understand
the responses of fish to natural stressors (i.e. hypoxia, hyperoxia,
.hypercapnia, .exercise, -"temperarture fluctuations, “chanqes in
environmental osmolarity ahd ionic content, =tc.). It has bhecome
apparent through this research that aﬁ important response to many of
these stress is the release of epinephrine f.rom chromaffin tissue
(resPonsé also elicited by the direct reduction in blood pH caused by
infusion of HCIL). The role played by epinepf?rine in mediating
responses to s.tress in fish has been the object ofqintensive study, not
only in vivo and in vitro but also in perfused preparations (gill, head,

whole body perfusions). One of the most outstanding problems of this

work has been the increase of- catecholamine levels during

ekperimentation to levels which are representétive of circulating levels
during normal stress. Addition of epinephrine to perfusates or
incubations (such as rbc incubatibﬁs) and single bolus injections into
fish have posed problems either 'due to the: very high epinephrine. levels
used or the rapid metabolism and ‘clearance of epinephrine from the
éystem. It is known that epinephrine levels ma;/ remain elevated for as
long as 12 h following the onset of a stress; therefore, belus injections
whose effects may dissipate after onl_y 10 min { Nikinmaa, 19%2&) are not
a solution to the problem of studying epinephrine effects.-; "Stressed"
fish have blood levels of epinephrine around 50 nM (see Table 1): many
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of the -previous studies either reported epinephrine levels of between
100 and 1000 nM (Nikinmaat 1982a) or dici not report levels as they
wefe not measured. Using the estimation’ method demonstrated in
chapter 2 and also- the confirming measurements of Epple and Nibbio
(1985), it is likely that the actual levels of epinephrine following a
holus injection were much. higher (10-100X) than those measured during
actual stress. Thus, in order to_more closely sim.ulate elevated
epinephrine levels, [ have used “continuous infusions of epinephrine
over either 12 or 24 h periods. This sustained increase sim.u'lates more
closely both the quantity of epinephrine measured during stress and the
duration of these elevated levels. Although this method was thought to

be the most satisfactory for elevating epinephrine levels, it also posed

some p.roblems: i) infusion of fluid increased urine flow rate (ljFR) by
a small amount, ii) _possible catecholaminotropic effects of elevated
catecholamine levels an‘d. iii) epinephrine receptor desensitization and/or
loss of the clyclic AMP response are known effects of the epinephrine
in\fusionr.
<

The increase in UFR was thought not to be a problem as it was
elicited by saline infusion ane treating control fish exactly the same as
experimental fish (as pertains to the in’fusio.n .rate) eliminated this
variable. Catecholaminotropic -{i.e. the elevation of epinephrine levels
may cause release of other catecholamines) effects, such as elevated
dopamine levels following bolus injections of epinephrine into eels (Eppie
and Niblt), 1985) are another problem directly related to epine‘%‘hr.ine
infusion.. Although mon-.itoring of -dopamine levels was not done in this

study, levels of norepinephrine did not vary with epinephrine i'nfusion‘,
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and this is taken to be an indication_ that there were no
catecholaminqtropic effects of epinephrine, although "this poséibility'
remains. Sesensitization, as discgssed’ in chapter 2,” might have Hbeen a
problem, especially in chapters 2, 4 and 5, where elevated eﬁinephfﬂe
levels were maintained .fof 24 h Regulation of the ac{dosls indt'xced by
hypercapnia may take up to 7é h (Perry et al., 1986a), by which time -
most of the epinephrine res-ponse‘ is ~desensitized; therefore, .a
secondary mechanism must come into play over a__longler tir'ne period.'
Thus, the reductions in sensitivity and catecholaminotropic effects of
 epinephrine--may have played a part'in the results of these:studies, but
their effect has been deemed as minimal.

Two pbssible roles of circulatir;g epinep‘hrine are’ those of: 1)
regulating the acid-base disturbaﬁce and ii) maintaining the oxygen
carrying capacity of the t;lood-.' This thesis 'ha's.attem-pted to elucidate
these roles: i) by direc':tly‘ assessing ‘the effects of increased
epinep'hrine levels. by incr'easin‘cj them through infusion, ii) by
indirectly ass-essing the g—:'ffécts _of increased levels of epinephrine by
blocking these effects du'ring ar{ exte;r.'nally applied stress
(h’ypercapnia), iii) by monitc.)ring the effec':ts ‘of blocking epinephrine
responses during eplinephrine infusion, ‘and -iv) By mimicking the
effects of elevated epinephrine levels through the infusion of specif@é
adrg:nergié antagonists. o

Certainly, é rolg‘)for e.pinephrine ih extracellular acid-base

re'gulation has not beeh discounted by the results presented here,

alt'hough as stated in chapter G, other mechanisms or factors may

»

_interact in regi.tlating’ blood acid-base. . Increésed blood HCO3 levels
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were rendered possible by epinephrine induced inhibition ofkbranchial
-Cl-/HCOE exchange (chapter.4), renal re\tention of HCO"S" (chaptc:zr 5) ~&
and inhibiton of th'e rbec Cl'/HQOE exchange (c;:hapter 3). Associated
with epinephrin-e:' increases were increases in acid «excretion at both the
gill and the kidney. Branchial Na*'/H* exchange was stimulated, while
“increases in the' buffering capacity 'of the urine (via incre'asegd P.1 and
NI-{Z concentrations) aided to increase H' ..!xCretion.-

Although the relative importaﬁce of the involv.ementp‘af epinephrine
in acid-bdse regulation‘ remains questionable, it certainly does play a
roule in malmlainifig blood oxégen content duriﬁg stress. Maintenance of
carrying capacif_y, preferential regulation of rbc pH and elevation of
arterial oxygen tension are all mediated by epinephrine release. Indirect
"evidence has been presented here for an involvement of-epinephrine in
splenic rbc release (i.e. increased [Hb]; chapter 6) and reduction of
plasma volume by diuresis {chapter S)'. These etfects, along with
plasma skimming at the_pgil_ls and. fluid shifts” between com_‘partments
could serve to increase blogd hemoglobin levels. increases in rbc pH

. —

following beta-adrenocepfor stimulation (chapters 2,3,6) show a
definitive involvement of epinephrine in preferentially requlating rbc pH

following acidification - of the .extracellular milieu. Accompanying this

.

effect are swelling of the rbc (chapters 2 and 6) and inhibition of
ti‘arfsmemb;‘ane Clrfj‘-iCOa shift (which increases pH by changes in
intracellular HCOE and Cl° levels). All of these effects serve 1o
protect the intracellular hemoglobin from the nefarious effects--of blood
pr\changes. Indirect evidence for adrenergic involvement in increasing

PO, via effects on ventilation and perfusion rates and on gill diffusive
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conductance was also presented (chapters 2, 3-and 6): thi; ingreased

5 Tt
¢

POZ is an adaptive response io increased requiraments for Oz‘dwri.nc;"
_stress. ' '

This short study was an attempt to clarify. the rorle of epinephrine
during acid-base imbalann:,'es follawing stress in rainbow trout. Although
much is now known about adrenergic responses to stress as a result of
this and other recent studies, it is apparent that this is-an'area that
warrants further research. . Th.ed-—- work presented het;e supports a
primary role for epinephrine in regulating blood okygen ca'r;"‘.ying'.
capacity; evidence for a direct role in acid-base regulation was not as
Astrong, but a.correlation did exist .between epinephrine; and’ -aéid

excretion. Certainly, the methods by which regulation of blood o;cygen

and acid-base balance in fish remains incompletely understood.
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