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ABSTRACT

Exposure to low pH (H2SO4, pH 6.0-4.2) and 0, 3, 5, 10 or 20 ttmol/L

labile aluminum fluoride (AIF) in both hard and soft water increased

plasma cortisol and glucose while depressing plasma ions (Nat, Cl-) in

rainbow LrouL, Oncorhynchus mykiss (or Salmo gairdnevi), Depending

upon the experiment, low pH induced either a decrease in plasma 3,5,3'-

triiodo-L-thyronine (T3) or an elevation in plasma L-thyroxine (T4). High

AIF (>5 Umol/L) in low pH water exacerbated increases in plasma cortisol

and glucose and losses of plasma ions. This combination consistently

lowered plasma T, and tended to elevate plasma Tn. In contrast, AlF (S5

pmol/L) in low pH water returned plasma values towards control leveÌs.

Factors (cannulation, diurnal change, serial sampling and vehicle

infusion) rvhich might modify hormone kinetics were evaluated. A protocol

was estat¡lished to assess cortisol plasma clearance rate (PCR) or plasma

degradation rate (PDR) by infusion of labelled cortisol to constant plasma

specific actívity in cannulated fish exposed to low ambient PH and/or Al,

Sublethal pH (4.7-5.0) increased the cortisol PDR but did not changè

the PCR; it did not modify T, and To kinetícs. Addition of Al intensified

the cortisol PCR and PDR, increased the Tn PDR, but lowered the Tr PCR

and T, plasma appearance rate (PAR). This depressed Tr production maY

contribute to the poor growth reported for Al-exposed fish.

To examine whether the effects of low pH/AI were due to a

hypothesized antagonistic interaction between interrenal and thyroid

functions, T3 metabolism was studied in trout implanted with cortisol,

Chronic physiologÍc cortisol treatment enhanced Ts PCR, resulting in a

decline in T, level in both plasma and muscle compartments as measured

'tt



by HPLC.

In summary, the responses of the interrenal and thyroid systems to

low ambient pH and aluminum were quantified in terms of plasma

concentrations and kinetics of cortisoi, Ta and T4. Differences. between

the response Õf T3 to low pH/Al and its response to cortisol implants

suggest that increased cortisol levels are not responsible for depressed T3

actívity,
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ABBREVIATIONS

AIF = total aluminum fluoride species

C = the steady-state concentretion of labelled Plasma hormone

CR50% = coefficient of reactivity at 50% displacement

HPI = hypothalamo-pituiutary-interrenal axis

HPT = hypothalamo-pituiutary-thyroidai axis

I = rate of infusion of labelled hormone

5t-MD = 5 
t-mondeiodinase

PAR = plasma appearance rate

PC = plasma concentration

PCR = plasma clearance rate

PCV = packed cell volume

P¡P = plasma degradation rate

T¡ = 3,5,3'-triiodo-L-thYronine

T¿ = L-thyroxine

TMS = tricaine methanesulphonate

UOF = unidentífied osmotic fraction

Vn = plasma volume
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GE1VE T¿AI- IIiTTT¿OI) I' C TIO¡iT

Among their many effects on functions in vertebrates,

cortícosteroids increase synthesis of a number of key enzymes in the

gluconeogenic pathway and have a basic anabolic action in the liver

(Hadley 1984). Corticosteroid actions on skeletal muscle and adipose tissue

are catabolic and glucose upteke is inhibited. Furthermore, cortisol

exhibits known hydromineral effects in teleost fish (Fortner and Pickford

1982) and has been linked to chloride cell proliferation in gílls in low Caz*

water (Perry and Wood 1985) and to enhanced whole body caz+ uptake

(Flik and Perry, 1989),

Thyroid hormones together with other hormones promote growth and

development, end are generally assocíated with protein anabolism in fish

(Eales and Maclatchy 1989), Thus metabolic effects of these two

endocrine systems are opposite and potentially antagonistic,

Under stressful conditions in vertebrates there is increased

secretion of corticosteroids and a shift of metabolism from an anabolic to a

catabolic state (Bentley 1982), Therefore it reasonably follows that there

may be a significant modulatory effect of the ínterrenal system on the

thyroid system. It is probably not advântsgeous to shunt energy and

substrates towards growth and development when large amounts are

required to maintain homeostasis and tissue repair. To some extent the

antagonistic effects of ínterrenal activity on aspects of thyroid activity

have been demonstrated in birds (Williamson and Davison 1987) and

mammals (Cavalieri et aI. 1984). HoÌ{eve}, this interactíon has received

only limited attentíon in fish (Eales 1979a; Redding et al. 1984, 1986).



2

Furthermore there has been no study that has extensively investigated

the two endocrine systems simulteneously while fish are exposed to one or

more environmental stressors.

Anthropogenic emissions which deposit mineral acids and reduce the

pH of our surface waters represent a contínuíng problem of current

concern (Sandén et al, 1987; Watt 1987). Depletion of fish populations from

natural waters due to acidÍty has been attributed mainly to sublethel

effects involving recruitment failure (Mills et al. 198?) and mort¿lity of

eggs and fry (Peterson et,41. 1982). Nevertheless, fish kills have been

reported following perÍods of heavy rainfall and during snowmeLt (Farmer

et al, 1980; Hendriksen et al, 1984; Hesthegen 1986). Therefore' the ability

of fish to withstand and adapt to acute and chronic pH reductions is

necessary for their survÍval.

A secondary consequence of low pH involves mobilization of

aluminum from the catchment soils (Cronan and Schofield I979i LaZefie

1984). Speciation of aqueous aluminum is controlled by environmentel

factors whích include temperature and the evailability of various ligands.

Organically complexed aluminum and polymeric aluminum appear essentiaiiy

nontoxic whereas inorganic aluminum (Al) represents the most toxic form

(Driscoll et al. 1980). of the inorganic lígands (oH-, so42- and F-)

fluoride species represent the major form of labile aluminum found in

nature (Driscoll 1984; Lazette 1984; Hervey and McArdle 1986). However'

the toxic effects of aluminum fluoride (ÄlF) has received only cursory

attention (Baker ¿nd Schofield 1982; Neville and Campbell 1988),

If sufficiently severe, low ambient pH and Al cause electrolyte loss

and acid-base disturbances in fish which can be fatal (Neville 1985; I{ood



3

, ""d McDonald 1987). The sublethal effects of acid and Al are less obvious

but compromise íonoregulatory ability (Leivest¿d 1982; Harvey and McArdle

I 1986; Nevílle and Campbell 1988) and impair other energy-dependènt

: processes such as growth (Sadler and Lynam 1987; Tam et aI. 1988; Mount

et a]. 1988) and reproductíon (Freeman and Sangalang 1985i l¡teiner et al.

1986; Mount et 41. 1988).

Studies examíníng factors that may provide connections between the

increased energy required for íon balance and impaired fish performance

: in terms of growth and reproduction ale few and have been stimulated

, largely by the work presented he¡e. Before publication of PART 1 (Brown

et al. 1984), it remained to be demonstrated that chronic acid stress

tivated the hypothalamo-pituitary-interrenal (HPI) axis of fish. In one

. of the ferv studíes conducted, serum cortisol of rainbow trout,

' Oncorhynchus mykíss (or Salmo gairdneri), exposed to low pH (4.2) did not

, differ from that of controls (Lee et al, 1983). Earlier studies in brook
.:

: trout, Salvelinus fontinalÍs, documented only transitorv (<3 d) increases in
:

i "ortisol 
following acute exposure to near-lethal pH reductions (4.0) (Mudge

"t al, 1977i Ashcom 19?9).

, The effects of stress, in any form, on other endocrine systems of

. fish have received far less attention (Pickering 1981r Pickering 19gg).

; Hor{ever, there are indications that the thyroídal system of salmonids may
:

i respond to both acute and chronic stress (Osborn and Simpson 1974;

. Simpson 1976; Brown et al, 19?8; Leatherland and Sonstegard 1978; Eales

: 1979a). Because adequate thyroidel status seems to be required for

. tormal growth (Eales 19?9a; Leatherland 1982; Higgs et al. 1982) and ín the

early stages of female reprod.uction (Sage 1973; Cyr et al. 1988), low
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ambient pH end/or Al could impair these performance factors in físh by

altering thyroid function.

Thus, the gener¿l objective of this study was to examine the effects

of low ambient pH in the presence and absence of aluminum on the

interrenal and thyroid systems of rainbow trout. I asked two specific

questions:

i) To what extent are the interrenal and thyroid systems

influenced by exposure to low pH and aluminum?

ii) Are the changes in thyroid function due to increased cortisol

levels, or due to other effects of iow pH and aluminum?

In studying the above questions the activity st¿tus of the

interrenal and thyroid system were evaluated by measuring both plasma

levels and kinetics of plasma hormone turnover. I measured plasma

cortisol, 3,5,3'-triiodo-L-thyronine (T3) and L-thyroxine (Ta) levels

because they could provide an easy, rapid and economical means of

assessing endocrine responsiveness under the various test conditions

(PARTS I and 2). Because plasma levels represent a static measurement¡

kinetic studies were undertaken to more accurs.tely describe hormone

utilization, Additionatly, the combination of plasma levels and clearance

rate provides an estimate of overall hormone production or appearance in

plasma under steady state conditions, However, because the HPI and

hypothalamo-pituitary-thyroid axes are sensitive to the effects of

handling and manipulation (Brown et al. 1978; Pickering 1981; Schreck

1981) development of methodologies suitable to assess cortisol and thyroid

hormone kinetics were necessary (PARTS 3 and 4). To address the second

question, I focused on T3 met¿bolism (PART 5) because it was altered by
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exposure to low pH and Al (PART 4) and T3 rePresents the ho¡mone form

active at the receptor level (Bres and Ðales 1986).

In conjunction v¡ith the endocrine responsesr I monitored some

"secondary" stress indicators (Mazeaud et aI. 19?7). Plesma ions were

measured to place the endocrine studies in context with biochemical

responses generally considered indicative of acid and/or aluminum

induced stress in salmonids (llood end McDonald 1987). Glucose was

measured because corticosteroids may be involved ín its metabolism,

Previous studies have shown that glucose elevation was a dependable

response in cortisol-injected teleosts (Chan and Woo 1978; Leach and

Taylor 1982). Furthermore, increases in plasma glucose also represent a

consistent response to numerous other environment€,I stressors

(Wedemeyer and Mcleay 1981).

In brief, I wished to evaluate the ínfluence that the prímarily

catabolic interrenal hormones mey exert on the primarily anabolic thyroid

hormones under stress conditions (low pH and Al). This was achieved' ín

part, by observing the responses of both endocrine systems to acid and

aluminum and, ín part, by observing the response of the thyroid to

experimentally elevated plasma cortisol levels comperable to those created

under stressful conditions. These data will aid ín understending the roles

these two endocrine systems play in salmonids subjected to chronically

stressed conditions. I used rainbow trout for the following reasons: (i) it

represents a species whích is known to be sensitive to the effects of low

pH; (ii) the effect of low pH on its ionoregulêtory capability has been

partly described; and (iii) físh of similar size and the strain (Sundalasora)

were always available.



PAT¿T I-

rI\TlrEtùt¿E¡irAL, THYFÈ.OIDAI-, A-lirD
CAT¿BOTIYDT¿.A'TE F¿ESPO¡iTSES TO
EN\/IT¿ObiTh4ENTAI- .A.CID'TF-IC.A.TIO¡{ I

1.1 SYNOPSIS

Exposure to acid-treated water (H2SO4, pH 6,0-4.2) for 21 d altered

intenenal and thyroid function in trout, Below pH 5.2 plasma cortisol

increased, implying sustained interrenal cortisol release. Eight days of

acid exposure (pH 4.7) were required to raise plasma cortisol significantly.

Beìorv pH 4,7 the ratio of plasma Tn to T, tended to increase Ín relation to

the controls, Depending upon the experiment this was due to either a

significant elevation in plasma T4 or a decreese in plasma Ta. Eight days

of acid exposure (pH 4.7) were required to depress plasma T3. Precedíng

hígher interrenal activity, plasma glucose was elevated in acid-treated

fish (pH < 5.2) after 4 d of exposure. The possible relationships of

endocrine changes to accompanying ecid-induced elevations in plasma

glucose and protein are considered and theír possible value as indices of

acid stress discussed.

1 Previously pubìished (Brown et a]. 1984).
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T.2 INTRODUCTION

The physiological problems encountered by freshwater fish in acidic

waters have been the subject of numerous recent investigations.

Disturbances in acid-base balance and ionic-osmotic regulation have been

implicated as key toxic mechanísms (McWílliams and Potts 1978; Neville 1979

a,b; Packer 1979; McWilliams 1980; Graham and Wood 1981; McDonald and

Wood 1981; Booth et al, 1982), Limited research has been conducted on

other physiological factors affected by acidification,

Stressful stimuli rapidly activate the HPI axis and adrenergic

systenr which mediate changes in carbohydrate and hydromineral balance

(l'lazeaud eL aL 19771, but it has not been demonstrated that long-term

acid stress activates the HPI axis, The effects of stress on other

endocrine systems of fish have received far less attention (Pickering

1981), However, there are indications that the thyroidal system may

respond to both acute and chronic stress (see GENERAL INTRODUCTION).

Low ambient pH could influence fish detrimentally by altering thyroid

function. Adequate thyroidal st¿tus seems to be required in fish for

normal growth and reproduction (Eales 1979a) end for maintenance of

normal blood Na+ concentration and osmotic balance (KnoepPel et al. 1982).

The objective has been to define changes in plasma cortisol and

thyroid hormones during 21 d of acid treatment (pH range 4,2-6,0).

Plasma glucose levels were monitored also because elevated blood glucose

in.FunduJus heteroclÍtus appeers to be mediated, in part, by increases in

plasma cortisol (Leach and Taylor 1980, 1982) and glucose is a frequently

used indicator of stress. Further understanding of biochemical stress
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responses in fish exposed to acid and the degree to which they adapt

could prowide important biological indicators of acidification. These

indicators are relevant when considering the limits of change to the

environment that can be allowed,

1.3 MATERIALS ÁND METHODS

1.3.1 Experiment¿.l Animals

Rainbow trÕut (2+ yrs; weight, 198 ! 3 g; fork length 25.3 t 0.1 cm,

Î t SE, lV = 330) were obtained from the Rockwood Hatchery, Freshwater

Institute. Fish were held in 500-L fibreglass t¿nks with flowing, aerated,

dechlorinated Winnipeg cíty water which conteined the following major ion

concentrations: 0,51 mmol Ca2'/L, 0.24 mmol l.412* /L, 0.14 mmol C|'/L, O.OB

mmol Na+/L, and 0,04 mmol Kì/L, Hardness was equivalent to 0,75 mmol

CaCo3/L (75 ng/L). The average pH of the water was 7,7 (95% confidence

interval, 7.64-7.80). Dissolved inorganic carbon measured by gas

chromatography (Stainton et al. 19?4) was 1.43 ! 0.04 mmol,/L (Î t sE).

1.3.2 ToxicÍty Testing

Fibreglass tanks (125 L) or glass aquaria (70 L) were used to

expose the fish to H.SO. in groups of 1-12 per tank. All tanks had

translucent white plexiglass tops and the sídes of the aquaria were

covered with black polyethylene. Each tenk Ìeceived at least 2 L of

aerated water per gram of fish each day. Test water was obtained by an

acidification- decarbonation system consisting of a Radiometer titrator

(model TTT2 or TTT80) and a Bach-Simpson six-channel automatic switch,
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In addition, the pH of the test t¿nks was continuously monitored by a

titrator or a titrator and a six-channel switch. Instrument calibrations

were checked 3 times daily against a st¿ndardized R¿diometer pH meter.

R¿diometer magnetic valves or Masterflex pumps with R¿diometer magnetic

relays were used to add acid, No metal components were in contact with

the test water. The Co2 produced by acidification was removed by an air

stripping procedure so that CO2 averaged 44,2 t 2,2 umol/L (î t SE, JV =

20) in the test t¿nks containing físh. Trout we¡e acclimated to the test

tanks at pH 7.7 for 10 to 14 d prior to testing. To avoid a large COz surge

at the onset of each experiment, acidified water (pH 5.0), stripped of

excess CO2 and titrated to pH ?.? wíth NaOH, was supplied to each test

t.ank until 99% replacement of the water volume was achieved. Then the

tank was acidified to its nominai pH. The entire process was complete in 6

to 8 h. During this time the free CO, was monitored at 60-min intervaÌs.

As the water in the tank was replaced wíth CO2 stripped water at pH 7.7,

the mean free CO, decreased from 57 UmoI/L to 19 umol/L (lY = 20). When

the water was reacidified the average free Co, increased tn 44 pmol/L,

Temperature ranged seasonally from 11.5 to 14.1 "C but during any one

experiment varied less then I 'C. Experiments were conducted between

April and September and the photoperiod was adjusted to 14 h light and

10 h darkness. Fish were fed Martin Feeds trout food (Elmira, Ontario) at

a ration of 1% wet body weight every second day. All fish were starved

for 4 d prior to eech semplìng,

The effects of acid on trout were investigated in 3 experiments. In

Expt 1, fish were exposed to 5 different pH levels (7,7,6,0,5,2,4,7 and

4,2) for 21 d prior to sampling, The experiment was repeated and the
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combined results are Presented. The time-course of the response was

examined in Expt 2 at pH 4.? and in Expt 3 at pH 5.2' h'ith samPling at I¡ 2,

4, 8, 16 and 27 ð of exposure. For Expts t and 2, trout from a control

tank (pH 7.7) anà a tank containíng acidified water which had been

titrated lo pH 7.7 with NaOH \^'ere compared at 0 and 21 d. Because no

difference could be found for any parameter examined, the data from fish

held in acidified water titraled to pH 7.7 are not given.

1.3,3 Blood Sampling and Analysis

To avoid possible netting and samPling effects on plasma cortisoi

levels (Pickering et al. 1982), trout were anesthetized directly in the test

tanks by adding tricaine methanesulphonate (TMS, 0.76 mmol/L) solutíon

neutralized to t¿nk pH with ammonium hydroxide (Barton et al. 1980)'

Immobilization was complete within 30 s. Blood was removed from Lhe

caudal vessels in 1to 2 min using preheparinized 3- or 5-mL syringes and

18 geuge needles. Plasma was immediately separated by centrifugation

and stored aL -20 'Ç in polyethylene vials. To minimize Potential diurnal

effects, samples were taken between 1300 and 1500 h each day. Samples

were usually analyzed within 10 d.

Radioimmunoassays for T3 and T{ followed the procedures of Brown

and Eales (1977), The cortisol radioimmunoassay was done with

commercially available kÍts (Mícromedic Systems, Inc., Horsham, PA).

Although there was a parallelism between cortisol st¿ndards and dilutions

of trout plasma to 15 nmol/L, lower dilutions diverged from the standard

curve, In addition, the antibody bound fraction from several trout

samples contåined greater cortisol-3-( O-cerboxymethyl)oximino-(2-
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[ 
l2sl]íodohistamine ) counts than the 0 level standard. These problems

were corrected by preparing stendards with rainbow trout plasme which

had the endogenous steroids removed by incubation with charcoal

(Mitsuma et al. 1972; Abraham et al, 1977). The assay protocol used 30 ¡rL

of a 1:10 dilulion of plasma for measurement, This volume could be

increased to 100 ¡¡L, giving a five-fold increase in sensitivity without

alteríng other assay characteristics. Furthermore, assays were more

reproducible and sensitive if the antibody equilibrium step was carried

out at 4 'C for 16 h. The coefficient of reactivity at 50% displacement

(CR50%) of labelled cortisoi was determined for each of 14 steroids

(Abraham 19?5). Steroids giving greater than 0.1 CR% with the cortisol

antibody were: prednisolone (31,0), 11- deoxycortisol (28.0), 11-deoxy-7-

hydroxycorticosterone (22.0), 1?- hydroxyprogestrone (4.6), cortisone (0.8),

prednisone (0.6), corticosterone (0.2) and l?-hydroxypregnenolone (0.1).

Intraassay coefficient of variation (CV), from 10 duplicate analysis of the

same sample was 5.4%. Interassay CV of duplicate analysis from 10 assays

was 9,1%, Recove¡ies of cortisol (3-15 nmol/L) added to rainbow trout

plasma ranged from 93.5 Lo 172,0%, The minimum level of sensitivityt

defined ¿s that dose level 2 standard deviations away from the 0 dose

meêsurement, averaged 3 nmol/L over 10 essays.

Plasma glucose concentrations were determined employing a Sigma

test kit (No. 510) whích is based on use of glucose oxidase and peroxidase

with o-dianisidine as chromogen. The intra¿ssey CV equalled 5.0% from 10

duplicate measurements on the same sample and interassay CV in duplicate

analyses fron 10 assays was 7.9%, The minimum detect¿ble level of

glucose was 0,1 mmol,/L and recovery of added giucose (0.14-5.55 nmol/L)
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ranged from 92 to 96%, Plasma protein was determinêd eccording to the

method of Lowry et ai. (1951) using crystalline bovine serum albumin as

stendard. Intraassay and interassay CV were 7.1 and 8.4% respectively.

1.3.4 Dat¿ Analyeis

Differences betvreen groups of fish end experiments for eny given

parêmeter were tested by one-way or two-way analysis of variance

(ANOVA) computed using the Statistical Analysis System (SAS Institute Inc.

1982). Where appropriate, Duncan's multiple range test was used to

distinguish differences between means from more than two groups of fish,

A probability level of (0,05 was considered significant, Bartlett's test

(Snedecor and Cochran 1971) was applied to test for homogeneity of

variance and, where necessary, data were log transformed to obt¿in more

uniform variances. However, for clarity of presentation arithmetic meens

with st¿ndard errors have been used in tables and figures. The Peêrson

product moment correlation was used to test the relationships between

cortisol, Tar T3 and glucose to different pH levels or times of exposure to a

particular pH.

t.4 RESULTS AND DISCUSSION

1.4.1 Mortality

Loss of equilibrium and deaths began after 7 d exposure to pH 4.2

and after 18 d exposure to pH 4.7 or 5.2. In agreement with Giles et al,

(7984), 50% mortality occurred after 21 d at pH 4.2 (Table 1.1) in

moderately hard water. No trout died at pH 6.0 or 7.7, The most notable
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behavÍoral alteration of fish heìd at pH 4.2 or 4,7 was their reluctance to

feed after 7 t,o 10 d.

1.4.2 Cortisol

Plasme cortisol in undisturbed control fish was generally less than

30 nmol/L, a result in agreement with those described for rainbow trout

(McBride et al. 1975, 1979; Barton et al. 1980; Swift 1981 a,b, 1982; Barton

and Peter 1982), This value was lower than reported from earlier studies

on rainbow trout (HiIl and Fromm 1968; Grant and Mehrle 1973; Sivarajah

et al. 1978) and on brook trout (Mudge et aL 1977).

I^Ihen trout were exposed to different pH levels for 21 d cortisol.

levels increased in a dose-dependent fashion (Table 1.1). The threshold

occurred between pH 6,0 and 5.2. At pH 4.7 cortisol concent¡ations became

significantly higher at 8 d, and continued to rise over the course of the

experiment (21 d) (Fig, 1.1). When trout were exposed to pH 5.2 blood

cortisol levels were signifícantly elevated over control values only after 21

d, The magnitude of the response was approximately 10% of that found in

trout at pH 4.7. In contrast, plasma cortisol in acid-stressed rainbow

trout (14-21 d' pH 7.0-4.2) from a previous study (Lee et al. 1983) did not

differ significantly from controls. Aiso Lockhart end Lutz (1977) found no

difference in circulating cortisoì levels between white sucker, Catostomus

commersoni, captured from acidified (pH 4,8-5.3) George Lake and those

captured from a non-acidified control area, However, it must be

recognized that long-term adaptation or selection may occur in natural

populatÍons.
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TABLE 1.1 Effects of pH (95% confidence interval) on mort¿Iity and

plasma cortisol, glucose, protein, T4, T3 and Ta/T3 in rainbow

trout exposed lor 2L d, Values represent mean (SE) of 9-18

fish. Asterisk indÍcates signíficant difference from the

corresponding value at pH 7.6-7.8 (P <0.05),

pH Mortality Cortisol Giucose Protein
interval (%) (nmol/L) (mnol/L) (6/1')

T4 T3 14/T s(nmol,/L) (nmol/L)

4,r9-4.23

4,65-4.14

5,r7-5,25

5.98-6.04

7,64-7,84

228 * 13,5 *
(57 ) (2,7 )

168 * I2.t x
(63) (2,6)

27* 9,2 x(s) (2,31

I 4,7
(5) (0.2)

4 4.0(5) @,2)

32,7 * 2.5 x
(3.3) (0.6)

29.0 * I.7
(2,6) (0.4)

26,7 0.8
(2,8) (0.1)

24,8 0.9
(1.6) (0.1)

25.4 t,4(1.e) @,21

1.6 2,4 *
(0.3) (0.7)

1.8 1.6 x
(0,2) (0.4)

2,t 0.6
(0.3) (0.1)

1.8 0.8
(0.3) (0.2)

2,3 0.9
(0.3) (0.2)

50

33

11
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FIGURE 1,1, Temporal changes of plasma cortisol concentrations in trout

exposed to pH 4,7 (o) and pH 5,2 (¿). Control fish at pH Z.?

were examined at each time (¡,4. Points represent mean t SE

of '7-12 fish. Means significantl¡' dífferent from control are

indicated (x), Values signifícantly different from those at da¡'

1 are indicated (r).
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Blood cortísol levels in brook trout acutely exposed to acid (pH 4.0)

for 3 to 24 h showed transitory increases (Mudge et aI. 1977), In the

present study cortísol may have been acutely elevated upon initiel

exposure to the acid, but returned to a basal values by the first sampling

time aT 24 h. The possibility that starvation streõs may have contributed

to the increased plasma córtisol eaused by low pH seems unlikely. Milne

et al. (1979) did not observe differences in piasma cortísol levels even

after 65 d starvetion, In addition, cannulated trout whích were starved

for 21 d after recovery from cannulation procedures showed no change in

cortisol levels (PART 3).

A physiological stress response such as plasma cortisol is difficult

to interpret because it may represent a general response to several

stressors (Thomas et al. 1981). However, plasma cortisoi levels may

provide a useful indicator of the general well-being of fish (Tomasso et al,

1981), In support of this, unusually high cortisol levels have been

observed in dying fish (Fagerlund 1967; Strange et al, 1977). The use of

plesma cortisol levels may be partícularìy appropriate where fish are

exposed to two o¡ more sublethal stressors (e.g. acid and heavy mêtels or

elevated COr) as the response represents the integrated effect of the

components (Donaldson 1981).

1.4.3 T, and To

Plasma T, levels were not sígnificantiy eltered by pH in Expt 1.

Three weeks exposure to pH 4,2 and 4,7 elevated plasma To levels and

TolTr ratio (Table 1.1). Plasma Tn levels (Expt 1) were posÍtively

correiated \dith plasma cortisol levels (r = O,467 t n = 4'l), In Expt 2.
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plasma Ta levels rose steadily, from 2,6 to 6,4 nmol/L al pH 7.7 (Fig. 1,28),

while acid-exposed fish failed to show such an increase end had

significantly lower T3 levels which did not rÍse significantly until 21 d of

exposure. The time-exposure at pH 4.? (Expt 2) showed contrasting

findings to Expt 1, because acid exposed trout did not demonstrate

significant elevations in plasma T4 (Fig. 1.24), control fÍsh had increased

To levels at 21 ð,, and T4 levels e/ere not correlated with cortÍsol levels,

No changes were evident for either plasma T, or T4 or their ratios at pH

5.2 (Expt 3, data not shown). For ail experiments, plasma TB and T4 were

significantly correlated with plasma protein in both acid-exposed (T' r =

0.260, N= 151; T¿, r = 0.441, N = 152) and control (T3, r = 0,486, N = I24;

Tn, r = 0.584, Jf = 124) trout,

The reason for the differences in plasma thyroid hormone responses

between Expt l and 2 was not clear but may be related to a seasonal or

maturationai effect, However, as in Expt 1 exposure to pH 4,7 (ExpL 2)

tended to increase the Ta/T3 ratio (Fí9. 1.2C). Because no changes iri

thyroid histology (see Brown et a], 1984) were noted, it is possible that

the acid effects were directed primarily at the peripheral metabolism of

thyroid hormones, An increase in To/T3 couid result from reduced T4 to

T, conversion as described in starvation stress (Higgs and Eales 1977,

1978). Because experimental fish ate less than control fish after 7-10 d of

acid exposure, it is possible that ¡educed food intake contributed to the

increase in'tn/T, An additional complication is that T, and Tn exist in

trout blood in both free and protein-bound forms (Falkner and Ðales 1973)

and during acid stress plasma protein increases. fncreases in piasma



FIGURE 1.2. Temporal changes of plasma Ta (A) and T3 (B) concentrations,

and their ratios (C) in trout exposed Lo pH 4,7 (o) and pH 7.7

(a), Points represent mean t SE of 10-72 fish. Means

significantly dífferent from control are indicated (x). Valuês

significantly different from those at day 1a¡e indicated (r).
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protein(s) responsible for binding T3 and/or Ta would tend to elevate

plasma levels of T, and/or Ta. The difference in plasma protein ievel.s

between Expts 1 and 2 may have contributed to the dífferential Tn

response. This couid also explain the tendency of plasma To to increase in

acid stress, the reverse of the response reported for other chronic stress

conditions where suppression of thyroid activity has been observed (Sage

1971; Osborn and Simpson 1972, L974; Lewis and Dodd 1976; Pickering 1976;

Simpson 19?6; Leatherland ¿nd Sonstegard 1978; Eates 1979a). However,

increases in plasma protein levels cannot explain why plasma T, was

depressed in Expt 2 relative to controls, Further work on the peripheral

metabolism and binding of thyroid hormones to plasma proteins is required

to define acid effects on the trout thyroid,

1.4.4 Non-hormonal Plasma Parameters

Blood giucose concentration is a frequently used indicator of stress

in teleost fish (l{edemeyer and Mcleay 1981), responding to a variety of

stressors including pollut¿nts (Silbergeid 1974; Hattingh 1976; Mcleay

19?7; Wedemeyer and Yasutake 1977; Thomas et al. 1980, 1981). Glucose

levels increased with íncreasing H+ concentrêtion in Expt 1 (Table 1.1).

The threshold was between pH 5.2 and 6.0. Significant elevations in

plasma glucose were detected after 4 d exposure to both pH 4.7 and pH 5,2

(Fig. 1.34). At pH 4,7 glucose continued to rise throughout the experimenL

while at pH 5.2, glucose increased until I d and then remained constant.

In fish, the hyperglycemic stress response is apparentiy mediated by

increases in plasma cortisol and catecholamine (Nakano and Tomlinson 1967;

Mazeaud et al. 1977; Leach and Taylor 19801 1982). In the present study
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plasma glucose levels were significantty (P (0.01) correlated with plasma

cortisol in acid-exposed fish from ali three experiments (r = 0.485, lV =

150), Furthermore, in the assessment of chronic acid stress on rainbow

trout, plasma glucose may be more useful as an índicator than pl.asma

cortisol. Significant and sustained elevations of glucose were evident

after 4 d exposure to pH 5.2, while elevation of circulating cortisol was not

evident untíl 21 d. Cortisol could still be at least partially responsible for

the hyperglycemia because plasma hormone measurements at a given time

do not necessarily reflect the rate of utilization, Recent studies by Lee et

al. (1983) in unfed rainbow trout and by Nieminen et al. (1982) in

whitefish (Coregonus peled) and brown trout (Salno trutta) exposed to

acidic conditions also showed that low pH can increase plasma glucose

levels, In addition to providing a ready energy source during acid

stress, elevatíons in plasma glucose may be important in maiùtainíng

plasma osmolality despite declining blood ion levels (Bergstrom 19?1;

Bashamohideen and Parvatheswarar&o 1972; Giles et al. 1984). The plasma

glucose response depends on strain' nutritional st¿tus and temperaLure

(Nakano and Tomlinson 1967; Chavin end Young 1970; Wendt and Saunders

1973; Wydoski et al. 1976; Wedemeyer and Mcleay 1981). Further study

involving these factors and acid stress will determine the general

applicability of the biood sugar assay to eveluate acid stress.

Plasma proteín values were generally greater in trout exposed to H+

than in control fish (Table 1.1), The effect was significant after



o,1

FIGURE 1.3, Temporal changes of plasma glucose (A) and plasma protein

(B) in trout exposed Lo pH 4,7 (o) and pH 5.2 (^), Control fish

aL pH 7 ,7 were examined at each time (o,4. Points represent

mean t SE of 7-).2 fish. Means significantly different f¡om

control are indicated (x), Values significantly different from

those at daJ' l are indicated (t),
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2I d aL pH 4.2 and 4,'1, In Expt 2 the elevation was apparent aL 2, 4, 8, L6

and 21 d al pH 4,7, and at 16 and 21 d at pH 5.2 (Fig. 1.38). The increase

was probably due to plasma volume changes associated with acid stress

(Spry et at. 1981). MilÌigan and Wood (1982) found that 3-d acid exposure

(pH 4,0-4.5) reduced the plasma volume by 27% and increased protein

concentration by 90% in rainbow trout, Lockhart and Lutz (1977) found

no effect of acidic (pH 4.8-5,3) George Lake waters on plasma protein of

white suckers. As with plasma cortisol, long-term adaptation or selection

may occur in naturai populations. The increase in plasma protein (25%), in

the present study, is not of sufficient magnitude to explain the 20- to 50-

fold increase in plasma glucose and cortisoi levels.

1.5 CONCLUSIONS

Exposure to lorv pH stimulated interrenal activity as inferred from

plasma cortisol concentrations. Depending upon the experiment, altered

plasma thyroid hormone levels were due to either a significant elevation in

plasma Tn or a decrease in plasma Tr. Preceding the higher interrenal

activity, plasma glucose was elevated in acid-treated trout suggesting that

factors other than cortisol were involved in its regulation. The acid-

induced elevetion in plasma protein implies compromised fiuid balance.
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P-A.T¿T 2
EË-FECTS OF I-OMì4BIEbiIT ->[I AlitD
AI-IJIr,,{IMJñ4 oìil PI-.A.Sh.ÍA I-EVEL,S . OF
cc)t¿Trsol, 'f3' T4¡ Er-EcTRoLyTES A¡itD
GI-{JCOSE

2.1 SYNOPSIS

Rainbow trout were exposed for up to 14 d to pH 4,7,5,2 or 7,7 plus

0, 5, l0 or 20 vmol/L labile AIF in moderately hard water (520 Umol Caz'/L)

and to pH 5.0 or 6.6 plus 0,3 or 5 pmoi/L labile AIF ín soft water (72 umol

caz'/L). Piasma cortisol¡ T3¡ T4r Na+, Cl-, osmolality and glucose wele

measured. Exposure to low pH in both hard and soft water increased

plasma cortisol and glucose while reducing plasma Na+, CI- and osmolality.

High concentrations of AIF in hard (20 pmol AllL) and soft (5 ¡¡mol Al,/L)

low pH water further increased plasma cortisol and glucose as well as

reducing plasma ions. AIF at low pH reduced plasma T, and tended to

elevate plasma T4. However low concentrations of Al in hard (5-10 i¡mol

AllL) and soft (3 umol AllL) low pH water generally returned all plasma

values towards control levels. In summaryr low pH and Al exposure

increased interrenal activity and lowered plasme levels of Trr the

presumed active thyroid hormone at the tissue level' in addition to

inpairing ion and carbohydrate bal.ance.



PART 2-Lov pH/Al on pla6ûa cortisol, IJ and î4

2.2 TNTRODUCTION

In addition to its known effects on ionoregulation in fish (Wood and

McDonald 1982), low ambient pH activetes the pituitary-interrenal system

thereby increasing circulating levels of cortisol (PART 1; Ad¿ms et al.

1985; Barton et al. 1985; Brown et a]. 1986a; Tam et el. 1987, 1988). The

rolê of cortisol in adaptation to low pH remains to be defined but it alters

both hydromineral and carbohydrate metabolism (Leach and Teylor 1980'

1982; Perry and Wood 1985; Flik and Perry 1989), Recent studies have

shown that acute (3 d) exposure to low pH and Al elevated plasma cortisol

in rainbow trout (coss and l{ood 1988) and brown trout (Whitehead and

Brown 1989). Wood et a]. (1988a) also demonstrated that cortisol was

increased in brook trout after 70 d exposure to low pH and Al. However'

the effects of Al treatment betr¡'een 3 and ?0 d require documentation.

The effects of environmental stressors on the thyroid system have

¡eceived little study in fish (Eales 1979a), Thyroid ho¡mones promote

growth, development and possibly early phases of reproduction in fish

(Eales 1979a; Leathe¡land 1982), processes which are also impaired during

low pH exposure. Recently, Tam et ai, (1988) showed that pítuitary

thyrotrophs were less active in acid-exposed fish. Although the effects of

low pH on plasma thyroid hormone levels have been described (PART 1;

Brown et at. 1986a; Edwards et at. 1987), the results were equivocal, To

date, the effects of iow pH combined with Al exposure on thyroid functon

have receíved only limiied sttention (Brown et al, 1986c; Whitehead ¿nd

Brorvn 1989),

27
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My primary objectives were to determine the extent to which

interrenal and thyroid functions are influenced by low ambient pH and A1

end to defíne conditions to be used in subsequent hormone kínetic studies

(see PARTS 4 and 5). Plasma hormone concentrations \^'ere used to assess

endocríne activity. Plasma ions, osmotic properties and glucose h'ere

measured to substantiate previously described effects of low pH and Al

(Neville 1985; Wood and McDoneld 1987) and to determine their potential

relationships with the endocrine changes. Finaliy to place the laboratory

study, conducted in moderately hard water, into a more environmentally

relevant context, part of the study was repeated using soft lake water.

2,3 MATERIALS AND METHODS

2,3.1 Experiment¿l Animals

Rainbow trout, (2+ yrs; weight 21I.4 ! 47,4 g; fork length 24.7 t 1.8

cmi Î t SE, IV = 216) were held as described in PART 1. The Winnipeg city

water contained the following major ions: 520 þmol Caz+/L,221 tmol l"lÊ2*/L,

112 ¡rmol Cl- /L, 73 1imol Na+/L, 51 pmol F /L, 34 ¡¡mol K',/L and 22 pmol SO.2-

,/L, Hardness was equivalent tß 741 ¡rmol CaCOr/L. Averege water pH was

7,7 (range 7,5-7,9). Dissolved inorganic carbon (DIC) measured by gas

chromatography was 1340 t 45 ¡rmcl,/L. Total dissolved organic ca¡bon

(DOC) was 560 t 29 umol/L. Fish were fed trout food (Martin Feeds,

Eimira, Ontario) at a ration of 1.5% wet body weight per day and were

acclimated to these conditions for at least 3 weeks prior to their use in

experinrents. Further details of holding conditions are given with the

protocoÌ for each experiment,
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2,3.2 Toxicity Testing and Experiment¿l Protocol

Test water was obtained by an acidification- decarbonation system

consisting of titrators, sü-channel switches and magnetic valves to

monitor pH and add diluted HrSOn (see PART 1). Weter temperature was

13.5 t 0.8 'C and free CO2 concentration equalled 46 t 5 umol/L,

Instrument calibrations wére checked daily against e st¿ndardized pH

meter. Aluminum (AIKSO4) stock solutions were prepared in distilled

deionized water and acidífied with 1 mL concentrated HNO3 per liter, The

Al was perfused into the incoming water line of each test tank using

multichannel peristaltic pumps. Each tank received at least 2 L of aerated

water per gram of fish each day and the time for 99% water replecement

was (5 h, Replicate tanks were run at each exposure,

The effects of lorr' pH and AIF on trout were investigated in 4

experiments, Fish were acclimated to experimental tanks for 14 d before

beginning experiments, The experiments were conducted between April

and September. In Expt 1, fish were exposed in the laboratory for 14 d

prior to sampling to 8 acid/Ai combinations and to water aL pH 7,7

(controls). Watel was acidified to a nominal pH of 5.2 or 4.7 and Al was

added to provide nominal concentrations of 0, 5, 10 and 20 ¡¡mol/L. In

Expt 2, fish were exposed to acidifíed (pH 5.2) water plus Al (nominal

concentrations 0, 10 and 20 umol/L). Control trout were held at pH 7,?

(0.3 pmol AllL), Fish were sampled on days 3, 6 and 10. Expt 3 was simílar

to Expt 2 except that the r¡/ater was meíntained at pH 4,7, For Expt 4,

aquaria were set up in a field laboratory by Lake 239 at the Department of

Fisheries and Oceanst Experimental Lakes Area, northwestern Ontario.

This provided natural soft water (pH range 6.5-6.8; Temp. 16.6 t 0.2 "C;
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DOC 530 unol/L; DIC 190 pmol/L; eikalinity I37 vEq/L; hardness 104 umol

caaos/Li 72 ¡rmol caz'/Li 57 umol so|z-/Li 48 ¡rmoì Na+/L; 33 pmol Mg?+/L; !7

¡mol Cl-lL; 10 ¡rmol K+/Li 3 pmoi F-IL) which was pumped from Lake 239

into the laboratory. Fish were exposed for 14 d to ambient water (pH 6.6)

or to acidified (pH 5,0) lake water at nominal AIF (AIKSO4 and NaF)

concentrations of 0,5, 10 and 20 Umol/L.

2.3.3 Aluminum Measurements

Fractionation of A1 was simÍlar to the scheme outlined by Campbell

et al. (1983), Total Al was measured in samples acidified to pH 1.4 for 24 h

to dissolve polymeric forms. Dissolved Al was measured in samples

filtered through 0,2-l.rm poìycarbonate fílters that were rinsed in lN HNO,

and distilled water before use. Aliquots of the filtered samples were

cation desalted using ion-exchange columns containing Amberlite IR-120

resin in the sodium form (Driscoll 1984), Att .4,1 concentrations l{ere

determined in the various frections with the lumogallion fluorometric

method (Playle et al. 1982) before and after standard edditions. The

difference between values in filtered water and values obtained following

cation exchange \^'ere considered labiìe Al, Fluoride levels were measured

using the fluoride ion-selective electrode. Free fluoride was determined

by direct potentiÕmetric determination and total fluoride was measured

after addition of a total ionic strength adjuster and buffer. The

ion-exchange separations were verified with the fluoride computational

meÈhod (Dríscoll 1984) and equilibrium dialysis (LaZerLe 1984). Total

ínorganíc SOn2- levels were measured by ion chromatography. Calculations

of Al specíes in the labile fractíon were performed according to Driscoll
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(1984), A complete set of Al and speciation measurements was conducted

in duplicate on r,eater collected from the outflow of each test tank after 1,

6 and either I or !2 d exposure. All measurements were compieted on the

day of sampling.

2.3,4 Blood Sampling and Analysis

Trout were anesthetízed in pH-neutralized TMS (0.76 mmol/L)r blood

was removed from the caudal vessels using ammonium-heparinized

syringes, and plasma was obtained by centrifugation (PART 1). Plasma

cortisol, T3, Tn and glucose were measured as previously descríbed (PART

1). Plasma osmolality was measu¡ed on 50 uL aliquots using a P¡ecísion

Systems Model 5004 losmette. Plasma Na+ was measuted with an

Instrumentation Låboratory Model 943 flame photometer, and plasma Cl-

was determined using a Corning Model 925 chloride analyzer, Interassay

coefficients of variation from duplicate analyses in at least 10 assays for

osmolality, Na+ and Cl- were 1,5, 3.8 and 4,O%, respectiveiy. Assumingl

complete dissociation of Na* and Cl-, the unidentífied osmotic fraction

(UoF) in plasma was derived from measurements of osmolalíty, Na+ and Cl-

using UOF = t1 - ((Na + Cl)/osmolality)l X 100 (Giles et a]. 1984).

2.3.5 Statistics

Ba¡tlettts test for homogeneity of variance was applied to date and

where required, data were transformed according to Taylor's power law to

obtain more uniform variances (Southwood 1978). Fo¡ clarity,

untransformed arithmetic means and standard errors are presented,

ANOVA was computed (Snedecor and Cochran 1971). Two-way ANOVA using
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pH and Al concentretion as independant variables was applied to dat¿ from

Ðxpt 1, three-way ANOVA using pH,41, and tíme reas epplied to dats. from

Expts 2 and 3¡ and one-way ANOVA was applied to Expt 4. Tukey's

Studentized Range Test was used to distinguish differences bàt*""r,

group means, Probability levels of (0.05 were considered significant.

RESULTS

Ambíent pH and total At levels were close to nominal values (lables

2,1-2.4). Labile Al as a percentage of total Al was greater in hard

I{innipeg city water (79,3-100%) than in soft Lake 239 water (21,4-65,8%).

Speciation calculations indicated that labile Al was >98% aiuminum fluoride

(AlF) species under all conditions,

2.4.1 Experiment 1: Effects of Al (0' 5, 10 and 20 pmol/L) at pH 4.7 and 5.2

for 14 d (Table 2,1)

At pH 5.2 mortality Lt nominal Al levels below 20 pmol/L was 10% and

at 20 umol AI/L mo¡taiity was 20%, At pH 4.7 mortalíty was 20% without

added Al and was O% aL 5 ¡.¡mol AI/L. Mortality rose to 20% and 30%

respectively at 10 and 20 Umol AilL.

At pH 5.2 endocrine chenges involved an increase in plasma cortisol

and a decrease in plasma T3 at 20 umol Al,/L. At pH 4,7 plasma cortisol was

increased at the lowest Al concentration (0 umol Ai/L)r was not different

from pH 7,7 at 5 Umol AilL, but again increased at the highest Al

concentration (20 pmol/L) to a value ZO-fold that of controls (pH 7.7). At

pH 4.7 both plasma T, and T4 were depressed by 20 ¡rmol AI/L.
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Plasma Na+ and Cl- were decreased at pH 5'2 and to a greater extent

at pH 4.7, Exposure to 20 i¡mol Al/L at pH 5.2 and pH 4'7 further reduced

plasma Na+ and CI- in addition to lowering plasma osmolality.UoF was

elevated aL pH 5,2 and pH 4.7. Exposure to 20 pmol AL/L aL both pH 5.2

and pH 4,7 further increased UOF. Plasma glucose was elevated at pH 5.2

(0, 10 and 20 umol AtlL ) and aL pH 4,7 (all Al concentrations )'

2.4.2 Experiment 2: Effects of 3, 6 and 10 d Exposure to Al (0r 10 and 20

smol/L) at pH 5.2 (Table 2,2)

At 3 d there was no mortality under any conditÍon, an increase in

plasma cortisol at 20 pmol Al,/L but no other endocrine changes. There

were no changes in plasma Na* and Cl- ì.evels, osmolality or glucose. UOF

was increased at 10 and 20 ¡tmol Al/L,

At 6 d mortality was 10% at 0 and 10 ¡moi Al,/L. Plasma cortisol was

increased at 10 ¡rmol Al/L and 20 ¡rmol AI/L. There r^'ere no changes in

plasma T. or Tn under any condition. Both plasma Na+ and osmolality were

reduced at the highest Al level.

At 10 d mortality was 10% at 20 ymol AI/L. Plasma cortisol was

increased at 10 and 20 pmol A\/L, and plasma Tn at 20 pmol AllL. Plasma

Na+, Cl- and osmolality were decreased at 0 and 20 pmol Aì,/L. However,

only Na* was lowered at 10 umol AllL. Plesma UOF and glucose were

increased at 0 and 20 ¡rmol 41,/L but at 10 ¡rmol AllL only UOF differed

from values observed at pH 7.7,
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2.4.3 Experiment 3: Effecte of 3, 6 or 8, and 10 d Exposure to Al (0, 10

and 20 gmol/L) at pH 4.7 (Table 2.3)

At 3 d there was no mortality under any conditíon and, apart from

an increases in plasma glucose at 20 ¡mol Al/L, no changes in endocrine or

othet measured parameters.

At 6 or 8 d plasma cortisol was elevated at 20 ¡rmol Al/L but no

changes were evident in plasma T, or T4. At 0 and 20 Umol AI/L, plasma

Na+, Cl- and osmolality were decreased and plasma UOF end glucose

increased. At 10 ¡rmol Al/L only plasma Na' differed from controls (pH 7.7,

0 smol AllL),

At 10 d mortålity was 10% at 0 and 20 ¡rmol AI/L, but there was no

mortalíty at 10 pmol AI/L. Plasma cortisol and plasma Tn were elevated at

the highest Al concentration but plasma Ta was decreased. At 0 and 20

Umol AI/L, plasma Nar, Cl- and osmolality were reduced, Plasma UOF was

increased at 0 and 20 Umoì Al,/L whereas, glucose was increased only at 20

Umol AI/L. At 10 Umol Al/L only plasma Na+ was decreased.

2.4.4 Experiment 4: Effects of Al at pH 5.0 in Soft Water for 14 d (Table

2.4)

At 1.6 pmol labíie AllL, mortality in pH 5.0 soft water was 30%, The

only significant differences from controls (pH 6.5-6.7, 1.4 umol labile AllL)

we¡e a decrease in plasma Na+ and an increase in plasma glucose, At 2.9

pmol labile 41,/L, mort¿lity was 30% and the only change from control was a

small but significant increase in plasma glucose, At 4.8 ¡rmol labile AllL,

mortality was 30%, Plasma cortisol, UOF and glucose were increased and

plasma T3, Na+ and Cl- were decreased. At 12.8 ¡imol labile Al,/L, only one
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fish survived (mortality 90%) precluding statisticâ] comparisons. This fish

had high levels of cortisol, UOF and glucose end low plasma T3r Ne', Cl-

and osmolality,

2.5 DISCUSSION

Low plasma cortisol levels ((50 nmol/L) in undisturbed control trout

in both soft and hard water were consistent with our previous findings

(PART 1; Brown et al. 1986a,b), Thus it could not be confirmed that

holding rainbow trout in soft water elevated plasma cortisol as suggested

in other studies (Perry and Wood 1985; coss ând Wood 1988).

Exposure to acid or acid and Al causes early transíent (<1 d)

increases in plasma cortisol as reported previously in salmonids (Mudge et

al. 19?8; Lee et al, 1983; Adams et al. 1985; Barton et al, 1985; Goss and

I{ood 1988). The iater (>3 d, pH 5.2, 20 pmol AllL; >8 d, pH 4.?, 20 pmol

Al/L) sustained elevations likely represent the point where initial

compensation to acid or acid and Al is lost, and hence additional stress is

imposed on the organÍsm. Furthermore, elevated cortisol has been linked

to chloride cell proliferation Ín low Ca2+ water (Perry and l{ood 1985) and

to enhanced whole body Ca2* uptake (Flik and Perry 1989). Both effects

may aid in ion balance during edaptation to low pH and high At

environments, Trout exposed to Al had fewer gill chloride cells than

control fish (Evans et al. 1988). The markedty elevated cortisol levels may

stimulate chloride cell production. Further work is required to resolve

the relationship between cortisol and chloride cell proliferation and

activity in acid,/Al conditions,
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Increased plasm¿ cortisol for fish held in hard water at pH 4.7 and

for fish held in soft water at pH 5.0 occurred subsequent to depressed

plasma ions and increased glucose levels, Consequently, changes in the

activity of the interrenal cells, as inferred from plasma cortisol levels,

followed ionoregulatory disturbances, In contrast, changes in plasma

co¡tisol preceded aiterations in ionoregulatory disturbance and plasma

glucose at pH 5.2, implying a different profile of response to Al toxicity

between pH 4,7 and 5,2, Furthermore, Al also induced changes in gill

morphology more rapidly at pH 5,2 than at pH 4,7 (Evans et al. 1988).

These temporal differences in response between pH 4.7 and 5.2 may be

attributed to the lower solubility of Al near pH 5.5. Toxicity to Al has

been observed to shift from ionoregulatory malfunction to respiratory

disturbance over a similar pH range (Neville 1985; Goss and Wood 1988;

Neville and Campbell 1988; Wood et al, 1988b).

Treatment of teleosts with exogenous cortisol shifts carbohydrate

metabolism towards gluconeogensis and elevates plasma glucose (Chan and

lloo 1978; Leach and Taylor 1982), Temporal inconsistencies between

changes in interrenal. activity and plasma glucose exist in thís and other

studies (PARTS 1 and 3; Nichols and Weisbart 1985; Kuhn et al. 1986).

Thus the results show that other factors may be contro[ing plasma

glucose levels during acid or acid and Al exposure, However, cortisol may

be necessary for the complete development of the gìucose response to

stress induced by acid or acid and 41,

Plasma T, and Tn ìevels in control fish were similar to those

reported previously (PART 1; Brown et al. 1986a). Evídence for Lower

plasma T, and increased piasma Tn levels during acid exposure has been
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reported in rainbow trout (PART 1) and brown trout (Edwards et al. 1987).

However the plasma T4 response to acid alone was not consistent. When

fish were exposed to high levels of Al, plasma Tn was either unchanged or

increased. On the other hand, with the exception of Expt 2 where

exposure conditions may not have been sufficiently severe, plasma T3 was

consistently depressed bl exposure to low pH/Al beyond 10 d. These

resul.ts suggest that tissue production of T. is reduced (Eales 1985) when

fish are exposed to low pH/41, Because clear interpretations of

physiologic thyroidal status are not possible from plasma hormone

concentrations alone, additional studies are necessary, Information on

plasma kinetics for both T, and Tnr their extent of binding by plasma

proteins and estimates of Tn to T3 converting activity are required to

subst¿ntiate the hypothesis that low ambient pH and Al impair T,

production. Moreover, the low plasma T, concentration does not

necessarily ¡eflect a direct effect of low pH and Al. Because low plasma T,

was associated with high plasma cortisoì, the reduced T, levels may result

from antagonistic effects of interrenal activity on thyroid function (Eales

19?9a).

Piasma ion losses caused by exposure to low pH Winnipeg city water

were consistent with previous findings in rainbow trout (Giles et al. 1984;

Brown et al. 1986a). At pH 5.0 the magnÍtude of pìasma ion loss in soft

Lake 239 water was comparable to that seen in Winnipeg city water at pH

5.2, but not as extensive as that for exposure to llinnipeg cÍty water at pH

4,7, Ion loss eventually results in severely compromised fluid baiance

which ultimately causes death in acute acid exposure (Wood and McDonald

198?). Therefore the greater mortality seen in Lake 239 water at pH 5.0
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cannot be explained without information on tissue ion pools and rates of

whole body ion losses.

Low concentrations of AIF (5-10 Umol/L) partly prevented ion loss

and mortality in l{innipeg city water. This benefícial effect was not es

evident in Lake 239 wate¡ but plasma ions did tend to increase ín the

group at the lowest level of added 41. Baker and Schofield (1982) and

Neville (1985) have described beneficiat effects of Al on acid toxicity. The

protective effecl was attributed to the concentration potential for

diffusion of ions between blood and water in conjunction with an

increased electrícal potential of gí11 membranes found at higher íonic

strength (Hutchinson et al. 1987), Also Wood et al, (1988b) describe Al-

induced acclimation which protects fish fr.om subsequent exposure.

High Al levels exacerbated plasma ion loss caused by exposure to

low pl{ in l{innipeg cit¡' water. Hoy'ever the effect was not as prominent

in soft water. The present effects of Al on ionoregulatory function in soft

water were less severe and occurred at higher levels of labile Al than

effects described in other studies using artificial soft water (Neville 1985;

Witters et al, 1987; Goss and t{ood 1988; Audet et al. 1988). Under

artificial conditions tabile Al largely consists of free Al3+ ions end Al

hydroxides which appear very toxíc. In contrast, labile Al in this study

consisted mostly of AIF species, Eaker and Schofield (1982) using

artificial soft water found that adding fluoride significantly reduced Al

toxicity, This probably occurs because fluoride complexes of Al are more

soluble than free Al3* ion or Al hydroxides (Hem 1968) and therefore less

líkely to precipitate on gill membranes whose pH would be similar to blood

PH (!7.4).



PAîI 2-Lov pH/Al on plasùa coÌ:tìsof, 1A Ltd Ia 43

The impact of the reductíons in plasma ions on plasma osmotic

conditions were offset to some extent by increases in UOF. This fraction

, ""presents 
plasma solutes other then Na+ and Cl- and consiðts of glucose,

amino acids and other ions which are acquired from intracellula¡

compartments or the diet. These may aid in maintaining extracelluar fluid

volume (Fugelli end Víslie 1982; Milligan and l,lood 1982; McDonald 1983).

The exact contribution of glucose to UOF remains to be fully defined, but

, they are generally hÍghly co¡related with each other during acid exposure
:

' (Brown et al. 1986a; Scherer et al. 1986). During conditions of high ion

, loss, it rr'ould be advantageous to use less permeable solutes such as

glucose as osmotically active species, Alterations in carbohydrate

metabolism favoring high blood glucose are a consistent response of

, "uveral 
fish species to acidic conditions (Haya et al. 1985; Tam et aL 1987;

: Wood et al, 1988c),
:

the dissolved organíc carbon levels of Winnipeg city water and Lake

'. 239 water were similar and should have resulted ín a similar specíation

ì profile for AI. The higher level of ìabile Al in the treated Winnipeg city

I water is probably due to the UV-photo-oxidation method for dechlorination

and the water's high fluoríde content. Photo-oxídation considerably

, reduces organic binding of Al (Campbell et al. 1983). Fluoríde dominates
:

, ¡t chemistry at lolr'pH and small free fluoride concentrations will dissolve

I .onsiderable quantities of Al (Hem 1968),
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2.6 CONCLUSIONS

In conclusion, the combination of low ambient pH and Al,. in additíon

to compromising aspects of ionoregul.ation, also increase interrenal activity

and decrease plasma T, levels. At pH 4,7 the endocrine changes

temporally followed reductions in plasma ionoregulatory properties and

probably represent part of the compensatory processes dealing with the

stress of íon loss, Moreover, the endocrine responses occurred in both

hard and soft water", High cortisol might be beneficial by facilitating

glucose production and chloride cell proliferation in the gill. However it
can also inclease susceptibility to pathogens and impair aspects of

reproduction (Pickering 1989), The reduced levels of plasma T, in Al-

exposed fish are of particular concern because this hormone plays an

ímportant role in fish growth (Eales 19?9a; Leatherland 1982) and the

earl.y stages of female reproduction (Cyr et al. 1988),

44
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P.A.T¿T 3

PR,OTOCOI- FOFÈ E S TI¡{-A.TI¡iTG
COT¿ÎTISOL PI-AS}4A C I- EATLâTYC E I¡iT

ACID_E)<POSED TT¿Ot':T I

3.1 SYNOPSIS

The cortisol plasma clearance rate (PCR) and degradation rate (PDR)

were determined in acid (HrSO, )-stressed and control rainbow trout

cannulated by the dorsal aorta, Recovery from cannulation, as judged by

plasma cortisoì, glucose, protein and packed cell volume (PCV), was

complete by 2 to 6 d. However, serial blood sampling increased plasma

cortisol. Fr.rrthermore, although no major or consistent díel change in

plasma cortisol. occurred in terminally sampled free swimming control

trout, fluctuations were observed in serially bled cannulated trout, These

findings preclude corlisol PCR estimation by any serial sampl.ing method.

Although plasma cortisol was temporarily elevated by constant infusion (70

UL,/h) of the seline:ethanol vehicie, a satisfactory protocol was established

for determining cortisol PCR by infusion of labelled cortisol to constant

plasma specific activity. The PCR for control trout in wa.ter pH 7,7 for 7 d

was 303 ! 42 mL/h per kg which did not díffer from that of trout in water

pH 5,0, However, the cortisol PDR was greater at pH 5.0 (59 t 12 pmol,/h

per kg) than at pH ?.7 (15 t 3 pmol,/h per kg) due primaríly to an

increased plasma cortisol concentration at pH 5,0, It is concluded that low

pH increases cortisol production and secretion by the interrenal,

I Previously published (Brown et al, 1986b).
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3,2 INTRODUCTION

The plasma cortisol level has been used as an índex of the extent t,o

which environmental changes induce stress responses in fish (Schreck

and Lorz 1978; Thomas et a], 1980; Pickering et a]. 1982; Davis and Parker

1983). Plasma cortisol levels also increase in response to environmentâl

acidification (Ashcom 1979; Brown et al. 1984). However plasma cortisol

concentrations only provide a statíc estimate of interrenal activíty and

¡nay not necessariìy reflect the rate of cortisol use, To evaluate more

fully the effect of acid exposure on intemenal activityr it ís necessary to

also determine the plasma cì.earance rate (PCR) of cortÍsol, This

represents that volume of plasma conpÌetely cleared of cortisol per unit

time (ml/h), The product of PCR and plasna cortisol concentration then

provides the cortisol plasma degradation rate (PDR) or the mass of cortisol

leaving the plasma pool per unit time (nmol,/h) (Oppenheímer and Gurpide

1979).

The tv/o most common methods of estimating hormone PCR are either

by following plasma washout of pulse-injected labelled hormone or by

ínfusion of labelled hormone at e consta,nt rate until plasma specific

activíty reaches a steady state (Oppenheimer and Gurpide 1979), Both

these procedures involve fish handling, anesthetization, injection and

blood sampling and may themselves represent stressors confounding

interpretations of plesma hormone levels and kinetics. This is particularly

important where the hormone in question, cortisol, is highly responsive to

stress, A possible procedure for minimizing experimental stress in these

instances is to use fish with "permanently" implanted cannulae which can

46
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provide routes for both labelled cortísol injection and blood removal (Owen

and Idler 1972; Henderson et al. 1974; Leloup-Hatey 1976; Bry and Zohr

1980; Níchols and Ì{eisbart 1984a).

The primary objective of this study was to determine the effect of

experimental acidification on the cortisol PCR and PDR of rainbow trout,

To this end the effects of cannulation and confinement, serial blood

sampling, diel change and vehicle infusion on plasma cortisol and other

stress- susceptible blood parameters were studied. In the light of these

findings the most eppropriate method and protocol for estimating the

cortisol PCR and PDR '¡/ere applied to control and acid-treated trout,

3,3 MATERIALS AND METHODS

3.3.1 Fish Maintenance

Raínbow trout (2-3 yrs; weight 267.1 ! 23.2 g; î É SD, lY = 127) were

held as described in PART l and were acclimated for at least 3 weeks

prior to use in experiments. They were fed a ration of 1.5% wet body

weight per day, The Ì{ater temperature ranged from 11.0-13,5 'C but

during any one experiment varied less than 1 'C. The photoperiod was

adjusted to 12 h light and 12 h darkness (light, 0?30-1930),

Fish that were cannulated via the dorsa] aorta were held in

individual holding boxes modified from those described by Swift (1981a).

The boxes were m¿de from black ecrylic and the dimensions were designed

to limit turning but not to restrain the trout, A small clear acrylic

window $'âs hinged with a stainless steel screw to allow the cannula to

pass through the top. Uncannulated experimental fish were heid in glass
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aquaria (70 L), which had translucent white Plexiglas tops and sides

covered by black polyethylene. Water was supplied to each box or

aquarium from aerated head tanks at a flow of 2 L per gram fish weight

per day, Fish were not fed during experiments. Further details of

holding conditions are given with the protocol for each experiment.

3.3.2 Cannulation of the Dors¿l Aorte

The procedure was based on those described previously (Soivio et

al, 7972; Soivio et al, 1975; Bry and Zohr 1980), Fish were anesthetized in

aerated water at 11 "C containing pH-neutralized TMS (0.38 mmol/L).

When inactive, but still displaying opercular movement, the fish were

placed ventraì side up on a cooled operating table. During the operation,

either fresh water or water containing TMS (0.38 mmol/L) was supplied to

the gills to maintain slight opercular movement, The cannulae (Clay-

Adams PE-50) were filled with heparinized (200 units,/ml) saline, Each

cannula was implanted into the dorsal aorta using an l8-gauge canine

catheter equipped with a 2O-gauge needle (Monoject Division of Sherwood

Medical, St. Louis, Mo,). The dorsal aorta wes pierced betv¡een the first

and second giìl arches and the cannula inserted about 1.5 cm into the

vessel through the catheter. After removíng the catheter by sliding it

over the cannula,2 sutures in the roof of the mouth and a suture on the

edge of the operculum were used to fix the cannula. The procedure

required approximately 15 min to complete.
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3.3.3 Blood Sampling and Analyses

After elimination of the cannula dead vol.ume, blood samples (100 uL)

r+ere collected in 500-pL polyethylene centrifuge tubes. After sampling,

the cannula was refilled wÍth heparinized saline and closed. At the end of

the experiment both cannulated and non-cannulated trout were bÌed via

the caudal vessels after they had been anesthetized by immersing the

holding boxes in TMS (0.76 mmol,/L) or by adding TMS directly to the

aquaria, Immobílization was complete within 30 s and blood was ¡emoved

within 3 min using preheparinized syringes. The packed cell volume

(PCV) was determined in triplicate employing Clay-Adams heparinized

microhematocrit tubes and the plasma separated by centrifugation was

stoled at -20 'C in 0,5-mL polyethylene vials. Samples were usually

analyzed within 1.0 d.

The cortisol radioimmunoassay u'as performed on 20 ¡rL of plasma

with a commercial kit (Micromedic Systems, Inc,, Horsham, pA), Glucose

concentrations \,{ere measured on 10-¡rL plasma aliquots using the Sigma

test kit (No. 510). Protein was determined from 5 ¡rL of plasma (Lowry et

al. 1951) using crystalline bovine serum albumin as sts.ndard. eualíty

control characteristics and modifications for the various assays have been

descrÍbed previously (PART 1),

3.3.4 Dat¿ Analysis

Bartlett's test for homogeneity of variance was applied to the data

and where required data were transformed according to Taylor's power

law (Southwood 1978) to obtain more uniform variances. For clarity of

presentation, arithmetic means and standard errors have been used in the
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Resuits and Discussion, A single-factor repeated-measure s ANOVA was

applied to test for significance in Expts 1 and 3 (Winer 1971). Then

differences between group means were determined according to the

multiple comparison procedure of Dunnett (Winer 1971). Expt 2 data were

analyzed usÍng a mixed model ANOVA whích took into account that fish

were nested within treatmênts (cannulated vs non-cannulated), and also

that some were repeatedly measured over time. This ANOVA had elements

of a split-plot analysis and of a nested design, The significance of the

overall treatment effect rvas tested wíth the fish-within-treatment term

used as the error. This error term is validly obtained only from the

cannulated fish, and was obtained by treating all non-cannulated fish as

if they were one. The significance of the time effects and the treatment-

by-time effect was tested with the residual mean square for error. Deta

from Expt 4 represent independent samples and were analyzed by two-

way ANOVA. Group means were examined using Tukey's Studentized Range

Test, Paired ú-tests were used to distinguish dífferences in Expt 5.

Probabílity levels of (0.05 were considered significant.

3,4 EXPERIMENTAL PROTOCOL

3.4.1 Experiment 1: Effects of Cannulation

Ten trout were cannulated and held in individual boxes, Five fish

were sampled vÍa the cannula at 6 h and 7r 2, 5, 9, 11 and 16 d, post-

operatively and the remaining 5 fish sampled twice at 9 and 16 d, post-

operatively, Immediately prior to cannulation of each of the above groups

of fish and also at 9 and 16 d, an additional 5 (non-cannuated) fish were
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removed from the stock t¿nk and terminally sampled from the caudai

vessels.

3.4.2 Experiment 2: DieI Changes in Cannul,ated and Non-cannulated Trout

Ten trout were cannulated and held in individual boxes. At the

same time, 50 control trout were removed from the holding t¿nks and

placed in groups of 5 in 10 aquaría. All físh were allowed 10 d to recover

from the effects of the transfer and cannulation. The físh were not fed

during the experiment. Control trout were sacrificed, one tenk at a time,

at 0900, 1300, 1700 and 2100 on day 11 and at 0100, 0600, 0900, 1700 and

2100 on day 12. Aiso, 100 pL of blood was removed from each of 5

cannulated trout in the following o¡der: Fish numbers !,3,5,7 and 9 at

0900, 1700, 0100, 0900 and 1700 respectively; fish numbers 2, 4, 6, 8 and 10

at 1300, 2100, 0600 1300 and 2100, Thus, each cannulated trout had 500 ¡rL

blood removed over 2 d.

3.4.3 Experiment 3: Effects of Seriaì Blood Sampling

Ten days after cannulation, 5 fish were given a pulse delivery of 20

pL of Cortland saline (without glucose): ethanol (16:1, v,/v) via the cannula

and then bled (100 pL) I times over 4 h. This bleeding regime and saline:

ethanol injection procedure were similar to those employed when

evaluating cortísol kinetics by pulse-injection techniques in the eel,

Anguilla anguÍLla (Leloup-Hatey, 1976). Control cannulated trout were left

undisturbed and bled once at the end of the experiment, The experiment

was repeated and the combined results are given,
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3.4.4 Experiment 4: Effects of Vehicle Infusion

On day 10 after cannulation, saline:ethanol (16:1, v/v) was infused

: continuously through the cannula using a 4-channel Compact Infusion
:

' Pump (Harvard Apparatus Co,, Millis, Mass,) at a rate of 70 ttL/h, In

serÍes 1, each fish was terminally bled from the caudal vessels at 2, 4, I
and 24 h of infusion. The experiment was repeated 4 times and the

combined results are shown. Cannulated trout vshich had not been

, infused served as controls, Series 2 was similar to series I except that

, infusion was started 24 h prior to blood sampling.

3.4,5 Experiment 5: Effect of Acid on Cortisol Levels and Kinetics

Nine days after cannulation, 4 trout we¡e infused as described in

: Expt 4 except that [1,2,6,7-3H(N)]cortisol (114.9 Ci,/mmot, New England

: Nuclear) was added to the saline:ethanol medium afLer 24 h of vehicle

:' irfusion, The pump was momentarily stopped and the syringes exchanged

ì 
t"r those containing labelled cortisol. The amount of radioactivity

i "dministered 
averaged 0.185 uCi,¡h. A priming dose of labelled cortisol

!

: (1.03 ! 0.08 uCi, î t SE) was infused in 20 ¡rL of saline vehicle 30 min

before exchanging syringes, Prior to use, a sample of labelled cortisol

i was mixed with authentíc cortisol (Sigma) and Íts purity examined by thin-
1

i layer chromatography (TLC) (Quesenberry et aì. 1965). If purity was less
i

: ttran 95%, the cortisol was purified using the TLC system.
:

: Infusions of labelled cortisol were routinely conducted for 24 h. An
:

, i"itial btood sample (70 ¡.rL) was removed prior to co¡tisol infusion and

then no blood was t¿ken untiÌ the terminal sample was withdrarvn from the

caudal vessels. If the values for PCV, plasma protein, cortisol and glucose
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from the initial blood sample r¡¡ere not within 15% of those for the terminal

sample, that particular físh was not used, Plasma cortisol could be

measured in fish infused with [3H]cortisol because the Micromedic cortisol

assay employs cortisol-3- ( O-carboxymethyt)oximino-(2-[ 12sI]iodohistamine 
)

as tracer. The l3H]cortisol does not interfere with detection of the r25I-

tagged cortisol which was counted in a Beckman Gamma 8000 spectrometer,

Plasm¿ radioactivity was measured in three ways: (1) Total plasma

radioactivity was dete¡mined following digestion of 100 ¡rL of plasma in

NCS solubilizer (Amersham). (2) Extractable radioactivity was determined

as follows: Duplicate plasma aliquots (300 UL) were transferred to glass

cuiture tubes and then closed with teflon caps. These ext¡action tubes

contained standard reference steroids (28 nmol each of cortisol and

cortisone) and 1000 to 1500 dpm of IraC]cortisol (55 mCilmmot) v¡hich had

been dried on the bottom of the Lube. Diohloromethane extracts were

prepared by shaking the plasma mixture with water (200 pL) and

dichloromethane (5 mL). After low speed centrifugatíon, distilled water (3

mL) was added and the aqueous layer aspirated, An aliquot (200 UL) of

the extract was dried in a scintillation vial. (3) The TLC fraction was

obtained by drying the remaining extract under nitrogen at 37 'C. Small

washes of methanoì were added to concentrate the residue in the tip. The

residue was redissolved in 50 ¡rL dichioromethane: methanol (4:1, v/v) and

applied to Whatman LK6DF precoated thin-layer plates. After

chromatog¡aphy (Quesenberry et al, 1965), the area containing cortisol was

visualized under UV (254 nm), removed by suction and eluted (Idler and

Horne 1968) into scintillation vials. The eluete was dried and counted in

Scintiverse (Fisher) cockt¿il with a Beckman LS7500 liquid scintillation
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spectrometer calibrated for dual isotope counting. Corrections for losses

of [3Hjcortisot were based on recovery of added [raC]trecer for each

sample. Although the measured radioactivity was co-eluted with the added

euthentic cortisol, the possibílity exists that radioactive components other

than cortisol. could have contributed to this fraction. I refer to the

radioactive component co-eluting with the added cortisol as the TLC

fraction because recrystailization to constant specific activity wa.s not

done,

PCR was calculated from the known rate of ínfusion of [3H]cortísol

(I, dpm/h) and the steady-state value of [3H]cortisol in plasma (C,

dpm/ml,) as outìined by Oppenheimer end Gurpide (19?9); PCR = I/C, From

this, the cortisol PDR in nmol/h adjusted to a body weight of 1 kg was

determined as PDR = PCR (mllh per kg body weíght) X PC, where PC

represents the plasma cortísol concentration (nmol,/mI,).

Nine days after cannulation, trout were held for 5 d in acid watel

(pH 5,0) or in control water (pH 7.7), On day 6, infusion with saline

vehicle began in 2 acid-treated and 2 control fish for 24 h. The

procedure was repeated until 5 fish from each group had been examined

over successive 1-d intervals ( d7-d8, d8-d9, d9-d10). Thus, ín the last

pair, 1 fish was exposed to acid for a total of 10 d. This experimental

series was repeated 3 times, Detaiìs of the acid delivery system and weter

chemistry were described in PART 1.



PAR! 3-Lot¿ pH on cortìsol cJeatance 55

3.5 RESULTS .AND DISCUSSION

3.5.1 Experiment 1: Effects of Cannutration

Plasma co¡tisol levels were generally less than 30 nmol,/L in trout

sampled prior to cannulation (Fig. 3.14). Following anesthetization,

surgery and confinement, plasma cortisol was elevated at 6 and 24 h, but

by 48 h fell to approximately 50 nmol/L and remained at this level for at

least 16 d, These findings agree generally with those in free-swimming

cannulated troul (Bry and Zohr 1980) and confined non-cannulated trout

(swíft 1981b ),

Neither plasma glucose (FiC, 3.18) nor protein (Fig. 3.1C) were

altered in cannulated fish relative to unoperated controls, although both

parameters fell before 2 d, probabiy due to starvation. The lack of

alteration in plasma glucose is similar to previous findings in confined

fish (Ince and Thorpe 1976; Soivio and Oikari 1976; Swift 1981b), where

the expected increase associated v'ith anesthetizatíon and handling did not

occur (Houston et ai, 1971; Soivio et al, 1977). Plasma protein levels were

withÍn normal ranges reported for rainbow trout (Hiile 1982; Miller et aì.

1983 ).
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FIGURE 3.1. Temporal changes of (A) plasma cortisol, (B) plasma glucose,

(C) plasma protein, and (D) packed cell volume after aor.tic

cannulation (o). F¡ee-swimming, non-cannulated control fish

from the holding tanks (r) and cannulated fish bled only

twice (o) are indicated, Values represent mean ! SE from 5

fish. Significant differences from time 0 are indicated (*).
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Packed cell volume did not differ between control trout and trout

bled at 9 and 16 d (Fí9. 3.1D). However, in fish bled repeatedly PCV

stabilized aE 5O% of control values. The effects of repeated blood sampling

in depressing PCV are well documented (Soivio et a]. 1975; Casillas and

Smith 1977; Cairns and Christian 1978; Lane 1979). Repeated blood

sampling in conjunction with surgery likely caused the observed

depression in PCV. My subsequent experiments in which fish were allowed

to recover prior to sampling showed PCV values similar to those published

for confined fish (Soivio et al, 1975; Swift 1981b). The amount of blood

withdrawn was 7 to 8% of the estimated tot¿l blood volume for fish of 250-

300 g (Nikinma¿ et al, 1981), No effects of blood sampling on PCV were

noted in large Atlantic salmon (Sa1mo sal¿r) which had less than 2% total

blood volume removed (Nichols and Weisbart 1984a),

In sunrmary, the blood parameters stabilized by 6 d following

cannulation and confinement. The minimum recovery period used in later

experiments was 9 d.

3.5.2 Experiment 2: Diel changes in Cannulated and Non-cannulated Trout,

Diel changes in plasma hormone levels will complicate plasma kinetic

studies because steady-state assumptions are violated. It is therefore

necessary to establish if plasma cortisol levels undergo significant diel

variation. Plasma cortisol for non-cannulated free-swimming trout was

slightly elevated at 0900 and 2100 on day 1 (Fig. 3.2), but these changes

were not evident the next day. In cannulated trout held in the same room

and on the same watet' supply plasma cortisol increased on both days 1

and 2, Although these changes occurred mainly at sampling times
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following a change ín lighl intensity, they were in ali likelihood due to

. prior blood removal. Owíng to the logistic problem of maintaining

; "rfficient cannulated fish, it was not possible to study cannulated trout

, ".mpled 
terminaily at each tíme in the diel cycle. The blood volume

removed from each fish at each sampling represented 1% of the total blood

volume for a sum of 5% over the experíment. Similar elevatíons ín plasma

cortisol were noted by Bry (1982) who then adopted a 28-h rather than 4-

, h sampling interval in diurnal experiments with cannulated trout, Díel

: "hanges 
in cortisol have been associated with long photoperiod, feeding

and low stocking densÍties (B¡y 1982; Rance et al, 1982; Pickering and

Pottinger 1983; Spieler and Noeske 1984). Fish in this study were held on

an intermediate photoperiod (12 h), starved and the stocking densíty was

, low.
:.

: No consistent diel change occurred in plasma glucose and protein or
:

PCV but all 3 parameters were significantly lower in the cannulated and
.

serially-bled trout than in the free-swimming trout (dat¿ not shown),
:

i This trend was evident for glucose and protein in Expt 1 but was not

, "ignificant. The larger sample size in Expt 2 presumably allowed better

, 
.tatistical discrimination.

, In summary, the holding conditions (starvation and intermediate

: photoperiod) appeared to attenuate daíly fluctuations in plasma cortisol
a

: "nd other measured parameters in free-swimming uncannulated fish,

: Howeverr repetitive blood sampling of cannuiated fish caused increases in

, plasma cortisol levels,



FIGURE 3,2. Plasma cortísol in cannulated trout (À) and in free-swimming

and non-cannulated control fish (o) sampled at intervals

during a 12-h photoperiod (light and dark periods indicated),

Values represent mean t SE of 5 fish.
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3.5.3 Experiment 3: Effects of Serial Blood SamPling

Blood removal was correlated with a Progressive increase in plasma

cortisol from 15 to 100 nmol/L at 180 min (Fig. 3.34). Plasma cortisol

levels of undisturbed cannulated trout at 240 mín did not differ from 0-

min values but were significantly dífferent from values for serially-bled

trout at 180 and 240 min, Therefore, as in other studies on rainbow trout

(Bry 1982), at least part of the piesma cortisol elevation was due to blood

removal, Nichols and Weisbart (1984b) repetitíve1y bled large Atlantic

salmon (1-4 kg) at 15-min intervals for 5 h, Because plasma cortisol did

not consistently rise after their first sample, and the peaks were

randomly timed, their evidence suggested a more episodic cortisol

secreLion pattern.

Plasma glucose levels increased slightly but significantly in serially

bled trout (F'ig. 3.38). Soivio et al. (1975) also noted elevation of plasma

glucose in repetitively sampled rainbow trout. Mean PCV (20,9 t 1.6%) and

plasma protein 17.5 t 0,8 mglml) did not change with time and did not

differ from values for terminally-bled cannulated trout (data not shown).

It is concluded that when using trout of the síze used (!300 g),

repetitive blood sampling acts as a stressor (as judged by plasma glucose

and cortisol), making ít unwise to estimate cortisol PCR by any technique

involving serial blood removal.



63

FIGURE 3.3, Temporal changes of (A) plasma cortisol and (B) plasma

glucose after pulse deliver¡'of 20 pL of seline-ethanol vehicie

into serÍally-sampled cannulated trout (o). Cannuiated t¡out

bled only once at 240 min are indicated (r). Values represent

mean ! SE of 8 fish, Significant differences from time 0 are

indicated (*).
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3.5.4 Experiuent 4: Effects of Vehicle Infusion

Infusion of saline:ethanol vehicle caused a major increase in plasma

cortisol at 2 h (Fig. 3,4). At 24 h plasma cortisol was 110 nmol/L. Ì{hen

vehicle infusion commenced 24 h prior to removal of the first blood

sample, plasma cortisol did not dÍffer from that of trout which had not

been infused, and plasme cortisol levels showed no significant increase

wÍth tíme. By 24 h plasma cortisol had regained initial levels of 50 nmol/L.

Plasma glucose (1.6 t 0.1 mmol/L), proteín (21.3 I 3.5 mÊ/mL) and PCV

(27,4 ! 1,8%) were not influenced by infusion lor 24 h (data not shown).

The direct cause of the large increase in cortisol w¿s not examined,

Introduction of vehicle at 70 yL/h should not alter blood volume because

this value represents 3% of the glomerular filtration rate (adjusted to

equal fish size; Holmes and McBean 1963). The effects of type of injection

vehicle or pump vibrations await further s¿udy. Use of larger fish may

alleviate some of the observed increase in plasma cortisoi.

It is concluded that a potentially feasíbie protocol for estimation of

cortisol PCR would be to:

i) ínfuse saline:ethanol vehicle for 24 h;

ii) infuse labelled cortisol through a cennula until constant

plasma cortisol radioactivity is obtained; and

iíi) remove a single terminal blood sample for measurement of

radioactive and tot¿l cortisol.
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FIGURE 3.4. Temporal changes of plasma cortisol in trout continuously

infused (70 UL,¡h) with saline-ethanol vehicle. Fish sampled

the same day as infusion begen (Å) and fish sampled 24 h

after initiation of infusion (o) are Índicated. Each point

represents mean 1SE from 4 terminally sampled fish,

Significant difference from time 0 (*).
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3.5.5 Experiment 5: Effect of Acid on Plasma Cortisol Levels ¿nd Kinetics

Following infusion of labeiled cortisol, radioactivity in the plasma

TLC fraction ettained a steady state by 16 h (Fig. 3.5). Trout used to

determine the cortisol PCR were bled at 24 h (Table 3.1)' Cortisol PCR was

unaltered after acíd exposure but the cortisol PDR was increased elmost 4-

fold by acid treatment largely due to an increase in the plasma cortisol

concentration. Ashcom (1979) following plasma cortisol patterns in brook

t¡out from water at pH 4,0, also suggested that the pla.sma clearance rate

was not appreciably altered by acid exposure, Because trout were

chronically confined and starved, it is possible that they displayed

maximum PCR for cortisol and were refractory to further acid stress.

In addition' the results emphasize that clearance rates calculated

using total or extractable radioactivity (Ilan and Yaron 1983; Redding et

al, 1984; Patino et al. 1985) can underestimate the clearance of authentíc

cortisol by 2- to 4-fold. Present clearance values calculated using total

radioactivity are roughly comperable to values (53-83 ml,/h per kg)

reported by Redding et al. (1984). The PCR values for cortisol (TLC

fraction) correspond to values described for sockeye salmon,

Oncorhynchus ne¡ka (Donaldson and Fagerlund, 1968, 1970) and Atlantic

salmon (Nichols and Weisbart 1985) but are considerably Éreater than

values recorded for other species (Owen and ldler 1972; Leloup-Hatey

I974,7976; Goodman and Butler 1976),



FIGURE 3.5. Profile of plasma radioactivity in TLC fraction following a

priming dose and constant infusion of [3H]cortisol into

cannulated trout, Each point represents mean t SE from 4

terminally sampled fish, Thus a total of 20 fish was infused,
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TABLE 3.1 Effect of acid exposure for 7-10 d on cortisol PCR and

selected blood parameters of cannulated rainbow trout,

Velues represent mean (SE) from 12 fish and are based on a

body weight of 1 kg, Significant differences from pH 7.7 are

índicated (x).

Parameter pH 7.7 pH 5.0

Plasma Cortisol
(nmol/L)

Cortisol PCR (TLC fraction)
(mllh)

Cortisoi PCR1 (extractable)
(mLlh)

Cortisol PCRr (total)
(mL,/h )

Cortisol PDR
(nmol/h)

PCV
(%)

Plasma Glucose
(mmol/L)

Plasma Protein
(s/L)

60
(14)

303
(42\

l eo

(37 )

't5
(24)

15.5
(3.3)

20.2
(1,2)

2,7
(0.3 )

26
(1)

134 *
( 1s)

354
(62)

159
(3e)

t25
(35)

59.1 x
(t2,7\

28.5 *
(4.0)

4.0 *
(0.5)

31 *
(3)

PCR calculated using extractable or total radioactivíty instead of TLC
fraction to facilitate comparisons to other studies.
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Elevations in plasma cortÍsol, glucose, protein and pCV (Table 3.1)

corresponded to previous results in acid-stressed trout (PART 1; McDonald

1983; Giles et al, 1984). It is worth noting that plasma glucose, protein

and packed cell volume generally were not clearly conelated with

increased plasma cortísol in Expts 1 to 4. In support, large increases in

plasma cortisol were induced in Atlantic salmon by ACTH injections

(Nichols and Weisbart, (1984b) but no changes were found in plasma

glucose, These and the present findíngs contrast with those in other

teleosts where cortisol has been implicated in the control of blood glucose

(Chan and Woo 1978; Leach and Taylor 1980, 1981). Further study of the

control of plasma giucose in acid-exposed fish and fish stressed in other

ways appears necessarJ'.

3.6 CONCLUSIONS

The effects of factors which may influence plasma corbisol levels in

kinetic studies (cannulation, diurnal change, serial sampling and vehicle

infusion) were evaluated, A feasibte protocol for estimation of cortisol

PCR and PDR by constant infusion in minimally stressed fish was applied

to trout exposed to water at pH 5.0. Acidic conditions did not alter

cortisol PCR but due to elevated plasma cortisol levels, cortisol PDR was

increased, Low pH elevated plasma glucose corroborating previous

findings (PARTS I and 2). Increased PCV and plasma protein under acidic

conditions was supportive of impaired fluid balance.
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4,I SYNOPSIS

Pìasma kinetics for cortisol, T, and Tn and other blood parameters

were examined in cannulated rainbow trout exposed for 7 d to a sublethal

ambient pH of 4,7 (H2SO4), an ambíent pH oî 4,7 plus Al (AÌKSO4, 2O tmol/L)

or an ambient pH of '1,7 (controls), Sublethal pH alone increased the

cortisol level and the cortisbl PDR but did not change the co¡tisol PCR; it
did not modify plasma T3 and T4 levels or their kinetics; it increased

plasma glucose and decreased plasma Cl- end osmolality with no change in

PCV, Low pH in combination with Al increased the cortisol plasma level,

PCR and PDR; ít increased the T4 PDR, but decreased the T, PCR and T,

plasma appearance rate (PAR); it also increased plasma glucose and

depressed plasma Cl- and osmolality but increased PCV. It ís concluded

that Al exacerbates the effects of low ambient pH to increase cortieol

production and decrease T3 production.

r Previously published (Brown et al. 1990a).
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4,2 INTRODUCTION

The short term laboratory responses of freshwater tejeost fish to

low ambient pH include ion loss from body fluids (McDonald 1983). Over a

longer period, field and laboratory siudies suggest that low pH reduces

growth (Tam and Payson iSSO; t.* et al. 1988), reflecting possible shifting

of resource use from somatic and gonadal growth towards maintenance of

homeostasis (Tam et at, 1988). In nature, these effects of low pH are

potentially complicated by the effects of metals, particularly aluminum,

which may be liberated from catchment soils by depressed pH (LaZerte

1984). The endocrine aspects underlying these physiological changes,

while incompìetely understood, implicate both the interrenal and thyroid

systems, Low pH alone, or in combination with At elevates plasma cortisol

levels (PARTS 1 and 2; Brown et al. 1986a; Goss and l{ood 1988; Tam et al,

1987) and causes sustaíned activation of pituitary-corticotrophs while

depressing thyrotroph activíty (Tam et at. 1988). Plasma Tn and T. may

also be influenced by low pH (PARTS I and 2; Edwards et al. 1987), but

the response profile is incompletely defined. To date, there has been one

other study on the effects of Al on the fish thyroíd system (Whitehead

and Brown 1989). Moreover, evaluating the response of both the

interrenal and thyroid systems to an environmental stressor provides a

first step towards testing the hypothesis that interrenal activity

antagonizes thyroid function (Redding et al. 1986).

To obtain a more complete perspective on the interrenal and thyroid

responses to low ambient pH and aluminum, I investigated the effects of

these agents alone or in combination, on plasma levels of cortisol, T, and

74
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Tn and on the plasma kinetics of these hormones. This was done to

evaluate the rates of hormone addition to and removal from the plasma

pool. Measurement of plasma glucose, osmolality, Cl- and PCV were used to

substântiate previousiy described effects of low pH and Ä1.

4.3 MATERIALS AND METHODS

4.3.1 Fish Maintenånce

Rainbow trout (2-3 yrs; weight 403 t 14 g; î t SE, JV = 115) were

held under conditions described previously (see PARTS 1-3). Fish were

fed at a ration of L,5% wet body weight per day and were acciimated to

laboratory holding conditions at least 3 weeks prior to their use in

experiments. Experíments were conducted between February and August.

4.3,2 Pulse Injection of [125I]T3

Fish were cannulated (see PART 3) and allowed to recover in 60-L

aquaria for 7 d prior to use in experiments. All fish had a 600-¡tL blood

sampl.e removed just prior to injection, Plasma was separated by

centrifugation and 100 ¡rL set aside for T, radioimmunoassay. For each

fish 100 ¡lL of its own plasma was used to resuspend [lzsl]T3 (780

mCi/Irmolr Amersham) which had been dried in a microcentrifuge tube (500

UL). The plasma and tracer were aspirated into a section (45 cm) of

cannula tubing and it was attached to the cannula implanted into the fish.

The Ir2sI]T3 in the plasma vehicle was injected into the fish and the

contents of the tubing immediately flushed into the fÍsh with the

remaining plasma (200 uL) followed by 300 ¡rL trout saline. ?he piece of
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tubing which had contained the tracer was removed and a new piece

containing saline attached. After corrections for iodide contamination and

residual. counts in the microcentrifuge tube end injection cannula, it was

calculated that each fish received 0,73 10.02 pci [12sI]Ta, preliminary

experiments indicated that residual radioactivity in the cannula attached

to the fish was low (<200 cpm) and did not contaminate subsequent blood

samples, Blood samples (200 UL) were removed after discarding the

cannula dead volume at 5, 13, 45, 120,480, 960 and 1440 min. At 2880 min

a large terminal blood sample (1 mL) was removed. The total blood volume

removed prior to the last sample was (10% based on a blood volume of 3.0%

body weíght (see section 4,4.2).

Plasma volume (Vo) was determined in a separate group of 5

cannulated fish, After removing an initial blood sample (300 pL) fish were

injected through the cannula with 0.056 t 0,002 ¡Ci I 
r25I ]fibrinogen (1.2

mCi/mg, ICN). Tracer was immedíately flushed into the fish with plasma

(200 UL) and fish saline (400 UL). The injected dose was corrected for

iodide contamination (10.9%) and loss due to adherence to injection tubing

and syringe. Preliminary experiments índicated that residual counts ín

the cannula after injection were low (<50 cpm) and did not affect counts

obt¿ined ín subsequent blood samples. After discarding the cannula dead

volume, 150 ¡.rL of blood was sampled from the cannula using heparinízed

syringes aL 2,5, 5,5, 10.5, 15,5, 20.5 and 25,5 min. Plasma samples (50 uL)

were analyzed for [ 
125I ]fibrinogen êfteï separation from cont€,minant

radioiodide on Pharmacia PD10 columns. A single exponential function Y(t)

= Ae-ot was fitted to the data for each fish, where Y represents the

fraction of [ 
125I ]fibrinogen in I mL of plasma and t represents the time



PAnî 4-LoH pH/Al on coÍtisol., IB and 14 ÀJretjc.s 77

after I 
r25I ]fibrinogen injection. The Vn was cal.culated from Vn = 100/A and

the blood volume = vp + ((pcvl100) x vp) (Nikinnaa et a]. 1981).

A three-compartment model was used for the analysis of. T, kinetics.

A similar model was used previously for studying T, kinetics in rats

(Distefano et at, 1982). In addition, the independent dat¿ for plasme

volume were included in the fitting procedure at time 0. The curves

describing toss of [125I]T, (% dose,/ml) were analyzed by the graphical

curve peeling method (Shipley and Clark 1972) as previously applied to

plasma T, and Tn kinetic data in trout (Eales et al, 1982, 1986). This

provided estímates of A1r a1r A2, 02, A3 and o, for the noniinea¡ regression

equation Y(t) = Ar.-ort + Aze-dzt + ABe-ô3t, where Y represents the fraction

of [125I]T3 in 1 mL of plasma, These values were then used to provide

stårting values for the computerized nonlinear, weighted least-squares

regression described by Distefano et al. (1982). The computer derived

terms were then used to calculate T3 PCR, T, plasma appearênce rate

(PAR) and T3 pool sizes exactly as outlined by Distefano et al. (1982) for a

three-pool mammillary model. The production of T, from To can and does

occur in several body tissues and the T, formed does not necessarily have

to traverse the pìasma pool prior to degradation. Therefore, using plasma

data to estimate plasma degradation of T3, one can only obtain a mínimum

estimate, more appropriately termed the PAR (Distefano 1986) and T3 PAR =

PCR X PC, where PC represents the plasma hormone concentration

determined by radioimmunoassay,
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4.3.3 Infusion of Labelled Hormones

Plasma kinetics of cortisol, T, end Tn were also assessed using the

previously described constant infusion technique (PART 3). After 3 d

([12sI]T3) or 5 d ([3H]cortisol end [125I]T4) of exposure to an ambient pH of

4,7, pH 4,7 plus Al or pH 7.7 (controls), trout saline:plasma (9:1, v/v) was

infused through the cannula using infusion pumps (see PART 3) at a rate

of 50-60 BL/h. At 24 h, tl:,e pumps were momentarily stopped, and after

elimination of the cannula dead volume, an initial blood sample (100 pL)

was removed prior to labelled hormone infusion. No additional blood was

removed until infusion was completed. After remov¿l of the initial sample

the fish were injected through the cannula with a 1-¡rCi priming dose of

the respective tracer and the syringes containíng vehicle exchanged for

those also containing [1,2,6,7-3H(N)]cortisol (85.5 Ci/mmol, New England

Nuclear), [125I]To (?80 mci/umol, Amersham) or Ir25I]To (900 mcilumol,

Amersham). The amount of radioactivity infused was 0.2 pOi,/h for T, and

T..

The ti¡ne required after labelied cortisol infusion to attain constant

plasma cortisol radioactivity indicating steady st¿te was 16 h (PART 3).

Routínely, labelied cortisol was infused for 24 h. Based on experiments

conducted in this study Tn and T, required 24 h and 96 h of infusion

respectively, to attain steady-state in plasma. In all cases, fish were

exposed to Iow pH or lolv pH and aluminum for 7 d before sampling. At

this time trout were rapidly ¿nesthetized in pH-neutralized TMS (0.76

mnol/L) and blood was removed from the caudal vessels using 3- or 5-mL

heparinized syringes. Plasma was obtained by centrifugation and stored

at -70 'C until analyzed.
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The PCR values v/ere cal.cul.ated from the known rates of labelled

hormone infusion and the PDR for cortisol and Ta were calculated as

outlined in PART 3. The T3 PAR was calculated as described previously

(section 4.3,2)

4.3.4 ldentification of Labelled Hormor¡es in Plasma and Infusion or

Injection Media

[3H]Cortisol, Plasma (300 pL) and infusion medium (50 uL) were

incubated with non-radioactive cortisol. (28 nmol) and a known amount of

[IaC]cortisol; (55 mCi,/mmol, New England Nuclear) and extracted with 5 mL

dichloromethane as outlined in PART 3. The dichloromethane extracts were

dried, redissolved in dichloromethane:methanol (9:1, v/v), applied to TLC

plates and the piates developed in dichloromethane:methanol:water

(150:9:0.5, v/v) (see PART 3), The area containing cortisol was visualized

under short-wave UV radiatíon, aspirated, eluted into liquid scintillation

vials, dried and counted (PART 3), Recovery of llaC]cortisol was used to

correct for procedural losses of [3H]cor¿isol for each individual sample,

To provide estimates independent of the TLC procedure, l3H]cortisol

was determined in plasma by high performance liquid chromatography

(HPLC), The HPLC system consisted of 2 Model 302 solvent pumps, a Model

231 sample injector, a Model 704 system controller, a Model 620 date

module, a Model 116 dual channel UV absorbency detector set at 254 nm,

and a Model 201 fraction collector (Gilson Medical Electronics). Residues

from the dichloromethane extracts were redissolved in mobile phase and

iniected onto a 3-micron Adsorbosphere HS C* column,4.6 mm i.d. by 104

mm length with ¿n attached 10-mm Adsorbosphere certridge guard column
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(Alttech Associates Inc.). Corticosteroids were eluted with a 25-min

gradient of 50-70% methanol and water (OtHare and Níce lgSl) delivered at

a flow of 0.5 mllmin. Fractions were collected at 0.5-min intervals, dried

and counted.

Non-radioactive cortisol, cortisone, corticosterone and 11-

deoxycortisol standards were purchased from Sigma or Steraloids,

Dichloromethane (Caledon Lab.) and methanol (Fisher) were HPLC grade.

Distilled water was purified using a MilliQ water system (Millipore),

[125r]Ts and [125r]Tn. Plasma [125I]T3 and [125I]T4 and infusion or

injection media were separated by a technique (Sephadex,/Ab) in which

excess antibodies specific for T, or Tn (Calchemical Lab., Calgary, Alta.)

sequentialiy elute Ir25I]T3 or Irzsl]Tn from plasma samples directly applied

to miniature G-25 Sephadex columns (Eales 1977).

4.3.5 Erl¡osure to Acid and Âl

Fish (6 per treatment) were cannulated via the dorsal aorta as

descríbed in PART 3, After cannulation fish were not fed and were

allowed to recover for 7 d after surgery. Following recovery, trout were

held for 7 d in individual restraining chambers (60-L aquaria) supplied

with acidified water (pH 4,7 , H.SOù, acidified water pl.us 20 ymol Al/L ot

control water (pH 7.7), Low pH water was obtained using the

acidification-decarbonation system described in PART 1. Water

temperature averaged 12.8 t 0.8 'C (î t SE) and free CO, concentratíon

was 44 J 6 umoi/L (Î t SE). Instrument calibrations were checked daily

against a standardized pH meter. Stock solutíons of At (AIKSO¿) were

prepared in deionized water and acidified with 1 mL of concentrated HNO,
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per liter. The stock solution was perfused into the incoming water line of

each test chamber using multichannel peristaltic pumps. Each test

chamber received at least 2 L of aerated v¡ater per gram of fish each day.

4.3.6 Measurement of Aluminum

Procedures for fractionation and meaaurement of Al were similar to

those schemes described in PART 2. Levels of fluoride and total inorganic

SOn2- Ìevels were measured as in PART 2. Calculations of Al specíes in the

monomeric fraction were performed according to Driscoll (1984). A

complete set of Al measurements and speciation calculations was conducted

on water collected from the outflow of each test chamber after 1 and 7 d

of exposure. A1l Al measurements were completed on the dey of sampling.

4.3.7 Blood Analyses

Radioimmunoassays for cortisol, T, and Tn were performed as

described previously (PART 1). Hormone measurements were conducted on

both the initial and terminal plasma samples to ensure minimal change

((20%) occurred during the course of the experiment, Plasma cortisol

could be measured in fish infused with lsH]cortisol because the cortisol

assay used cortisol-3- (êcarboxymethyl)-oximino- (2-[r25I]iodohi6tamine) as

tracer. The l3H]cortisol does not interfere h'ith ¡zsl tagged cortisoi which

was counted in an LKB CompuGamma counter. For Ir25I]T3- and [125I]Tn-

infused físh, plasma radioactivity wes elevated ZO-fold prior to assay with

[1251]T¡ or [125I]To to límit error in plasma hormone determinations to (5%.

Plasma glucose, osmolality and chloride were measured as described

previously (PART 2). Packed cell volume (Pcv) wês determined in
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triplicate on whoie blood using Ciay-Adams heparinized microhematocrit

tubes.

4.3.8 Stotistics

Bartlett's test for homogeneity of varience was applied to data and

where required, deta were transformed according to Taylor's power law to

obtain more uniform variance (Southwood 19?8). For clarity of

presentation, untransformed aríthmetic means and standard errors are

given in the Results, One-way ANOVA was computed and Tukey's

Studentized Range test was used to distinguish differences between group

means, Probability levels of <0.05 were considered signiflcant,

4.4 RESULTS

4.4.1 Recovery and Separation of Radioactive Materi¿ls in Plasma

Cortisol. Recovery of added IraC]cortisol from plasma by extraction

with dichloromethane was 84,5 ! 2,8% (î ! SE, N = 23l'. Cortisol and

cortisone were completely separated using HPLC (Fig. 4,14). The elution

profile of unlabelled standards was unaltered by co-separation with

pìasma from [ 
3H ]cortisol-infuse d fish and a major radioactive peak

coincided with the cortisol peak (M) (Fig. 4.18). The first peak

corresponded to the void volume. The second peak corresponded to

cortisone (Ð). Although the measured radioactivity co-eluted with the

added cortisol standard, radioactive components other than cortisol could

contribute to this fraction. I therefore refer to the radioactive fraction



FIGURE 4.1. Separation of corticosteroids by reverse phase HPLC, A-

Relative absorbance at 254 nm of 200 ng standa¡ds of

cortisone (E), cortisol (M), corticosterone (B), and 11-

desoxycortisol (S); dashed line indicates % methanol in

gradient, B-Elution profile from a fish infused with

[3H]cortisol.
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co-eluting with standard cortisol as the M fraction because

recrystallization to constant specific êctivity was not done. When the

routinely used TLC procedure (PART 3) end HPLC were compared, similar

estimates of radioactive material co-eluting with standard cortisol were

obtained (Table 4.1).

T. end To. The Sephadex/Ab extraction of plasma provided

recoveries of added [125I]T¡ and [rzsl]Tn that exceeded g3.5% with less

than 1,5% cross-contamination of fractions, Foiiowing infusion of Ir25I]Ti

and [1251]Tn, plasma radioactivity associated with T, antisera attained a

steady state by 18 h (Fig, 4.24); while radioactivity associated with T,

antisera required 72 h lo achieve steady state (Fig, 4.28).

4.4.2 Plasma Volume and T. Kinetics by Pulse Injection

The mean values of coeffÍcients and exponents of the best single

exponential fit to the fibrinogen kinetics data for individual fish were,

respectivel.y A= 4,4 ! 0,3 % dose/ml per kg and o = -0,012 ! 0.002

(min-l), Estimates of Vn in the fish injected wi¿h [ 
125I ]fibrinogen (Fig. 4,3)

averaged 23 ! 2 mL per kg. Mean PCV was 28.9 t 1.9% and totai blood

volume was calculated at 29.6 t 2.2 mL per kg,

For each fish examined, loss of plasma [125I]Ts with time conformed

significantly better to a 3-compartment model than a 2-compartment model

(Fig, 4,4), The mean T3 PCR estimated from fitting 3-compartment models

was 6,0 ! 0,4 mL/h per kg (Table 4,2), 'f}:'e plasma pool (Qn) reÞresented

only 6.2% of the total T3 pool (Q¿) in trout (Fig. 4.5). The fi¡st fast tissue

pool (Qr)contained 12,3% and the second slow tissue pool (Qr) ttre

remaining 81.5% of Qu,
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TABLE 4.1 Estimates of plasma radioactive materials corresponding to

authentic cortisol. Plasma of [ 
3H ]cortísol-infused fish was

examined by TLC and HPLC. Percent difference was

cal.culated relative to HPLC measurements. Values represent

mean of 3 replicate analyses from randomly selected fish,

Fish H PLC
( dpm/ml, ) ( dpm/mL )

% Difference

A

B

D

E

6196

3334

4239

3036

4618

6940

288t

4399

3537

4237

-12,0

13.6

2,4

- 16,5

8.3
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FIGURÐ 4,2. Increase in plasma r25I-labelled materials following a priming

dose and constant infusion. A-Radioactivity eluted by To

antibody from plasma of I 
r25I ]T4-infused fish. B-Radioactivity

eluted by T, antibody from plasma of [ 
l2sl1Tr-infused fish.

Each point represents mean t SE from 4 terminally sampled

fish. Total number of fish infused was 20 for each hormone.
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FIGURE 4,3. Piasma [ 
125I ]fibrinogen from plasma after its injection in 5

reinbow trout (A-E). The data points were fitted with a

single exponential function (H) to determine to tracet

concentration and hence the plasma volume (Vo),
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FIGURE 4.4, Disappearance of pìasma [r25I]T3 after its injection in S

rainbors trout (A-E). Each point represents the mean of

duplicafe analyses, The best fit, 3-exponential functions

(o-e) were used to calculate T, kinetic perameters (Table

4,2),



E
D

I I i \ \ \

\
\

o 
10

00
 2

00
0 

30
00

T
im

e 
(m

¡n
)

ï I \ \ \ \

B

0 
10

00
 2

00
0 

30
00

T
¡m

e 
hi

n)

A

0 
1m

0 
20

00
 3

00
0

T
¡m

e 
(m

in
)

0 
10

00
 2

00
0 

30
00

T
im

e 
(m

in
)

E o o ¡:
0

-9 -ç o t-
1

o ,9 t- = !

o 
10

00
 2

00
0 

30
00

T
im

e 
(m

¡n
)



93

TABLE 4,2 Estimates of kinetic parameters for ¡sinbow trout injected wi¿h [125I]T3. Kinetic

PÉt¡a¡neters are based on å body weight of I kd.

PARAÈIElER

Individual Fish 

-

ABCDE Popuìêtion
(î i sE)

or (min-r) -0.?06 -0.111

A2 (% dose/mL) f,24 0,a23

o2 (min'r) -o.oo55 -o,oo33

A3 (96 dose/mL) 0,231 0.146

o. (rnin-¡) -0,00026 -0.00018

3.17 2.54

-0,171 -0,17'l

1,72 1.14

-0.0078 -0.0070

0.222 0,276

-o,ooo22 -0.00045

3.38 3.10 r 0.15

-0.35? -0.304 r 0.108

1.20 1.10 i 0.0?4

-0.0048 -0.0057 t 0.001

0.267 0.224 ! 0,023

-0.00038 -0.0003 J 0.00005

1.5 1 l ! 0.2

6,2 6.0 I 0.4

9.1 6.4 ! 1.1

20,6 22,6 ! O,A

44.5 46.9 I 4.8

239 320 ! 43

304 390 r 4?

29,9 23,8 ! 2,8

64.5 47.8 r 4.9

347 317 ! 1?

456 388 ! 25

T. (pmol/mL)

T3 PCR (rnl,/h)

T3 PAR (pmol/h)

ve (mL)

v2 (mL)

V3 (rnl,)

Vd (lnL)

Q¡ (nmol)

Q2 (Pmol)

Q3 (nmol)

Q¿ (nrnol)

5.4

6.5

44.6

298

365

36.2

53.5

358

438

5.5

3.3

65.4

560

14.0

2a3

0.9

4.8

41,3

345

409

39,2

328

368

1,6

8,4

38.6

310

27,8

42,5

271

341
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FIGURE 4.5, Three-compartment model for [rzsl]Ts kinetics in rainbow

trouL, The plasma pool represents the compartment into

v¿hich [125I]T3 was injected and from which samp]es were

withdrawn for analysis, The rfast' pool represents the tissue

compartment mosL rapidly exchanging with plasma (rates k,
and k12). The 'slow' pool represents the remeining tissue

compartment (rates k' and k13). It is assumed that T, loss

only occurs in the tissue pools (rates k¡, and ks3). No loss of

T, is aseumed to occur from plasma, The single pass mean

transit time for T. molecules ín each pool ere indicated (t,),



I s.low ' Poo I

320 nL
317 pmol
t = 3900 nin

t Fast t Pool

47 nL
48 pnol
t = 4?0 rnin

23 nL
24 pmol
t=226 nin

kr¡ k lu

-krr = k¿r + k31 >0

-kzz = ktz + koz >0

-k¡s = krs + ko3 >0

c, = krrkr, )0

c, = krrkr, )0
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4.4.3 Exposure to Acid and Aluminun

There was no mort¿lity during the 7 d exposures to pH 7.2, pH 4.?

or pH 4,7 pìus 20 pmol/L Al. In the acid treated tanks, the pH ranged

from 4.6 to 4.9, Concentrations of total Al were close to nominal values

averagíng 2L,6 ! 0,73 ¡mol/L (î t SE, lV = 28). Labile Al consisted largely

of AIF species and was 19,2 t 0.6 Umol/L (î t SE, lV = 28)r representing

88,7% o1 total Al.

4.4.4 Effects of Low pH and Aluminium on Plasma Hormone Levels and

Kinetics

Trout exposed to pH 4.7 for 7 d had increased plasma cortisol levels

and cortisol PDR relative to controls (Table 4.3). Neither plasma T, and To

concentrations, nol'their kinetics were altered by low pH. Low pH plus Ai

increased plasma cortisol concentration, cortisol PCR and cortisol pDR to a

greater extent than did acid alone. Although T4 PDR was increased and T,

PCR and T3 PAR were reduced by low pH plus Al, plasma T, and Tn levels

did not change.

4.4.5 Non-hormonal Blood Parameters

Low ambient pH (a.7) for 7 d increased plasma levels of glucose,

decreased plasma levels Cl- and osmolality but did not alter pCV (Table

4.4). Adding Al to lorr' pH water further inc¡eased plasma glucose and

decreased osmolality, and aÌso elevated PCV.
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TABLE 4.3 Effects of low pH and 20 umol AI/L for 7 d on plasma leveis,

PCR, PDR or PAR of cortisol, T3 and Ta in cannulated trout.

\¡alues represent mean (SE) of 6 físh and are based on a body

weight of 1 kg. Significant differences from value at pH 7,?

are Índicated (x).

PLAS MA
PARATIETER

pH 7 ,'7 pH 4,7 pH 4,7 + Al

Cortisoì
(nmol/L)

CorLisol PCR
(ml,,/h)

Cortisol PDR
(nmol/h)

T^
(nmol/L)

T3 PCR
(mL,zh )

T" PAR
(Ëmol,¡h)

T.
(nmol/L)

T4 PCR
(mt,zh)

T4 PDR
(pmol/h)

400
( 180)

213
(5s)

70x
(30 )

1.6
(0.6)

6,2
(2.11

8.9
(2.1)

7,7
( 1.3)

17,8
( 1.8)

28,8
(5.0)

120
(50)

L76
(28)

22
(6)

1.5
(0.2)

6.1
(0.7 )

9.1
(1.1)

2,3
(0,4)

16.4
(0.s)

36.1
(0.5 )

870
(310)

260
(4e )

249
(s4)

(0.7 )

3.8 x
( 1.8)

5.8 x
( 1,8)

1|l

(0.? )

16,6
(2,2)

51.4 *
0.2\
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TABLE 4.4 The effects of low pH and 20 umol Al/L on plasma glucose,

chloride, osmolality and on packed cell volume (PCV) in

cannulated trout, Values represent mean (SE) for the 24 fish

used in each treatment group in the kinetic studies,

Significant differences from the pH 7.7 group are indicated

(* ).

PARAT{ETER pH 7 .'t pH 4.7 pH 4.? + Al

Glucose
(mmol/L)

Chloride
(mmol/L )

Osmolality
(mosmol/kg )

PCV
(%)

6.8 *
(0.8)

127 f
(4)

288 t
(8)

27.0
(2.0)

11.7 *
(2.4)

t23 Þl

(5)

278 *
(8)

36.6 *
(2,1\

4,0
(0.2)

L34
(1)

303
(5)

26,3
(1.7)
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4.5 DISCUSSION

Cortisol PCR and PDR in cannulated control trout were comparable to

values determined previously (PART 3) and egreed generaliy with values

given for other salmonids held in freshwater (Níchols and Weisbart 1985;

Nichols et al. 1985). Hovrever, plasma cortisol levels ín cannulated control

fish were double those found previously (PART 3), The cause of this

difference was not immediately apparent. Nevertheless, plasma cortisol

concentrations were lorver than other published values for cannulated

rainborr' trout (Goss and Wood 1988) and increased due to low pH and Al,

The higher plasma cortisol levels at low pH were simila¡ to those

described previously (PARTS 1-3; Goss and Wood 1988). As I reported

earlier, low pH did not affect cortisol PCR (PART 3), Addition of Al to

acidic water inc¡eases plasma cortisol markedly, corroboratíng other

recent findings (Goss and Wood 1988; Wood et al, 1988a), Due largeiy to

the increased plasma ì.evels of the hormone, cortisoi PDR was elevated by

acid and more so by acid plus Al. This suggests tl¡at under these

conditions, measurement of plasma cortisol may provide a reliable index of

cortisol secretion rate from the interrenal,

The role of cortisol during acid and acid/Al exposure remains to be

defined. Elevated cortÍsol has been linked to chloride cell proliferation in

low Ca2'water (Perry and tdood 1985) and to enhanced whole body Ca2+

uptake (Flik and Perry 1989), Both effects may aid ín maintaining ion

balance in low pH end high Al environments (Goss and l,Iood 1988; Wood et

al, 1988a).

99
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Plasma T3 and T4 levels in the cannulated trout were similar to

those reported previously in non-cannulated ¿rout (PART 1). Estimates of

T, PCR determined by the constant infusion technique (6.1 ml,zh per kg)

closely agreed with those derived by multicompartmental analysís foltowing

ínjection of a single tracer bolus (6.0 ml/h per kg). Values derived from

previous single injection studies in fish employed 2-compartment models

(Eales 1979b; Eales et al. 1986) end while results are not strictiy

comparable, the estimates of Ts PCR tended to be símilar (3,7-12 ml,zh per

kg). tn general, estimates of To PCR by constant infusion were consistent

with those (5.4-34.5 mllh per kg) determined for salmonids by

muiticompartmental analysis (Eales et aI. 1982; Specker et al. 1984). The

plasma voìume determined from kínetic analysis of [ 
l2sl]fibrinogen loss was

similar to the values (20-33 mL/kÊ) previously reported for rainbow trout

using a variety of different materials to trace plasma volume (Conte et al.

1963; Duff et al. 1987; Nichols 1987; Gingerich et al. 1989).

Although I generally observed depressed plasma T, in response to

iow pH alone (PART 1) the effect was not evident in this study. The trout

used before were smaller and 8 to 10 d of low pH exposure were required

to induce plasma T, effects. Perhaps the ? d low pH exposure was of

insufficient duratìon to lower plasma T, Ievels in these larger cannulated

trout, Unaltered hepatic T4 5'-MD (5'-monodeiodinase) in trout exposed

for 7 d to low pH without Al supported the plasma and kinetic

measurements in suggesting no significant, alteration in T, production due

to these conditions (Brown et al. 1990a). Lack of a clear response of

plasma Tn to low ambient pH (with no Al present) was consistent with the

earlier findings in non-cannulated fish where plasma T, rvas only
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occasionally increased following símilar treatments (PARTS 1 and 2). In

contrast, increased T4 levels were observed following low pH exposure in

brown trout (Edwards et al. 1987; Brown, J.A. et at. 1989).

The indices of peripheral thyroid function, assessed in fish exposed

to low pH and Al, support the hypothesis that extrathyroidal conversion of

Ta to T3 was impaired due to Al addiLion. Reduced Ts PCR and T3 PAR

occurring simultaneously with unchanged or increased T4 PCR and Tn PDR

imply lowered T, production from Tn. Hepatic T4 5t-MD ¡epresents a major

step for plasma T. generation (de Luze 1982) and Al reduced both the

affinity of this enzyme for the To substrate and the amount of functional

enzyme (Brown et al. 1990b). Recent measurements of tíssue T, levels in

trout exposed to acid and aluminum confirm this view because whole body

T, levels were reduced by 80% under these conditions (Fok et al. 1990).

Altough low ambient pH and Al impaired peripheral thyroid function,

the mechanism of the change was unclear. In addition to the potential

direct effects of Al on aspects of thyroid activity, it is possible that the

responses may be indirectly mediated. Cortisol represents a candidate for

involvement because it is thought to exert antagonistic effects on thyroid

indices (Eales 1979a; Redding et al. 1986), Low ambient pH increased

interrenaÌ secretory activity but did not alter peripheral thyroid function.

However, the greater plasma cortisol response induced by low pH and Al

may have been sufficient to cause the observed thyroid responses,

Further experimental work is necessary to resolve the possibilíty (see

PART 5).

The consequences of lower T, availability to overalì fish

performance may be speculative but worthy of comment, A consistent
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response of fish to treatment with exogenous thyroid hormones ís

enhanced somatic growth (Higgs et al. 1982; Hilton et al, 1987).

Coincidentally, recent studies document suppressed growth in trout

treated with acid plus Al, but growth was not suppressed in trout exposed

to low pH water alone (Sadler and Lynam 1987; Mount et al. 1988; Reader et

al, 1988), Furthermore, chronic treatment with low Al levels, while

protecting fish from ionorêgulatory disturbances due to low pH, was

det¡imental to fish growth (Mount et al, 1988), Thus it appears that

reduction of Tn conversion to T3r now considered the active hormone form

(Eales 1985), could represent a factor limiting fish growth. Impairment of

T4 5'-MD activity by Al may represent the key component in this process,

The experiments demonstrating suppression by low pH of T3 PAR

and also T4 5'-MD (Brown et al. 1990a) were conducted at moderately high

ambient Caz* Ievels and with relatively high leveis of Al. Further study

using softer water and lower Al concentrations are required to determine

the general applicability of the altered peripheral thyroid indices in Al

exposul'e, Nevertheless, the trout were experiencing significant

ionoregulatory disturbance attributable to low ambient pH and Al. The

altered osmotic and carbohydrate parameters found in cannulated trout

exposed to low ambient pH represent changes found previously (PARTS 1

and 2; McDonatd 1983; Brown et al, 1986a). Aluminum exacerbated the

effects of low pH on blood glucose, Cl-, osmolality and PCV as described

previously (Goss and Wood 1988; Wood et al, 1988b,c), However, the

moderately high Caz* levels in Winnipeg city water likely ameliorated the

effects of low pH and A1 on ionoregulatory disturbances (Playle et al,

1989). The levels of labile Al used here were high but comparable to
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environmental values reported for waters ín the Laurentian area in Quebec

(Hendershot et al. 1984) and the Birkenes catchment in Norway (Seip et

al. 1984), Furthermore, AIF species, dominant in aqueous systems (Driscoll

!984i LaZerte 1984; Seip et a], 1984), are less toxic than free Al ions (Baker

and Schofield 1982 ),

4.6 CONCLUSIONS

Low pH increases cortisol production, but by itseif has minimal

effects on thyroid hormone metabolism in raÍnbow trout. However,

addition of Al intensifies cortisol production and also influences the

thyroid system primarily by decreasing extrathyroidal T, generation,

probably leading to diminished somatic growth, The possibility exists that

some of the effects of acid and Al aL 20 Umol/L on the thyroid system are

mediated by elevated levels of cortisol,
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PAT¿T 5
EFFECTS OT' C()T¿TISOÍ. OI\T ASPECTS
oF T3 I\{ETA.BOI-ISIvf I

5.1 SYNOPSIS

Aspects of T, netabolism li'et'e studied in fed rainbow trout held at

11.5-14 'C and intraperitoneally implanted with hydrogenated corn oil

(controls) or oil containing cortisol, Cortisol implants caused dose-related

physiologic elevations in plasma cortisol lasting 2 to 3 weeks, loss in body

weight and depression in plasma T, and free T, index with no consistent

change in plasma To or free Ta index. Plasma T. clearance rate and T,

PAR Ìrere both increased by cortísol, but with a significant decrease in

muscle T, concentration as measured by HPLC, It is concluded that

chronic physiologic cortisol ¿reatment enhances plesma T, clearance,

resulting ín a decline in T, concentration in both plasma and tissue

(muscìe) compartments,

1 Previously published (Brown et al, 1990b).



PART 5-Cot:tisol on T3 Deta¿rolisþ

5.2 II,¡TRODUCTION

105

In teleost fish, cortisol produced by the interrenel ceì.ls is thought

to antagonize ce¡tain aspects of thyroid function. Evidence has

accumulated linking exogenous cortisol tree,tment to reductions in síze of

pituitary thyrotrophs (Leátherland and Lam 19?1), thyroid epithelial celt

height (Van Overbeeke and McBride 19?1), ptasma Tn response to TSH

(Leatherland 1987), and circulating levels of thyroid hormones (Redding et

al, 1984, 1986; I,leisbar.t et al, 1987), However, contrasting effects have

also been reported for fish exposed to cortisol. These include increased

radioiodine uptake by the thyroid (Singh 1969), elevated or unchanged

plasma thyroid hormones (Milne and Leatherland 1980; Leatherland 1987),

and stimulated T3 production by hepatic T4 5'-MD activity (Vijayan et al.

1988 ),

Based on the above observations one cannot, yet define the effects

of cortisol on the teleost thyroid system. Current inconsistencies in the

literature may be due in part to differences in specíes, physiologic state

or mode of cortisol administration, However, cortisoi doses have also

differed widely, ranging from the upper physiologic range (Redding et al.

1986) to overtly pharmacologic (Milne and Leatherìand 1980; Weisbart et at.

1987) which may have Ínfluenced the responses qualitatively as well as

quantitatively. Finally, the methods and parameters used to assess

thyroidal status have varied between studíes and could also explain some

of the literature discrepancies,

Current dogma suggests that T, is the ective hormone at the

receptor level (Bres and Eales 1986), Consequently I have focused on T,



PABI í-cortisol on î3 Detebolìsn 106

metabolism in rainbow trout and attempted to determine the effects of

physiologic cortisoi treatment not only on plasma levels and clearance rate

but also on tissue (muscle) T, level, I have demonstrated thet the

cortisol-induced reduction Ín plasma T. is probably due to enhanced

plasma T3 clearance which could also explaín the demonstrated muscle T3

deprivation.

5.3 MATERI¿,LS Á.I'TD METHODS

5.3,1 Fish M&intenance

Rainbow trout (2-3 yrs; weight 376 t 13 g; î t SE, .rY = 196) were

held as described in PARTS I and 2. Temperature veried from 11.5 'C to

14 "C but varied less than 1 'C during the course of an experiment, Fish

rvere fed trout food at a daily ration of 1.5% of wet body weight and were

acclimated to these conditions at least 4 weeks prior to experimental use,

Experiments were conducted between March and September,

5.3.2 Implantation of Cortisol

Fish were lightly anesthetized in water containing pH-neutralized

TMS (0.38 mnol/L) and NaCl (150 mmol/L) approximately iso-ogmotic with

fish plasma, Immediately after the fish lost equilibrium, they were blotted

to remove excess moisture, weÍghed and injected with cortieol implants

(Pickering and Duston 1983). Implants were prepared by suspending

known coneentrations of cortisol (0, 10 or 25 mg/kg) in hydrogenated corn

oil (40 'C) and injecting the warmed liquid into the peritoneal cavity of

each fish (1 ml,¡kg), Thus the volume of the implant was similar between
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dose levels but was proportional to the size of eêch fish. Because Lhe fish

were held at 12 "C, the implants solidífied and vestiges were present in

the body cavity at the end of each experiment, The procedure was

facilitated by placing the l-ml glass syringes and needles (20 gauge) on a

slíde warming tray at 40 'C. Fish recovered from the procedure in

anesthetíc-free water within 3 min.

5.3.3 Blood Sampling and Analyses

Trout lr'ere routinely anesthetized in pH-neutralized TMS (0.?6

mmol,zl) and blood was removed from the caudal vessels using heparinized

syringes and needles. Plasma was obtained by centrifugation and stored

at -70 'C until analyzed. Concentra.tions of cortisol, T, and Tn in plasma

were measured by specific radioimmunoassay procedures (PART 1).

Indices of free T, and free To were estimated using miniature Sephadex G-

25 columns and plasma diluted with phosphate buffer (pH 7.5) as outlined

by Eales and Shostak (1985).

5.3.4 P}asma T3 Kinetics

Plasma T3 kinetics were assessed by constant infusion ín fish

cannulated via the dorsal aorta (see PARTS 3 and 4). Following recovery

from the effects of cannulation (10 d), trout saline,/plasme (9:1, v/v) was

delivered through the cannuÌa using infusion pumps (Harvard Apparatus)

set at a rate of 50-60 pT,,/h, After 1 d the pumps were momentarily

stopped; a preliminary blood sample (200 pL) removed via the cannula; the

fish injected with a l-¡rCi priming dose of [r25I]T3 (780 mCi/pnol,
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Amersham), and syringes with vehicle exchanged for those also containing

lr25IlT¡,

The a.mount of radioactivity infused was 0.1 UCi/h. Infusions v,rere

routinely conducted for 4 d thereby insuring constant plasma

radíoactivíty (see PART 4).

Plasma Ir25I]T. was separeted by the Sephadex/Ab technique in

which excess antiserum specific for T, eluted [125I]T3 from plasma samples

which had been directly applied to miniature G-25 Sephadex coìumns

(Eales 197 7 ),

The T. PCR (mllh) and the T3 PAR (pmol/h) normalized to a I kg

fish were calculated as described in PART 4.

5.3.5 T3 Extraction from Musc]e

Approximatel¡' I g skeletal muscle was excised from behind the head,

dorsal to the lateral line, and anterio¡' to the dorsal fin, The tissue was

rinsed with NaCl sol.ution (0.87%), minced with scissors, and homogenized

(Polytron, 60 s, 22000 rpm) with 2 mL of potassium phosphate solution (20

¡rmol/L) containing propylthiouracil (PTU, 1¡rmol,/L), Iodothyronines were

extracted from the homogenate by adding 5 mL of methanolic ammonia

(99:1, v,/v; with PTU) to the homogenizing tube and vortex mixing, After

15 min, the mixture was centrifuged at 1500 X g for 10 min at 4 'C and the

supernatant transferred to evaporetion tubes. The pellet was washed

twice with 2 mL methanolic ammonia by resuspension followed by

centrifugation. The pooled supernatånt was evaporated at 40 'C to

dryness,
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Ðstimates of [125I]T3 from the residue of muscle extracts and from

randomly chosen plasma samples were obtained by HPLC. Residues from

the dried muscle extracts or plasma (500 UL) were mixed with 0.25 N NaOH

(500 uL), transferred to PrepSep C* columns (900 mg, Fisher), and

iodothyronines eluted with methanoi (Rutgers et al. 1987), The dried

elutes from the PrepSep extrection columns were reconstituted ín

acetonitrile and water (40:60, v/v) and 50 pL injected onto a 5-micron

Econosphere C* column (Alltech Associates Inc.). Iodothyronines were

eluted using a 35-min linear gradienL ol 4O-45% acetonitrÍle/O,1%

trifluo¡oacetic acid (TFA) and water/Ttr'A (0.1%) at a flow of 1 mllmin

(Hays and Hsu 1987). Fractions were collected at l-min intervals and r25I

activity determined. Methanol and acetonitrile (Caledon lab.) and TFA

(Pierce Chemical Co,) were HPLC grade. Distílled water was purified using

a lt{illiQ wåter system (Millipore), Authentic iodocompounds used as

standards were: T, and T. (SiEima); 3,5',3-triiodo-L-thyronine (RTr)

(Calbiochem); triiodothyroacetic acid (T3A), tetraiodothyroacetic acid (ToA)

(Cyclochemical Co, ); 3,5-diiodo-Dl-thyronine (T2 ), diiodotyrosine (DIT)

(Nutritional Biochemical Co.), The T, level in muscle tissue was calculated

(Van Doorn et al. 1985) from the steady state value of labelled hormone in

muscle (T, dpm/g), the percent¿ge recovery of T, from tissue (R), the

steady state [125I]T¡ in plasma (C), and the plasma total T3 concentration

(PC); tissue t, (nmol/kÉi) = G/c) X (100/R) X 1000 X Pc.

5.3.6 St¿tistics

Bartìett's test (Expts 1 and 2) or the Fmax-test (Expts 3 and 4) for

homogeneity of variance were applied to data (Snedecor and Cochran
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1971). Where required, data were transformed according to Taylor's power

law to obtain more uniform variance (Southwood 19?8), For clerity of

presentâtion, arithmetic means and standard errors a¡e given in results.

Two-way ANOVA (Expts 1 and 2) was computed. Tukey's studentized

range test was used to evaluate differences between group means,

Differences between initial and final weights were compared using paired

ú-tests, In Expts 3 and 4, differences between Elroup means were

compared by the ú-test, Probabilities of <0,05 were considered significant,

5,4 RESULTS

The effects of cortisol implants on the thyroid system were examined

in 4 experiments,

5.4.1 Experiment 1: Effect of Cortisol Implants (3 to 21 d) on Pl,asma T'

Pl,asma Tn and Body Weight,

Fish were administered implants with three concentrations of

cortisol (0, 10 or 25 mg/kC) and blood ¡emoved after 3, 7,14 and 2l d,

Fish were fed 1.5% wet body weight the day after receiving the implants

and every second day thereafter. Groups were not fed the same day they

were scheduled for sampling,

Corn oil implants cont¿ining 10 and 25 mg cortisol/kg elevated

plasma cortisol levels for 14 and 21 d respectively (Fig, 5.14). The plasma

cortisol level in fish receiving simple corn oil implants was low ((30

Umol,/L). From 3 d onwards cortisol caused a loss in body weight relative

to controls (Table 5,1).



FIGURE 5,1, Plasma cortisol levels in rainbow trout receiving corn oil

implants containíng cortisol: A-fish exposed (Expt 1) at 0 (o),

10 (f ), or 25 (l) nÊ/kÊi B-fish exposed (Expt 2) at 0 (¡), or

10 (f) mglkg and unhandled fish not given implants (A).

Values represent mean t SE of 5-6 fish.
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TABLE 5.1 Effects of cortisol implants (0, 10 and 25 ng/kg) on plasma

concentrations of T, and To and percentage body weight loss

in reinbow trout (Expt 1). Values represent mean (SE) of 5-

6 fish. An asterisk indicates differences relative to controls

(0 ng/kg implant). A square indicates differences relatíve to

initial body h'eight.

IMPLANT
PARAMETER DOSE

(me/ke)

riME (d)
27T4

Plasma T3
( nmol/L )

Plasma Tn
(nmol/L)

Weight Loss
(%\

(0.e)

0.8*
(0,2 )

0.9x
(0,4 )

1()

(0.6)

J.¿
(0.e)

2,9
(0.3 )

1.8
(0,s)

4.6 r
(1.4)

5.7x¡
(0.7 )

2.5
(0,4)

2,5
(0,3)

2.0
(0,4 )

oo
(0.5 )

(0.5)

2.5
(0,3 )

1.1
(0,e)

4.5xt
(0,8 )

4,zxa
(0.? )

3.6
( 1.0)

1.7 *
(0. 1)

0.9x
(0.3 )

,o
(0.8 )

(0.8)

1,8
(0.4 )

1.0
(0.5 )

4,2*a
(0.6 )

5.8*l
(2.4\

to
(0.3)

(0.6 )

2,5
(0.4 )

2.0
(0.2\

3.4
(0.2)

2.2
(0.3 )

0.4
(0.6)

(2.0)

4.9*t
(1.3)

i0

25

10

25

10

25
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The response was more sustained at the higher co¡tisol dose,

Plasma T, wes significantly reduced by cortisol treatment at 3 and 14 d,

but the effect was complicated by an apparent temporary recovery at 7 d.

By 21 d, T, levels in the treatment groups did not díffer from the control.

Plasma T4 eppeared refractory to co¡tisol exposure,

There was no mortality in fish receiving intraperitoneal implants of

corn oil or oil plus cortisol, However after 10 d, outward symptoms of

disease appeared in two fish given the highest cortisol dose (25 mg/kg\.

These fish were immediately removed from their tanks and were not

analyzed,

5.4.2 Experiment 2: Effect of Cortisol Implants (6 h tÐ 7 d) on Plasma Trr

Plasma T, and Body ltleight.

Fish implanLed with cortisol (0 and 10 mÉ,/kg) were bled after 6 h

and Lr 21 3 and 7 d and otherwise treated as in Expt 1,

Plasma cortisol levels were highest 6 h post-implantation (Fig. 5.18).

Relative to unhandled cohorts, físh given implants without cortisol also

had mildly elevated plasma cortisol, which returned to unhandled levels by

2 d. After 3 d, cortisol implants caused a loss in body weight relative to

oil-implanted controls (Table 5.2). At 1 d, plasma T, was lowered in fish

given oil implants with cortisol. Following this initíal depression, T. levels

¡ecovered towards those found in unhandled controls. In the fish treated

with cortisol, plasma T, was lower between 3 and 7 d, Plasma Tn showed a

decrease at I and 2 d which recovered to control values at 3 d (Table 5,2).
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TABLE 5.2 Effects of cortisol ímplants (0 and 10 ûE/ke) on plasma

concentrations of T, and Tn and percentage body weight Ìoss

in rainbow trout (Expt 2). Values represent mean (SE) of 5-

6 fish. NI represent unhandled control fish not receivíng an

implant, Asterisk and triangle indicate differences relative to

O mq/kÊ impiant and NI fish, respectively. The square

indicates differences relative to initial body weight.

IMPLANT
PARAMETER DOSE

(ne/kc)
6h 1d

TIME
2d 7d3d

Plasma T.
(nmol/L ) 

"
3.9 3,7
(0,6) (0.8)

2.4 2,4
(0,8) (0.4)

!,7 ^ 3,0
(0.6) (0.4)

3,4 3,9
(0.4) (0.5)

3.8 3,4
(1.1) (0.5)

0.9*^ 2,2 ^(0.2) (0.5)

2.3 a 1.1
(0.5) (1.4)

1.3 2.6
(0.6) (0.4)

3.9 4,r
(0.6) (0.6)

4,5 5,0
(0,e) (0.5)

3.1 2,'t*^
(0,6) (0.7)

3.4 3,4
(0.5) (0.5)

3,4 3.4
(0,5) (0.7)

4.3 3.6
(0.5) (0.7)

1,7 1.6
(0,6) (0,7 )

5.2*a 5.9xt
(0,7) (0.5)

Plasma Tn
(nmol,/L)

Weight Loss
(%\

NI

10

10

3.8
(0.3 )

oa
(0.2 )

.) ¡)

(0.3 )

90
(0.3 )

2,3
(0.7 )

4,3
( 1,e)

0.3
(0,8)

1,2
10.21

10
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Free T3 and T4 indices were examined in plasma samples taken at 3

and ? d, After 3 d the free T, index did not differ between cortisol-

exposed (0.12 t 0.03 nmol/L, /V= 6) and control (0.13 t 0.03 nmol/L, JV= 6)

fish, The free T, index ín fish exposed 7 d to cortisol (0.077 10.02

nmol/L, N= 6) was lower than in controls (0,13 10.01 nmol/L' JV= 6). No

difference in free T4 index was evident due to time of sampling; nor

between cortieol-treate d fish (0.33 t 0.04 nmol/L; 3 and 7 d; iV = 12) and

control fish (0.25 t 0,05 nmol/L; 3 and 7 d; .lV = 12).

5.4.3 Experiment 3: Effect of Cortisol on Plasma [12sI]T3 Kinetics and

Muscle Ta Level.

Cannulated fish were given cortisol implants (0 and 10 mg/kg) and

transferred to individual aquaria 3 d prÍor to [125I]T3 ínfusion, Because

fish were infused for 4 d, the total exposure time to the implants equalled

? d. Fish were not fed during infusion.

Recovery of IrzsI]T3 from plasma by the Sephadex/Ab technique

exceeded 93.5%, The efficiency of methanolic ammonia extraction oflr25I]T3

added to muscle homogenate was 64.6 ! 2,5"/6 (Jf = 5). Recovery of [r25I]T3

from plasma and resuspended methanolic ammonia extracts of muscle tissue

by the solid phese C* columns equalled 66,8 ! 2.5% (rv = 10) and 62.0 I

1,3% (N = 5), respectively. Chromatographic profiles for iodocompounds

shorved clear separation with the HPLC procedure (Fig. 5.24,8), Elution

profiles for plasma and muscle extracts of [ 
l25l]T'-infuse d fish each

displayed a single peak corresponding to the T, standard (Fig. 5'2C'D).
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FIGURE 5,2, Separation of iodocompounds by reverse phase HPLC: A-

relative absorbance at 254 nm of standard (500 ng)

diiodotyrosine (DlT), 3, 5-diiodo-Dl-thyronine (T2), 3,5,3'-

triiodo-L-thyronine (T3), 3,5',3-triiodo-L-thyronine (RT3),

triiodothyroacetic acid (T3A), L-thyroxine (To), and

tetraiodothyroacetic acid (TnA) (dashed line indicates %

acetonitríle in gradient); B-elutíon profile of PrepSep-Ct8

extracted [125I]T3 and Irzsl]Tn standards; C-elution profile of

lzsl-labelled materials extractable from plasma of a cortisol (10

mglkg)-exposed fish infused with [125I]TB; D-elution profile of

lzsl-labelled materials extract¿ble from muscle of a cortisol (10

mglkg)-exposed fish ínfused with Ir25I]T3.
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Estimates of plasma [125I]Ts by HPLC were 13.1 t 3.0% (rV= 5) lower than

those found by the Sephadex/Ab method.

Cortisol implants, whiie increasing plasma cortÍsol, also elevated T,

PCR and, to a lesser extent T, PAR, reduced plasma and muscle T, levels,

promoted loss of body weight, but díd not affect plasma Tn (Table 5.3).

5.4.4 Experiment 4: Effect of Cortisol Impl,ante on Plasma Free T3 Index

and Plasma Free Tn Index,

Trout administered cortisol implants (0 and 10 mglkg) were held for

7 d under conditions simiiar to those used in Expt 3. After

anesthetization, blood was sampled from the caudal vessels. Cortisol

exposure increased plasma cortisol, depressed plasma Ta and free Ta index,

and lowered body weight (Table 5.4).
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TABLE 5,3 Ðffects of exposure (? d) to cortisol implants (0 and 10

. mÉ/kg) on piasma levels of T3r T4 and cortisol and on T, pCR,

T3 PAR, muscle T, level and loss in body weight in rainbow

trout (Expt 3). Values represent mean (SE) of 6 fish and are

based on a body weight of 1 kg. Asterisks índicate

significant differences rela.tive to sham implants,

PARAMETER SHAM TMPLANT CORTISOL IMPLANT

Plasma T,
(nmol,/L)

T3 PCR
(nL/h)

T3 PAR
(pmol/h )

Muscle T.
(nmol)

Plasma To
(nmol/L)

Plasma Cortisol
(nmol/L)

Weight Loss
(%\

1.6 *
(0.3 )

18.7 x
(s.2)

29.9 x
(5.0)

o,44 *
(0,07 )

5.6
( 1.5)

196 *
(42)

6,9 *
(0.4)

(0.5 )

7,6
(1,3)

19.1
(3,7)

0.58
(0.05)

4,7
( 1.0)

44
(14)

2.1
(0.5)
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TABLE 5,4 Plasma T3r T4 and cortisol levels, free T, and To indices and

loss of body weight in rainbow trout (Expt 4) exposed to

cortisol implants (0 and 10 nq/kg) for 7 d. Values represent

mean (SE) of 6 fish. Asterisks indicate significant differences

relative to sham implants,

PARAMETER SHAM IMPLANT CORTISOL IMPLANT

Plasma T,
(nmol/L )

Free T, Index
(nmol/L)

Plasma Tn
(nmol/L)

Free Tn Index
(nmot,/L)

Plasma Cortisol
(nmol/L)

l{eight Loss
(%)

6,1
(0.6 )

0.18
(0.02)

5,6
(0,8)

0,41
(0.06)

29
( 11)

1,4
(0,6)

2,8 *
(0.7 )

0.08 *
(0.03 )

no
( 1.8)

0.58
(0.13)

260 *
(6i )

5.9 *
(0.e)
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5.5 DISCUSSION

Intraperitonea.l implants of hydrogenated corn oil containing cortisol

elevated plasma cortisol in a dose-dependent fashion. Cortisol levels ín

the treated fish were similar to those reported in rainbow trout following

severe acute handling stress (Barton et al. 1980; Wood¡¡'ard and Strange

1987) or exposure to toxic conditions (PARTS 1-3; Brown et al. 1g86a; Goss

and Wood 1988), The initial rapid decline in plasma cortisol implied higher

levels at earlier times. While I cannot exclude the possibitity that plasma

cortisol exceeded levels considered physiological (<1200 nmol/L), it would

occur for a very short time, The mildly elevated plasma cortisol in trout

receiving simple corn oil implants most likely resulted from an increase in

endogenous secretion due to the implantation procedure. This response

was typicai of the stress response observed folìowing anesthetization and

handling (PART 3; Barton and Peter 1982). The low plasma cortisol levels

following this initial response were consistent with reported resting

cortisol concentrations in rainbow trout (Barton et al. 1g8?; pickering and

Pottinger 198? ).

The reduced weight observed in trout administered cortÍsol implants

has been demonstrated repeatedly in salmonids (summarized by pickeríng

and Duston 1983). The present cortisol effect on body weight was not

dose dependent, but the higher dose extended cortisol's duration of

effect,

Recent reports have linked exogenous cortisol treatment with

suppressed immunocompetence and increased susceptibiiity to e range of

pathogens (Pickering and Duston 1983; pickering end pottinger 1985;

122
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TrÍpp et al, 1987). In the my experiments oniy 2 fish (Expt 1) displayed

disease symptoms. Following their elimination, no other fish exhibited

overt signs of disease. Thus, I feel that potential exposure to pathogens

does not represent a confounding factor in subsequent findings.

Äs shown in this study, cortisol depressed plasma T3 in coho salmon

(oncorhynchus kÍsutch) (Redding et al. 1984), eel (Redding et ai, 1986)'

and brook trout (Weisbart et al, 1987), In contrastr previous studies

measuring plasma T, in rainbow trout administered cortisol implants

(Leatherland 1987) or intraperitoneal cortisol injections (Mí]ne and

Leatherland 1980) showed only tendencies towards lower plasma Tr. The

reason fo¡ the difference between this study and that by Leatherland

(1987) is unclear. The study by Milne and Leatherland (1980) used very

high cortisol doses and repetitive handling of fish,

Because I did not sample fish between the initial injection of corn

oil and 6 h, the transient 100 to 200% elevation in plasma T4 demonstrated

previously following acute stress (Brown et al, 1978) was probably míssed.

Reduction in To at 1 d was temporary ênd also occu¡red in cortisol-

treated eels (Redding et al, 1986) and brook trout (Weisbart et al, 1987).

In other ínvestígations reporting unaltered T, followin! cortisol treatment

(Redding et al. 1984; Leatherland 1987) plasma was sampled et a time when

plasma Tn had returned to control values in the present study. The high

cortisol levels used by Milne and Leatherland (1980) increased plasma Tn.

Free T, and free Tn levels have not been assessed previously

during cortisol treatment in fish. Lack of a distinct effect of cortisol on

the free Tn index suggests that binding of Tn to plasma protein was not

altered. The lower free T, index in cortisol-treate d fish was due to the
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lower T, levels in plasma and not likely related to changes.in plasma

proteín binding of T3. In mammals, exogenous treatment with the

synthetic glucocorticoid dexamethasone, reduced piasma proteín binding of

both Tn and T, (Cavalieri et aI. 1984).

The present measurements of T, PCR and PAR in control trout

receiving corn oil implants closely agreed wit,h values obtained ín control

fish from my previous study also employing the constant infusion

technique (see PART 4). Moreover, T, PCR and PAR determined using

constant infusion were similar to estimates obtained by multicompartmental

analysis following injection of a singie Irzsl]T3 bolus (PART 4; Eales 1979b;

Eales et al. 1986), The elevated T, PCR in our cortisol-expose d trout Ì{as

consistent with observations in eels where iabelled T, loss from plasma

was increased after cortisol ínjection (Redding et al. 1986). Due to the low

plasma T, levels, the PAR was not increased to the same extent as T3 PCR,

Estima¿es of muscle T, concentrations were somewhat lower than

those determined previously using isotopic equilibrium or

radioímmunoassay (Fok et al, 1990). Part of the difference may be

methodological because labelled T3 was separated by HPLC whereas Fok et

al, (1990) used G-25 Sephadex chromatography. Muscle T, levels were

Iower than in most body tissues. However, muscle is the main body tissue

and it represents the largest T3 pool in fish (Fok et al, 1990). Therefore,

the reduced muscle T. measured in the present cortisol-t¡eated fish

implied that whole body T, levels had been lowered.

The const¿nt plasma total Tn level and free T, index suggests that

the substrate availability for hepatic T4 5'-MD was not changed. This

combined with the unaltered deiodinase activity in cortisol-expose d trout
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reported bv Brown et at, (1990b) impries that cortisol did not affect r,
production. In support, the j¡ vjvo conversion of T4 to T, was not altered

by cortisol in eels (Redding et al. 1986). Addítionally To 5,-MD was

híghest in liver compared to other tissues examined (D.L. Maclatchy,

unpublished) and probably represents a major source for plasma T,
(de Luze 1982 ).

Although a recent study by Vijayan et al. (l9gg) showed increased

T4 5'-MD activity in cortisoi-implanted brook trout, the results of Brown

et al. (1990b) do not conflict, In the study by Vijayan et al. (198g) the

increased T4 5'-MD occurred b6 d after administration of cortisol (50

mÊ,/k1), Also, at that time, the cortisol implants did not affect plasma

cortisol, T3 or Ta concentrations, The effects of cortisol in the present

study would have likely occurred at an earlier time. Consequently the

effect that Vijayan et al, (1988) observed might represent a secondary

increase in T, production compensating for an initial loss in body T..

5.6 CONCLUSIONS

overall, the finding that cortisor increased TB pcR without, artering

T3 production by hepatic T4 S,-MD and thereby reducing muscle T, is
consistent with the idea that cortisol exerts antegonistic effects on

thyroid function. The lower T, could mean that the amount of T, available

for receptor bindíng was also reduced. Therefore Tr_dependent processes

such as somatic growth may be impaíred by high cortisor. The mechanism

whereby cortisol actively induces elimination of T, requires further study

involving excretory pathways,
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Low ambient pH increased interrenal activity and, in expurimuntu of

sufficient duratÍon, reduced plasma T, levels, in addition to compromising

aspects of ionoregulation (PARTS 1 and 2). High concentrations of Al in
low pH water enhanced the effects of low pH alone in elevating plasma

cortisol, depressing plasma T.r and intensifying plasma ionic and glucose

responses, In contrast' low concentrations of Al in low pH rdater generally

promoted a return of all plasma values to control levels. At pH 4,2 the

e'docrine changes temporally followed reductions in plasma ionoregulator.y

properties and glucose. Thus the endocrine responses probabty

represented part of the compensatory processes dealíng v/ith the stress of

ion loss, Furthermore, the endocrine responses occurred in both hard

and soft u¡ateÌ.

The effects of procedures used to assess hormone kinetics

(cannulation, diurnal change, serial sampling and vehicle infusion) on

plasma cortisol, gìucose and protein and pCV were evaluated (PART 3). A

potentially feasible protocoì for estimation of cortisol pCR in minima y

stressed fish would be to:

i) infuse saline vehicle for 24 hì

ii) infuse labelled cortisol until a steady state is obtained;

and

iii) remove a single terminal blood sample for analysis.

Using these procedures, the kinetic studies (PARTS 3 and 4)

indicated that low pH exposure (?-10 d) increased cortisol production (Fig,
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6.14, B) but by itself had minimal effects on thyroid hormone metabolism.

However, addition of Al to low pH water intensified cortisol production

(Fig. 6.1C) and also influenced the thyroid system primarily by decreasing

extrathyroidal T3 Beneration (Fig. 6.2A, B).

Physiologíc doses of cortisol (PART 5) increased T, pCR without

altering indices of TB production in the iiver (Brown et al, lggOb) and

thereby reduced muscle T, (Fig. 6.2C). These findÍngs are consístent with

the idea that cortisol antagonizes thyroid function. However, the

mechanism whereby cortisol actively induces elimination of T. requires

further study to examine the excretory pathways involved.

In addition to reducing T3 pCR (PART 4), exposure to jow ambient

pH and AIF (7 d) lowered the affinity of hepatic 5'-MD for its substrate, Tn

(Brown et al. 1990a), By contrast, physiologic doses of cortisol similar to

those observed during acid and AIF exposure stimulated T3 pCR (PART 5)

but had no effect on Tn 5'-MD activity (Brown et al. 1990b), Therefore, it
is concluded that cortisol does not likely represent the substance directly

mediating the response of Tn 5'-MD to lorv pH and AlF. However, the

temporal relationships between expoaure to either cortisol or acid/AlF and

either T, PCR or To 5'-MD were not completely described in this study.

Increased T, PCR during the early stages (<? d) of acid and AIF stress

when cortisol levels first became elevated could contribute to the overall

reduction in tissue T3 levels, Together with the reduced ability to
produce T, from To substrate this could cause the profound reduction of

tissue T, reported by Fok et al, (1990) in fish exposed to low pH water

containing AlF,
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FIGURE 6.1. Summary of low pH and AIF effects on the hypothalamic-

pituítary-interrenal axis in fish. A-Stímuli f¡om either the

effects of external changes (e,g. environmental handling) o¡

internal changes (e,g. osmotic imbalance) stimulate the release

of corticotropin releasing hormone (CRH) from the

hypothalamus, In turn, CRH causes secretíon of

adrenocorticotropin (ACTH) from the pituitary ínto the

circulation, The ACTH increases the synthesis and release of

cortisol from the interrenaì cells (Donaldson 1981) which

promotes energy and substrate mobilization and changes

electroiyte balance. In control (pH 7,7) fieh, the HpI axis

functions at a low level. B-Exposure of reinbow trout to low

pH (4,7) for 7 d causes a S-fold increase in cortisol

production, C-Exposure of fish to low ambient pH (4.7) and

AIF (20 Umol/L) increases co¡tisol production lO-fold,
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FIGURE 6.2, Summary of low pH and AIF effects on the hypothalamic-

pituitary-thyroidal axis and peripheral conversion of T4

prohormone to T3 in fish. A-In cont¡ol (pH 7,?) fish,

thyrotropin (TSH) is spontaneously produced in pituitary

thyrotropes and reguated by a hypothalamic inhibitory factor

(TIF), TSH is carried via the circulatory system where it
stimulates thyroidal production and release of Tn. To is

converted by a specific deiodinase in target or other tissues

to T, which initiates the effects of thyroid hormones on

growth, development and reproduction (Eales 1979a, 1985). B-

Lorv ambient pH (4.7) and AIF (20 Umol,/L) inhibits the

production of T, from Tn, C-Cortisol increases plasma TJ

clearance rate thus reducing plasma and muscle Ta levels.

These findings suggests that mechanisms involved with TB

metabolism or excretion are activated.



H
Y

P
O

T
H

A
LA

M
U

S

I ïtF I
A

N
T

E
R

IO
R

 
P

IT
U

IT
A

R
Y

I
-T

5H t
T

H
Y

R
O

ID
 C

E
LL

S

T
4 

t'r

T
A

R
G

E
T

 T
IS

S
U

E
S

! 
ou

,o
o,

no
".

 I
r4

-)
T

3

so
M

A
T

rc
 c

R
ow

rH
 I

D
E

V
E

LO
P

M
E

N
T

 I
R

E
P

R
oD

U
C

T
T

oN
 
I

E
X

C
R

E
IIO

N

H
Y

P
O

T
H

A
LA

M
U

S

I
T

IF I
A

N
T

E
R

IO
R

 P
IIU

IÌA
R

Y

I
T

S
H t

T
H

Y
R

O
ID

 C
E

LL
S

l¿
 

T
r

ÎA
R

G
E

T
 T

IS
S

U
E

S

! 
o"

,o
o,

no
".

 I
r4

__
X

__
__

>
T

J
(L

ow
 e

H
+

À
F

) 

I
so

M
A

T
lc

 G
R

ow
T

H
 I

D
E

V
E

LO
P

M
E

N
I 

I

R
E

P
R

O
D

U
C

T
IO

N
 I *

E
X

C
R

E
T

IO
N

H
Y

P
O

T
H

A
LA

M
U

S

I

T
IF {

A
N

T
E

R
IO

R
 P

IT
U

IT
A

R
Y

I
ts

H t
T

H
Y

R
O

ID
 C

E
LL

S

T
A

R
G

E
T

 T
IS

S
U

E
S

I 
o"

,o
o'

n.
".

 ll
14

->
T

3

so
'A

rc
 c

R
ow

rH
 I 

e
D

E
vE

Lo
pM

E
N

T
 I

 
4

R
E

pR
oD

U
cr

ìo
N

 t 
ë

E
X

C
R

F
N

O
N



PARî 6-suÃÐery and concfuslons 732

The cat¿bolic and gluconeogenic effects (Hadtey 1984) of high

cortisol production might be beneficial in facilitating production of energy

(glucose) and substrates (solutes for osmoregulation) from muscie and fat.

Cortisol also may stimulate chlo¡ide cell production (Perry and l{ood 1985)

to increase ion uptake (Flik and Perry 1989). These effects could promote

adaption to the effects of low pH and Al. However, access to energy

reserves and substrates not usually avaÍlable to fish has the added

conseqìtence of diverting resources from reproduction and growth,

Chronic elevation of endogenous cortísol levels suppressed pituitary

gonadotropin and circulating levels of sex steroíds (pickering 19g9).

Thus, sustained activation of the HPI axis due to low pH may represent a

factor contributing to lower leveìs of reproductive hormones and poor

reproductive performance observed in both feral (Freeman et al, 1gg3) and

caged (Freeman and Sangalang 1985) A antic salmon from acidic ¡ivers.

The reduced plesma T3 concentrations and impaired T, kinetics in

Al-exposed fish are of particular concern because T3 plays an important

role in somatic growth (Higgs et al, 1982; Leatherjand 1982; Hilton et al,

1987) and in the early stages of female reproduction (Cyr et al, 19gg).

Recent studies document suppressed growth in trout treated with

sublethal levels of acid plus Al, while growth was not suppressed in trout
heid in low pH water aione (Sadler and Lynam 1987; Mount et al, 19gg;

Reader et al, 1988). Gunn and Noakes (1gB?) reported latent effects of

exposure (5 d) to low pH and Al lasting 30 d on growth and ontogenetic

development in lake trout (Salvetinus namaycush) alveins. Furthermore,

chronic treatment with lorv Al levels, while protecting fish from

ionoregulatory disturbances due to lotv pH, was still detriment¿l to fish
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gro\.vth (Mount et al. 1988). The environmental relevance of this
observation merits further study because levels of Al judged to have rittle
effect in bioassays may have long term consequences in terms of growth

and reproductive performance. Reduction in Tn conversion to T3, now

considered the active hormone form (Eales lgg5), could be an important
factor limiting fish growth in the presence of low ambient pH and Al.

It is worth noting that although plasma glucose represented a

sensitive indicator of stress due to low pH and Al, it was not always

clearly correlated with fluctuations in plasma cortisol (PARTS 1_g),

Temporal inconsistencies between interrenar changes and prasma grucose

exist in this and other studies (e.g. Nichols and l{eisbart lggb; Kuhn et ar.

1986)' Thus the resuìts show that other factors may be controring prasma

glucose levels during acid or acid and Aj stress. However, cortisoì may be

necessary for the complete development of the glucose response to acid or
acid and Al-induced stress.

Recently, l/endeìa¿r Bonga and Balm (19gg) suggested that the
prolonged increase in plasma cortisol and interrenar activity in the

rainborv trout (PARTS 1-3) resulted from the use of dying fish. There was

mortality which I accurately documented but no fish upon which

measurementê were undertaken appeared moribund, The long_term

responses (>3 d) I reported have since been documented in othe¡ studies
ín our laboratory on rake whitefish (coregonus crupeaformis) (scherer et
at, 1986) and Arctic char (Salvelìnus a,lprnus) (Jones et al. 19g?), as well as

by other laboratories for brook trout (Tam et al, 1gg?, 19gg; Wood et at.

1988a) and brown trout (Brown, J.A. et al,, 19g9). The period during
which interrenal activity was increased in these studies ranged from Z to
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240 d. Moreover, in a study I have not presented here, rainbow trout
rapidlv ¡ecovered from the effects of 2r d row ambient pH (a.z) exposure
(Brown et al. 1986a) thus implying that the sampled fish were not dying.
Recent evidence is consistent with rong-term interrenal ¿ctivation and the
higher cortisol pDR found in rainbow trout exposed to low pH (PARTS 3

and 4). sangalang et ar. (1990) reported greater in vÍtro cortisor
biosynthesis by interrenar tissue from caged Atrantic sarmon (sa]mo saler)
held in the acidic (pH 4,7-s.2) westfietd River for 126 or 149 d relative to
that in salmon held in the nearby but less acídic (pH S.3_b.6) Medway

River,

The field studies also support my laboratory observations

concerning thyroid hormones, Holding Aflantic sarmon in the acidic
't{estfield River for 126 or 149 d reduced plasma T. compared to levels

found in salmon from the less acidic Medway River (Brown et al. 1g90b).

fn brown trout held in an acidic Welsh stream during a 3_d episode of low
pH and Al, plasma Tn levels were increased (Whitehead and Brown 19g9).

This is a response I frequen y observed in rainbow trout, whitehead and

Brown (1989) did not find reduced plasma T, but the exposure time may

have been too short.

Evaluation of aspects of the HpT or HpI axes may eventually provide
excellent means of assessing the responses of fish to toxic environmental

stressors, Current information is largely límited to the HpI and it is not
well related to effects on growth, reproductíon or survival. Further
research dearing with the effects of contaminants and endocrine functions
is necessary to better understand modes of toxic action and relationships

to ecologically relevant processes.
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