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Interrenal metallothionein and cortisol secretion in
relation to Cd, Cu, and Zn exposure in yellow
perch, Perca flavescens, from Abitibi lakes

J.-S. Laflamme, Y. Couillard, P.G.C. Campbell, and A. Hontela

Abstract: The concentrations of Zn, Cu, and Cd in the interrenal tissue and liver of yellow peeota flavescens

sampled in six lakes in the mining region of Abitibi (Quebec) revealed a gradient of contamination: reference lakes,
intermediate-contaminated lakes, and highly contaminated lakes. Interrenal and hepatic metallothionein concentrations
followed a similar gradient, and there was a strong relationship between metallothionein and total metal (Zn + Cu +
Cd) content in the liver and Cu + Cd content in the interrenals. Following a standardized confinement stress test,
plasma cortisol and glucose were significantly higher in fish from reference lakes compared with the two most contam
inated lakes. No differences in plasma chloride were observed. The secretory response of the interrenal tissue to in vi
tro stimulation by adrenocorticotropic hormone and dibutyryl cyclic AMP was significantly lower in fish from a
contaminated lake compared with fish from a reference lake. Condition factor was significantly lower in yellow perch
from the most contaminated lakes. This study demonstrated that a chronic field exposure to base metals increases
hepatic and interrenal tissue metallothionein concentrations and disrupts the physiological capacity of yellow perch to
generate the normal hormonal stress response.

Résumé: Les concentrations du Zn, Cu et Cd dans le tissu interrénal et le foie de la percPeuct flavescens
échantillonnée dans six lacs de la région miniére de I'Abitibi (Québec) ont démontré un gradient de contamination :
lacs référence, lacs a contamination moyenne et lacs a contamination forte. Les concentrations de la métallothioneine
interrénale et hépatique ont suivi un gradient similaire, avec une corrélation entre métallothioneine et les métaux totaux
(Zn + Cu + Cd) dans le foie et le Cu + CD dans les interrénales. Suite & un test de stress standardisé, le cortisol et
glucose plasmatique étaient plus élevés chez les poissons des lacs référence, comparé aux lacs le plus contaminés, tan-
dis que le chlorure plasmatique n’était pas différent. La réponse secrétrice du tissu interrénal a une stimulation in vitro
par 'hormone adrénocorticotropique and le dibutyryl AMP cyclique, ainsi que le facteur de condition, était plus faibles
chez les poissons des lacs contaminés comparé aux lacs référence. L'étude a démontré que I'exposition chronique sur
le terrain a des métaux augmente les concentrations de la métallothioneine et perturbe la capacité physiologique nor-
male de générer la réponse hormonale au stress chez la perchaude.

Introduction fects on intermediary metabolism (Van Der Boon et al.
i . . . 1991), osmoregulation (Laurent and Perry 1990), the repro
The hypothalamo—pituitary—interrenal axis of teleost ﬁsrlfumi\)/e systemg (Pankhl(Jrst and Van DeryKraak)ZOOO), gnd

is activated by abiotic and biotic stressors (Barton and, ; ; ; :
e immune system (Pickering 1989). The stress response in
Iwama 1991; Hontela 1997) that promote the release o y ( g ) P

hvoothalams {icotropi leasing h d pituit ish, characterized by elevated plasma cortisol, favours, to
ypothalamic corticotropin-reléasing hormone and pituitaryyeiher with other hormones, recovery of homeostasis and its
adrenocorticotropic hormone (ACTH) to stimulate the syn

; : . : maintenance (Barton and Iwama 1991; Wendelaar Bonga
thesis and release of cortisol by the interrenal tissue locate 997) ( 9

in the pronephros (Wendelaar Bonga 1997). Cortisol has e Numerous laboratory studies have reported increased

plasma cortisol levels following acute exposure of fish te en
Received September 21, 1999. Accepted May 4, 2000. vironmental pollutants, including metals (reviewed in
J15369 Hontela 1997). In contrast, studies of chronic exposure ef
J.-S. Laflamme and A. Hontela! Département des Sciences f€Cts on cortisol levels and the interrenal function are scarce.

Biologiques, TOXEN Research Centre, Université du Québec Chronic (180 days) laboratory exposure to Hg reduced

a Montréal, C.P. 8888, Succ. Centre-Ville, Montréal, cortisol levels in walking catfishClarias batrachus(Kiru-

QC H3C 3P8, Canada. bagaran and Joy 1991), and juvenile wallegizostedion

Y. Couillard. Département des Sciences Biologiques, vitreum (Friedmann et al. 1996). Lower cortisol response
Université de Montréal, C.P. 6128, Succ. A, Montréal, following a stress has been documented in northern pike,
QC H3C 3J7, Canada. Esox lucius and yellow perchPerca flavescenssampled at

E'g'%’5ggm§’§ﬁ't'é'_’l\:'§f'géu'GLlj{‘/“fgteC‘;‘r’]gjgebeC' sites contaminated by metals (Lockhart et al. 1972; Hontela
T ' ‘ ‘ : et al. 1992; Brodeur et al. 198Y. Recent in vitro studies in
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cretion at doses that are not cytotoxic (Leblond and Honteléhe area and limnological characteristics of the lakes, see Couillard
1999). However, the mechanisms through which chronic enet al. (1993) and Brodeur et al. (1987

vironmental exposures to base metals disrupt cortisol secre Yellow perch was used for this study because it is a relatively
tion in fish have not been elucidated thus far. sedentary fish (Aalto and Newsome 1990) that reflects the contam

) - . ination of the site where it is sampled, and it is an abundant species
In the present field study, we investigated some of then the six sampled lakes. Males and females were sampled; fish

Caus_e—effect relatlonsh_lps _bet\Neen contamination b_y meta ere sexually immature (spawning occurs in May). The fish were
and interrenal dysfunction in yellow perch by sampling fish cojiected in the postspawning period to minimize variation of the

in lakes representing a gradient of metal concentrations. Theortisol response due to differences in gonadal status (Pottinger et
study was designed to determine if dose—response relatioml. 1995).

ships can be established between the in situ exposure to met

als, the tissye load (burden), r?md effects on the thSic"OgiC%Xperimental treatments

and endocrine status of the fish. Metal concentrations were rish were captured by rod, seine, or gill net, since capture
measured in the liver, an important site of metal accumulamethod does not influence plasma cortisol in fish kept in in situ en
tion, in order to rank selected sites according to hepatie corclosures following capture and blood sampled the next day
tamination of the indigenous yellow perch. For the first time (Brodeur et al. 199). Fish were placed into floating enclosures
in teleost fish, metals were also measured in the interrendD.5 m wide x 1 m long x 1 ndeep) made of net (10 fish per-en
tissue to test the link between exposure and metal levels iplosure) for at least 16 h so they could partially recover from the
this endocrine tissue. To assess the capacity of the interrenglfess of capture. They were not fed during this period. Previous
tissue to resist metal toxicity, metallothionein (MT), a detox Studies have shown that a 15- to 24-h rest period in enclosures
ification protein, was measured in both the liver and the!oostcapture facilitates recovery from the initial stress of capture, as

. ; L . “indicat ignificantly lower plasm rtisol level mpar
'nter.renals' MT IS a I.OW molecu!ar. mass Ub!qu'tous prOte'nWi?hc\ellaﬁgels)%n?n?ediz?l?elyypo(;tceap{)u?es (I;o%oeu?%t ;I. elSQ%JQ?fI)J;a .
rich in cysteine, and its §yntheS|s is .r"nalr)ly induced by-met g ard et al. 1998).

als. It plays a key role in the detoxification of base metals

and the regulation of essential metals such as Cu and Z8t3nqardized in vivo stress test

(Roesijadi 1992). To test the I.mk between tissue !oad of The day after capture, fish were taken from the enclosures and
metals and effect on the endocrine status, the capacity of thgaced into 20-L containers by groups of 10 for 1 h. The 1-h con-
interrenal tissue to generate the normal cortisol stress remement stress used in the present study following the period of re-
sponse was assessed: first in vivo by measuring plasmevery significantly elevated cortisol levels in comparison with fish
cortisol in yellow perch subjected to a 1-h confinementthat were not confined. However, the stress was not too severe,
stress and then in vitro by measuring cortisol output in re-since morbidity or mortality of yellow perch was not observed dur-
sponse to ACTH and, for the first time in a wild fish, to ing the confinement period. The confinement stress test always be-
dibutyryl cyclic AMP (dbcAMP), a second messenger medi-92n at 10:00, qnd each additional group was put into different
ating the effect of ACTH (Patifio et al. 1986). BecauseCtontainers 15 min later. The fish were stressed during the same pe-

: A . : ; “riod of the day to avoid diel effects on cortisol secretion (Audet
cortisol has a role in intermediary metabolism, the link be' and Claireaux 1992). Aftel h of confinement stress, fish were

tween tlss_ue load and effects was also tested b_y Measuring sesthetized by adding 150 mg tricaine methanesulfonate (MS
the condition factor of all the fish. Thus, the objectives 0f 35).-1 to the container. Yellow perch were bled from the caudal
this study were toif characterize the exposure of yellow yasculature with a 1-mL heparinized syringe. Another group of 12
perch from lakes in a mining regionii) test the link be  fish-site'-day* were removed from the enclosures and at 10:00
tween base metal and MT levels in liver and interrenal tis were anaesthetized directly in the MS 222 solution: these fish are
sue, andi{i) test the link between exposure, the capacity toreferred to as the “unstressed group.” A maximum of 40 fist-day

generate the normal cortisol response, and effects on growtdere sampled, and about 10 min was necessary to bleed each

(condition). group of 10 fish. Bleeding of all the fish was completed within 1 h.
Fish and syringes were put on ice in a cooler and transported to a
field laboratory; sites were located 20—45 min from the laboratory.
The time between the end of blood sampling at the site and the be

Materials and methods ginning of dissection in the laboratory was kept the same (45 min)
for all the lakes.
Study sites and fish species At the field laboratory, blood was centrifuged (5 min at 10 000 x

Fish were sampled in six lakes (Lakes Opasatica, Dasserag,) and plasma was frozen at —20°C for later anal_yses. Body_r_nass
Vaudray, Bousquet, Dufualt, and Osisko) of the mining area ofand Iength_ of fish were recorded fo_r the calculation pf condition
Rouyn-Noranda, located in northwestern Quebec, CanadifCtor (weight (grams)/(length (centimetres) 100). Liver and
(48°00N, 79°00W), in June 1997. Lakes in the area are affectedNterrenal tissue were dissected for metals and MT analyses and
by acid and metal contamination from current metal mining operaimmediately frozen and kept in liquid nitrogen to avoid oxidation.
tions, abandoned mine sites, and atmospheric deposition from PN return to the university facilities (1 month later), tissue sam
nearby smelter (Couillard et al. 1993). Previous studies (Couillar?/€S Were transfered to a —80°C freezer and maintained in oxygen-
et al. 1993; Tessier et al. 1993; Brodeur et al. Hqtovided data €€ sealed bags. Hepgtosomatlc index was calculated as liver
on metal concentrations in water, sediments, and yellow pereh liyWeight (grams)/body weight (grams) x 100.
ers and enabled us to make a preliminary ranking of the lakes
based on contamination: Lakes Opasatica and Dasserat as reféf vitro ACTH and dbcAMP challenge
ence sites, Lakes Vaudray and Bousquet as intermediate- The functional integrity of the interrenal tissue was tested in vi
contaminated sites, and Lakes Osisko and Dufault as the mosto in yellow perch from a reference lake (Lake Opasatica) and a
highly contaminated lakes. Table 1 shows concentrations in watecontaminated lake (Lake Osisko). The day after capture, a group of
and sediments from a more recent sampling. For a detailed map df2 fish-site*-day™ were removed from the enclosures and at 10:00
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cance level was used. Analysis of covariance (ANCOVA) wascortisol levels than fish from Lake Dufault but not fish from
used for the in vitro method because final cortisol secretion eorre|_gke Osisko. In vitro cortisol secretion by the interrenal tis
lated with basal cortisol secretion before stimulation (Pearson'sye in response to 2 IU of porcine ACTH or 4 mmol of
test,r = 0.74,P < 0.001). Final cortisol secretion was used as thegncAMP stimulation was higher in interrenal tissue from the
dependent variable, basal cortisol secretion as the covariate, a ference lake (Lake Opasatica) compared with Lake
lake and treatment as the independent variables. Data were : . ! . L h
transformed to obtain homogeneity. The model used explaine?s'Sko’ th_e highly _contammgted lake (.F'g' 4). Within eac
86.9% of the variability. ake, no difference in the cortisol secretion was observed pe

tween the ACTH and dbcAMP stimulated responses. No dif

ference was detected for the unstimulated interrenal tissue
Results secretion between the two lakes (Fig. 4).

Characteristics of sampled yellow perch Blood parameters before and after a standardized

Yellow perch from Lake Opasatica were larger (greaterstress test
length and weigth) and those from Lake Dufault were plasma chloride, glucose, and cortisol levels were com
smaller compared with fish from all the other lakes {Ta pared (Table 4; Fig. 3) between a yellow perch group-sub
ble 2), which were not different from each other in lengthjected to a standardized confinement stress test and a group
and weight. Condition factor was greater in yellow perchsampled without the stress test from three lakes: Lake- Opa
from ref_ereryce (Lakes Opasatica and Dasserat) and mtermedlq%tica (reference), Lake Vaudray (intermediate contamina
contamination lakes (Lakes Bousquet and Vaudray) than ifion), and Lake Osisko (high contamination). Plasma cortisol
those from high-contamination lakes (Lakes Osisko andevels were higher in the group after the standardized stress
Dufault) (Table 2). The hepatosomatic indices of fish-col test compared with the unstressed group for each lake
lected in Lakes Dasserat and Vaudray were hlgher than i(h']eans from unstressed fish ranged between 82.9 and
the other lakes, all of which were similar (except Lake118.9 ng-mL! and were not significantly different between

Dufault < Lake Opasatica). the three lakes; data not shown). Plasma chloride levels
within each type of stress status group were not different be-
Metals and MT concentrations tween the lakes. Stressed yellow perch from Lakes Opasatica

The levels of Zn, Cu, and Cd were higher in pooled sam-and Osisko, but not Lake Vaudray, had lower plasma chlo-
ples of liver and interrenal tissue of yellow perch from theride levels compared with unstressed fish from the same
most contaminated lakes (Lakes Osisko and Dufault) comlake. Stressed fish from the highly contaminated lake had
pared with the reference and intermediate-contaminatiofower glucose levels than stressed fish from the less contam-
lakes (Table 3). Liver and interrenal concentrations of Cdnated lake. Plasma glucose levels of the stressed fish were
were higher in intermediate-contamination lakes (Vaudrayhigher in Lakes Opasatica and Vaudray compared with those
and Bousquet) than in reference lakes (Lakes Opasatica amd the unstressed fish from the same lake. No difference in
Dasserat). Concentrations of Cu and Cd were consistenlglasma glucose levels between stressed and unstressed yel-
higher in the liver, compared with the interrenal tissue, inlow perch groups from the highly contaminated lake (Lake
yellow perch within the same lake. Osisko) was observed. (Table 4).

Tissue MT concentrations in pooled samples of liver or
interrenal tissue of yellow perch increased progressivelya. .
from the least to the most contaminated lakes: fish from th?eb'scuss'on
two reference sites (Lakes Opasatica and Dasserat) had theExposure of yellow perch was characterized by measuring
lowest MT concentrations, and fish from the two most-con metals in the liver and the interrenal tissue. Concentrations
taminated lakes (Lakes Osisko and Dufault) had the highesif zn, Cu, and Cd in the liver of wild yellow perch sampled
levels (Fig. 1). Similarly to the concentrations of metals, MT in the present study increased progressively from the least to
levels were higher in liver compared with the interrenal tis the most contaminated lake: the six lakes sampled thus pro
sue in yellow perch within the same lake. MT concentrationsyide an excellent in situ system for investigating the effects
correlated well with the concentrations of each metal (Znof metal contamination on the physiology of resident yellow
Cu, and Cd) in both tissues (Table 3). In the liver, MT levelsperch. Levels of Cu and Cd in the liver of yellow perch from
highly correlated in a linear way with the sum of the metals,our reference lakes were similar to those reported for wild
[Zn + Cu +Zn] (Fig. &). In the interrenal tissue, MT cen European perchPerca fluviatilis from reference sites by
centrations highly correlated in a linear way with the sum ofQlsson and Haux (1986). Concentrations of Cd in the liver
Cu and Cd, [Cu + Cd] (Fig. @, but the relationship between of yellow perch from the two most contaminated lakes
MT levels and the summation of the three metals seemed tQ_akes Osisko and Dufault) ranged from 41 to j6g:g dry

reach a plateau (Fig.by weight’. These values were higher than mean hepatic Cd
levels from the most contaminated sites in various in situ
Cortisol response studies with either European perch (6—fd-g liver dry

Following a standardized stress test, plasma cortisol levelaeight?; Olsson and Haux 1986; Hogstrand et al. 1991) or
were generally higher in sampled adult yellow perch fromsalmonids (2-19g-g liver dry weight’; Roch et al. 1982;
reference lakes (Lakes Opasatica and Dasserat) and an intéarag et al. 1995).
mediate lake (Lake Vaudray) compared with the most-con This was the first study to characterize metal concentra
taminated lakes (Lakes Osisko and Dufault) (Fig. 3). Fishtions in the interrenal tissue of wild fish. Similar to Zn, Cu,
from Lake Bousquet (intermediate) had higher plasmaand Cd levels in the liver, concentrations of metals in the

© 2000 NRC Canada
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Table 2. Characteristics (mean + SE) of adult yellow perch collected in six lakes of the Rouyn-
Noranda mining region.

Hepatosomatic Condition
N Length (cm) Weight (g) index (%) factor

Reference lakes

Opasatica 31 21.1+0.8 100.1+£7.8a 1.20+0.05b 1.13+0.02ab

Dasserat 63 17.6+38 67.1+3.9b 1.44+0.02a 1.154+0.01a
Intermediate-contamination lakes

Bousquet 32 17.7£0.6 70.046.1b 1.07+0.02bc 1.1640.02a

Vaudray 32 17.4+0.0 58.3+3.4b 1.51+0.03a 1.08+0.01b
High-contamination lakes

Osisko 38 20.2+0.D> 73.8£2.7b 1.12+0.04bc 0.88+0.01c

Dufault 47 14.0+0. 25.7+1.5¢ 1.06+0.03c 0.90+0.01c

Note: Means followed by the same letter are not significantly different (Tukey—KramerRest.05).

Table 3. Concentrations of Zn, Cu, and Cd (mean = $B;g dry weight!) and correlations (Pearsorn'} between concentrations of
MT (nmol metal binding sites-g dry weigh} and metal (M) in pooled samples of liver or interrenal tissue of adult yellow perch col
lected in six lakes of the Rouyn-Noranda mining area.

Liver Interrenal tissue
N [Zn] [Cu] [Cd] N [Zn] [Cu] [Cd]
Reference lakes
Opasatica 8 92.4+3.6 10.4+£1.8a 2.91+0.4a 8 104.6+2.3a 2.3x0.2a 0.91+0.1a
Dasserat 7 98.6+4.2b  10.8+0.9a 5.3+0.6b 8 118.8+#2.6b 2.9+0.3a 1.7+0.2b
Intermediate-contamination lakes
Bousquet 7 106.545.4b 20.4+4.5b 20.3x29c 8 96.08+1.2a 2.2+0.1a 3.8+0.2c
Vaudray 8 108.9+1. 12.9+0.7ab 25.1+1.7¢c 8 127.6+4.7b 2.7+0.2a 5.7+0.7cd
High-contamination lakes
Osisko 8 177.2+9.€¢ 246.5+29.8c 45.7+3.2d 8 153.6+6.6c 6.5+1.0b 8.0+0.5de
Dufault 8 151.1+3.7c 148.5+11.1c 61.3%5.3d 4 227+10.3d 6.4+1.5b 12.6%0.4e
Correlation between [MT] and [M] 46  0.93** 0.95** 0.91** 36 0.82** 0.77** 0.95*%*

Note: Means followed by the same letter are not significantly different; comparison between lakes only (Tukey—Kranfexteddl). **P < 0.001
(Pearson'’s test).

interrenal tissue also increased along the gradient of waténdustry is under technical evaluation (Couillard and St-Cyr
and sediment contamination. The levels of Zn in the inter 1997). Our data showed a significant difference in MT
renal tissue were similar to concentrations in the liver, possilevels between reference, intermediate-contaminated, and
bly reflecting basal homeostatically regulated physiologicalhighly contaminated lakes in the liver and in the interrenal
concentrations. However, Cu and Cd levels were muchissue. Liver MT levels of yellow perch from the contami
greater in the liver than in the interrenal tissue: in yellownated lakes were 10-fold higher than those of yellow perch
perch from the most contaminated lakes, Cu levels in livefrom the reference lakes; interrenal MT levels were about
were 25- to 35-fold higher than the interrenal tissue levelsthreefold higher. This was the first study to measure MT
Studies in salmonids have shown higher Cd concentrationkvels in the interrenal tissue of wild fish and to demonstrate
in the kidney compared with the liver after chronic exposureits increase related to metal levels. However, to prove un
to Cd in the laboratory (Harrison and Klaverkamp 1989) andequivocally that MT is synthesized de novo in the interrenal
in the field (Farag et al. 1995). Preliminary analyses of kid tissue, it would be necessary to detect MT mRNA in the
ney metal concentrations suggested that the tissue distribinterrenal tissue and characterize the structure of the-inter
tion was similar in wild yellow perch (H. Levesque, renal MT.
Département des Sciences Biologiques, Université du- Qué There is some evidence in the literature that MT levels
bec a Montréal, personal communication). Thus, it could beorrelate with metal (Zn, Cu, or Cd) levels in the liver of
expected that Cd levels in the interrenal tissue, which 4s losalmonids and European perch exposed in the laboratory or
cated in the head kidney, would be greater than liver-conin the field (Hogstrand et al. 1991; Marr et al. 1995;
centrations. However, our data clearly showed that CdDallinger et al. 1997). In our study, MT levels in the liver
accumulates more in the liver of yellow perch than in theand the interrenal tissue correlated strongly with the levels
head kidney (around a fivefold difference in the most-con of Cd, Zn, or Cu. Since all three metals increased gradually
taminated lakes). in both tissues of yellow perch from the six lakes, no one
The metal exposure of the yellow perch was further eharmetal could be identified as a putative inducer of MT syn
acterized by measures of MT. MT has been proposed in varihesis. It is interesting that MT in the interrenal tissue
ous studies as a biomarker of exposure to base metals. Birongly correlated in a linear way with Cu and Cd summa
Canada, the use of MT to monitor the effects of the miningtion, but with the addition of Zn to the correlation, MT pro
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Fig. 1. MT concentrations (mean = SE) in pooled samples of Fig. 2. Relationship (Pearsonly between MT concentrations
(@) liver and @) interrenal tissue of adult yellow perch collected (In nmol metal binding sites-g dry weight and summation of
from six lakes of the Rouyn-Noranda mining region. Means fol metals (In nmol-g dry weight) in combined samples ofy liver
lowed by the same letter are not significantly different (Tukey— and @ andc) interrenal tissue in adult yellow perch collected
Kramer test,P < 0.01). For each lake\N = 8 pooled samples. from six lakes of the Rouyn-Noranda mining region. OP, Lake
OP, Lake Opasatica; DS, Lake Dasserat; BO, Lake Bousquet; Opasatica; DS, Lake Dasserat; BO, Lake Bousquet; VA, Lake
VA, Lake Vaudray; OS, Lake Osisko; DT, Lake Dufault. Lakes Vaudray; OS, Lake Osisko; DT, Lake Dufault.

were ranked as reference (R), intermediate contaminated (1), or 10.00
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als accumulated in tissues. o~ 900
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duction reached a plateau. This might indicate a Zn spillover
onto other cytosolic ligands, but further investigations of
cytotoxicity and subcellular partitioning of the metals would

be needed to support this hypothesis.

Once the metal exposure and the MT response had been
guantified in the liver, an important site of metal accumula 350 ° r=0.96 (V=40; P <0.001)
tion in the fish (Heath 1995), and in the interrenal tissue, a 325
component of the hypothalamo—pituitary—interrenal axis, the
link between contamination and physiological effects could
be investigated. The physiological capacity to respond to a
stressor is a fundamental endocrine response (Hontela 1997etal exposure, since a significant difference is detected be
Wendelaar Bonga 1997), and the results of our in vivo andween each degree of contamination, while a difference in
in vitro functional tests of the interrenal tissue indicated anthe capacity to generate the cortisol stress response-is ob
impairment of the cortisol stress response in adult yellonserved only between reference and the most contaminated
perch from the highly contaminated lakes. Following thelakes. This finding conforms to previous models of sensitiv
standardized confinement stress test, yellow perch from thigy at different levels of biological organization (Adams
two most contaminated lakes had lower plasma cortisol 1ev1990), since the endocrine stress response represents a
els than those from the reference lakes. Three previous stuttigher level of response than induction of MT, a biomarker
ies in metal-contaminated sites also showed lower cortisobf exposure. The in vivo evidence for an interrenal dysfunc
response either postcapture (Lockhart et al. 1972; Brodeur ¢ion in yellow perch chronically exposed to high ambient
al. 1994) or after a 1-h confinement (Norris et al. 1999). If metal concentrations in the field was further supported by
we compare the pattern of plasma cortisol levels in confinementhe in vitro experiment. Cortisol secretion of the interrenal
stressed yellow perch and MT levels, in relation to contamitissue stimulated by optimal concentrations of ACTH or
nation, MT appears to be more sensitive as an indicator olbcAMP, an agonist of the second messenger cAMP, was

-4 -3.5 -3 -25 -2 -1.5 -1 -0.5 0
[Cu + Cd] (In nmol-g™")
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Table 4. Plasma chloride and glucose (means + $§) (n an unstressed group and a stressed group
(subjected to a standardized stress test) of adult yellow perch collected from three lakes of the Rouyn-
Noranda mining area.

Chloride (mg-mt? Glucose (mg-mth)
Lake No stress Stress No stress Stress
Opasatica (reference) 141+4 (22) 126+4 (29)* 0.14+0.02 (22) 0.26+0.02 (31)*
Vaudray (intermediate) 146+16 (11) 129+8 (29) 0.33+0.03 (11)* 0.44+0.02 (31)*#
Osisko (high) 149+6 (21) 116+2 (31)* 0.18+0.03 (21) 0.18+0.01 (38)#

Note: Lakes were ranked as reference, intermediate contaminated, or highly contaminated according to the
concentrations of metals accumulated in tissues. *Significantly different from the no-stress gtesipR < 0.05);
#significantly different from the other two lakes test,P < 0.05).

Fig. 3. Plasma cortisol levels (mean + SE) after a standardized Fig. 4. In vitro cortisol secretion (least squares mean * SE for
stress test in adult yellow perch collected from six lakes of the the mean value of basal cortisol secretion before stimulation) of
Rouyn-Noranda mining region. Means followed by the same let the interrenal tissue of adult yellow perch from a reference lake
ter are not significantly different (Tukey—Kramer teBt< 0.05). (Lake Opasatica, open bamd,= 22) and a contaminated lake
Numbers of fish sampled in each lake are indicated inside the (Lake Osisko, solid bard\ = 17) stimulated by 2 IU of porcine
bars. Lakes were ranked as reference (R), intermediate centami ACTH, 4 mmol of dbcAMP, or not stimulated. *Significantly lif
nated (I), or highly contaminated (H) according to the concentra ferent from the stimulated interrenal tissue of the reference lake

tions of metals accumulated in tissues. (ANCOVA test, P < 0.05).
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also lower in yellow perch from the most contaminated lake.
It is the capacity to respond to stimulation that was different
between interrenals from the reference and contaminatedifferentiation of chloride cells in the gills, increasing chlo
lakes; the basal cortisol secretion was the same. The interestle body influxes but not plasma chloride levels (Laurent
in comparing cortisol output following ACTH, which inter and Perry 1990; Madsen 1990). Despite differences in
acts with a membrane receptor, or dbcAMP, which diffusescortisol status and in tissue metal burdens between fish from
directly into the cells, bypassing the membrane receptordifferent lakes in our study, difference in chloride levels
was to determine if cortisol secretion in fish exposed to-metwere not detected. Stressed fish did, however, have lower
als is affected at the membrane receptor or postmembrarm@asma chloride levels compared with unstressed fish from
steps. Indeed, since cortisol secretion in response to ACTlthe same lake, probably reflecting osmoregulatory distur
was impaired in interrenals from fish sampled in Lakebances due to the 1-h confinement stress.
Osisko, the most contaminated lake, and stimulation with A rise in plasma glucose is another expected response to
dbcAMP could not restore the secretory response, we castress (Barton and Iwama 1991). In our study, stressed fish
postulate that metals disrupt cortisol biosynthesis at multipldrom the reference and intermediate lakes were able to raise
steps, including postmembrane steps. Similar results werdneir plasma glucose levels compared with unstressed fish
obtained in a laboratory study using rainbow trout,from the same lake, but this capacity was significantly inhib
Oncorhynchus mykisnterrenal cell suspensions exposed inited in yellow perch from the most contaminated lake. The
vitro to Cd and Zn (Leblond and Hontela 1999). mechanisms underlying this metabolic dysfunction are under
Even though further studies are needed to elucidate thivestigation in our laboratory; disruption of corticosteroid
precise mechanisms through which chronic exposure te mebr catecholamine synthesis, abnormal gluconeogenesis, and
als alters the normal capacity to generate the hormonal stre¢sr) exhaustion of the energy reserves are considered. Fish
response, the present study provided new data linking fieldrom the two most contaminated lakes also had a lower con
exposure to metals to an endocrine dysfunction. The physialition factor, an indication of decreased energy reserves
logical consequences of this dysfunction were also investi(Goede and Barton 1990). Many biotic and abiotic variables,
gated in the present study. Lower plasma chloride levelsther than xenobiotics, influence the growth and condition
have been reported in wild fish from metal-contaminatedfactor of fish. However, there is some evidence suggesting a
sites or in fish exposed to metals in laboratory experimensignificant metabolic cost associated with resisting chemical
(Larsson et al. 1985). Cortisol promotes proliferation andcontaminants (Heath 1995). A recent study by Sherwood et

© 2000 NRC Canada



Laflamme et al. 1699

al. (2000) provided evidence that yellow perch from the twoCouillard, Y., Campbell, P.G.C., and Tessier, A. 1993. Response of

most contaminated lakes (Lakes Osisko and Dufault) have metallothionein concentrations in a freshwater bivalaedqdonta

lower growth efficiency (capacity to convert consumed food 9grandig along an environmental cadmium gradient. Limnol.

into body mass) compared with yellow perch from the refer Oceanogr3s: 299-313.

ence lakes. Our data on lower condition of the same yellowPallinger, R., Egg, M., K6ck, G., and Hofer, R. 1997. The role of

perch populations gave further support to the evidence for metallothionein in cadmium accumulation of Arctic ch8alyelinus

growth impairment in yellow perch subjected to chronie en _ @lPinug from high alpine lakes. Aquat. Toxico8: 47—66.

vironmental exposures to metals Dutton, M.D., Stephenson, M., and Klaverkamp, J.F. 1993. A-mer

; ) . turation assay for measuring metallothionein in fish. En

This was the first study to characterize metals and MT CU'Y Satur :

levels in the interrenal tissue of wild fish and to demonstratq: viron. Toxicol. Chem.12: 1193-1202.

. . ) . . . arag, A.M., Stansbury, M.A., Hogstrand, C., MacConnel, E., and
that metals Increase in the Ipterrgngl tissue in relatlpn to ex Bergman, H.L. 1995. The physiological impairment of free-ranging
posure, that MT is present in this tissue, and that its level

. h . S brown trout exposed to metals in the Clark Fork River, Montana.
are related to tissue metal concentrations. Clear differences 5, 3 Fish. Aquat. Sc&2 2038-2050.

in MT levels between reference, intermediate-contaminatetkortin, c., and Campbell, P.G.C. 1998. An ion-exchange technique for
and highly contaminated lakes were observed in the liver fee-metal ion measurements @dzr?*): applications to complex
and the interrenal tissues of yellow perch. There was also an aqueous media. Int. J. Environ. Anal. Chef: 173-194.
exposure-related impairment of the cortisol response in Viv@riedmann, A.S., Watzin, M.C., Brinck-Johnsen, T., and Leiter, J.C.
and of the capacity to respond to ACTH and dbcAMP in vitro.  1996. Low levels of dietary methylmercury inhibit growth and
In addition, fish from the most contaminated lakes exhibited gonadal development in juvenile walleyStizostedion vitreujn
a metabolic impairment characterized by a lower capacity to Aquat. Toxicol.35: 265-278.
increase plasma glucose in response to a confinement streSgard, C., Brodeur, J.C., and Hontela, A. 1998. Responsiveness of
and a lower condition factor. the interrenal tissue of yellow perchPdrca flavescersfrom
contaminated sites to an in vivo ACTH challenge test. Can. J.
Fish. Aquat. Sci55: 438-450.
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