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'
. ABSTRACT
o=9 ALl

The—ablltty’of raIﬁbbW“trout (Sb?mo Jatrdnert) to

adapt during chronic (up to 64 days) exposure to copper

J'.—f'

(20-120 ug/L Cu) was: 1nvestlgated The following pa}ameters,
related to 1on1c and osmotic regulation and the stress
response; were measured: total body water and the plasma
concentrations of c17, Nat, x* ana glucose. Changes in
the glll structure of fish exposed to 0 aﬁh 120 ug/L Cu
were monltored cOncurrently, using quantltatlve morphometrlc
techniques adapted to light microscopy, to determine if
any changes in gill structure would be correlated with
hydromineral changes or the stress response.

Transient changes occurred in thepplasma concentra-
tions of c17, Na%t and glucose of trout following‘exposqge
to 120 ug/L Cu and in the_plasma Cl_‘cohcenttation of
trout following exposure to 50 and’'80 ug/L Cd:tdemogztrat-
ing the ability of the trout to adapt to copper. H&ﬁever,
recovery in the levels of the plasma parameters q}d not ;
. occur by the end of the experiment in some of the troﬁi
exposed to L20 vg/L Cu, 1nd1cat1ng varlatlon in the - "
ability of trout to adapt to copper. ’ :ff o ;

The plasma k' levels of trout exposed to lOé and -

120 ug/L Cu decllned over the duratlon of the experlment.

-

e

.' . i ';
iv. I



. No iignifican& changes in total body water occurred
Quring exposure of the trout to copper; but, significant
~negative correlations were found between total body -
water and the plasma levels of both Cl- and Nat of trout
 exposed to 120 ug/L Cu, suggesting that part of the
reduction in plasma ion levels (before recovery) may
have been due to dilution. »

- 'A strong association between the level of stress
andafhe reduction in plasma ion levels due to copper
exposure was suggested by the highly significant (p =
0.001) nagativé correlatiqns between plasma glucose and
the plasma levels of both Cl1~ and Na®.

A reduction in the proportion of gill epithelia
may be associated with rcductions in the plasma levels
of C1” and Nat and with an increase in plasma glucose
levels. An increase in the relative volume of the blood
channel spaces in the gill pillar system was aﬁsociated

with a reduction in the plasma kt levels.

¥

-t
'
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INTRODUCTION

\

\

_ Copper,uq commdn aquatic pollutant in mining areas
,,(cgak and Hoos, 1971; Van Diepen, l97$inelis"et al.,
1974)is one of theimost,toxic*of:themheavy metais~£o fish
(Oshima, l93l;>Pickering and Henderson, 1966). 1In spite
of the high toxicity, copper-polluted waters have been
found to support endemic fish populations but to kill
hatchery-reared fish of Ehe same species (Paul, 1952),
indicating that adaptation to copper may be possible.

The ability of fish to adapt to copper has been
indicated by seperal laboratory studies (Christensen et al.,
1972; Dixon, 1978; Lewis and Lewis, 1971; McKio et al.,
1970; Miller, 1980; Waiwood and Beamish, 1978). Dixon
(1978) and Miller (l980)‘demonstrated that the LCSO‘(lethal
concentration kllllng 50% of the fish) of _copper to
rainbow trout (Salmo gazrdnepz) was hlgher in fish pre-
‘_exposed to sublethal concentratlons of copper than in flSh
with no prev1ous exposure to”copper |

Adaptation to an env1ronmental change can be
demonstrated by a return of thSlOlOglcal parameters td
pre- exposure levels or by attalnment of a new steady~state

((

in the parameters (Wilson, 1972). Transient changes in
plasma chloride, serum and pPlasma osmolality, plasma.
glucose, hematocrit -and swimming performaﬁce have been

noted in fish exposed to sublethal concentrations of



copper (Christensen et al., 1972; Lewis and Lewis, 1971;
McKim et al., 1970; Waiwood and Beamish, 1978). Many
other studies have noted changes in varZous phys1ologlcal
and behav1oral pParameters of fish exposed to copper, but

the studies were of- 1nsuff1c1ent duratlon to determine -

5‘>1f adaptation was evident (review by Spear and Plerce,

1979).

The first ob]ectlve of the present study - was to
examine the time course of changes in some. phy51ologlcal
. parameters of.flsh (Salmo gazrdnerz) chronlcally exposed
to sublethal concentratlons of copper Parameters related
to.lonlc and osmotic regulation were chosen because:
(1) copper' has been shown to influence the levels of ions
and water in fish (review by Spear‘and Pierce, 1979),
(ii)‘previous chronic exposure studies that measured ion
changes (Christensen et aZr '1972- McKim et aql. 1970)
had too few sampling perlods to determlne the time course
of the changes, and (111)’previous chronic exposure
studies did not simultaneously measure both ionic concentra-
tion and fotal body water changes in the fish. The parameters
'measured iA{the present study‘were: the plasma concentra-
tions ofvchloriae, sodlum and potassium, and the éuantity

\,
N

of water in the whole fish. .
.Since the hydromlneral balance in fish may also be
leluenced by the endocrine system (W1lson, 1972) and

ice stress of many kinds 1nfluences the blood levels



of hormones in fish (review by Mazeaud et cl., 1977{S5an
index was obtained‘of the stress levels experienced by
fish used in the present sthdy. Plasma glucose concentra-
tion has been used as a measure of stress in previous
studies (Sifbergeld; 1974; Mazeaud et al., 1977) and
was also used for that purposé in the present study.

The fish gill is an important semi-permeable membrane
involved in ionic and osm%tic v »qulation (Maetz, 1974),
so morphological changes in the gill would be expected to
influence ion and water balance. Qdélitative hiftological
studies have revealed that structural changes in gills of
fish—exposed to lethal -levels of copper.inéluded detéchment
of the epithelia from &he basement membrane.(Bilinski and
Jonas, 1973; McFadaen, 1965) and fusion of the se;ondacy
lamellae'(ﬁaker, 1969). On «xposure to sublethal levels
of copper, fish gilis have shown vacublation (Baker,

1969), a decrease in the number of mucous cells (Baker,

1969; Labat et al., 1974) and a reduction in the thickness

of the epithelium in the basilamellar region (Baker, 1969).

Relatively few studies, though, have made quantitative
measurements on fish gill structure (review by Hughes,

1972) and even fewer studies have quantified changes due

~ -

to pollutants (Hughes and Perry, 1976; Hughes et al.,
1979). 1In order to evaluate statistically possible

relationships between gill structure and the level of ions

| in’the plaéma or the body water content of the fish,
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quantification Qf the structdral\c énges is necessary.

fo date no study has been repgrteé ghat simulténeously
gquantified structural ch;nges in fish gills and physio-
“logical changes in fish ekpbséd‘fbﬁé‘bﬁliutant.”mFuffhéf-
more, no study has quantified‘the strdctural changes in
the‘gills of fish chfonically exposed to Copper.

Tﬁerefore, the finai objective of the present study
was to quantify changes in tﬁe gill structure of trout
.chronicaily exposed to copper and to rélate these changes
to any changes in the physiological parameters measuféd
'simultaneousiy. Since a change in the amount ofv
epithelium or in‘the surface area of the gill may influence
the moveﬁent of ions and water between the external |
" environment and the/blood of the fish, the epithelial
volume and the surface area of the gill lamellae were
esti%ated. The ré;ative Qolume‘of the blood channel
spaages in the secondary-lamellae of the gills was also

g because changes in\the'size of the blood channel

spaces ;'-been noted in fish exposed to zinc (Skidmore

'aﬁd.Toyéwi’f%972) and to*amﬁonia (Smart, 1976). Whether
changes ;;}k ploo§~;hané§irsga¢e§ would be\correla;éd‘
wigh hyd;Ai‘ “al changes i: fish is not known.

,s}g In ;uﬁﬁéry, the bresggi,sfudy was conducted to

determine whethe;gﬁi "

- G ‘ '
(i) the hydrominef‘& balance in trout would show adapta-

tion to chronic copper exposure,

¥



.

(ii)

(1ii)

‘—-h'

~
LR,

the level of stress experienced by trout during
chronic copper exposure would show adaptation and,
if so; whether the level of stress was correlated
with any hydromineral changes,

structural changes occurred in trout gills during
chronic exposure to copper and, if sd, whether the
structural changes were correlated with any hydro-

mineral changes.



MATERIALS AND METHODS

I. Experimental Animals
Source and holding conditions

Sexually immature rainbow trout, Salmo gai}dngri,
(33.5 t 11.6 g; mean * S.D) were obtained from Trout Springs
(Tacoha, Washington, U.S.A.) and from Allen's Trout
Farm (Calgary, Alberta). The fish from Allen's Trout
Farm had been imported as fingerlings from Trout Springs.

Most trout were :elﬁ‘at least two weeks in tanks
continuouslv supplied with City of Edmonton water which
had been treated by: circulation through charcoal
filters, addition Qf sodium thiosu;;hate to inactivate
all residual chlorine, and addition of sulphuric acid to
maintain a pH of 7.8. The water temperature was
maintained.at 5 * 1°C and the photoperiod was adjusted
to follow the natural regime. All fish were fed trout
food pellets (Ewos, éstra Chemicalé Ltd., Ontario) every

second day. ‘ -
Acclimation ° o o

The experimental fish were transferred to an
acclimation tank and held there for a minimym of nine.
days before use in an experiment. The tank held

approximately~240 L of synthetic freshwater (described

o -



below) aqd had a continuous inflow of newly synthesized
freshwater. i

The photoperiod (lOL:14D) and temperature (10 * 1°C)
were constant for all experiments. Water teﬁperature
was maintained by two methods: (i) immersion of
plastic~coated cooling coils into the storage tank from
which all the synéhetic water was giphoned andA
(ii) maintenance of the room temperature at 10°C. The
water temperature occasionally rose above 10°C (Appendix I)
during the ho& summer months when the room teéggkature
could not be maintained at 1l0°cC. |

Approximately 75% of the experimental fishegere
treated for fin rsF during the acclimation period (Tables
1 and 2). The.fiéh were anesthetized in tricaine methane
sulphonate (Keht'Laboratories or}sigma Chemical Co.) and
the diséaséd fin tissue was cut off. The cut areas were
then painted with a‘wéterjsoluble iodine solution A-
(Betadine.Solggion, Purdue Frederick Company, Toronto).
Regeneratioﬁ of healthy fin tissue was apparent one to
two weeks after treatment.

The fish were fed with Ewos trout food péllets every
second day throughout the acclimation‘andltest periods.

Debris was siphoned out of the tanks as required, usually

once daily.



II. General Test Conditions
Test tanks
&

Fiberglas tanks which held approximately ll% L of
water were used for the experiments. Each tahk was
supplied with a Fiberglas screen cover and a polyvinyl
chlofide oveffYow standpiée. The screen covered two-thirds
of each tank and the remaihing third of each tank was
covered by a removable green Fiberglas sheet to permit

accass to the fish.

Prior to amy epperiment, all.tanks were scrubbed
and disinfected with bleach or with Betadine Solutipnl
Distilled water, acidified with nitric acid, was then
 left in each ‘tank overnight to leach out dny copper thaﬁ
may have adsorbed onto the walls of the tank. The tanks

were finally rinsed and filled with the synthetic

freshwater.
Water supply

A synﬁhetic freshwater was used for the expgriments
for two reasons: (i) the sodium thiosulphate in the
treated city wéter could ha§e bound the copper added to .
théitest tanks, decreasiné the toxicity of the solution
(Nishik;wa and Tabata, 1969):and (ii) toxic substances,
including significant levels of copper (approximately

10 pg/L Cu), were often present in the city water.



The synthetic freshwater‘was made froﬁ concentrated
stock solutions of salt and distilled deionized water
(distilled water which had“been-passed71hrough a resin
ion exchange filter, Barnstead - standard high capacity).
The final concentrations of the salts }n the s&nthetic
freshwater and the quality of the salts used weré: 1.2 mM
calcium chloride (CaClz'ZHZO, U.S.P. grade), 0.4 mM
sodium bicarbonate (NaHCO3, U.S.P. grade) and.0:04 m;!
_potassium bicarbarbonake (KHCO3f reagent grade). The,
water quality analysis is listed in Appendix I.

A dosing apparatus, modified from Mount and Brungé
(1967), wasnused to make the synthetic freshwater (Figure
1l). A constant volume of.the distilled water was dis;
charged at- reqular intervals from a water metering. bottle.
The amount g’ water discharged and the‘timé interval
between ‘each discharg; was dependent on the rate at which
the water entered the wéter metéring bottle. The bottom
of the glass air tube in each Mariotte bottle detefmined
the level of stock salt solution in the attached funnél.
Thus, the amount of solution filling each dipping bird
was heid constant. Whenever the water waé dischafged
from th;ﬁ§ater metering bottle into the bucket attached
to the arms'of the dipping birds, the.added weight caused
the‘dipping birds to rotate on their pivots and td empty
a calibrated amount of the sa1£ solutions into -the

-

mixing tank. When the water drained out of the bucket,



Dosing apparatus used to make synthetic
freshwater - modified from Mount and Brungs
(196%). Mariotte bottle A contained the
CaClz-ﬂgzo stock solution. Mariotte

bottle B contained the NaHCO

3
, \
solution. db-dipping bird; cw-dounterweiqht;

-KHCO3 stock

p-pivot. v

’j/
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the counterweights caused the dipping biFds to drop back.
into the funnels for refilling. Rapid mixing of the
distilled watef and the salt solutions was ensured by
vigorous aeration of the water in the mixing tank below
the entry point'éf the salt solutions. Since the
fléw rate of the distilled watif entering the water
ﬁetering bpttfe varied slightly due to pressufé variations
iﬁ the water lipe, the amount of water discharged at one
time was measured bPeriodically so that the concentfation
of, the stock sélutions could be adjusted to maintain
the composition of the synthetic water.

The synthesized freshwater from the mixing tank
was then siphoned to the storage tank and cooled by the
éooling coils. Ffom the storage t;nk, the Qatér was
siphonéd to the individual test and acclimation tanks.
Each siphon from the Storage tank consisted of polyethylene
tubing fitted with plexiglass Plugs. A narrow hole had
been dfilled into each Plug to reduce water flow to
approximately 250-300 mL/min.\

Addition of toxicant

T

Copper was added toréach test tank by mean§ of an
individual dosing apparatus similar to the one used'to
make the §ynthetie freshwater. Each Mariotte bottle
was;fi;led with a concentrated solution of copper sulphate
(CuSO4-5H20, reagén£ grade) made with distilled deionized



1

water and acidified with § mL/L concentrated nitric acid
(apagent grade). The concentrations of the stock copper
'sulphaée sqlutions were adquted perioaically to xield
fhe desired nominal concentrations of “topper in the test
tanks, calculaﬁed'as total cépper. The stock solution
for the control‘tank consisted of distilled deiqnized

water acidified with 5 mL/L concentrated nitric acid.

ITI. Experimental Procedures

¢
A. Determination of the Median Lethal Concentration (LCSO)

of Copper.

A series of three 10-day tests‘weré conducted to
determine the concentration of copper that caused'SO%
of the trout to die (LCSO)'

The experimental proﬁocol for these tests is outlined
in Table 1. For t~sts B and C, the fish were placed into
the teét tanks prior to the additionh of copper sc¢ that
" the fish would‘have time to recover from the stress of
handling (Wedemeyer, 1972) before.beihg subjected to a
copper-induced stress. The measured copper concentratiéns,
water quality parameters and watér turnover rates for
these tests aré listed in Appehdix’IA.

In each test, the tanks were checked for dead fish

every four hours except.for 0400 MDT (Mountain Daylight

4

Time). When warranted, the tanks were chécked evéry two

13.
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hours. a fisﬂ'was considered dead if it was found ventral
side up and 1f 1t -did not move when prodded. The time
of mortallty of each fish was recorded The weight,
‘Standard length and sex of .each fish were also noted:
(Appendix II). : va;

Test A was terminated after eight days of exposure
,due to leaking of the stock copper solutlons 1nto the 70.
and the 100 ug/L Ccu test tanks. Durlng test B, the
compressed air supply had been turned off without warnlng
for four hours on day 2. Standby pumps were used within
1.5 hours of. the shutdown but aeration may have been -
inadequate in soﬁe of the test«tanks during the shutdown
period since some of the air tubing was too short_to

reach the bottom of the tanks. o

The rate of 1ncrease in total copper was monltored

in the 95 ug/L Cu test tank durlng test B to determlne

the time requlred to reach the desired copper concentra-

9
/

tlon.ﬁﬁppendlx I11). .
B. Chronic Exposure to Copper.
1. General Experimental Protocol

‘In this experiment, trout were exposed to copper
for a.period of 64 days. It was felt that-64>days would
be sufficient to determine whether the fish could adapt
to copper and to determine the time course of the adapta—

/
tion should it have occurred. The tests were conducted

15.



in two series. The ‘copper concentratlons (calculated
as total copper) used in series A were 0, 20, 50 and

80 ug/L Cu whrle the concentratlons used in series B

Were 0, 50, 80, 100 and 120 ug/L Cu. The copper concentra—

tlons used in serles A had been chosen on the ba51s of an

50 of 80 pg/L Cu (Appendix VIIIA). However,during the
chronic exposure experiment only three fish out of 44 had died
in the 80 ug/L Cu ~eéxposure (Appendix X - Flgure X~ 5),
indicating that the LC50 was actually higher than 80 |
ng/L Cu. Therefore, the range of copper concentrations
was increased for series'B.- The 8-day LC;, was later
determined to be 103 ug/L Cu (see Results).

The erperfhental protocol for the chronic exposure
tests is ogtlined in Table Z. Aall fish Qere acclimated
to- experimental conditions at least 18 days before use
and were placed intO'the test.tanks the day'before the
addltlon of copper ‘was started. In the orlglnal ,design
of the experiment all fish were to have been acclimated

18- days before use. However; due to higher than normal

mortality of flsh from tox1c substances periodically

o

enterlng the c1ty water, many of the fish were transferred

to accllmatlon condltlons well before originally scheduled.

The 100 ug/L Cu exposure was terminated-after 16 days
due to failure of the dosing apparatus.
Flve fish were sampled on each of the’ follow1ng

days of exposure:- 0, 1, 2, 4, 8, 16, 32, 48_and 64.



17.

I

. . 0T 3des-pz Atnp . o~
T 1 6T . 6y 8 0Z1
. - o .S Atnp-61 sunp ,
6€~9¢ 1 - Zv : 0s 91 00T -
| : o (% bny-pz sunp :
Ph-Tv - T Ly 15 w9 . 08 g
I 0c Atnp-gog Kew . ,
9T-£T T - Ze - zs v - og
u \ 6 3des-L Xfnp
LS-bS N 09 0S. ‘9 0

. . ¢
- !

. ma_wcwh|0H ady
ST T 8T 1’47 -¥9 - . 08

2z Kew-6T1 Tew

- T~ 82z 9 ¥9 | 0s
M | Lz Ken-pz xeR | | v
- , T . EE 9y |A°] : 0¢
y Atap-1 Kew |
ST T ) 8T. . 1384 b9 0
1sag UOTITPPY | | - | _ o -
' papaodaad ‘n) oL SUOT3ITPUOD . yuey, (9L67T)
Juau Ixotad Teljuswyisdxd ol +.10d sa3eq pue (1/61) uot3 S9TI3S
-3©231] 30Y juel 3s9g po3ewtTo0VY - ysta (s&eq) -B2I3US0U0D nN)
utd sieq Ul ystd sdeq ysta sieqg “ON' uoTjeang 1e30J TRUTWON

‘ ‘ s3sa3 mu:momxm.oﬂnouzo ®Yy3 I03 Tooo301d Tejuswriadxy T ATAVL



18.

In some cases fewer fish were sampled due to mortality
during the experiment. “Occasionally more than five flsh
were sampled if most of the fish survived or if a blood
sample was noticeably hemolyzed. All fish were sampled
between 0945 -1115 MsT- (Mountain Standard Time) to minimize
any dlfferences due to diurnal changes in the parameters. |
belng.measured The startlng times of each copper exposure
were staggered (Table 2) so that no more than one group |

»

of flSh was sampled on any glven day.
2. Sampling‘Techniques

- Water quality

x.
Water samples to measure copper concentratlon were

taken each time fish were sampled from a given tank.

Two forms of copper were.measured: total and dlssolved.
Samples for total copper were acidified with 2 mL/L
concentrated nitric acid (reagent grade) Samples for
dlssolved copper were flltered through a O 45 um membrane
' fllter (Gelman, GA—6) and then acidified with 2 mL/L
concentrated nltrlc ac1d.v All membrane filters were
rinsed ‘with dilute nitric ac1d before use. fhe’ac1d1fied
samples were then stored in ac1d rlnsed polypropylene
bottles until analyzed. Due to some anomolous values - Jﬂ
for the total COpper measurements additional water °
samples for total copper, taken during to#lcity text C,

were filtered through a 0.45 um membrane.filter after o

RV



acidification. A study on the effects of this treatment
is reported in Appendix V.

Water samples from each test tank'& collected
periodically for measurement of the following water quality
parameters- conductance, cidity, total alkalinity,
calc1um hardness, total hardness;,, chlorlde, sodium and
«potass1um The tempenature,.pH and dlssolved oxygen-
content ofleach tank were also monltored The methods
used to measure these parametersarellsted in Appendlx VI.

The measured copper concentratlons, water quallty parameters

and water turnover rates are listed in Appendix IB.
-Blood parameters:

Blood was taken from unanesthetlzed flsh by means .
of caudal puncture uSLng a 19 gauge needle on a syrlnge
" which contalned a small amount of 10% llthlum heparln or
ammonium heparln (Slgma Chemlcal Co.). 1In serles A, the
syrlnges for most of the sampllng days were rlnsed w1th

heparln 1mmed1ately before use. 1In series B and for
some of the sampllng days 1n serles A (20 ug/L Cu - ‘day
64; 80 ug/L Cu - days 48 and 64; 0 ug/L Cu - days 32, 48
-and 64) the syringes contalnlng ‘heparin were alr—drled
before use. It was later determ1ned~that use of the
syringes’With_liquid heparln diluted the blood sample
between 1 and 5%. The dilutionvfaetor was not uniform

across the samples since varying'amounts of blood had

" e
Y
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been collected.

| Each blood sample.was centrifuged (Beckman, Spinco
Microfuge, model 152) tw1ce, for one mlnute each’time,
to separate the plasma from thL cell". The plasma was
decanted after each,centrlfugation,and frozen in pely—

propyliﬁe vials until analyzed.

. uillﬁhisteLogy

.

Each fish was killed in an acutely lethal solution
of tricaine methane sulphonate after the blood had been
sampled. The entlre glll was removed and 1mmed1ately
fixed in F.A AL (formalln, acetlc acid, alcohol -
Lavdowskl s Mlxture, Corrlngton, 1941). The gills were
kept in F.A.A. at least 48 hours then transferred to 70%
ethyl ‘alcohol for storage. ‘The gills of fish used in
series B were deca101f1ed 1n“RDé®(DupagePUnet1c Laboratorles,

_Illanls) for five hours_d at some pou& during storage in "

ethyl alcohol.

-

Measurement of length and weight of fish
The wet weight (to the nearest 0:1 g) and ‘the

standard length (to the nearest 0.1 cm) of each fish were

measured before the gills were excised. Aﬁter.removai o L
of the gills, the wet and dry weights of each fishﬂia*~*f”’”ﬂ’”~fﬂﬁﬂ

- series B were determin For the dry weight measurements

rthe flSh were dried to a constant welght (w1th1n 0.005 q)



in an oven at temperatures between 65 and 85°C.

The fish measurements are listed %?gggpendix Iv..
. ‘ h I

»

IV. Analytical Techniques
A. Water QUalityh

Copper was analyzed by an ammonium pyrrdlldlne

dlthlocarbamate (APDC)—methyl 1sobutyl ketone (MIBK)
extractloq proced;re for atomic absorption spectrophotometry
(Traversy, l97l) The ketOne layer, which containedAtﬁe
copper extracted from a 100 mL sample, was aspirated lnto'
a Jarrell*AshFlame ‘'Emission - Atomlc Absorption Spectro-
photometer (model 82-270). Absorption -was measured at
a wavelength of 324.7 nm. An acetylene:air mixture was
used for the flame. -

Standards were made fresh the day of aaalysis csing

:double—distilled deionized-water (diStilled'deionized

water that had been redlstllled) and a- stock copper

sulphate solutlon All standards.were acidi

filtered in the same man the water samples-taken

for ¥ analysis. The stock copper solution had been

made with reagent grade copper sulphate (Cuso4-5H 0) to
a flnal concentratlon of 1000 mg/L copper and acidified
- with 2 mL/L concentrated nitric acid. The concentration

of the standards versus the percent absorbance was plotted



on log-log paper. A straight line fitted through the

\standard 901nts was used to determine the concentratlon

of ‘copper in the water samples taken from the test tanks.

- The gollow1ng‘¢ater quallty parameters were measured

by G. Hutchinson of the Department‘bf Zoology Water

Laboratory: 4c0nductance, acidity, totai alkalinity, . -
~ca101um hafdness, total hardness, chlbrlde, sodium and
) pota551um. The methods used to measure these parameters

as well as pH, temperature and dlssolved oxygen are )

summarlzed in Appendix VI.

B. Blood Parameters

Each plasma sample was thawed, mlxed and recentri-~
fuged before allquots were taken for the anal '
Na+, K+ and glucose. Duplicate sub-samples were analyzed
for each parameter. . he values of the duplicates;
| than 3% apart,further sub-samples were analyzed
untii the values were'within‘B% of each other.

'Plasma ehleride concentrations were measured by
titration with silver ions using a.Buchler-Cdtlove &
Chloridometer (Cotlove et al., 1958). Ten uL of the
plasma samples, blanksA(double-distilled deionized water)
-~ and standard (60'mM/L ﬁacl,'reagent grade)'were‘eacn

"diluted in 4 mL of a nltrlc—acetlc reagent (100 mL glacial

acetlc ac1d 6;4 mL concentrated nrtric acid and 900 mL \

- double-distilled deionized-water). Four drops of gelatin
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. reagent (Buchler Instruments Division, Nuclear-chicago
Corp.)  were added before titration. The ‘time of each
tltratlon was recorded and averaged for the repllcates s

The chloride concentration of each sample was then L

.
-

calculated as follows: - . -
, cgncént;;tlon

standard
(sample time blank tlme)x standa

—

Four standard solutlons, ranging from 0. 0
Na¥/0.0 k* mM/L to 140 Na /5 x* mM/L, had been prepared |
~from double- dlstllled delonlzed water and a commercial
~
'140 Na /5 k"t standard (Instrument Laboratories) Ten uL: -
of the plasma samples and the Prepared standards were
each added to 2 mL of a 15 meq/L lithium solutlon ‘\
(Instrument Laboratorles) - The plasma concentratlons ‘
of Nat and K “were determlned by comparlng the readings
'obtalned from the unknown samples to a standard curve ’@
-plotted on arlthmetlc graph paper._ \

Plasma glucose concentratlons were determined by an
‘enzymatlc colorlmetrlc technlque (Raabp and Terkildsen,
1960) using a Sigma: Glucose Test Kit (Slgma Technlcal
‘Bulletln No 510, 1976). A Beckman/Splnco Spectro—Colori—
‘meter (Model 151) was -used to measure the absorbance of the
.samples\and standards at a wavelength of 450 nm. The

-readlngsiobtalned from‘the unknown samples,were comﬁa;ed

-~ . . . : R
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to a standard curve plotted on arlthmetlc graph paper to

'determlne the plasma glucose concentratlons

C. Total Body Water

The percentage of water in the whole fish was

determined on the fish used in series B as follows:

_ wet weight =~ dry welght
% body water = wer welght x 100

D. Histolcgical>fechui§ues

Detailed histological examination, using a technique
modified from Hugues and Perry (1976), was limited to
vthe 9llls of the control fish and of the 120 ug/L Cu~exposed
flsh, series B. Three ratios were measured from the glll
filaments: (i) the volume of the blood channel spaces
| relative to the volume of the—plllar system (VBC/ is),
(ii) the volume of the eplthella in the g111 lamellae

/7

reiative to the volume of the entire secondary lamellae,

1nclud!hg the epithelia of the prlmary lamella'
(VEP/V LJ and (iii) the surface area of the eplthellal
"basement membrane attached to the pillar system (lnner{

%
‘surface area) relatlve to the outer surface .area of the'

eplthclxa.(SI/S ). Ratios were determined to minimize 2
systematlc errors due to any dlfferences 1n the plane of
the. sectlons (Hughes and- Perry, 1976)." The regions of.

the gill mentloned above are illustrated in Figure 2.

o * . L



Figure 2. Example of the gill sections used for
morphometric analyses.
A. Tfacing of a Eypical field, illustrating the
parameters measured.
EP epithelium
pCc pillar cell
BC. glood channel space

)

PS pillar system, equals PC + BC
SL ~ secondary lamella

PL - primary lamella

NT  non-tissue space

SL' secondary lamella and adjacent epithelia
of PL, equdls EP + PS - NT -

-

' I epithelial basement membranes overlying
PS (also. referred to as inner surface)

o outer surface of ébithelia

B. Photograph of a typical field with a Merz grid

and a point grid superimposed. The grids are

not to the scale actually used. Examples of

Py
- . . . b
‘some of/;he lntersections and points counted

are illustrated. 3
- ’ “V. ) (/
I, intersection of Merz grid withsinner surface
a . ’
Io intersection of Merz grid with outer

Surface of the epithelia
P point within EP

point within BC
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After Lixation of the gills (sece Materials and
Methods IVD), the ventral portion of the second gill
arch of each fish was embedded in paraffin (Paraplast)
(AppendiXVVIIA) and sectioned to a thickness of 6-7 um,
-perpendicular to the surfaces of the secondary lamellae.
‘The sections were then mounted on clean g}ass slides’
and stained with Herovici's Polychrome (Herovici, 1963)
(Appendix VIIB). Each 'slide was examined to locate gill
filaments which had been cut longitudinally and perpen- .
“dicurar to the secondary lamellar surfaces for at least
4/5 of the filament length. Of the acceptable filaments;
one filament per gill was selected, using a table of
random~numbere, for morphometric analysis,

Since structural changes may have differed along
the length of the gill filament, each filament was
divided into thirds (Figure 3). Photographs at two
magnifications (200x and 400x) were taken from each thlrd
u51ng black and white film (Panatomic~ X, EaStman,Kodak)..
The film negatlves were projected onto the screen of a ¢
microfilm reader (Dea Graph, model\ﬁFG) yielding a final
magnification of 1540x for the 200x photographs and of '/
3100x for the 400x photographs. Volumes were estlmated
by countlng the number of points whlch were located over
each tissue region u51ng a regularly spaced point grld
whlle surface areas were estimated by counting the number

of 1ntersect10ns between the surfaces and the lines of a%



Figure 3.

Gill filament of rainbow trout, showing the three

regions sampled for morphometric analysis.

‘A - proximal third; B - middle third; C - distal

third. The secondafy'iqmgllae are numbered,

Qe

Tox
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curvilinear Merz grid kWeihel, 1973; Hughes and Perry,
1976). The grid§g were superimposed on the 1mage ‘projected
by the microfilm reader. Table 3 summarlzes the grids .
and the magnifications used for each volume and surface
area estimated. The two parameters for calculation of
a\given ratio were measured simultaneously from the same_
.-photograph. A minimum o§ two counts per parameter per
photograph were done, each coqnt taken with the.photograph
orientatedFPO° from the previous count. . If the two counts
Wdiffered by more than 6%, further counts»were taken at
90°\intervals untii two consecutiue counts were within

6% of each other. The various counts were taken only

from entlre secondary lamellae and the adjacent prlmary
lamellar epithelium This was in contrast to Hughes and

Perry (1976) who- measured only portlons of the secondari

lamellae. @
E{'Statistical Analyses

LC50

>
For the LCs, determinatiens, the 4-day and~ééday.

Lcso'values,and the.confidence limits were estimated by

the Litchfield‘andiwilcoﬁin (1949) method. . The slopes

ef the lines, formed by plottiné percent,mOrtalité (prob-

ability séaie) versus measured copper concentration (log

scale), and the confidence limits of the siopes Were
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TABLE 3. Grids_ahd magnifications used to estimate,

gill-parameteré

[

—+ - t

Grid Spacing

Parametef* Magnification 'érid'Type
| - . (cm)
Vac 3100 ‘point 0.8
Vps 3100x 7 point 0.8
Vep 1540# point 1.0
Vgr,s 1540x point 1.0
'SI 'ISQOX Merz 1.0
S, 1540x Merz 1.0

pes

*

V = volume, S = surface area, see .

of remaining symbols.

Figure 2 for description



also determined (Litchfield and Wilcoxin, 1949).
. Chronic exposure experiment

The.data‘for the‘physiological parameters (total body
water and the plasma concentratlons of Cl ' Na+, Kf and
'glucose) at each copper concentratlon were analyzed by a
Kruskal Wallls one-way analysis of varlanCe, whlch ‘included
pa1rw1se comparisons between days of exposure, (Marascui;o
‘and McSweeney, 1977) and by a test for non- spec1f1c |
vcurvxllnearlty (Nle et aZ 1975). The test for curvi—

llnearlty was used to determlne if -a change and. a recovery

¢
-

in. the data (i.e., '"bump"uln_the-grapb) was 51gn1f1cant.
Because this test may. also indicate signifioance with a
square or inverseesquare relationship, a "bump" nust_be
present in tne graph in order to:use the test to determinek
the‘signifioance of.a "ebange-andirecoyery" /

Two way analyses of var?ance (between concentratlon
and‘day) could not be rellably “Gsed for ‘the phys101091cal
parameters measured due to statistical’ 1nteract10ns
between the two.factors (see Sokal and Rohlf, 1969’

Nie et al., 1975). Similarly ‘the results of serles A
and series B could not be pooled due .to 1nteract10ns
'between the series. . ‘ }

The results farveach'éill ratio (VBC/VPS) Vep/Var s
V~SI/Sd) were analyzed by meansgof the Hodges-Lehmann
ConditionalfRank Test_whiCh is 4 nbnéparametric equivalent



of a two-way anova'(Marascuilo and McSweehey, 1977). 1f
sigﬁificant'differences were found with‘the Hodges-Lehmann
'teSt further analyses were carried out w1th the Kruskal-
Wallls one—way analy51s of varlance and the test for
non-specific curv111near1ty.

Correlation cdefficiegté (Spearman's.r; Sokal and
;Rohlf, 1969) were determined hetween: (i) t9§ai.bﬂdY'
water and‘each of the plasma ions, (ii) plasma glucese
and each of the plasma ions, and (iii) each of the gill

e
ratios and each of the physiological parameters.

|

w
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+ RESULTS

'.I. Median Lethai Concenfratie; (LCsd) of‘Copper toifrout
The'4-day and B—Zay LCSO‘s'of coéper to rainbow
trout were determlned as reference 1nd1cators of the
toxicity of the copper solutions used durlng the chronic
»exposure experiments. /
. The 4-day LCSO’ based on-test C (Figure 4A and
Appendix VIIIA),‘was 148~ (139- 158,.95% confldence limits)

ug/L as total copper and 118 (llO 126) ug/L as dissolved

'copper while the 8-day LC ~ (Figure 4B and Appendlx VIL1A)
{ . : 50 ! N

was 103 (88-12Q0) ug/L as total copper and 87 (77—97)Apg/L
as dissolved copper. . iﬁ‘is unlikely'that these values
'represent a‘true;incipient lethal'level (Sprague, 1969)
of copper to rainbow trout Sane mortality was total by
the end of the exper1ment~(Append1x VIIIB)

- The results éf tests A and B were not used in the

final determination of the LC50 s due to the problems

dlscussed in Appendlx VIIIC.w
II. Chronic Exposure to Copper

A. Blood Parameters

]

The concehtrations'of clL, Na+, K+‘and’glucose in

the plasma of trout exposed to various concentrations

of copper were measured several times over a 64 day period.

o
L
«

34.
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Figufe 4. Percent§g¢ mortality of rainbow trout exposed to
| vérious concentrations of copper, test C.’_Twelve
Afish were exposed to each concentratién of copper.
The lines were fitted by eye and fhé le%
‘mortality points (4 ,®) we#evadjuSted a¥ording
to the method described by Litchfield and
Wilcoxin (1949). Ertror bars indicate the 95%
- confidence limits of the LC;, (median léthal

o

concentration).

Totél copper was analyzed by two different methods -

in this test. In Method a, the water samples were

acidified béfore storage while in Method B, the
water\QiTplesvwere acidified and then filtered_
through ah0.45 um membrane filter before storage.
Method A, the method which hadvbeen used to
anélyze copper during the‘chronic exposurf:éxpefi-
: ménts, was considered unreliable due to ahomolous
.results (see Appehdix V). |

A. Percentage mortality after 96 hours of exposure

<

to copper.

B. Percentage mortality after 192- hours of

-

exposure to copper.
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s

The data were analyzed with a Kruskal-wallls one-way
analysis of variance ard a test for curvilinearit}.v'The
data from‘series A could not be pooled with the data from
series B due to dlfferences in blood sampllng technlques ,
(Materials and Methods), in pre- treatment of the flsh |
for_fln—rot (Table 2) and due to s1gn1f1cant 1nteractions
between the series asg determlned by~3fwayianovas (Nie

et ql., 1975) . Thus, the results.from series A are

. described separately in Appendix X and, for the purposes

of the present study, series A was considered a trial run. .

Plasma chloride (c17)

The most significant chan;es in'the‘plasma cl”
concentrations over time (p < 0. Ol) were measured from
‘fish exposed to 120 ug/L copper (Table 4) The plasma
c1- levels steadily declined during the first eight days -
of éxposure and then rose, to near the levels measured
from the control fish {Figure 5). Some flsh were not
able to recover as shown by the contlnued decllne in
plasma Cl values for three fish sampled on day 32 (32b)
which had plasma Cl™ values close to those measured from
dying fish (Flgure 5). . The plasma Cl Tevels measured
from fish sampled on day 8 and from the three flSh
1dentlf1ed as the day 32b samples were significantly
different.(p < 0.05) from the-levels measured from fish

sampled on day:0 (Table 4).

37.
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Figure 5.

’chronically‘exposéd to copper, series B. Except

Plasma chloride values (mean ¢+ S.E.M.) of trout

e
i

where indicated each point represent# the mean

value for 5 fish. The point indicatkd'at‘Ya)

represents the mean value of the flsr sampled '

on day 32 with plasma Cl and Na ,vaﬂues near
the control mean. The point 1nd1cath at (b)
represents the mean value of the flSL sampled
On day 32 with plasma Cl” and Nat values well

: . N
below the control mean. 1
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Though no overt sign of impending death was evident

from the fish samp}ed during the 120 ug/L copper exposufe,

the steady decline of the plasma Cl~ concentrations may

have been partially the result of'sampling fish that

would not have recovered from the copper treqtment.‘ This

is suspected due to the fact that most of the déaths
‘,during the1120 Qg/L Cu‘exposure occurred within the -

éirst 15 days (Appendix IX). Thus;\rge apparent recoJery

may be due to a lack of a severe effect on most fish that Qgtxr

survived the initial 15 days of exposure.

However, statistically significant (p < 0.05) changes
— _ “

in plasma Cl~ levels over time were also observed in

fish exposed to 50 and 80 pg/L Cu (Table 4). The lowest

levels were ﬁeasured from the fish sampled on day 8 whicﬁ
'g’l}ustratés some similarity in patternt:) the changes

at 120 ug/L'Cu. Since very little mortality occurred

at these concentrations (Appendik Ix),.the detline'and

recovery in the plasma Cl~ values appear to illustrate

the ability of the fish to adapt to copper.

- .

%

" Plasma sodium, (Nat)

At the 120 ug/L cépper exposure, the plasma sodjum
of the fish changed in a manner éimilarvto the changes
‘observed in.the plasma Cl~ le&els. A steady decline in
values occurred during the first eight days of exposure,

followed by a recovery and a split in values after 32
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day: of eXposufe\(Figure 6). The changes «ver time were
highly significa;t (p < 0.01) buat the pair&ise.comparisons
bétween days cduia nét differentiaﬁe which individual

days were significantly\different (Table 5).

As with the plasma cl” yalues,“part df the initial
decline in plasma Nat values in fish exposedwfo lZd.ug/L
Cu may have been due-to £he'sampling of fish that would
not have recovered from the copper exposure.

No significant éhanges in plasma Na' values over
“time ‘were found in fish exposed to the lower concentra-

tions of copper (Table 5). This\indicates‘that, compared
with the changes in plasma Ql_ levels, the levels of
.plésma:Na+ are better controlled by the adaptive mechanisms
of thé_fish; |

Plasma potassium (K+)

The levels oé potassium in the plasma of the trqu£ a5
were quite.variabl% (Figure %). In the fish exposed to
120 ug/L Cu a significant declihg in plasma Kf over time
was noted when the fish indicated at'dayA32b_wefe
considered (Table 6). No significant changes over timé”'_l <
wére noted when the fish 'indicated at déy 32a were
considered. -However; at day 16, the K* value of fish
exposed to 120 uQ/L Cu differed sighifi?antly from the
kt value of the control fish (Kruskal-wallis, p < 0.05)
while no differences were nohed‘between the two groups

at days 0 to 8. Thus, the increase .in Kt for the fish

-

VY <y



Figure 6. Plasma sodium values (mean : S.E.M.) of trout
chronically exposed to coppef, serigs B. Except
where indicated each point repreSents‘the mean
value for 5 fisﬁ. The point'indicated at (é)
represents the mean valuebof the fish sampled on
day 32 with plasma C1~ and Na' values near the
contrél mean. The point indicated at (b)
represents the mean value of the fish sampled
on day 32 with plgsma-tlgsand Na+ values well

below the control mean. -
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‘Figure 7. flasma pdtassium valueé {mean *+ S.E.M.) of tfout
| jchrbnicaiLy exposed to copper, series B.' Ekcépt
where indicated each pdin£ represents the mean
- 'value for 5 fish. The point indicated.at (a)
represénts the mean value of thé fish sampled on"
day 32 .which Had plasma Cl  and Na+ valﬁes near
.+ the contrql'mean. Tﬁé;point indicatea at (b)
represents the+fish sampled on day 32 which had

~plasma C1” and Na‘t values well below the control

mean.’
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indicated at day 32a may‘be indicative of a recovery
even though no significant changes over time were noted.
Significant'chdnges in blasma K* over time were
also noted‘in fish exposed to 100 ug/L Cu. Whether or
not the slight increase .in values at day i6 was indica-
tive of a reéorery could not be determined. |
- A signiticant-change in plasma k% concentration
over time was“éiso found four the 80 ug/L Cu-exposed fish.
However, the initial K+ concentration (at day 0) was
significantly lower (p < 0.05) than the concentratlon
bmeasnred from the control “ish and the x* ‘concentration
during the 80 ug/L Cu exposure increased towards the
control value (Figure 7). Thus, it is unlikely that the
changes noted'during the 80 ug/L Cu exéosure were due to

‘copper.
Plasma glucose

A marked'increaseAin the plasma concentration of
‘ glucose was measurced from)trout during:the first eight
deys-of exposure to;120 Hg/L Cu (Figure 8, Table 7),
which indicates an increase in stress (Mazeaud et al.
1977) over that time period. The pattern of change in

the plasma glucose levels was opp051te the pattern found

for the plasma levels of Cl1~ and Nat (Flgures 5 and 6).

Thus, it appears that a decline in the plasma concentratlons

.
S

of C1™ and Na was a55001ated with an increase in stress

49.
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Figure 8. Plasma glucose values (mean * S.E.M.) of trout
- ) v
chronically exposed to copper, series B. Except

‘each point represents the mean ;e
4 ‘ ; /

‘IThe point indicated at (a)
. . .
pean value of the fish sampled on

MHAG p.-lgta €17 and Na* 'values near

LRy )’"- .
F°% ., the conﬁrol“h%an. fhe point indicated at (b)

L

represents the fish sampled on day 32 which had

plasma Cl™ and Nat values well below the control

u

mean.



mg GLUCOSE /100 mt PLASMA

- 150

350 r

300

250 |

T

200

600 r .

Nominal Cu Concentration (lag/L)

T 0,
0---0 50
O-==-- 0o 80
0 O ¢ 120

v results from dying fish

®

e ——

1 2 ﬁw A 8 16

' .- ZDURATION OF EXPOSURE (days)
4 . llog scate) o

51..



52.

‘(1070 > mv ‘(s0°0 > mv

" . % ) *
. 's3Tnsax qzg Aep’ ucm ezg Aep jyo SUOT3ITUTI®P 103 § Axnbr3 oa9g

(4

‘syuex uesw maaamk -1®YSnIy uo paseq siep cmmzumn mﬁOdemmﬁoo wmazuammﬂ

A : : . , i . maﬂumwcwﬂﬂbuso

*.% ; ¥ * ¥ : -mz SN | SN - SN 103 3891

: _ | . S o ) (s0™0 > d)

8+0 : 8+0 -» 8+0 : .SN SN SN - SN JUaIBIITIQ.

~ . ‘ o . : o hauamoauacmam skAeq

. - . , JOUPTILA JO

- *x ¥x - xx : SN sN xx x sTsiteuv Kem-aug

. . : . N : > STTITeM~-TeYSsnIy
s3Insax o s3Tnsax s3Tnsax z¢ . B

qze Lep yzta BLe mm@ Y3t Aep 1T1e WITA - 258"
Aq\mnv‘mwoﬂumuucwo¢oo sumawcﬂson . f mmw .
. g : 4 o : " 'q

S91138s .me&ou O3 pesodxe AyTeoTuciys 3Inox3 jo mmoﬁumuucwucoo wmounﬁw mEmMMm °y3

ut WEH# ABAO MNUGWHUNMH@ USMOHNHC@HW QCHEUUQ@ O3 m..«mwu. HMUHUWHUMUW NO WU.HSMQN ‘L 3T9YY
T.u



and that a return of the plgsma concentrations of Cl1~
and Nat to near control 1evels was associated with a
~decreade in the stress experienced by the fish. That
association“is further supported by highly significant
negative correlatlons (p 0.001) petween the plasma
'concentratlon of gluCose and both the plasma concentra-
tlons of Cl” and Nat (Flgures 9, 10). Simllarly,
.negatlve, but less 51gn1flcant correlatlons (p < 0.05)
between plasma glucose and plasma c1” occurred at both
the: 80 and 100 ug/L copper exposures (Spearman S r =-
-0.220 and -0.277, respectlvely) and with some of the

Y
Vflsh expOSed to copper durlng series A (Appendix X -

‘4

rable X-3).
. v‘ "‘.j}\“l ' )
B. Total Body Water ,. | : )

The percentage of water ln whole flSh was measured

™

several tlmes ﬁollowlng exposure to copper, as another
4
1ndlcator of - changeS’ln osmoregulatlon by ipe trout.

. No 51gn1f1cant changes 1n pPercent body water were
found during any of the copp§r, ifposures.v However,
significant negative correlad‘ons (p < O.oSJ were found
‘between the percentage of body water‘and“qun'the pl sma:‘
concentrations of Cl1~ and’Naf ln fish ekpq fd'to 120
ug/L Cu (Figures 111\12),.indicating that: reduction
‘in the concentration oﬁ.these ions is assocfated with

Ty

an increasé# in the amount of water in the fish. Even

v




Figure 9.

—~—
-

Scatger plot ofMlasma glucose versus plasma
- .
chloride concentrations of trout chrdnically - _
k-.

exposed to 120 ug/;,Cu, series B. ‘Tne line dnpwn

through the plot represents the major axis as ™
calculated according to Sokal and Rohlf (1969) .+
The 95% confidence limits of the slooe_are:
(—7.0559 -443444).. Yl = plasma dlucose concentra-

tion, Y,s& plasma chloride concentration.
2°%
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Figure 10.

L]
Scatter plot of plasma glucose versus plasma

sodium concentrations”of trout chronically s
exposed to 12¢ " Cu, series B. The line .

L)

drawn througﬁ_the plot represéqts the_major‘!aigk:
axis as calcﬁlated acco?ding fo-Sokal and ”
Rohlf (1969)) The 95% confidence limits of -
the slope are: (-7.230, -53.695). ¥, =.§lasma
glucos® coﬁéentration, Y, = plasma sodium
concentration. ‘
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‘2
Figure 1ll. Scatter plot of percent bé%x water versus plasma
chloride concentrativn~ of btrout chronigglly

N
exposed to 120 ug/L Cu, series B. The line drawn

”thrbugh the ﬁléﬁ-represents the major axis as
P i , R
calculated according to Sokal and Rohlf (1969).
\ . !
e b
The 95% confidence’ mits of the slope are:

(-12.335, -35.116). Y, = plasma chloride
concentration, Y2 = percent body water.
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Figure 12. Scatter plot of percent body water versus pla’s_..i"'F
sodium concentration of trout chronically exposed
_toﬁlZO ug/L Cd, series B. The line drawn through -
thé-plot represents the major axis és calculated
accofding to Sokal and Rohlf (1969). The 95%
confidence limits of the slope are: (-12.073,
-36.840). Y, ¥ plasma spdarm cOnﬁgntration,

Y, = percent body water. _ ‘
; . %
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though no statistically significant éhangeé occurred in
total body water over time at the 120 ug/L Cu exposure,
' the changes did follow a péttérn'(Figure 13) oppbéite that
foundbfor pPlasma levels of Cl; and Na+ (Figures 5,6).
Thus, it appears ﬁhat an increase in the percentage of
water in the fish may have diluted the plasma.. The
probable dilution ofvtne plasma was further shown by the
high percentage of water in fish sampled whi;p‘dying
(Figure 13)'compared to the low values obtained from the
same fish for plasma levels of Cl~, ﬁa+ and glucose
(Figures 5,6,8). |

The factlthat a dilution of the K+ concentration
was not found in the plasma of dying fish (Fi%Pre 8)
could be due tb the release of k* from the erythrocytes
aé theig}sh'were dying. _Since erythrocytes contain aﬁy'l
high proportion of x*t compared té the plasma (Wilsbn,
1972), partial hemolysis of these cell§ could easily -

increase the plasma k" concentration.
C. ‘Histological Parameters

The following ratios were determined from the gills
of fish exposed for up to 32 days to the O and the 120
ugﬂL copper concentrations (series B): (d) volume of

the blood channel spaces/volume of the entire pillar

system (VBC/Véé),'%ii) volume of the epithelial tissue

in the gill lamellae/volume of the entire secondary



Figure 13. Percentége'of wa;er (mean + S.E.M.) in trout
chron;cally'exposed to 120 ug/L Cu, series B;
Except where noted each point represents the mean
value of 5 fish. The point at (a) represents the ‘

fish sampled on day 32 which had plaéma Cl™ and

Nat values near the control mean. The point at

(b) represents the fish sampled onvday 32 which

had plasma C1~ and Nat values well beiow the

control mean. (A) represents the mean value from

dying fish. -
UTG,.
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. iamellae including' the adjacent epithelium of the primary
lamella and excluding ,non~-tissue spaces (VEP/VSL') and
(iii) surface area of the pillar system (which is
equivalent to the surface area of the epithelial basement
‘membrane adjacent to the pillar system)/outer qurfage/
area of the gill epithelia (SI/SO). |

The results obtained from the three regions of the
gill filaments_sampled (see Figure 3) were compared by
means of t-tests to determine if the ratios obtained

from one region of the filaments .differed significantly

“from the ratios obtained from the other regions (Appendix

XI). Few significant differences were fouh& betveeh the
regions of the gill filament; for the VBC/VPS and the
VEP/VSL' ratios. Therefore,‘for each of those two ratios,
the values from the three regions were averaged for each
fish. Then, the average values were each used as a
single value for further stetistical ahalyses. A hiéh
percentage of the S /S ratios from region C (the distal

I

third of the gill fllaments) differed 51gn1flcantly from

the ratlos foundfrcmlreglons A and B (Appendlx XI). fThus,

- the S /S ratios f:om region C were analyzed,egparately
while the ratios from reg%ehé A and B were‘avetaged.

The results fot each ratio were analyzed by means ‘.
.of the Hodges—Lé@mann Conditional Renk Test which is a
non- parametrlc equivalent of a two-way anova (Marascullo

and McSweeney, 1977). Where 51gn1f1caqt dlfferences were

-
-

65.
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" found with the Hodges-Lehmann Test, further analyses

were carried out with a Kruskal-Wallis one~way analysis
of variance and a test for curvilinearity.
_ ) _

\

The separation of epithelia from the basement
membrane of seoondafy 1amellae,$; Phenomenon commonly
reported to be an effect of,exoosure to pollugants (e.qg.,
McFadden, 1965; Bilinski and Jones, 1973; Daye and Garside,

1976; Skidmore and Toveli, 1972) could not be examined

" in “this study because separation of the epithelia occurred

in over 90% of the samples from both the cOntrol and the
120 ug/L Cu‘exposed fish. An attempt to dlscover the

cause of that separation is described in Appendlx XII.

VBC/ VPS

No significant oifferences were found in the
proportion ‘of blood channel spaces in the pillar system
over the 32 days of exposure to copper or between the
0 and the 120 ug/L copper exposures. However, a trand
towards proportionally larger blood channel spacesaeccurred
in the gills of the flsh exposed to copper (Figure 14).

A significant negatlve correlation (p' < 0.05) was
found between V /VPS and the concentratlon oﬁ.plasma
pota551um (Table 8) for both the 0 and the 120 ug/L Cu

exposures. The blologlcal 51gn1flcance oé thls corréda-

‘tion is not known.

v

.
v ' - ' “%



Pzgure 14. Ratio between the

volume of the blood channel

spaces and the volume of e plllar system

BC/VPS) of gill

trout chronicall&

Cu. Ekcepé whers

the mean value of
by (a) rgpresents
sampled on day ‘32

1ame11ae (mean + S.E.M.) from
exposed to 0 and to;le Hg/L

noted: each point‘répresents

5 fish. The point indicated
the mean value of -fhe flsh

whlch had plasma q; and Nat

values near the control mean. ‘ The pogpt

_1nd1cated by (b) represents the me3n. value of

Ve “the fisp sﬁhpled on day 32 whlch hadapuasma cl”

)

'and Na?t values well below the control mean.

i .
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TABLE'S. Correlgglon coefficients’ (Spearman s r) Eetween‘
w .« - N
.‘. Py t
« . Sm ) .y d{VPS andpthe physrologlcal parameters of trout
B S lgally exposed to copper, series B
’ ~ . ] ~
C e “. ’ ~
“A“‘ ~ - ‘ ) . N
S * D E ‘/'V N |
Pk . : . BC .
Phygi%loal. : e Exposure : -
: J«- o— f - b v
Barameter : ' 0.and 120 @g/L
: L 0 ug/Légp .v120,ug/L C“'“~ Gu combined
‘Plasma . #: W . .
Chloridéy . - wt NS, a.§" NS .- -
(rw‘M/L) . i .'. ) . \&U : ! : . gﬁ ‘,\' ‘7: -
L . . A - v ’ ""
Plasma - L o o
Sodium . . NS . . . NS
/L) e .
-\,gl a g . . wE g
e} a551um B .
a - " o - 4 "&n‘gso‘ ‘.
s cmzmy 0, e T (0 09’ (~0.3803
e i o Bl : LAY,
gk ) ek N s LR aY
Plasma . : @ T, . ’
Glucose -, - ' - NS ° e NS - .* NS
» Ang/100 ) », 4 e '
. =< % -
) . R - . . . . ~a LR
* < 0 05 '**p < 0 01 \ . - PR ‘
p . ’ . . R -
1 e , ' A
' Volume of the*blood'channel spabes (VBC) relative to the Cor,

volume of the pillar system Vp g) of theISebondary lamellae .
‘. © . +-am :

-
/\\' . . »

. E " ’
2‘Spearman s r indicated iptbrackets where significant. -

of trout gllls.-}
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The propbr;lon of eplthella relative to th%ttotal

' secondary 1amellar Jvolume - (1nc1ud1ng the eplthellacof .

the prlmar§ lameHla adjacent to the secondary lamellae)
of fish exp A to'l20 uqﬂxgﬂbpper was 51gn1f1cantly
N 0' f"-,‘ < :

lower than tpaj: of the,o 1.“c:u‘ ‘i&osed fJ.sh YTable 9) -

G§1nce thevaluesdetermln' sampled-on day 0 R

4

were, much 10Wer 1n "the gro _

49 .

use?&or the 120 pw. Cuy .

exposgge than fqr the Q~ug/L Cu eXposugg (Frguré l?), 1t

» ;
--, ‘o @
j&pears unllkely that most*cof théj.overell dlffefence was
* e . 1 . i :
uue.to coeper. . v ' * . ‘.f :
AY ‘t . e - "..'l . - ’ v

- {@ﬁg Howevir,{ghe changes 1n VEP/VSL' cver tlme d%ﬁ J; L.f,r .
> qéffer between the two concentratlons (Flg&:e 15). gggzu A
- 4

control fish showed very llttle4kh~nge over tlme whll K

ff the lZQ hg/L copper exposed showed s1gn1flcant ’:

. chan et Ap< OuOS) w1th the lowest values after 4 days “ "

L3
A . . &, . " R ; Lo °

of exposure. T . : o ) N
R u

That changes in the proportlon of epithelia in trout

™ < :
' gills may ﬁb ‘associated with changes 1n osmBregulatory . .
'ability is 1nq;cated by SLgnlflcant correlatlons betwegn
. 'EP/VSL' and the plasma concéntrations of c1L” and Nat

as well as the percent body‘waterj(fable 10). : Tho;e
'correlatxons d1d not occur when the fish of the 0 and
the 120 ug/L Cu'exgqsures were conSLdered separately,

but that may -be due to the fact‘that the makimhmvcﬁhngeb;

[N - ' .
“ N . .
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Figure 15.

. [ i
Ratio between the volume of epithelial tissue in o
the gill and the volume of the entire secondary'
lamellae ;ncluding the adjacent epithelia of

. r’-. .
N
(mean *+ S.E.M.Y. éég&

the primary lamglla (V ﬁL')

The ratios were determlnbd from trout chronlcally C R

exposed to 0 and - .o .120 ug/L Cu. Except where e
=y - »> .o

noted each polnt represents the. mean value of
5 flsh. i The p01nt indicated at (a) represents
the mean value from the fish sampled on day 32 -‘f
that had plasmi Q}‘ and Na Values near the
ca,ptrol ’me‘ '1“ p&nmt 1nd1cated at (b) "

repifsents the mean va.yb fqpm the flshasampled

on day 32 that had plasma cl™ aq§ Nat values_ IR

-well below the control.mean: = s, RN

)
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EP(VSL' a

chfdnlfl

Cérrelation coef£1c1ents (Spearman s r) between

/

‘therphy51olog;ca1-parameters of trout’

{X sxposed %p copper, serles B. ¢

"“t - - ﬁ
- . /V s
‘ ‘:'g_,,_ . ":n v," SLF ) . ‘
th&;ologlcal Cr ! < Q?pOSure * ¢ . .
Paﬁameter ok » ;0 and 120" yg/L_,
. Y e e o ug/L Cu - 120 ug/L C9 & Cu éombined"
] . . ¢ g Nl Yoo b T ,\. S LR,
% Y e o RN .
o e & ; s T A .
e N A - T
o mM/L): ~*- i L R 1 % 1)) K
' . C A -'C’H.‘ f t .“‘,\‘y ' » : )Q,_"-' 7'. *?i‘ ?J& " 0 3 ]
P'lasma ’ _‘5 s L e LA &y Lo o '
.Sodium - Y . ¢ 73i NS ‘ NS * % ’
(mM/L) . St e e L (0.334)
et ‘.
Plasma { oo ye vy
. Bevassium  °  T..7°NS Y. NS % ;ﬁh&:
Plasma * = ’ € .
Glucose. , - ' - * .% *% ‘ _
{mg/100 mL) (~0.346) "(-0.365) «.(-0.530) -
% Body Wat h ' | ﬁﬁ;/
o ater : : L
iy NS NS P
o 1 (0.292)
» o - ~
- - - . P — £
. | o ) . i /
p ¥o.o5; p < 0.01,

lyolume of the gill epithelia (v

. of the secondary lameilae inelpdln

of the primaryflamella (VSL,),

2Spearman s r,lndlcated in bracketS‘where signy

- ,-\.

)

o

) relatlve to th’ volume

1zhe11a

,~," . ‘
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in the proportion of epithelia‘preceded the maxgmum

changes in the phy®iological pargggters'(Figures 5¢6,13).

-

A significant negatiwe cofrelation was also noted between

VEP/VSLF and the plasma'lezels}of glucose (Table 10). &
. n&.t .
d " ) ’
A significant difference (p < 0.01) was found betweeh
the 0 and the,120 ug/L copperﬁexpOSed fish for the ra@io »

s'ﬁisurface area (S ) to the eplthqlmaLQh

W . i

eglons A and B of 'the glll fli@—»');Q

.ofsthe pillér. sys

surface-arda (S0

ments (Table 11). to the large fluctuatlon in values »9?5f

“fog the %20 ug/L. Cu- exppsed flSh (Figure 16), théh; a
blologlcal 51gn1f1cance of that dlfference is ?uestlonable.
JHowever, if the difference between the results i; fhe
control and the 120 ug/L Cu exposures are taken to be .
bioclogically 51gn1f1cant, lﬁ&%&uld appear that copper
caused. the plllar systé&‘as aﬁﬁhgle to decrease in size ~ @
(and iqﬁface area) relatlve to the rest of. the lamella
or that copper oaused the lposenlng of the eplthellumk*
from the basement membrane so that the eplthellum stretched
more in the gllls of copper-exposed flsh than in the,m o
control fish during preparatlon of.the,g;ll sections.

(see Appeﬂdix XII). A change in the proportional volume
of the Pillar system relative to the .secondary lamella
A

‘(VPS/V L.) coul& not hE?rellably determlned due to thed.

Loy 14
.\:.‘\ 3 .- LI ’\- “ s' i 4
et . *‘\1&- P TERY - "

unexplalned dlfferences 1-#the pre ortlon of eplthella
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‘mean walue of

'a
-

_ g%?ure 16. Ratio between the surface area of the gill pillar

system ahd Fhe oyter surface area of the°gi11
epi?helium (SI/SO) (mean * S.E.M.) for regions.A
and B (avéraged) of the gill-filaments. .The
ratios. were deterﬁined from trout chronicq}ly .
exposed to 0 and to:120.ug/L Cu. Region.A_Q;
the prokimal third of the giil filaments. éégien

B was the middle third of the gill filaments.G

jd €ach poa
wi “ Th

}an-Qaluebof ffé% samplédﬂﬁfr

t:represents the .
‘ - b

;EﬁtVindiéated at

Except where n

(a) représents

/
’

day 32 which had plasma C1~ &nd Na™ concentragions

near the control mean. The pbint indicatéd,at .
(b) rpﬂfeseﬁtg the mean value of the fish sampled’

on day 32 which_had plasma Cl~ and Na+ concentra-

| tions well below the cont&S2 ﬁéi@!’l s ‘
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in the day 0 fish (see the section on VEPZVSL')'

. SFa ,
Significant correlatiohs were found between two

P >
‘Parameters (glucose and percent body water) and SI/So LR

from regions A and B (Table 12). Due to the fluctuatiohs
in the surface area ratits (Figure 16) and the fact that

separation of the eplihella from the plllar systems

’

\ppendlx XII) could have altered ﬁ’the surftce areq .of
te eplthella, the blologlcal 51gn1f1cance of these

correlations is questlonable -, #gﬁ T ‘.} L

-
>

¥ No signlflcant dlfferences over tlme were fgund for-

the S /S ratios from réglon C of the glll flladents v

ot

The smaller sample 51zes from reglon o may have contrlbuteh
to a lack of s1gn1f1cancé3(Flgure 17). ’However, a’
reduction in the values for the 120 ug/L Cu—éxposed flsh

compared to the control flSh appea(ed to have started

>
s

between days 8 and 16.
‘No sxgnlflcant correlatlons occurred between SI/SO ﬂ"
- ’ ' E] o
(reglon-C):and the phy51olog1cal pﬁ:ametens..,; B
T x o B s

_ ;" T,
vtiu‘

79.



TABLE 12. Correlation coefficients (Spearman's-;) between
. S;/S; (regions A and B) and the Physiological

e, Parameters of'trOut’éhronically‘ekposéd to.

»copper',%"erie‘s B. . 4 .‘
. .y W& )
N T I
; E ST o ' S1/84 rgg;ops.AfB) .
:H ‘Physiélqgicébi Pl ’ “iE*Posqfé o )

) oy .\' \‘Q:.!———l; - ~, . . ' S G
Parameters = 7 Hg/L €u  * 120 pgM cu
- S T T

M 3

/?o.andﬁlzb ug/L
4 Cu combined

. . . ". . 4 " J" - e - -
. B . B . - i e - a"}'

. .Ns 7 NS ¥ ons

.
g

! ¢ Y L

Plasma . - o S i

Potassium ~* - _ NS .- . N8 = o« NS .
e "9.'w . | . | 9

Plasma“ ¢ T . . -
Glucose NS . . NS t I SN 2
. (mg/100 mL) *© - A R (-0.259)° .

$ Body Water NS ; . NS’ S .
(W/W) e S 1 (0.260)

P P ‘
e »

&

* » Tk . ) o o o o e
.. P <0.05 p< 0.01, -
VISeew?abléill'for definition, Teml
LA S ) iv“\v o : ; . .
%spearman's r jpdicated in brackets 'where significant,

>, . ..
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Figure 17.

represents the meag va}ue of 5 flSh. ‘The point

- I
and Na+ concentratlons ‘near the control mean.g9 .
f .

) The point lndlcated at (b) represehts the mé%n .

_control,mean. g o S ' ]

N Tt
.. .,
- . e
[ . » : .
B ¥ . - : v
& . . — e
.. 4 N . a ‘ . :
o . i

' Ratio between the surface areapof the gill pillar

.system and the outer surface area af the gill

"eplthellum ‘s /S ) (mean.t S E M ) for nEglon C

of the gill fllament.. The ratlos were determxned
from tyout chronically exposed to 0 and to 120 T

¥g/L CU?p Reglon (o} was the dlstal third of the

~gllfa}11ament. Except where noted each point

k)

_indicated at (a) repreSents the mean valué of

x

&pe fish sampled on’ day 32 wh&ch had plasma cl™
o

value ofAthe flsh éampled on day JZ which had

!
plasma c1” and Na' conqentrablons well beIOW-the
- . _v‘ A 4

v '
-

< -
L, -
.
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DISCUSSION

I. Adaptation to Chronic Copper Exposurce

The changes that occurred in the plasma paramcters
measured appear to confirm that trout can adapt to OOﬁpera
A decline in the plasma concentrations of Cli and Na‘t
during ehe first eight days of exposure was reversed
by day 16 during the 120 ug/L Cu exposure (Figures 5,6).

A similar decline and recovery was observed for the ‘
plasma Cl levels of fish exposed to'SO and to 80 UQ/Lj'
E? {(Figure 5). An increase in plasma’glucose leQeis v
followed by a return to near control levels was also
‘noted in the fish exposed to 120 ug/L Cu (Figure 8).
Similar transient changes in the plasma chloride levels
of brown bullheads (Ictalurus nebuloeus Rafinesque) and
brook trout (Salvelinus fontinalis) and in the plasma
glucose levels of brown bullheads chronically exposed

to copper have been reported (McKim et al., 1970;
ghristensen et al., l972{,£hough the dufation of the
transient period had not been determined in those studies.

I£ ﬁay be argued that mortality of fish during
exposure to copper, especially durin; exposure to 120
.ug/L Cu, may have been the basis for the changes and

apparent recovery. Approx1mately 25% of the experimental

fish died during the exposure to 120 Jg/L Cu (which was



N\ .
approximately 1.2 toxic units, one toxic unit being

defined by Sprague (l9.Q) ?:'thc LCSO)!’maiﬁly during
the firét 15 day of !é205ure (Appendix I.). Thus, the
initial changes in the plasma parameters m;y, in pgrt,
have been measurcd from fish that would‘not'have recovered
even though no overt sigﬁé of impending death were evident
when thes fish were saméled. Conversely, the recovery
~noted frcem fish samplgg at day 16 and from soﬁe of the
fish samplﬁd at day 32 (Figures 5,6) may have beéh, ih
part, the result of sampling fish that did not react
significantly to copper. However,'such an argument
cannot explain the decline and recovery noted in the
plasma Cl~ levels of the fish exposed to 50 and to 80
pg/L Cu since only one fish died at day 25 duridg the
80 ug/L Cu eXposure and only three died during the 50 ug/L
Cu exposure between days 57 and 62 (Appendix IX). .
The continued decline in the plasma concentrations
of C1” and Na* in some of the trout sampled on day 32
of the 120 ug/L Cu exposure (figures 5,6) and the
re—océurrance,pf an elevated plasma glucoge level in
those same fish (Figure 8) may represent the exhaustion
stage of the General Adaptation SYndrome (C.A.S.) as
described by Selye'(1950). The initial, changes in the
plasma parameterg would represent. the "alarm ;eaction"

of the G.A.S. while the recovery would represent the

"resistance‘stage" of the G.A.S. Whether all the fish



*;!haihing within the resistance stage’after 64 days of
exposure wouldvha;; e&ggﬁéayiy re&chéé‘éﬁigxhauégiohrstage
is not kno@nﬂ The survivor§'among broox tr.-ut exposea
for 11 months and o% brown bullheads e: .osci;for 600
days to copper concentrations that had caused %ignificant
decreases in plasma ion levels did not hsvevplasma_ion
lovels significantly different from the levels}in the
control fish‘(McKim'et af:, 1970; Christensen et al.,

1972). This would suggest that some.of the fish did not

rggch an exhaustion stage (i.e., that they adapted).

The plasma levels of k* were.found to decline at the

100 and 120 ug/L Cu exposures (Figure 7). The increase

in plasma k* levels to near control levels in some of the-

fish sampled on day 32 (day 32a -sampl@) of thé 120 ug/L

Cu exbosuré may belindicative of a recovery since the

Kt va%ue from fish sampledlat day 16 was significantly

lower than the Kt value measured from the control fish

. <

on day 16. No previous studies have reported changes in

-

plasma K* with exposure of fish to heavy metal pollution.

II. Relationship Between Stress and Hydromineral Changes

Due to Copper.

A stress response in trgut exposed ta copper was
shown by'the.occurrence of elevated levels of plasma
"glucose (Figure 8). The existence of a stress résponSe

in fish during exposure to:copper has been confirmed by

85.
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two other studles (Donaldson and Dye, 1975 Schreck and

Lorz, 1978) in wh1ch~elevated cortltosterOLd levels were

measured inksalmon (Oncorhynchus nerka énd 0. kisutch)

0
[y

exposed to copper.

The stress response in trout chronically exposed to’

copper appears to be most closely related to a reduction
in the plasma concentrhtions of Cl™ and N§+, "This was
1nd1cated by hlghly 51gn1f1cant (p =,0.001) negative
correlatlons between tﬂz plaSma gluﬁose levels and the
piasma‘ievels of C17 and Na (Figures 9,10). Increased

plasma glucose concentration, considered a secondary

effect of increasedsétressojMazeaqd et a2{3_1977),is
probably caused by elevated circulatory levels of
cort@costefoids and.catecholamines (Frye, 1967). Since
glucose leveLs probably do.not influenco ion levels

directly, the possible means by which corticosteroids

and catecholamines influence ion levels is discussed

i

below.

Cortlsol, a cortlcoster01d may be 1nvolved in
/ L]
correcting a L&s of ions in freshwater fish. Cortisol

+

apparently ingreased the reabsorption of Na  from.{

kldneys of flsh (de Vliaming, 1979) and lnjectloﬂs Of'?lw—
phy51ologlcal doses of cortisol into freshwater-adaptod
eels (Anguilla anguilla) promoted uptake of Na' across
the gills (Chan et al., 1969). Facilitation of Na' influx by

cortisol 1in freshwater-adapted euryhaline fish has also been

/|
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* ’

,‘reported<by several,authors (rev;ew by Johnson, . 1973).._N
Thougq'many researchers (rev1ew by: Butler,.1973; Johnson,
_1973' 2 Henderson and Chester Jones;-1974) have assdﬁiated
cort1501 prlmarlly with the adaptatlon of euryhaline fish

to seawater and with Na efflux rather than Na influx,

cortisol may also have a role in freShwater—adapted fish
throegh‘its influénce on N‘a+/K+ ATPase ac‘{vitx. Certisol
increased‘Na+/K+ ATPase‘actévity in intactfand hypo-
'physectomized freshwater—adapted eels (A. rostrata)
(Butler, 1973; Epstein et al., 1971) which may aid Na+
influx. Some studies, however, have sthn that cortisol

inhibited rather than enhanced Na+ uptake across the gills

of freshwater- adapted fish (review by Chester Jones et.fl

19%9) but thatolnhlbltlon may have been due to the use“

‘ .
of pharmacological doses of cortisol rather than <l

©
physiological doses (Butler, 1973).

Thus, elevation of cortisol levels 1n flsh exp&sedv
- 3’

to copper may represent a physiological attempt &8 c%grect

a loss of Na+. Since copper has been shown to. 1nh1b1t Na /K

By
ERY

ATPase activity invitro (Hexum, 1974; Tlng Beall et al.

v,

1973; Bowler and Duncan, 1970) and in vzvo (Lorﬁland
MacPherson, 1976), the extent of elevatlon of Na /K ATPase

activity by cortisol may be dependent on theﬁdegrée of

'Na+/K+ ATPase inhibition caused by copper. ﬁ& %

)

Adrenalin, a catecholamine, may also. counterbalance.

.a decrease in sodium ions that occurs with @oppeflequsure

»
4
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(Figure 6 and Courtois, 1976) by inlreasing Nat uptakém .
in the gills (Righards and Fromm, 1970; Payan et al., *
1975). Récently Payanland @irard (1978) h5Ve shown that
adrenalin stimulated the Na+/NH4+ exchange in the
secondary lamellae of trout. Furthermore, adréﬁalrn s
appears té incfeése gill permeability to oxygen (Payan
et az., cited in Girard and Payan, 1980) and earlier
work by Randall et al. (1972) had shown a probable link
between QXygeh transfer gate and !én fluxes across the
gills of 5. gairdneri. Since a dectease in oxygen
consumption is an efféct'of copper exposure on fish
(O'Hara, 19715, adrenalin may help to counterbalance or
limit the reduction in oxygen consumption which,.in turn,
would help limit copper-induced ion losses. |

The role of the corticosteroids and the catecholamines
in maintaining the hydromineral balance seems ﬁ; be
primarily reléted éo the control of Na+ in fish (see
above); but, in the present study,{%oth the plasma Na+
and Cl1 levels were correlated with the streés (glucose)
levels (Figure; 97105. The correlation between plaéma
glucose and plasma Cl™ may be explained by recent .studies
which have indicated that‘the uptake mechanisms for Nat
and Cl™ are interrelated (review by Maetz, 1974), apparently

through the regulation of acid-base balance and ammonia

clearance.(review by Girard and Payan, 1980).

88.
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Though no significant changes over time occurred in -
the total body water of trout exposed to copper, significant
negative correlations (p < 0.05) wére noted between percent
body water and the plasma levels of C1~ and Na' of the trout
exposed to 120 ng/L Cu (Figures 11,12); indicating that
some of the reduction in ion levels may be due to dilu-
tion. Both( adrenalin and cortisol have been aésocia;ed'
with stress-induced imbibition of water in freshwater
fish (Mazeaud et 87.; 1977).. Adrenalin has been shown
to increase gill permeability to water in the freshwater-
adap?ed grey muliet (Pic et al., 1974) while cortisol
has increased the osmotic water influx in;o isolated
gills of freshwater-adapted Japanese eels?(Anguilla
Japanteca) (Ogawa, f975). However, cortisol has also been
shown to restore a diminished urine output in freshwater-
adapted eels after adrenalectomy (Chan et al.;.l969), so

some of the stress-induced dilution may be counteracted.

B

III. Rélationship Between Gill Structure and Hydromineral

Changes Due to Copper.

Separation of the 3pithelia from the b;sement membrane
.occurred in the gill sections from both the control and

A the‘copper-expdsed fish (Appendix XII). Such an artefact
likely introduced a systematic,error in the measurement of
sofme of the gill parameters. With separation, the

epithelia likely stretched. Stretching would be expected



-
to significantly change the estimation of the outer surface
arca of the epithclia-(so). The erratic fluctuations

seen in the measufemen;s of the SIVSo ratio (Figure 16)
suggest that the stretching was not uniform across samples.

-

Thus, any correlations that occurred between SI/EB and
. N v
the plasma parameters will not be further discussed.

The possible stretching of the epithelia may have
i ]
. ® ]
also introduced a systematig cerror in the estimation of

VEP/V but, it appears that the error was uniform

SL'
across samples since very little change occurred over

time in the control fish. Thus, the relationships noted
with VEP/VSL' may still have been repfésentativé of actual
relationships in the living animal. It is unlikelyégmat

the Vv ratios were affected by separation of the

sc/Vps
epithelia since the pillar systems remained intact.

VBC/VPS
Only the plasma potassium level was significantiy

correlated with the relative volume of the blood channel
spaces in the pillar system (Table 8). Dilation of blood
vessels in teleost gills has been associated with increases
in heart rate and blood pressure (Smart, 1976) and with

an increase in blood flow in the secondary 1ameliae i
(Steen’and Kruysse, 1964). With an intrease in blood .

flow through the gills, the potential for greater d%jfusion

or exchange of substances would exist. However, an



increase in blood flowgtﬁsquh

'\v ’ A
minor factor in the d1ffd§§€n or ext
GAN

-

since no cnrrelatxons*ﬁer@ é%served between V /VPS and
Y ® . .

the plasma levels of Na and Cl_ - ions present in much
\

greater concentration in the blood than K+ (Holmes and

Donaldson, 1969).

Vep/ Vst ' -

No correlations were observed between the relative
volume of the epithelia in the gill and the ion or the
water concentrations in the-fish when th®t two treatment
groups (0 and 120 ug/L Cu) were considered éeparately
(Table 10). However, when the data of the two groups
were analyzéd together, significant correlations were ,
SL.sand plasma Cl~, plasma Na+ and
percent body water (Table 10), indicating that changes

observed between VEP/V

in the proportlon of gill epithelium(’regardless of
cause, influeﬁces ion and water levels in trout.
In the present study a positive correlation occurred

between V_ /V and the plasma levels of Cl~ and Na'

SL'
(Table~10), indicating that a reduction in gill epithelium
waﬁ‘aésociated with a:reduction in the plasma levels of |
Na*t and Cl-:(sée Figures 5,6,15). This association
apbears to be true for trout exposed to cadmiﬁm, another

" heavy metal. McCaéty and Houston (1976) reporﬁed.that

14
chronic exposure of tgout to cadmium reduced the plasma

4
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“levels of'Ni* and Cl1~. Hughes et al.” (1979) noted a
decrease in the prdportion of epithelia in the segondary
lamellae of trout exposed to cadmium }data_recalculated
from the tab;cs reported*). The decrease :in éhe proportion

of epithelia was not significant but the concentrations

of cadmium used by Hughes ét¢ al. (2-8 ug/L) were much

lower than the concentrations used by McCarty and Houston

(44.5 and 380 ug/L).’ .

fn contrast to the reduction in gill epithelium Ny
during exposure to copper noted in the present study

(Figure 15), Schreck and Lorz (1978) reported hyperplasia
. ~ .
in the gills of freshwater-adapted coho salmon (0. kisutch)

exposed to sublethal concentrationsof copper. Systematit
—

a
error in estimating epithelial volumes may have occurred
in the presehi study due to separation of the epithelia

from the basement membrane. However, a reduction in the

thickness of the interlamellar epithelium was observed

N

* ' '
The data reported by Hughes et al. (1979) was recalculated

as follows to yield a new value (ths/VSL):

Vops/Vsy, * Veis”Vops = Veis/VsL

V =avolume

OPS = region exterior to the basement membrane in the.
secondary lamella
SL = secondary lamella

tis tissue occupied regions of the OPS. his did not
’ include the 1nterlamellar (primary mellar)

epithelium.. ;

7

1]



in"PuhduZu§~hctcﬁéclféua'cxposea to copper in‘ééiwater
(Baicr, 1969). Whether exposure of fish to. copper it
scawater or in freshwater would make a differe ce on the
effects of copper on gill structure remains Lo be studied?’
Also, further research would_be-requifed to'dege}mine
whether the contrasting obserQagfons in the p}esent sfhdyp
and\ the study by Schreck and Lorz (1978) are due to
Spec'es differences in the'response to copper or due to,a
systiematic error that may have occurred in the present
study. J

The relationship between ‘percent body water and
Vpp/Vgp+ (Table 10) appears to be an andmoly‘ A positive
correlation was observed between those'two parameters
but negative correlations were observed between éercent
body water and the plasma levels of Na+ and Cl~ (Figures
11’,15 ‘and be.tv;veen VEP/VSL'

Na' and €17 (Table 10). Sincé an increase in water
: . .

diffusion is more likely with a decrease in the barrier

and the plasma levels of

between the external and the internal environments of the
fish, thg positive correlation between VEP/VSL' and

g percent body water was likely a type II error as described
by Sokal and Rohlf (1969), possibly due to a systematic

error.

A significant negative correlation (p < 0.0l1) occurred

between VEP/V and plasma.gluéose (Table 10), indicat~

SL'
ing that a decrease in epithelial volume was associated



f
[ 3
*
"
%

4

o, . " . » K oo L, B -
Yoo . . . - s c.94.
PR Y . " L . a7 .
’ . . % '
' . ] - R ! Q L} . Y

_with an_ lncfeggg‘in stress. Since biochemical changba LT

' : e
generally %recede morphological . changes (An%erson, 1961§

and ,since little f;\kﬁahn about e effects q‘ %@f@:l-

-

relat55~hcrmones on 9111 strﬂcturd the hloloqical T ;g

- significance of that correlation cah only ﬁe Qqused | o

- 3

1v. contlustons:

. ',*g v ca

L

AN '4: ’g}? X
Trout: expo%ed to 50,480 and 120 ug/bltu appaar to

exhibit a General Adaptatlon Syhdrome as deflned by
Selye (1950), at least with respect to the glasma cdn-. s
centrations of C1 ﬁé .and gLubose. The flrst LwdE
stageb, the alarm reactlon and the re51sfance stage,{_g '; 73

A
were evident in the'fish expgsed'to all three eoncentra-
tions of copper. Some aof the fish expoggd to 12 uq/L

~

Cu also exhlblted thL exhaustlen stage._;‘r'.NQ”! L ’ el

s

The hlghly s1gn1f1caht correlatlons bethen plasma
glucose and the plasma levels of Cl and Na squesks
that the ability of trout to adapt to copper.wlthﬂrespect
to hydromlneral balance may be dependent on the @b*l;ty

. of the stress response to counterbalance,aonxc changes

-

1nduced by copper. It is suggested: that elevated levels

c e

of catecholamlnes and cortlcosteroxds, whlch are part QE
“ ,

v

a stresskresponse (Mazeau@ et al. 1977), may play a

.yb
KR

role in counterbalancxng copger-lnduced changes.

.

-ty

The role of structural changes in the glll on.

hydromineral balance is unclear. It appdars_thét a _ Y
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reduction in the plasma levels of Cl~ and Na’ and an

increase in plasma glucose levels may be associated with a

reduction in“the proportion of epithelia in the gill,

but other studie# (e.g. Schreck and Lorz, l976‘!have

reported hyperplasia, of the gill with exposure of fish

to

to

of

no

copper. A reduction in plasma potassium levels appears
: °

be associated with an increase in the relative volume

'

the blood channel spaces in tHe pillar system, but

explanation for this association can be given.
Q
( .
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Appendix II. Body weight and length of fish used during

the determination of the LCyq of copper to

. >‘tr06£, -
. ) ..
Test Nomin’l Total Cu No. Wet Weight Standard
€ Concentration  Fish (g) . Length °
(ug/L) (N) (em) !
LJ | d ‘
A 0. 12 11.5~40.8" 9.0-13.7 |
‘ 25.5¢7.9% © 11.9:1.3
70 12 18.6~3419 11.3-13.5
24.1+4.8 12.120.7 '
100 12 . . 18.6-38.5 10.7~14.6 |
L4 . 26- 7—":7.4 12.2‘!1-1
. 130 , 12 20.2-32.7 11.1-13.3
N . 25.8:4-4 12.1t0l7 '
TOTAL 48 11.5+<40.8 9.0~14.6
. 25.5+6.2 12.1%1.0
B o 10 13.9-42.7 11.6-~15.4%
28.8:8.9 13.921.2
75 10 16.9-27.9 12.1~14.2%*
- . 22.5+4.4 13,120.8
85 10 14.8-34.4 11.2-1444%,
23.5:5.8 13.3:1.0
95 10 18.3-28.8 S 12.3-14.9*
23.2+4.2 | 13.5¢0.9
RoraL 40 13.9-42.7 11.2-15.4%
24,6:6.5 13.5+1.0
e C 0 12 26.7-52.9 | 12.6 15.7
- o ; 41.1:8.1 . 14.5:0.9 -
120 12 26.0-40.5 12.4~14.8
- . 35.0+4.2 13.8+0.8
[ )
140 12 23.7-47.3 . . 12.7~15.6
- ‘ 34.2:7.7 13.9%1.0
5 . 160 12 . 25.5-50.5 12.8~16.0
j : 37.6:7.2 14.121.0
TOTAL 48 23.7-52.9 11.2~16.0
¢ 36.2:8.8 14.1:0.9
1

Range, 2Mean-t s.D., *Fork length.
. ‘ t
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Appendix III. Dectermination of the time required for the ¢

o nominal Cu concgtration to be achieved 1&
‘test tank. e water samples were taken from .

* the 95 ug/L Cu test tank during Test B of

od

\\ | - the LC,, determinations. * -~
Time After Start - Total [Cul]*
Cu Adé?iion (h) . (pgé}S
= o
. 2 | 28.5 i
. 7 | 64
14 ) . 67.5
, 24 e
49.5 . 87
240 84
. e

Measured by method A - acidification of the sample with~
no filtration. The values reported here were likely

lower than the actual copper concentration in the tank

due to artefactg in the analysis method used (see Appendix
V). -
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Appendix V. The cffect of different methods of sample

collection on copper analysis.

During the course o the chronic exposure experiment,
it was noticed that the measured value for dis=snlved
copper wés sometimes higher thqn the measured value for
total copper.

According to Traversy k197l) an unfiltered,water
sample that has been acidified yields total copper if
all the sediment was dissolved. If some sediment remained
undissolved, some of the copper may‘bind to the sediment
so strongly, that it could not be extracted by the
APDC-MIBK extraction procedufe used to meaéure copper>in
the present study. If such bound copper could not‘be
extracted, phLJ the measured total copper would be bglow
the true concentration.

In order to determine if the presence of sediment
during storage of copper samples could influence the
measured values of copper, several water samples for
copper analysi; were taken during the course of Test C
of the LC;, determinations and treated in one of the
following ways before storage: |
(i) no filtration - should yield total copper (= Method’A)
(ii) filtration through a 0.45 ym membrane filter after h

acidification - should yield total copper (= Method B)-

(iii) filtration through a 0.45 um membrane filter before acid-

ification - should yield dissolved copper (Travers§,l97lL

‘,T



The samples were analyzed by atomic absorption spectro-
photometry as ‘described in Material and Methods.

As shown in Figure V-1, the total copper values
measured by MctHod ‘B yielded the values closest to the
nominal copper concentrations. In most cases, the
dissolved copper samples yielded the lowest measured
c?ﬁcentration, as expected. However; in some instances
(e.g., samples A' and B'),  the total copper concentration
as measured by Method A yielded values lower than the
dissolved copper valuesf This latter result, and the
faét ;ggt total copper concentfations measured by Method
A consisteﬁtly,yielded lower‘values than those analyzed
by Method B, indicates that the presence of sediment iﬁ
the stored sample résults in further binding of copper

o

which could not be later freed by an APDC-MIBK extraction.

Filtration of the water sample after gcidi%ication appéaré
to prevent futher“binding of copper during storage if
sediment'is present.

Thus, the method used for prepératioh of the tdtal

copper samples (Methéd A) during most of the experiments

in the present study was unreliable.

[}

-111.
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Appendix VI. Water quality analysis methods.
¢« _ Parameter Method Reference
. N
conductance cbnductivity bridge i
(umhos) (YSI, model 31)

acidity as CaCO3
(mg/L)

total alkalinity as

CaCo, {mg/L)

calcium hardness

as CaCOy (mg/L):

tétal hardness as
CaCO3 (mg/L)

chloride (mg/L)

potassium (mg/L)

~

sodium (ig/L)

—

dissolved o#ygen
(mg/L)

pPH

temperaturg (°C)

A Y

1

phenolphthalein acidity A.P.H.A.”, p.S5S0

titration, using
phenolpthalein for the
first end-point

indicator and bromcresol
green-methyl red for the

A.P.H.A., p.52-56

second end-point indicator

E.D.T.A. titritmetric
method : w

E.D.T.A. titrimetric.
method

argentometric method

atomic absorption
(Jarrell-Ash Atomic
Absorption/Flame
Emission Spectrophoto-~

meter, Model 82-270)

atomic absorption

azide modification

pH/ion meter (Fisher
Accumet,; Model 520)-

alcohol thermometer

A.P.H.A., p.179-
184 i
A.P.H.A., p.179-
184 -

A.P.H.A., p.96-97

A.P.H.A., p.318-
319; Atomic o
Absorptio
Analtyicd

‘Method No. 252

A.P.H.A., p.284;
Atomic Absorption
Analytical Method
No. 32?2

A.P.H.A., p.477

1

Taras, M.J., A.E. Greenberg, R.D. Hoak and M.C..Rand (eds),

1971, Standard Methods for the Examination of Water and

Wastewater,
Washington, D.C.
2

13th edition.

American Public Health Association

Anon. 1972. Atomic absorption.and analytical methods. Fisher

Scientific Company, Jarrell Ash Division, Waltham, Mass.

4
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Appendix VII. Histological techniqges.

A. Embedding in paraffin
1

A .

The gill tissues to be embedded were dehydrated and »
infiltrated with Paraplast in an automatic tissue processor
(Fisher Dual Unit Tissugmatqn, Model 61) using the follow-
ing schedule: |

1. 90% ethyl alcohol - 1 h

2. Absolute ethyl alcohol I - 1h

3. Absélute‘ethyl alcohol II - 1 h

4. Absolute ethyl aIcoHol:benzene (1:1)- 1 h

" 5. Benzene I - 0;5 h

6. Benzene II - 0.5 h

7. Parapiast I ~-1h

8. Paraplast II - 1h
The tissues were then plaéed in a vacuum infiltrator,
which was filled with éaraplast, fér 30 minutes and then

blocked in molds.
B. Staining

| Before staining, the mouhted tissue sections were
deparaffinized and hydrated as follows:

l. Zylene I - 3 min

2. Zylene II - 3ymin

3. Absolute ethyl alcohol - 3 min

4. 90% ethyl alcohol - 3 min

114.



IR o v 115,

5. 70% ethyl alcohol - 3 min
6. 508 ethyl alcohol - 3 min
7. Distilled water - 4 min
The. slides were then stained with Herovici's Polychrome
(Herovigi,'l963) and dehydrated ag follows: |

1. 90% ethyl alcohol - dip in and out
A H .

2. Absolute ethyl‘alcohol I - 2 min
J”/// 3. Absolﬁte ethyl alcohol II - 2 min
4. Zylene I - 3 min K
5.'Zylg¥é II - 3 min _

Cover slips were then placed over the sections using

DPX mountant (BDH Chemical, Winnipeg). o« ‘ . ',-



Appendix VIII. Median lethal concentrqii;; (LCSO) of copper

i
!

"to rainbow trout.

- A, Table of results

ki

- —— T
Te?t A - 4-day LC50
Nominal Cu . No. Measured Dose (ug/L) Percent
Concentration Fish Total Dissolved Mortality
(vg/L) ©(N) Cu 2 Cu 96 h -
(method A)“™
0 12 1.4 : 3.2 Y 0
70 12 100 52 8.3
100 12 118 - 105 91.7
130 12 130 . ~127.5 100
chi® "0.038,p>0.05 0.304,p>0.05
Slope | 1.11(*) 3 1.22(*?)
. . a A
LCs, 109 (*%) | 79 (* X
‘Test A - 8-day Lcso
Nominal Cu ',No. Measured Dose (ug/L) Percent
concentration  Fish ‘Total Dissolved ' Mortality .
(ug/L) . (N) ~ Cu “Cu 192 h
: : X (method A) ‘ . ’
o 12 ., 14 32 9
70 12 - 100 52 2 8.3
100 o127 © o118 105 91.7
130 12 S .130 . 127.5 100
chi? ~0.038,p>0.05 0.304,p>0.05
‘Slope 1.11(*3y - 1.22(*3)
LC, '

109 (*3)~ 79(*3)

f

750

lle.

3



 Test B - 4-day LC

No.

1
50

117.

Measured Dose (jg/L)’ Percent

Nominal Cu
Concentration ’Fish Total Mortality
(ug/L) (N) Cu’ 2 96 h
: (method A)
0 10 1.4(0-3) o
. . ~
-5 9 73.2(73-73.5) 11.1
' 85 K 10 80%2(78.5-82.0) 50.0
95 9 85.1(83.5-86.8) 11.1
Chi? >38,p<0.05
Slope 1.016(*P)3
b
*
LC,, 80 (*7) ‘
Test B - 8-day LC50
Nominal Cu No. “Measured Dose (ug/L) Percent .
Concentration " Fish Total Mortality
(ug/L) (N) ~ Cu 192 h
(method A) .
0 10 1.4(0-3) 0
75 9 73.2(73-73.5) 11.1
gs 10 80.2(78.5-82.0) 60.0
95 9 85.1(83.5-86.8) 11.1
.2 S |
Chi® 1 >38,p<0.05
Slope’ 1.006(*P)
LCon 80 (*P)

50
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'Footnotes for Table of Results

lCalculated accordisg to Litchfield and wilcoxin (1949),

2

3

“Method of analysis of total copper - see Appéndlx V.

Method A con51dered unreliable.

95% confidence limits in brackets for slope’and LC50-

4Range of measured Cu values 1n brackets when more than

one measurement taken.

* . .
Unable to calculate, reasons as follows:

a - N' = 0, cannot calculate Fg or FEDSO‘(Litchfield
and Wilcoxin, 1949) o .

b -~ Cannot determine exacu exuected perqént mortalityA
for at least one ¥pse from log-probability plot,
g thereforeqcannot\j:Iéu}ate eXact«Chiz'needed_for FS‘
or FEDSO determiuation (Litchfield end.wilcoxin 1949)
c - Anomolous Cu values, therefore unfeaSonable to "ﬁ'

determine.
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B. Cumulative mortélity during toxicity test C.
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C. Reasons for rejecting tests A and B. - S %

J,
Y
.

Th& LC..'s as determined by tests A and B were

50 -

somewhat lower than the results obtained by test C
(Appendix VIIIA). lVaribuS'factere may have contributed
to this including:

_ (i) The fish for both tests A and B had not been
treated for fin rot (Table 1) ‘which may have contributed
to an incfeased sensitivity to copper due to illness.

(11) The fish used in tests A and B were approximately
30% smaller (by welght) than the fish used in test C
(Appendlx II) Some reSearchers have noted that smaller
trout are more sensitive to éopper‘toxicity (Howarth
and Sprague, 1978) whila others (Spear and Andersoﬂ,
1975) have found that sensitivity of trout to coppet
was nhot sigpificantly different over a wide rahge‘of |
body weights. Further experiments would be required to .
determine 'if a 30% 51ze dlfference would be 51gn1flcant ,
for ra;nbow trout under the testing condltlons used. in
the present study.

(1ii) The fish,in test A had been ‘added directly to
the copper solutions (Table 1); thus,the»fiéh were exé?sed
to a handling stress in conjunction with the copéet St?ﬁss'
The occurrance of handling stress in fish has been

documented by several researchers (e.g. Wedemeyer, 1972;

Mazeaud et al., 1977).



@

(iv) The fish in test B were probably exposed to
reduced oxygen levels for several hours ddring the test
(Materials and Methods). Reduced levels of oxygen have:
been shownvto increase the toxicity of pollutants to
fish (Cairns and Scheier, 1957; Lloyd, 1961). However,
further experimentation would be needéd to determine if
;ﬁ relatively short~term drop in oxygen levels would
significantly chang; the Légo of copper t? troqt.

Thus, for the above~-stated reasons, %ests A and B

were not considered reljable estimates of the LC50 of

copper to rainbow trout.
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CUMULATIVE MORTALITY

v
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Cumulative mortality during chronic exposure

of rainbow trout to copper,

Nominal Cu Concentration (ug/L)

series B.
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Appendix X. Chronic exposure of rainbow trout to copper,

series A: results and discussion.

@

The plasga concentrations of Cl1°, Na+, kt and glucose
were measured.from rainbow trout exposed to concentrations
of copper ranging from 0 to 80 ug/L Cu (see Materials
and Methods). The data obtained from fish in this series
could not be considered with the data from the fish in
series B for.three reasons: ' ’

(i) The trout used for the 20 and the 50 pg/L Cu
exposures had not been treated for fin rot (Materials
and Methods, Table 2). Over 95% of these fish developed
fin rot during exposure to copper, while less than 10% ’
of the treated fish (in both series A and series B)
deveioped the diseaee dg:iné exposure to copper. The
fins of the untreated fish were frayed by more than 1 mm
in about 40% of the cases while the fins of treated
fish which had a re-occurrance of the disease were
rarely fra?ed by more than 1 mm.

(ii) The blood from most of the fish sampled in
series A was withdrawn with syringes containing liquid
heparin (see Materiais and Methods) which diluted the
blood sample 1-5%. Since the dilution factor was not
constant and could not be determined for each individua£
sample, some of the changes in the leveis of plasma

ions or of plasma glucose may be a result of technique

rather than copper.
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(ii1) Significant stafistical interactions (p<0.05)
occurred between the data of thenthﬁseries. “According.
to Sok&land Rohlf (1969), interactions‘m;§ bccgr due to
synergism, interférence or aberrent‘replicates. (;éééusg
of the technique and treatment differences bétween the
two series, the interaction was likely due to aberrent
replicates.

Th; results of the series A chronic exposure : ¢
experiment are presented in this Appendix (Figures X-1
to X-5 and Tables X-1 to X-3).

The data were statistically analyzed by means of a
Hodgés—LehmannCohdiﬁional Rank Test (Table X-1) and a
Kruskal-Wallis one-way Analysis of Variance (Table X-2).
If significant (p<0.05) interactions were noted between
concentration and’ day of exposure for.a particular
parameter the Hodges-Lehmann test was not used. Correlation
coefficients between the plasma‘giucosé levels and the
plasma ion levels were also calculated (Table x—3).' )

Since most of the fishiused in‘the 20 and 50 ug/L‘

Cu exposure Were diseased, the following discussionvwill -
be based only on the results from the fish exposed to:
0 and 80 ug/L Cu. | .

Significant differences béé&een.the control and
the éO ug/L Cu-exposed fish occurred only with the

measured levels of plasma glucose (Table X-1B). The

e
-
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levels of glucose in the plasma of the cdpper—exposed
fish were higher than the levels measured in the 0 ug/L
Cu-exposed fish (Figure X-4), indicating fhat expo;ure
to 80 ug/L-Cu stressed the fish. '

When the blood samplés taken with dry syringes were
omitted (i.e., O ug/L;Qu - days 32{ 48 and 64;and'80 ug/L
Cu - days 48 ana 64) , no significant differences over time
occurred withwany of the measured parémeters (Table X-2) L
when the data from each concentrationlwere analyzed
separétely. When the data from the.O and the 80 ug/L.Cuf
‘exposed fish were considered.together, a sign%ficaht
difference (p<0.05) over time was observed for plasma
@Iucose‘(TabIe X-1B). Since the variations in plasma
glucose levels between the days of exposure were siﬁilar
for both the 0 and the 80 ug/L Cu’éxpoSutes (figure
X-4), it is ‘suspected that an'unspecifiéd stress or
technique problem ﬁay have caused the variation.

During-thé 80 ug/L Cu exposure of trout in series B,
significant changes (p<0:05) were found in the plasma™’
levels of Ci; and XK' while changes over time for thése
two parametefs were not found during series A. The
changes in Kkt duriné series B_Qére quéstionéd'(see°r
Resul£s) due to the - -initial differénce in plasma K+
levels of the fish used for the 80 ug/L Cu expoSure.
compared with the 1evels of the 0 ug/L CuFeprsed fish.

However, the fact that significant changes over time



occurred in some parameters measured from the-series B
fish and not for.flsh sampled from series A may -indicate -
that 80 pyg/L Cu ( = 0.8 toxic units; one toxic unit equals

the LC,, - Sprague, 1970) is near the threshold for Cu to.

50
influence plasma ion levels and that rhe lack of significant
changes in»Series A may be partially the result of‘error
introduced by differential dilution of the blood‘samples.

A signiflcant nggative cprrelation (p<0.65) occurred between
plasma glucose and plasma chloride when the results from the
0 and the 80 ug/L Cu—exposed‘fish were combined'(Table X-3).
A similar correlation (p=0.001) wasvnoted for the 0 and 80
ug/L‘Cu-exposedeish from series B (Spearmau's r = -0.452).
over the same duration of exposure (i.e., days 0~-16).
Thusg, evidence of a relatlonshlp between stress and"g
plasma thorlde levels of copper exposed fish was found
. in both series of the chronlc exposure experlment/

A p051t1ve correlatlon (p<0 OS) occurred ‘between
plasma glucose and plasma sodium at 80 ug/L Cu (Table
X- 3), while a negatlve correlatlon (p—O 001) occurred
for fish exposed to a hlgher concentration of copper
(120 ug/L Cu, series B - Flgure 9). lﬁo.correlation was
found between these two parameters at the’86 ué/L Cu
exposure during“series'B. Since:plasma Qlucose levels
were generally higher with Cu exposure'(see Figures
X-4 and 8 ahd'Christensen et aZ;, 1972) and plasma ]

sodium levels were generally lower with copper exposure

127
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(see Figures X-2, 6 and Courtois,'l976) compared wiﬁh

levels measured from ﬁhékpdSed”fiSh, the positive

correlétion that occurred with the 80 ug/L Cu-exposed

fish in series A_Qas likely a type II error as defined’

by Sokal and\Rohlf (1969).

The posiﬁive correlafions noted béﬁween plasma

glucose and‘plqsha‘potassium was not confirmed by the

: . B

results in series B. Further research would be required

to substantiate such a correlation.
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Figure X-1.
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‘129,
Plasma chloride values (mean't'SLE.M.) ef-trOUt
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whére indicated each point represents the. mean
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Figure X-2.

130.
Plasma sodium values (méan t,S.E;Mﬂ) of trout
chronically exposed to copper, series A. Except
where indicated each point represents the mean

value for 5 fish. TheMopén figures (0,4,0,0)

represent blood samples taken with syringes o

containing liquid heparin. The closed figures

U

/ (¢,A,B). represent the blood samples taken with
syringes containing air-dried heparin.
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© Figure X-3.
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Plasma potassium values (mean f Sgg .M. ) of trout

chronlcally exposed to copper, series A, Except

twhere 1nd1cated each point represents the mean,
value for 5 fish. The open flgures (©,0 OC])

| represent blood samples taken w1th syrlnges

containing liquid heparln. ' The closed figures'
(6,4, M) represent the blood samples taken with

syringes containing air-dried heparin.
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Figufe X-4,
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CYWW ) représent the blooa samples taken with

_ syringes containing air-dried heparin.
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Appendix XII. The effect of tricaine methane sulphonate

on gill histology.

An attempt was made to determine the causerof‘the -

separation of the gill epithelia from the pillar system
of the secondary lamellae. The pq of the anesthetic :
solution used to kill the fish befote removal of the ﬁ?’ v
.gills was quite low (approx. 3.6) and extreme pH's have

been reported to causs_epithelial separation in fish

gills (Daye and Garside, 1976). Thus, an éxperime;i-was

carried out to determine if the aﬁesthetic solution used

during the course of the cﬁronic exposufe tb copper

.experiment .could have caused the lift%ng of the epithelium

found in most of the gill sections.

I.‘Material and Methods
L 4

Four fish (35.83 * 2.51 g) were placed in a 0.05%
solution of ,tricaine methane sulphonatev(Kent Lw‘eratories),
usiﬁg synthetic fresﬁwater (see Materials and Methods)
és a-diluent, for 10 minutes. The solution was lethal
to the fish within the time of exposure and had a pPH of .
3.56. The gills of these fish and of four control fish |
(35.21 3;36 g), held only in synthetic freshwater '
(pH 7.39),‘yeré excised and fixed as described below.

The éontnpl fish were killed by severing the spinal cord

i
behind the head.

P



139.

L

The gills of two experimental fish and of two control
fish were fixed'in‘Z.S% gluteraldehyde and 0.2 M phosphate
buffer (Cloney and Florey, 1968).  Some of the fixative
was poured over the gillé before théy were excised. The
second gill arch was removed for further fixation. The
gill samples were then post—fi&ed in 4% 0s0, (Ludd Chemicals
' CQ.), dehydrated in a graded series of alcohol and | ‘
embedded in Epon plastic (Shell Chemical Co.). Single
filaments were sectioned to a thickness of 1 um, mounted,
and étained with Richardson's methylene blue stain
(Richardson et al., 1960).

The gills of the remaining four fish (two experi-
.mentals and two controls).were fixed in F.A.A.} embedded
in Paraplast,'éectionéd, mounted and'stainéa with - .
Herovici's stain in the same manner aslused in the chro.&c :

exposure to copper experiment (see Materials and Methods,

and Appendix VII).

II. Results A _ ' e e

As shown by Figures XII-1. and XII-2 no noticeable
differences were found between the gills of theiqontrol
fish and the gills of the fish killed in tricaine methane
sulphonate. However, lifting of the epithelia d4id occur
in the gills of fish fixed in F;A.A. and embeddéd in
Paraplast (Figure XII-2) while lifting did'hpt'Pccur ip.:i' .3

the gluteraldehyde-fixed and Eponvembédaedfﬁ.,lls



Figure XII-1.

Effecﬁ of tricaine methane sulphonéte on the
se¢ondéry lamellae of rainbow trbut gills.v
Eéonfgmbeddedvgills., Note lack of epithelial
separétiOn from the pillar system in both A

and B. EP - epithelium;»PS - pillar system;

NT - non-tissue space.

~ _
A. After exposure to tricaine methane
sulphonate

B. Contro% :
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Figure XII—2.'_Effect’of tficaine methane sulphonate on the )

secoﬁdary lamellae of rainbow trout gills.
Paraplast*embedded gllls. Note the separation -
of the eplthellum from the plllar system in
both A and B. EP - epith@lium{ PS -~ pillar

system; NT - non-tissue space.

" A. Control
B. After exposure to tricaine methane

sulphonate v
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(Figure XII—ls. Thus, it appeérs that the anesthetig
used to kill the fish was not the cause of the sepafation
of tﬁe epithelia from the‘billar systems. Further
experimentation would bé heeded,thdeterﬁ1ne wﬁich step

in the prepatatibn of the slides using F.A.A. fixation

would have caused separation of the epithelia.



