A\ - o i

A )

. National Library

Bib]igthé ue fationale
of Canada

du Canada
14

Canadian Theses Service

Ottawa, Canada
K1AON4 . .

NOTICE

The quality of this microformis heavily dependentupon the

" quality of the original thesis submitted for microfilming.
Every effort has been made to ensure the highest quality of
reproduction possible.

. If pages aré missing, contact the university which granted
the degree. - ’

Some 'Fgges may have indistinct print espe'ciallg it the i

original pages were typed with a poor typewritg\r ribbon or
if the university sent us an inleriqr photocopy. ™ -

Previously copyrighted materials (journal articles, pub-
lished tests, etc.) are not filmed.

Reproduction in full or i part of this microform is overned
by the Canadidn Copyright Act, R.S.C. 1970, c. C-30.
AS . 2%

. . g

i N S

~= o - e

- .
'
Lo R &
.
,

Service deg théses canadiennes ' '

— . t

" AVIS

La qualité de cette microforme dépend grgndement de la
qualité de 1a thése squmise au microfilmale. Nous avbns

. tout fait pour assurer une qualité supérieure de reproduc- .

tion. J -
S'it manque des pages, veuillez communiquer avec
funiversite qui a contéré le grade. - -
) .

La qualité dimpression de ceraines pages peut laisser a
désirer, surtout si les pages originales ont élé dactylogra-
phiées & I'aide d'un ruban usé ou si l'université nous a fait
parvenir une photocopie de qualité inférieure. .

Les documents qui‘font déja I'objet d'un droit d'auteur
(aricles de revue, tests publiés, etc) ne sont pas,
microfilmeés: .

"La reproduction, méme partielle, de cette microforme est

soumise a la Loi canadienne sur le droit d'auteur, SRC
1970, c. C-38. . b

S

[}



T

-3

Toxicity and Toxicokinetics of C0pper, Cadmium and Thair
Mixtures on.Rainbow Trout (Salmo gairdneri).

- e

Martha Cecilia Carrillo Matos

1

A Thesis
“.in

the D&partmehy‘

of

( Biology

-~

v

Presented in Part{ial Fulfillment of the
Requirement-s for the Degree of Master of Science at
.Concordia University
Montréal, Québec,-Canada -

v ) T -/ i

Decembet 1987

> . N
X,
-

]

’ @ Martha Cecilia Carrillo Matos, 1987

<



¢

¢ o
L

Permission has been granted '

to the. National Library of

‘Canada to microfilm 'this

thesis and to lend or sell
copied of the film.

The author (copyright owner)
has reserved other
publication r4+ghts, and
neither the thesis nor

- extensive extracts from {t
may be printed or otherwise.
- reproduced without ‘his/her

written permission.

188

§ - 0-315-41641-6

L'autorisation a &t®& accordée .

a4 1a Bibliothéque nationale
du Canada de microfilmer
cette thése et de préter ou
de vendre des exemplaires du
fikﬁlo B ,

L'auteur (titulaire du drqit
d'auteur) se réserve ‘'les .
autres droits de publication;
ni 1la these ni de lorigs
extraits de celle-ci ne

. doivent @&tre imprimés ou

autrement reproduits sans son -
autorisation écrite. .

! . s
/
N %
‘
'

e

]




ABSTRACT -

%,
Rainbow trout were exposed to copper and cadmiumas individual

metals and as mixtures for exposure periods of 96 hours to determine

'their mode of acute toxicity. Copper and cadmfum showed & .

i - supra-additive (greater than expected) toﬁic action when combined as
é@%;« © mixtures. Kinetic siudies_to compare metal residues 1in fish exposed

to each individual metal or to the metal' mixture ggsts that the

\ .

by the presence of copper. - ' ) .
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/ INTRODUCTION

//// The majority.of toxico1dgica1 research relating to aquatic
po]]utanta has igvolvéd single chemica]é acting aldnerupon aquatic |
organ;sms It follows that proposed criteria for éafaguard1ng aquat1c
:,organ1sms against the adverse effects. of toigcants re{:tes primari]y —
to the risk. posed by s1ng1e substances (Sprague, 1970; Spghar, 1986) S,
In rea11ty however, it is the exception to .find only a single . '
substante pol]utingfsurface waters wh11e it is the rule ;o find
mixtures;of pollutants. ~

. Exposure to two or more contaminants creates a 1ikelihood of N

—_— —
—e—

coexisting substances 1nteract1ng physio1ogica!1y to evoke affects
“greater than that expecﬁed for each agent if encodntergdia]one-

(Andehson and D'Appdﬁ]onia; 1978). Safety driteria based on‘s1ng1é

agent risk assessment may then*be inadequate as safeguards against the |
effects of mu1t1 contaminant e;posure. .' ‘ s
- A simp1e and quantitaxive approach of assessing the joint '

toxicity of two or more substances$ was developed by Anderson and Weber
-.“61975) They formu]ated two empirica1 models, named\toncentrat1on

Add$&1on and Response Add1t1on respectively, based on the theoretical
concepts of simi]arly and “independently acting constituents df toxic
m1xtures or1gina11y presented by Bliss (1939) The mode1s hahe been ’ T
. adapted to the *traditional format for assessing the toxicfty of L ‘
aquatvc pol]utants (Sprague 1970) Probit analyse§. are app11ed to

data sets represent1ng exposure concentration -response corre]ates.
Typ1ca11y, this analysis leads to spraight 11ne fbrmuTa;ions wh1¢h_méi

@

w3
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\ . Ty

" ;then‘be subject .to further analyses and statistical tests (Hewlétt, &
’ ' ) .

~

P1ackard 1952). : o S -

Varinus binary combinat fons of heavy meta1s,have been tested in
. “x

accordance with the.Concentratiqp or Response Addition models in the

-
[y

Concordia .University Ecpfoxicology Laboratory (Horovitch, 1979,
Weinstein and Anderson, 1978; Hewitt, 1980). More specifically, these
studies showed metal mixtures having copper as ong'of the congtituents
to be typically supra-additive} bath at the lethal and sublethal level ‘
(Table 1). . o - -

Othgr investigdtors have suppprted a similar pattern for
qopper-conteiﬁ'n md%al-mixtures (Spragué and Ramsay, 1965; Eisler and

Gardner, 1 3). S'régue'and Ramsay (1§65), observed tha£ lethal

concentrations. of fopper-zinc mixtures act two and’three times faster

) ., P . :
Imon (Salmo salar L.) than similar concentrations of
e e R . .

the. single4méfa1' ‘Similarly, the observed mortality in mummichogs .

‘(Fundu1us heterochitus) was SIgn1f1cant1y greater under cond1t1ons of a‘/

comb1ned copper-cadm1um exposure than with either of the metals

1nd1v1d'p11y (Eisler and Gardner 197;; More recently, Spehar and
Fiandt (1986) found many standard water qua11ty criteria to be
ineffective for meta1 m1xtures containing as one of six con;tizuents,
capper. The reasons for such Supra-add}t1vq tpxiqity for metal
mixtures invo]ving copper are not c1eard(weinste1n and Anderson, 1978;
Hewitt, 1980). ) : S

“Tne‘main objective of tHis research’ was to éxplare the x

synergiélic properties of metal mixtures containing copper on the

hypothesis that copper inﬁeréi};,k+ﬂé{1iilly with other coexisting
’ : v

o



\

C Tableln

."Toxicity patterns ‘resulting. from ﬁéta1 miiture exposure E

with copper 07 cadmium as—one. of the cons;ituents.

~

Time

** Irainbow trout (Salmo gajrdneri) |
. ++ daphnia (Daphnia magna)

guppy (Poecilia neticulatus)

zebra (Brachydanio rerio)

>
’

Metal * Multiple- .
" mixture. test « Species , toxicity patterns. Research team \
' . 4 . v 1 ‘
Ci-Zn . 96 h guppy* - , supra-additive ‘Anderson & Weber (1977)
lethal .
‘Cu-Zn 96 h- zebra* - 'supra-additive - Horovitch & Anderson (1979)-
LN Tethal o ' . . A .
Cu-Zn' 96 h zébrat®  supra-additive Horovitch & Anderson—{1979)
' Tethal N - :
Cu-Zn 96 h zebrat  supra-additive Horovitch & Anderson (1979)
) Tethal . \ . . . . - .
Cu-Cd 96° h zebra* suprétadditive Hewitt & Andérson (1980) .
o lethal ' oD _
Cu-Cd 96 h trout** - supra-additjve, .Carrillo & Anderson {1987)
- lethal : . - '
Cu-Ni 96 h zebra*  supra-additive Weinstein & Anderson (1978)
- Tethal '
Cu-Ni 10 day zebrat supra-additive Weinstein & Anderson (1978)
sublethal ‘
, N« L — ?
Cd-Zn 96 h zebrat additive Gallimore & Anderson (1980)
' lethal ' . o .
Cd-Zn 48 h daphnia*t infra-additive Attar & Maly (1982)
lethal : S : . -
"Cd-Hg 48 h zebrd®  infra-additive Hewitt & Anderson (1980)
' lethal ,
Cd-Hg 96 h * zebrat  additive Hewitt & Anderson , (1980)
lethal ' ) N
Cd-Hg 10 day .zebra*  supra-additive Hewitt & Anderson  (1980)
6 lethal . g
) LY -
* 4

N
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metafs,' The first phase.6f this.study was des}gned to gain insigkt.
into thelsynerg1stic mode of action of copper. It was decided to test
thid meta1 in a mixture format with cadm1um using the conventional
dose-response fonnat\%fth exposure concentrations in the lethal

range and decide on appropr1ateness of a multiple tox1c1ty “model.

[}

The second phase of the study dea1t with kinetic studies of the

) Dose-r‘esponse ex nts consisted of exposure to copper as‘az single
> .
© metal, expos%f;/gfnijjs}um as a s1ng1e metal and exposure to a binary

.mixture of copper and cadmium.

two metals'singly and in a m\xture. This was done to see if there was

any ev'i-dence of kinetic interaction between the two metals, in te
gi]l- and setum, that would explain the joint mode af g&:isn of the

mixture. The gi]] compartment was chosen since stjgieseger?ormed by
Spear and Anderson (1978) suggested the membrane of gill epithelia to
be the target of heavy metal tox1c action. .

\

The serum was selected for accumu]ation test1ng, on the

N

assumption that any heavy metal absorbed by the gills and translocated

internally would be transported in_the blood. In this way, serum

evaluation could perhaps provide some index of translocation within

’

the organism, hereby enhancing our appreciation of the'toxiEOkipetics “
o . 4 .

" of the mixture.

‘The second pha;e ©f this study also comprised studies of the

_ Nat-K* ATPase eniyme. This enzyme was ,selected for assay to serve as

an end point Q;Sponse parameter w1thin the gill, whwch woqu ref]ect

B

'copper or cadmium loading and protein depaturation action in gill

tissue. This particular enzyme was chosen on the basis of its vital

3

v

4



importance in ce:1u1ar water balance and osmoregu1§tidn of the animal . i
(P¥eiler and Kirschner', 1972; Johnson et al., 1977). “ -
The mixture containing copper as one & its cdhstituep;s is of
great concern’since copper is one of the mosq}|5reva]ept heary metals
po]]utants ar1s1gg “from man.;»industr1a1 and agricu]tura1 activities
(Spear and Pierce, 1979).' ﬁ:;ﬁ}a11y occurring copper is often
mobilized within water ways in amounts which approach toxic levels
(Chapman, 1978)(Table 2). A]though the tox1c1ty of c0pper as a single
agent,{s attrﬁputed to'its free ion form (EIFAC, 1978); Sunda et al., .
1978), itshexact mode of action is not knownis Many researchers have
suggested that its crjt%ca] “target organ in fish, at least, is the
gill where. 1t has been shown to cause exteq;ive damage to the L
'ep1the11a1 cells (Loyd, 1962; Baker, 1969). “ .
° ACadmium was selected in this study as'the metaf to pe present in
a binary mixture with copper because .of its re]ativeiy great't?iictty,. R

coupled with the‘fact that its toxic levels are about equa] to cadmium

o é

concentrat1ons frequent1y found in the environment (Chapman, 1978)

(Tab]e 2) Cadmium sources of above natural Tevel contamination e =

* include volatilization in smelters, coal and oil burning furnaces, arfd’

metal processing plants, whieh contribute to atmospheric washoyt of
' \ .

air-borne cadmium (Péterson et aﬁ., 1983). ' ' "
The toxicity of cadmium to aquatic organisms 13 determined by the
“free cadmium 1on concentrat1ons in solution, which at the pH range of
"5 - 7 was found to be 99% in fresh water (Florence 1982) Re1at1ve1y
little is known regarding the mechanism of the toxic actfon of

cadmium; this is surprising due to the marked sensitivity that

] e
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. Table 2 :
2
v ® Generd].ganking’. of toxicity of ﬁ“'eavy metals in the aquafic environment. .
- » i . N . - R
°
® Metal g, Cd*, Hg* Cu* . Ni, Pb, I*  .Sb ~Sn
Toxjc level - 10-8M 10-"M . 106y 10-5M  10-4M
. ‘ ] - ) v
; (taker from Chapman, 1978) . .
, . - T &
4 iy - . . * .
* Toxic levels of these heavy metals may be closest to environmental
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~ salmonids have towards this metal. Cardiovascular-respiratory

4 impairment (Bishop et al., 1981), blood el e_cyolyte chynges (McCarty
\

et al., 1978), enzymétfc and hormonal changes (Christgnsen, 1975),

N

increased locomotor activity (Benoit et al., 1976) and retardation of
.growth (Benoit et al., 1976/)T’have been reported for dffferent fish -
species exposed to sublethal concentrations of cadmium. Whereas the
diverse effects or signs of cadmium intoxication ha%e been cieécribed,
i " the phys¢ological mechanism whereby these effects arise are largely

> unknown (Giles, 1984).

°

Y

L _
Rainbow trout (Sa1moclgz\'rdner1‘) was chosen as our test animal
because of its importance ‘and prevalence as a game fish species in our
ecosystem. The size of their gills facih‘tat.gd dissection and made

collation of samples guick and “simple.

.

'
-

-




R kinetic studies are listed in Table 3.

R oo d

MATERIALS AND METHODS B . -

°

1.0 Experimental Fish and Holding Facilities

.Rainbow trogt, Salmo gairdneri, were purchased from Mdunt Sutton -
Haf?hery, Sutton, Quebéc. The tést fish were divided into lots of
100, and acclimated foaldbqrator; conditions for a minimum of -two @
weeks. During this holding period, they were kept in 240 L blue.
fiberqlass tanks (51 cm width, 114 cm length, 41 cm depth). Holding
tanks were supplied With ; contjnuéqs flow of dechlorinated, activated
Eharcoa]-treated watef wifh an exchange rate of 1.8 L/min.

During the qcc1imation phase of the éxpériment, Fhe fish.were fed
once daily at 17:00 hours on an ad libitum basis using a cqmmeﬁcia]
QPy-food peT1e¥\fsize‘#4 (Trout Chow;Mirtin Feed Mil1, Elmira-
ravistéck, Ontario), Any excess of food in the .tanks was regularly
siphoned. \?orty—ejght hours prjor tq;ahd-dupjng the exper%menta]
period, test fish gbre not fed. TQO”Weeks prior to the béginnjng of

the experimenta1 perioﬂ'thexwet we{ght of the exper{mental fish was

determined, using\\hfartorius (1364 MP) digital balance. To .

o facilitate the’ weighing procedure fish were anesthes1zed using a 100
’ug/L soTut1on of trica1ne methane su]fonate (MS222). The weight{D

) ranges for thektest lots of rainbow trout in the lethal response and
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Table 3

Weight of experimental rainbow trout in lethal

response studies &nd kinetic studies.

" Fish
‘ Weight (q)
- 5
Lethal Response Copper . July 1982 14 t 3.2
Studies , November 1982 © .]9 t4.6
Cadmium ™ February 1985 25 t 4.4
~Copper-Cadmiun  February 1985 25 t 4.4
g “
¢ ‘K\\ .
Kinetic and Copper May 1984 50 t 5.6
Enzyme . ‘ . ’
Studies ‘Cadmium .February 1984 . 49 15,1
Copper-Cadmium  Apri1 1985 60 t 5,3
¢ A3
. .
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2.0 Experimental Conditions

r .The photoperiod consisted of a 12:12 hour light/dark regime, with*
the pﬁotophase commencing at OB:bO hours. The water temperature was
maintained at 12 £ 1°C. . Information pn source. water characteristics

was obta1ned on request from the pub11c works d1v1s1on .of thé’C1ty of

- @

Montreal. Their readings "yielded the fo]]ow1ng parameters: alkalinity =
85t 2 mg/L as CaC03, hardness = ¥25 t 5 mg/L as CaC03, dissolved

oxygen 80-90% saturated, and pH = 7.6 +.0.5 for ‘the duration of the
experiments. Me;;uremenps performed in the Concordia University
Ecotoxicology 1ab in October 1981 corresponded closely with these
values, where alkalinity was 81 £ 1 mg/L as CaCO3 measured by acid
titration, hardness was 130 £ 2 mg/L as CaCO3 determined by the EDTA

method, oxygen saturat1on was 85 £ 1% and pH was 7.2t 0.5.

3.0 Test Substances C

o

The meta1zsa1ts used in ‘the experiments were reagent grade cupc%c :
'ch1oride dihydrate (CuClz.ZHZO)(American Chemicals, Ltd.), and reagent .
J . )
grade cadmium chloride dihydrate (CdC1p.24)(Fisher).
. , , o

4.0 Experimental Apparatus

Acidified HNO3 stocg,solutions of copper ch1or1de and cadmium

o

chloride were prepared three days in advance of experiments and he]d in
55 Titer polye&fylene containers. These stock so]ut1pns were dripped
into a modified Chadwick-t}pe serial dilutor (Anderson ‘and Neber, o
1975). The serial. d11utor provided 1ndependent1y operating cﬁbnnels

with the potential of delivering a toxicant either individually or in
C\ * 3

S ’ N &
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cqmb1nat1on‘w1th another to a similar number of test tanks (Figure 1).
* The' hydraulic princ1p1es of adJustable glass faucets and’ vertica]
arrangements of each dilutor stage provided pregise control over the

variols concentrations delivered on a continubus flTow basis to 12 test
. 8 %
N chambers.
o -

Intramed‘ic tubing was used to ‘s1ovﬂy release the toxicants from )
the Mariotte bott]e at the rate of 2 mL/min into the serial &ilution

apparatus. So1ut1ons of the toxicants f'Iowed through the experimentﬂ
. ‘ [
tanks 48 hours before commencing experiments to ensure an \equﬂibrium‘-

/’ . ) 1nterphase of the metal ions with the surface of the tanks (F1orence.

1082). - - . .

s

‘e Fach of the twelye exposure tanks received a flow-rate of 600 mL
. ) . . r -

per minute which provided a min'ig‘lpm of 90% replacement within 5 hours

¢
3y MY
.

. « (Sprague, 1973).

’5.0_-‘Water' Sampies Analysig
P.olryethyi'en'e “vials were used to co]lecf ten mL samples of water
from control and experimental tanks for détemiﬁat{on of cop;;er acnd‘/or'
! cadmium conte‘ Two drops of ultra pure nitrig acid (U]trex-Fjshe:r
‘“Scientif;’c Company) were' added to each water, samp\ké to ensure that
meta]s remamed in solution. Water samp1es. were‘ stored at 4°C and were °
f. | imnediately ana]yzed following exgeriments. Florence' (1982) reported_io
changes jn thefcance,p‘trq'ation of Cu, Pb, Cd or Zn in freshwater sampjes
stored at 4°C for several weeks. ” : .

Total cogper concentratign -was determined using a Perkin Elmer

Atomic Absorption Sepctrophotometer 503 equipped‘with a graphite



Figure 1 Photograph of .toxicant testiﬁg apparatus, front view,
n showing muTti-stage arrangement of serial dilutor and

' arrangement of experimental tanks

' . ‘e

.

a.
b.
C.
0 d
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Seri@dﬂuter".
Experimehtai tanks'_ )
. Rotatorylg1ass faucets
Mariotte Eoﬁtle'
Ngter pump
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furnace. Tota1.cadm1um concentration was ana1yzed using a similar
instrument equfpoed with a flame atomizer. Three déterminations of
each samp]e were made &nd the average value:computed. The mean‘dai1y '
ambient concentration of metals in the respective test tanks were -«
. calcu1ated on the basis of four average daily determ1nat1ons in’
mortality studies and three average daily determ1nat1ons in kinetic !
.(stud1es. ' | A ..
. toncentrations of the meta]s in test tanks during the ) N
exper1menta1 period for mortality and kinetic stdd1es,were“fdnnd to .
vary by no more than }0%. Backgroqnd levels of cadmium and'oOpoer
were monitored at 0 ug/L'and 7t3 og/L reébectiveiy.
MNater temperature and pH were recorded daily, oxygen gaturat1on
readings were taken every two days during experiments. A1l readings -
were within «the 11m1ts of those established during the aCClimatfon
#eriod. ) ' \ ‘o ‘ <L - .
A11 g1assware and po]yethy]ene bott]e;,used throughout
experiments for ana1yt1ca1 determinations ‘were imgersed in a fu11
strength nitric acid reagent bath for a min1mum of two week; and

rinsed five times with deionized disttlled water to prevent heavy

metal contamination1‘F1orence, i982). . = & -
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'.:6.0 {ethal Response studies . L ? : * .

~

L@t

Lethal response studies were conducted for periods of 96 hours to"

_investigate the toxic response of rainbow trout to pure solut1ons of

either copper or cadm1um and’ to their mlxtures._ All morta]ity studfes,\

~

started at 12:00 hours. Fish were conSidered to be dead when they

" showed no opercular movement and no response, to mechanical stimulus.

Dead fish were immediatgly removed from the éxperimgnta1 tinis.
rd L. : o

"6.1 Statistical Analyses - Lethal Response Studies

\ Where data sets ‘were adequate a computerized Litchfield-Wilcoxon
ana]ys1s was performed to determ1ne the LCgq v¥lues for the reSpEC£;;;
exposure per1ods (Litchfield ahd Ni1coxon, 1959). where data sets
wére restricted in numbers of data points and where more than one 1} 4
and 100% response were included in data sets, the trfm@ed .
Spearman—Karber method was employed to estimate the LCgg-vdlue and fts
confidence interval (Hami]ton et'al. 1977) T . .

fﬁ? linear equation for the distribution of coord1nates in the

probit-fitted line for a 64 hour or 96 hour per1od .was computed as:

!

Y = a+b (X) eq. 1
where Y = % cumulative mortality in\probit'unﬂts - .
X = 'mean\daily exposure concentrations

The "goodnEss-of-fit" of data distributions to a straight 1ine
re}ationsnip was evaluated by a chi-square test. Using a{computer1zed
program of Finney's (1971) method of probit ana]ysfs, straight 11ne
fugetions w1th'95% fidu¢ial Timits were fitted to response-exposure

concentration coordinates. . - : . '
. P ‘
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‘6.2 Rationale to the Study of Multiple Toxicity

) 16
-

by

Results of joint toxicity experiments generally are presented and

evaluated with the help of varfious terminologies. angis

predictive capacity of these models is based on a

Y

concentration resbonsé rela;ionships existing for the dvscrete .
constituents in the mixture. In comparing the empirical multiple
toxicity data to the theoretical predictions, the model most likely to.

Eepresént the actual mechanism of joint action mﬁy be indicated.
% ' ¢

6.2.1 _ Concentration Addition Model

"
This model assumes that each constituent contributes to’ the

-

toxicity of the mixture in proportion to its relative potency

(Andeﬁ%on‘and.weber,~1975). However, prediction of .the magnitude of

effect evoked by mixtures is possible only if toxic constituents act
in"a similar manner. Concentration addition of constituents in a
mixture occurs when the toxicants have the same receptor site within

the affected organism. In such a mixture one constituent may be

‘replaced by an’equipotent amount ef the other constituent without

altering the potency of the mixture (Anderson and D'Apo}]onia, 1978).
Similarly acting substances when tested singly and in mixtures will
have paéal]el'concentration response probit lines with simiigr slopes
(Anderson and Weber, 1975). Although it is diffidﬁTt: if not

w2,

impossible in many instances to prove compliance with these

assgﬁbt1ons, the model is useful empirically because it provides a {\\? /

quantitative measure of dpe joint toxicity of co-existing toxicants.
—_—— . Lo

Hermens and Leeuwangh- (1982), applied the model to mixtures of organic

]

~
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§ubs§pnces whose structures Qé?e clegel§'ihfer-related and as such
represenfative of organic series. The model was shown to Bé high]}
effective in predicting the joint toxicity supporting the assumption
* "that members of these organic series may be similarly acting

¢

%

6.2.2 Response Addition Model | . . ' \

When present a; constituents in a mixture, toxicants having .
different receptor'sites or critical targets within the test organism
act 1nerendent1y (Anderson and D'Apollonia, 1978). The Respgpse
Addition Model permits a quantitative measure of the joint efféct‘of :
mixtures whpre constituents are not similarly aétimg. ‘Parallelism ,
between the respective conceptration response curyes of independent- o :
acting‘conslﬁtuents is not a requisite for this model. Rather, ., -

indivijdual toxic constituent contributions to a mixture effect are

-deemed equivalent to the magnitude of response each would evoke if

“acting singly at the 1evel~present(&1th1n the mixture (Anderson &

Weber, 1975). Thus, when the level .of individual and independently

acting constituents are be1ow their respective threshold to no-effect,

. they do not cnntribute\to the effect of a mixture (Anderson and Weber,

1975). When there is no correlatfon of thevsuscept1b111t1es to edch

of the discrete constituents; then the coefficient of association, r,

>

oy N

~

is equal to zero and:

Pc = Pa+ Pb - PaPb eq. 2

»
~a

where, Pc is the proportion, responding to the mfxtureg Pa is the

proportion responding to "A" alome; and Pb is the proportion

responding to “B" alone.
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infra-additive. If the degree of reduction is less than that expected

I .
i - . .
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These 1nteract10ns may lead to either an unexpectaply greater or
-

lesser response than predicted. When the response is greater than

that predicted for Concentration Addition, the pattern is caliled
supra-addition, a form of synergism. When the response is less thag
predicted for Concentration Addition, the pattern is .designated
ﬁor-Response Addition then the infra-additive effect is called u
antagonism (Anderson and Weber, 1675). Substances, which in‘mixtures
are supra-additive are of particular concern because they jointly defy

no-effect er threshold criteria.

6.2.3 Toxic Unit Analysis

This approach, computes the toxic1ty of a mikture by add1ng the

toxicity of each component. Each contaminant's contribution to the

- toxicity of a mixture is expressed -as a fraction of its LCsg..

&

actual concentration in solution

"Toxic Unit
64 hour LCgp - .

eq. 3

i

s

where the‘64lhour C5olis the concentration which will result in 50%
mortality in a“tegz population at 64 honrg of "exposure.

A(mixture of chemicals 1s expected to be strictly additive when
fhe sum of the respective Toxic Units (TU) of dts constituents equals
unity i.e. (£TU = 1)‘. This model predicte that the joint effect of
toxicants will be more than additive when (ETU< 1), and\less than

additive when (£ TU 7 1) (Spragye, 1970).
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6.2.4 Mixture Toxicity Index - ) K

A more theoretical approach thiat uses simple similar gnd
independent action as two reference po{nis for comparing toxicity of
mixtures of more than two chemicals is the Mixture Toxicity Index

(MTI) (Konemann, 1981). Independent joint action is exhibited by
those mixtures whose constituents act at different target sites yet .
contribupe to a common response. . §im%1aroj01nt action is exhib1ted‘by
those mixtures whose constituents act at the same or similar garget
sites and thereby contribute to a common response (Konemann,'l?Bl)Z

The Mixture Toxicity Index is conventiopally repﬁe&ented by:

' , MTT = "1 - JogM . eq. 4
- Jdog n

fér'equitoxic mixtures, where M =& fi,‘ fi = C¥/LCgpi or ‘toxic unit

(TU); n is the number of compounds in a mixture;’and Cy is the. |

'concenthétion of constituent 1'.

| The MTI is evaluated through comparison yith'%he following sqgle
, o -

for ctassifying the toxicity of mixtures (from Konemann, 1§81): , :

MTI- Type. of joint actiof . .

€0 - Antagonism ) . L .
-- 0 v No addition (response addition, r = 1) f s
0SS MTIC 1, Partial -addition

1 | Copcehtration addition s

>1 - : Supra addition'(potentiation'3f the toxic .

actions of one or more of the compounds in the

, v :mixture) S _ ' ///¢—



.and 7.4).

7.0 Kinetic Studies
N .
Kinetic studies measuring the uptake of copper and cadmium in

the gi11 and the serum compartments were conducted over a period of 72 d

hours. Kinetic studies consisted of experiments which were divided

temporally ‘into two phases, exposure and clearance.

7.1 Expdsure Phase Methodology .
> N ‘ .
¥ The uptake phase of the kinetic.study involved a maximum 64 hour

exposure to one of the three meta]s conditions 1i.e. copper, éadmium

.or a8 Cu-CGd mixture. The samp11ng schedu1e was set at 2, 4, 8, 16, 32

and 64 hours of exposure. Exper1menta1 Tots cons1sted of 18 fish.

- “' 1 “ -
Each 1ot was replicated. The total of 36 fish per experimental lot,
permitted four fish (2 from each replicate) to be sampled- at each of

the six assigned times during the exposure period. The remaining 12

A
fish were used for the clearance studies (Methods, 7.2). At the time

il

of sampling fish were transferred to a control-water tank where they
\ o gy .

were allowed to syim for five mihutes-in order to rinse non-absorbed
cadmium and/or cobper from the exterior body surfaces a&nd buccal

cavities. Following thig rinsing period, fish were quickIy

sacrificed, their left gills were excised and a sample of blood was

.col1ected from each fish, Eagch individual' gill was placed in a

porcelain crucible in a drying oven at 70°C for 6 days; The serum was
preserved using 11qu1d:n1trogen and stored at -12°C. A1 samples,
both gill and b]ood were subsequently analyzed by atomic absorption

spectrophotometry for their ggpper and cadmium content (Methods, 7.3°

N

— ) {?‘



- Subsequently each gill was placed in a labeled 10 mbL porcela}n

‘sample was placéd in a drying oven at 70°C for a period of 6 dayslv

* ¢ ‘ 21 Q]

7.2 Clearante Phase Methodology

The four seta of 12 fish (one set berﬂconcentration plus one
contro1)‘that remained following the 64 hour uptake study were
transferred to three respective tanks containing control-quality
water. They were sampled in g;oups of four at irtervals of 2, 4 and 8
hours or 4, 8 end 16 hours. At ee;h sampling time, fish were

o

sacrificed and gills and blood were collected for analyses of- heavy oo |

metal content in dccordance.with sections 7.3 and 7.4, Methods.

-

7.3 Determination of Copper and Cadmium in Gi11 Tissue
| A dry ashing procedyre modﬁ%ied from that of Anderson (1972) and
DeLuca (1979) was followed for metal determinations ;ﬁ gill tissue. .
Immediateiy‘fo11owing the collection of blood from a fish’
(Methods, 7.4) the Eills were excised. The right gi11 was preserved
for enzyme analyses (Methods, 8.0)% and the left gill was used for
copper ahd/or cadmium determinations. Upon being exctsed, left g11Te
were blotted and their respective wet weights were recorded.

N4

crucible which was then covered by a 1oose1y\fitt1pg 1id. Eech~gi]1

The dry weiéht of each sample was then determined. A1l weighing was

carried out hsing a Sartorius digital balance (1364 MP). §hmp1es and -

blanks were transferred to a muffle furnace after which the
temperature was raised to 100°C.” After an initjal 30 minute period at
100° C, the furnace temperatyre was raised an add1§1ona1 50°C. Simglar

increments of 50°C were made every 30 minutes until an oven

N\

Rr
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temperature of-500°C was attained; This latter temperature was

‘ maintained for a period of 14 hours te reduce the samples to ashes.

Following cooling, 10 mL of 1:1 concentrated HNO3 were added to

each crucible to digest the ash and to oxidiee carbon res1d9e§: The )
acid digestﬁon Qroced;re was enhaneed by heating the saﬁpfe close to
the bpiling point. Digeizjon w§? continued under tbese conditidns. Q

L until almost all of the acid hed evaporated. Complete evaporation was
not permitted in order to avoid tharring of the samples. The.metal

“was eluted from each container by washing the 1nterior of the criucible
five times with 10°'mL tota}§~p 2% HN03 (trace metal analysis :eagent -
grade) The concentration of metal was measured by directly 1n§e§F1ng
10 uL of sample into the graphite furnace of the atomic absorption
Epectrophotometer (Perkin Elmee‘503). Each sample was ana]yzed three

times and the average reading was recorded. The % recovery was 97%

é

1

for copper and 98%: for cadmium, ' o A
X :
» o

7.4 Determination of. Copper and Cadm1um in B]ood Serum

\ v,
' Fish were sacrificed with 2 b]ow to the\:ead and the caudal -
¢ tuberculin syringe,

penduncle was quickly severeqi The tip of a

rinsed in sodium citrate, was pressed against the open end of the

caudal arteﬁ& and blood was withdrawn by suction. $amples .of blood

.were then centrifuged in 1.5 mL’Eppenderf microtes tubes:for 1 minute

1n'a,Brjnkman Eppendorf centrifuge (12,000 g). fZhe serum was decanted

from blood cells, frozen in liquid nitrogen ;:ghktored at -12°C until

metal analyses were performed. , ) <
‘ .
~ For cadmium- analyses, 50 ul of each serum sample were qiluted to

.

N

-~
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5 ml with mgtal-free., ammonium phosphate (0.5%), and 20‘uL of this ~
mixture was injected into.the graphite furn&:e of the atomic
absorption spectrophotometer (Wright, 1975)., Each sample was analyzed
three times and the average rea&}ng recorded. The % recovery of
spiked samples was 98%. e , - -

For copper determinations, 50 ul ;)f each serum sample were
diluted to 10 mL with 10% HNO3 (trace metal analysis grade) of which
20 uL were then injected int\c; the graphi'ge_fui'nace (Evenson, 1975) . .
Each sample was analyzed three ‘tfmes and the averége reading
recorded. The % rec~overy'of spiked samp]es"was 97%.

, i ,, | %
7.5 Statistical Analysis - Kinetic Studies

N ) Voo

Geometric means and standard deviations were computed for the
data since a cursory gxaminatiqn suggested that standard deviations of
tissue metal levels were directly rel at'ed to the size of the

arithmetic mean. Hence, variance was non homogeneods.

A t-test (p = 0.05) was performed in comparing/single metal

b

control levels with a corresponding copper-cadmium mixture level at 64 -

hours of exposure. . .

\

~

‘8.0 En_me Studies.

hY ] .

7. Tr:“e effect in vivo to ambient .solutions of .copper and cadmium on
the Na*-K* ATPase in the gill was investigated. Gill tissue for this

study' was taken from the right phéryngea] chamber of fish sampled at

4,8, 16, 32 and 64 hours exposure periods in accordance with. "

. procedures outlined {in 8.4. Four gills were prepared for each control

(%Y
t

.
\J
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and experimental regime. The right giTTs'in these samples were each
weighed, quick-frozen in 1iquﬁd nitrogen and stored at -12°C for

subsequent enzyme "analyses.

8.1 Na*-K* ATPase Assays - N

A Tris ATP co]orimetric method modified from that of Johnson et

—— e o

al. (1977) and Ern§1ter et al. (1950) was used for analyses of the
) 'Na+-K+ ATPase enzyme, ’ .

Upon being excised, gills were blotted on kimwipe tissue to’
remove excess water and .blood, and then wet weighed. Each gill was\
p1aced“1n a 10 mL vial cpntaining'the following homogenate: 2mM EDTA,
"30 mM sucrose, 100 mM Imidazole, 0.1% deoxycholate and a Na*-K* ATPase
stabilizer, 14 mM mercaptoethanol. Viafs Qere then immersed in Tiquid
nifrogen for fast f;Zezing andqstored at -12°C_for no more than 21
days. According to reference tissue prepared and sfbred in phis
ma;ner, gi11 tissue may be held for three weeks withou; significant
loss of ATPase activity. Johnson et al.(1977) have shown that
mercaptoethanol preserved ATPase activity in stored samples at leveis
comparable fo untreated fresh preparations. | |

At the time of enzyme analyses, frozen exper1menta1 samp]es were
thawed in an 1ce bath. Fo1]pw$ng, the contents of each vial were
. b1en§ed using a cooled Potter-E]vehJem homogenizer. =/

To 1sﬁlate microsomes from other cellular fractions, wﬁdlé
homogenates were gentrifuge& at 8000 rpmlfor 10 min at-2°C.. THe ‘

' supernatant containing the microsomal fraction was separated from

the mitgchondria - cell debris fraction and centrifuged at 37,000 rpm

.

4
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" at 4°C for 1 'h to isolate the microsomes as a precipitate. Uan

discarding the supernatant, the microsomal pellet was resuspended in
10 m1 of the same homogenate medium previouSIy described but with no

deoxycholate. The microsomal preparationawas then divided into two
¢ .

0.1 m, Tots. A solution of 0.2 mL con;aining 209 mM Na* and 50 mM K* .
in a 100 mM Tris buffer was added to one lot and a similar’volume of

the original homogenate medium was added to the other. The Na_*-K+

AN

ATPase actrivity was determined from‘the difference between the

— ——

orthophosphate released in tubes having the Na*-K* salts and that

released in 1dent1ca1 saﬂb]es containing no Nat-K* salts since wuabain

5

was not used in the assays (Pfeiler and Kirschner, 1972).

Magnes1um sa1ts activate both the Na*-K+ and the Mg++ ATPase

L

(Lehningher, 1975). Thus, color1metr1c analysis of this preparation
o

provides a measure of the combined activity of the Nat-k* ATPase and

that of the Mg** ATPase enzyme. In order to 1so1ate the Na*-k* ATPase ’

.activity, an enzyme assays were run at 37° €°, This high temperature

inactivates the Mg** ATPase, which is thermo}abiie, without affecting

- the ‘activity of the Na*t-K* ATPase (Pfeiler and Kirschner, 1972).

At the end of the incubation period, the enzjmat1c reaction was
started by adding 0.2 ml of.5 mM Tris ATP (in a 100 mM Tras buffer and
12 mM MgCl) to-0.3 ml of enzyme preparation: Aooition of ‘ATP was

staogered by a 15 second interval between samples. The reaction w j;
allowed to proceed for precisely 20 minutes at‘37'c.' Johnson et al.
~ v

(1977) have shown that phosphate hydrolysis by rainbow/trout
microsomes continues at a linear rate over this time 1nterva1.

The reaction was stopped by adding 3 ml of 1.67 N H2504 to each

L g

L)

—~
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fhe acidic cdhditjon'Bromotes color deve]opment to a degree

tube. }
. O

depending on the ﬁMount of . 1norgaﬁ¥c phosphéte hydro]yzed’(Ernsttér et

al.. 1950). Samples WEre then anaTyzed for phosphate (Perkin Elmer
,Spectrophotometer 510) using a 1ight beam at a wave1ength of 730

e

napometers. )
" The Bio Rad procedure using bovine serum albumin.as a reference

was used for determinations of protein. per gram of gill tissue

(BTadford 1976). ATPase dctivity was expressed as u mole PO4/mg

A

protein/h.
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fish in the November test was 19 g-¢ 4.6 g. TheiEﬁ h LCsq values for -

i C v I
RESULTS AND DISCUSSION |

s . A
1.0 Lethal ResSponse Studies N ‘ L .

1.1 Copper Lethal Response Study _ ) <
' 'Y

Two experiments,.one in July, the other in November, were
conducted to determine lethal concentrations paraﬁeters for test
populations of juvenile ra{nbow trout exposed to copper. The avérage
wet, weight of fish in the qu1&-test was 14 g t 3.2 g, ﬁhtle that of
both the July{and November tésts'wére determined %o be 220 ug Cu/L 'and *
200 ug Cu/L'respectivgly, as shown in Tables 4 and 6, Figures 2 and
4. ' The 96 h LCgg values were 200 and 190 ug Cu/L for the same two
tésts fes;ective1y as shown in Tables 5 and’7 s of igures.:3 and 5. No
differendg in response parameters between the two test lo:s cod]d be
attributed to- the size variable. This finding was in agreement with

9

that of'Spear and Anderson (1975) who found that size did not’

Al

. significantly modify the lethal toxicity of.copper for juvenile

rainbow trout ofér a size range from 3.9 g to 29 g. Response data for
both experiments were therefore pooled.

Linear fynctfons were fitt;d through proBit analysis to the
combined Tethal response - mean daily exposure concentration data fo; '
the exposure periods of 64 and‘96°hours (Figures 6 and 7). Tﬁe‘
64 and 96 h LC5p vdlues were calculated to be 210 ug Cu/L and 195 ug ¢

<
Cu/L respectively as shown fn Tables 8 and 11.
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« , Table 2\
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Dose response dafa for rainbow troui; mean wet weight 14 g, following
exposure for 64 hoqrs to lethal concentrations of cbpper, July 1982
- experiment. Derfvation of -the LCs5p value followed that of Litchfield and
: " Wilcoxon (1959). . ‘ , )

-

-Nominal. Mean assayed .0 ,
copper  * concentration ¥ ~ - - Observed % 64 hour
concentratjon of copper # of fis mortality LCg0 "y '
(hg/L) * (ug/Lg \ tested in 64 hours (ug/L)
B * N i N ¢
. 80 . 82 17 - . 6
100 o6 A
C a0 Y7 g 7o 2
L ‘ . 220
250 206 17 a1 .
300 205 ST (3
control 6. . Y L0
: ' ~ \ :
- i‘

* caerrected va{ygAfdr”a_O%‘respoﬁse (Litchfield and Wilcoxon, 1959)
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Figure 2

L

Y < “, ' s '
Dose response data for rainbow trout, mean wet weight 14-
g, foﬂowiﬁg exposure for 64 -hours to féthal va

‘concentrations of copper, July 1982 exper‘lment.'

Derivation of the LC50 value. followed that of Litchfield

.and Wilcoxon- (1959). : S S
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Table 5

D§se response data forlraihﬁow trout, mean wet weight 14 é. following
exposure for 9% hours. to lethal concentrations of copper, July 1982
experiment. Derivation of the LCsg value followed that of Litchfiefd and -

Ni1cogon,(1959). A , N . -
v | ,
“u - . "
’ N
. Nominal Mean assayed . .
copper . concentration " Observed % 96 -hour
concentration, of copper. ¢# of fish mortality LCgo ‘
o (ug/L)" (ug/Lg tested .  in 96 hours (ug?L) e
"\\ A » o . . ) ’ ' N
~ - ’
80  ~._ 79 , 17 6
100 < 100 17 6
200 196 '
250 247 '
. [
", 300 290
control ' 7 C17 0
t - \
’ X
‘ ‘o RN
A *
. - . p
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. Figure 3 Dose response data for rainbow trout, mean wet weight 14 g,
) ! ' - . .
L following exposure for 96 hours .to lethal concentrations of )
&, ’ 4/ i ~
~ copper, :July 1982 experiment. Derivation of the LCsq value
. followed that of“Litchfield and Wilcoxon (1959).
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Table 6 @

Dose response data for rainbow trout, mean wEt weight 19 g, f011owing
- exposure for 64 hours to lethal concentrations of copper, November 1982
experiment.- Derivation of the LCgg value followed that of the 10% trim -

Spearman-Karber method (Hamilton et al., 1977). : ~
N o :
‘.
- - —~ P
Nominal Mean assayed ’
copper goncentration Observed 4 64 hour
concengration of copper  # of fish mortali . LCsp  ° 95%
(ug/L) (ug/Lg tested in 64 hours -~ (ug/L) c.I.
\ o . — LA# i ) A .
. 80 76 17 .6 N .
100 98 Y/ 4 192
200 174 17 6 » 1210
\ 8 i . 200
* 250 o205 - Y 53 -
ST s - 7 17 e
control - 7 Y \ 0 .
N
4 A
g ‘; 3
Vol ‘ ' Y .
’ * é * .
X .

<
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Figure. 4

o

“al., 1977).

% f N

<
[

Dose response data for rainbow trout, mean wet weight 19 g,
following exposure for 64 hours to Tethal concentrations of
copper, November 1982 experiment. Derivatioh of the Lcso‘value

followed that of tke 16% trim Spearman-Karber method (Ham11ton'g§ e

’

. A
.
Al L
»
© -
o
L] a
B [
£ . \
™ '
.. |
) ?
.
:
.
.
.
® “J- .
° - ‘ .‘
o
. N
- 2
L]
-
, -
- . N
B % >
- »
M ks
. : - Bl
Y
\V , -~ - -
o



36

99

g 3 - > B -
* - - ! - - . * [ .u
v . ~
. xo vP o
.r ’ ) P N
. ) < LT Vv
2, . _— . - - i .
. . . - . , ~.. »«n. 7 . @
PERCENT MORTALITY - * "a & ‘. = - - =
2 8 .38 ¢ 8 8 :2 -7 - _ - S
¥ - B S 1 | . - 1 ) l- S ° -~
. N e - - .
r 4 / N “ '
- < - g - - o
. 2. ‘
- S °

. - 2 3

. ) N.k N . X s
. w 1:3 t
d.T.A -
VA..! A
= .
. i N . ’
\ -

1
200

CONC

- -
100
L4
.
.

80

COPPER

60
s

. -
L ! I —
/7 ALIMVIHOW  1180Hd .

¢ L4

(%]




[N

Dose response data for rainbow trout, mean wet weight 19 g, following
exposure for 96 hours to lethal concentrations of coppeﬁ, November 1982

A\ experiment. Derivation of the LCgg value followed that of Litchfield and
~ Wilcoxon (1959). :
Nominal , Mean assayed ' o - :
copper concentration « Observed % 96 hour -
concentration of copper # of fish mortality LCsp
(ug/L) (ug/L) tested in 96 hours (ug/L)
- .- 18 g 6 ’
v ° 100 103 - . 17 3 190
' 200 177 - 17 12 - )
7 S, . 250 . 200 ' 17 65 - - -
300 . 240 17 90*
L 17 0
. s .
| » ' ? ’ L ’ /' Ce »
* . corrected value for a 0%:response"(bitchf1e1d and Wilcoxon, 859)
“ o o 0 . . o
‘o ) ) _— M
— ’ @ / ) .
* t t i w
\‘.' . |” ‘ * N ‘.k +
' ’/\‘d . - ) ’ [y t"
. ‘ > e
. - D . - .
‘ " ' ) N : :‘;
- o/
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.- Figure 5 Dose response data for rainbovg‘ trout, mean wet weight 19 g,
'foHowing .exposure for 96 hours tg“l hal concentrations of .
copper, November 1982 experimenbt,{. Derivation of the LCsp value
fo®lowed that of Litchfield and Wilcoxon (1959).
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Table 8 -

Compiﬁed dose response‘data for rainbow trout, mean wet weight 14 g and 19 g,
fo]?ow1ng exposure for 54 hours to lethal c0ncentrat10ns of copper (combined

data of the July and Novgmber 1982 experiment).. Derivation of the LCgg value
followed that of Litchfield and Wilcoxon (1959).

A
. » \
'  J
Nominal Mean assayed
. Copper concefitration Observed % 64 hour
concentration - of _copper # of fish .mortality iCg
(ug/L) Lug/Lg tested in 64 hours (ug/L)
80 - 76 17
80 - g2 - 17 6 _
100, . 9% 7 s LA
}hloq 98 17 ' 4 —
200 174 17 : ‘
200 192 o 12 210
250 205 17 53t , '
250 C 26 17 41
" 300 247 17 90
- 300 - . 295 Y 6.

control | 17 -0

v
.
t o . . - -\\\l
v . ’
. .



Table 9

%

hY

Regression analysis and chi- square analysis of the 1etha1 \

response data (presented in Table 8) for rainbow trout T
f011owing exposure of 64 hours to copper solutions (combined. data
» July-November 1982 experiments).
Regression S1ope ) Chi-square Chi-square
equation function value 8 df 95%
y=-4.4+4(x) 1.8 24 16
2 : ;I .
.“;:,, . N N LI
. ' ‘ : Table 10 R

- Probit analysis with 95¢ fiducfal limits of the lethal response .
data (presented in Table 8) for rainbow trout following exposure of 64 ‘

hours to copper solutions (combined data July-November 1982 f v
exggﬁiments). Fiducial 1jmit§ corrected for heterogeneity of data. R
¢ i4 : .
, - | L)
: Log Predicted .  Lower ‘Uppem A f ) i
- Dose - Probit . limit limis¥, . .
. oo \ .
.+ 1.89207  3.0685 - 1.8883  4.2487 o .
/ .. 1.89760 3.0904.. 1.9246 4.2562 '
1.99997 7 3.4965 2.5880  ° 4.4041 T
2.01280~  3.5474 2.6708 4.4240 ‘ o
2.24795 _ 4.4801 4.0105  4.9497 ~ ‘ R
2.29223 4.6558 4.1909 5.1 R
. 2:30100 4.6906 4.2227 5.1585" '
K | 2.38018 5.0047 4.4568 5.5526 . =
e - 2.39267 - 5.0542 . 4.4866 5.6218

C oL, 246237 5.3307  4.6304  6.0310 -
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‘Figure 6 . Combined dose response data for rair?bg,w trout, mean wet weight 14

g and 19-9,. following ,exposure for 64 hours to lethal’

¢ ; qonc‘entsfations of 'copf;er. (Combined data of the .Ju1y'and
-.Np&‘émber 1952 experinlgr{ts..) Derivation of the LCgp value - A
followed that of Litchfieid and Wilcoxon (1989).)
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Table 11 -

. ¢ , ! }
] . .
Combined dose resporise data for rainbow trout, mean wet weight 14 g'and'lgfg,

following exposure for 96.hours to lethal concentrations of copper (combined
data of the July and November 1982 experiment). Derivation of the LCgg value

followed that of Litchfield and Wilcoxop TT959).
- < ' . AN
Nominal Mean aésayed ’
copper concentration . Observed % 96 hour
concentration of copper # of fish mortality LCsp ",
(ug/L) (ug{L) tested - 1in 96 hours (ug/L) )
80 78 17 6
80 9 17
100 100 2 17 6
100 103 %, 17 0 3
200 7 w7 v 12
200 196 : 17 29 195
250 200 17 T 65 |
250 247 17 Y
300 240 - 17’ 90*
300 - 290 17 ’ 76
control 7 17 0

o

S T ) ’
)

N * corrected values for a 0% and 100% response (Litchf1e1d and
wilcoxon 1959)

%



Table 12

kN

. Regression analysis and chi-square of the lethal response data
' 3@ - (presented in Table 11) for rainbow trout following exposure of 96
i hours * to copper solutions (combined data July-November 1982
< ' . experiments).

. . " Regression Slope Chi-square Chi-square

‘ equation: . . function value 8 df 95%
y = -5.4 + 4.5 (x) &7 B 19 16
& \
- Table 13.

¢
t

1

Probit analysis with 95% fiducial-1imits'of the lethal response data
(presented in Table 11) for rainbow trout following exposure of 96
hours to copper solutions (combined data July-November 1982
experiments); Fiducial limits corrected for heterogeneity- of data.

. : : . \ . “ \
tl Log ‘Predicted - Lower  Upper -
. Dose - Probit - Timit 1imit
1.80207 . 3.0685 1.8883.  4.2487.
' ) 1.89760 3.0904 1.9246 « 4.2562 '
. 1.99990  3.4965 2.5889 4.4081 °
¢ . 2,01281 3.5474 2.6708 4.4240
‘. o ’ | 2.24795 4.4801  4.0105 4.9497
g , 2.29223 © 4.6558 ' 4.1909 5.1207
» 230100  4.6906  4.2227  5.db85
* 2.38018 5.0047  4.4568  5.5526 ° |
e 2.39267 5.0542 - 4.4866  5.6218
R - 2.46237 5.3307  4.6304 6.0310
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Figure 7 " Combined dc;se ‘response data for rainbow t'rout, mean wet weightl 14
g and 19 g, following exposure far 96 hr;n's to lethal
. lconcentraﬁo‘ns of copper (,combi}ned ta of the July and November '
| . 1982 experiment).  Derivation of the LC50 va1ue followed that of
) | ‘f.‘\‘itchfield and Wilcoxon (19595.
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Test fish expoeed to pure_solutions of copper nere observed to
show distinct b@hav1ora1 signs of toxicity. During the onset of
toxicity, there was heightened locomotor act1v1ty, ofteg nearﬂgﬁe
water's surface but interspersed with sudden plunges to the depths of
the tanks. Movement was often uncoordinated and jerky.' These sign§

were apparent by 15 hours of exposure in test fish subject.to the

higher. anbient concentrations of copper (2 200 ug/L) whﬂeuat lower
copper concentrationikin which fish died, the latency perdod to
symptom onset was as much as .45 hours; A similar, time-related
progression in mortality was recorded over the other concentration
ranges used in tests (Table A, Aopendix) Medidn mortality times were
computed from LCgy data at 48 64, 72 and 96 hours of exposure and
are d1sp1ayechn Table 14 and Figure 8. '
Discussion . . -

The dose response distributions for copper_at 64 hours and 96

nours; as shown in F#gs; 6 and 7 respectively, indicate a curvilinear

> ¢ . -
_pattern due to a systematic variation of response [coordinates, at the

_ A AUE
lower end of the lethality range. It was apparent\that up to 6% the

tesi.population were hypersensitive'to waterborne cbpper between

concentrations of 80 to 100 ug/L. Since only about §% of the '
population respond in this way it was est1mated that the Litchfie]d

-and Wilcoxon methodology cou1d be used to caTculate the LC50. The

concentrations of cadmium. The mean size of fish between the two
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Table 14
Median mortality -times of 14 g rainbow .trout exposed to copper solutions,
July 1982 experimént. Derivation of the LC50 values followed that of
Litci¥ield and Wilcoxon (1959). . P
, e Y ‘
N o _ ' v ’X
Mean assayed ° . .
concentration Observed - Time '
of copper . # of fisk % point LCs0
(ug/L) . tested mortality ~(h)  (ug Cu/t)
80 17 ' 6 ) : ‘
100 17 *2* a8 - 245 p
190 17 Y -
250 : 17 29 |
294 3 17 76 ,
) " , ,
g2 + "~ 17 ¢ 6. . ‘ .
.96 17 5% 64 220
192 < 17 12 T .
246 Y 41 1 ,
295 . 7. 76 | .
82 . 7 6
96 i 17 2* . 72 - 217
192 17 - 24
246 S Y 41 |, ,
295 17 76 . ‘
.19 17 N e .
’'100 17 2% 84 204
96 - 1 29 . . gt ’
£247 RNV 47 ‘ -
. 290 ' 17 . - 76 .
79 17 .6 ’ ; M
100 .17 o 6. %6 200
193 17 2
.24 - 17 : 7 '
. 290 17 ' 76 K J"““
S - _ v
) * corrected values (L1tchf1e1d and Hﬂcoxon 1959) o .
< s 3 s ) [4 .
@ ° [ ] »
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L1tchf1elﬁ and Wilcoxon methodology places emphasis;,to determine a

LCBg, on data ;oints‘found between 10% and 90% of the response. This
provide& chg estimates thet were virtually the same as those )
determined hgth the gzael-free method " of Spearman;Karber.
.Furthermore, the Litchfield and Wilcoxon method generated probit
analysis and confidence intervals for the data to give a‘better
estimate of toxicity for the .test ‘population. d
As/ggxé§~in Tab1e 13 and Figure 7 the average 96,h LC50
resulting from the two copper mortality tests was 195 ug}L The slope
function of this line (1.7) is relatively steép 1nd1cat1ng that
variance in tolerance within the test popu]ationowas not great. Speer '

found a Very‘simi1ar copper 96 h LC%O value of 190 ug cu/L for rainbow

l_trout of approximate]y 29 g 1n weight {Spear and Anderson, 1975) The

water hardness “in both Spear s* teg; and ours was-125 mg/L as CaCO3,
with an alka1in1ty of 85 mg/L as CaC03, both sets of experimehts
having’ been condufted in the same 1aboratory Interesting1y, Spear
conducted the same tests under identical cond1t1ons with rainbow trout'
averaging only 3. 9 g (Spear and Anderson 1975) He obtained a c0pper

96 h LQ50 value of 200 ug/L, very s1m11ar to the LC50 value of 190 ug

. Cu/L for the much larger 29 g trout mentioned above. Consequen;]y,

§pear concluded, from his studies that copper toxicity in rainbow trout
weighing 5%3‘@ to 29 g was apparently inerenhent of weight (Spear and
Anderson, 1975). Chakouma;es gz.élf (1979) workifig in a different
]aboratony with water conditions of 12.8°C, pH 7.8, alkalinity,174

-mg/L as CaCO3, found a 96 h LCgq value of 243 ug Cu/L for 'rainbow
- Y /

trout with a mean weight of 26 g. Brown et al. (1974) fourd a much

t
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higher LCsg value of 550 ug Cu/L in a 96 hour study with 13-15 cm
rainbow trout. This decreased toxicity was probably due primarily to
the water hardness which was a relatively h1gh 250 mg/L as CaCO3
(Brown et al., 1974). That total copper toxicity 1s inversely
proportiopa] to water hardness, has been well demonstrgted by
Chakoumakos gﬁ_gl.’(1979); In,fact their work has demonstrated that
both hardness and a]ka11nrty control the degree of copper toxicity.
Est1mated partial corre1at1on§ between the copperffﬁgo va]ue and
either hardness_or alkalinity (with the a]ternate)chtor being fixed)
were calculated by Chakoumakos to be 0.882 (90% C.I. = 0,938 - 0.246)
respectively (Chakoumakos et al., 1979). ’ cog

The time;morta1ity curve (F{g. 8) appears to be':gzmptotjc with
‘the time-axis by 96 hours, suggesting that the incipiept fethal level
may approximate‘the 96 h LCspy of 195 ug/L. The copper conceptretidn
range‘of:the time-mortality curve in my” studies pas from 200 to 245 ug
Cu/L for the time tptervel between ‘48 and 96 hours (Table 14): A

,simifar steep copper time-mortality “curve for rainbow trout was

reported by Brown et al. (1974) with a copper concentration range of

550 to 600 ug Cu/L over the time igterval between 48 and 96 hours. As

their water hardness was 250 mg/L as CaC03 it is not surprising that
their time mortality curve 1nd1cates a much 10wer copper toxicity than

the one obtained by the author. o ‘§§

1.2 'Cadmium LethaluResponse Study

Two experiments, one 1in February, the other one 1n C?y, were

conducted to determine the totnrance of ra1n1o3'trout to 1etha1

-

h

‘e
gndd
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Table 15 «

'

o
3
$ .

"~ Dose respoﬁse data for,rafnbow Qrout; mean.wet weight 25 g, fo]}owing

exposure for 64 hours to lethal concentrations of cadmium, ngr@ary,1985

:

Nominal Mean assayed , C .
cadmium concentration , Observed % 64 hour
concentratfon of cadmium # ok fish mortality LCs50
(ug/L (ug/L) . tested in 64 hours (ug/L)
1,ooh . 905 16 19
. 2,000 - . 1,900 16 25
* 3,000 : 2,975 16 31 v 9,730
. 4,000 3,977 6, 31
control - . © 0. 16 T 7
< - - : — . '
@ -
L] . -\d'
' * ‘\‘ )
/ A
. ¥ :
i . ‘ '
N N

& experimeﬁt. Derivation of the LCgp value was by graphical interpolation.

T

£

/ )
%
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Figure 9 Dose response data for rainbow trout, mean wet weight 25 g,
’ « following exp&ure for 64 hours -to lethal concentrations of .
cadmium, 'February 1285 experimenf. Derivation of the LCgp ‘value.
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was by graphical interpolation. S .
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L
'

’

Dose response data for rainbow trout, mean wet weight 25 g, following .
exposure for 96 hours to Tethal concentrations of cadmium, February 1985
. experiment. Derivation of the LCsqp value was by graph?caT interpolation,

o ]

&

% N
Rominal Mean assayed o -
cadmium concentration . Observed ¥ ° 96 hour
concentration . - of cadmium # of fish mortality LCsp
(ug/L) (ug/L) tested -, 1in 96 hours  (ug/L)- .
1,000 970 * 16 - 81
2,000 1,980 - — -16 75 300
3,008 2,070 - 16 ., .
4,000 3,980 16 ., 88
v : L
-contfol - 0‘ 16 0 _
N .
. )
&
Ve ' | L "\"
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\DOSe'responSe Hata for ralnbow trout, _mean wet ye1ght 25 g,

following exposure for 96 hours to lethal concentrations of
cadmium, February 1985 exper1ment. Derivation of the LCgp value
was by graphical 1nterpo1at1on. Roch's LCsg value ‘is indicated '
by 2 dianond symbol (Roch, 1979). | |
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i_‘-.  experiments differe& by about four fold. The mean wet weight of| fish

Q

used in the'ﬁebruary test was 25 g £ 4.4 g, while that of fish used'in

| the May test was 7 g t 1.6 g. Reported here are the dose respo se
data at 64 and 96 hqurs for the test population with a mean weight of.
25 g tTables 15 and:16), since this weight approximated the wejght of
the i:;},popu1ation used in the subsequent co?usr-cadmium mixture

testo . <

e

It was apparent for the cumulative response values over a
fourfold range in ambient cadmium concemz;atioms that the dose
response data for the cadmium test were insufficient for determining,
by probitfanalysis, a linear response functiug,at either 64 or 96
hours of exposurep(Tab1es 15 and 16; Figures 9 and 10). Tuus, LCgg
‘valués were estimated by g}abhisa1 1nterp61atiou since it was
impossible to compute hy trad1tiona1 means such as Probit Analysis and
Litchfield and Ni]coxon (1959) T

Mortality in cadmium soTutions was first ‘evident onN\y after some

-~

84 hours of exposure to the hmghest cadmium concentrat1on (} 4000 Cd
ug/L) (Table B, Appeng1x). ‘Dur1ng.§pe initial stages of cadmium )
‘ exposure, fish became hyperactiue, swimming erratically about the-

l tank. As time proéressed:‘these.fish became lethargic, sw%mming very
$lowly. Cearley and Coleman (1971)\attribufed behaviom and death of ;
bass and b]uegi]]s in cadmium solutions to the inhibition of
acety1cho1inesterase causing death by para1ys1s of the muscles of
rgspiration and/or depression of the respiratony center.‘

To depict progression of mortality in cadmium solutions a time

[ T

143
-X2
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Table 17
Median mortality times of 7 bow trout exposed ',to ¢cadmium s-o1 utions,
May 1983 experiment. Deriva f the LCgg values followed that of the 10%

“trim method of Spearman-Karber (Hamilton et al., 1977) and Litchfield'and
Wilcoxon (1959), -

-

¢

Mean assayed : ‘
concentration Observed Time

of cadmium # of fish % , point LCs0
(ug/L) tested © mortality (h) (ugCu/L)
, —
194 ‘ 16 0
. 390 16 0.
840 = 16 0 +48 « 7,330
1,225 16 - 7 N
4,396 16 0
6,200 , 16 33 '
11,990 16 100 -
106 1 0 =
) 415 ‘ 16 0 - A ;
865 : 16 0 Y64 7,042
1,204 16 7 .
. 4,315 16 7
6,110 16 40 s )
11J845~ . 16 100
196 16 7
415 . .16 -1 S
865 - 16 ‘ 3 72 6,720
1,204 < 16 7 '
4,315 . 16 20
© 6,110 16 47
11,845 16 90*
. , : i
189 - 16 . .
, 435 6. 7 - - .
> 912 .16 ' 7 . 84 4,013
— +.,211 . 16 .27 ' ’ :
4,570 16, 27 , |
6,284 16 | .. 60 - . . :
11,990 <16, 92 I
) Iy —
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Table 17 continued ’ . ~\

Median mortality times of 7 ¢ rainbow trout exposed to cadmium solutfons, May
1983 experiment.

; 4’{‘ : R _ -
Means assayed - ‘ ~
oncentration Observed . Time = * .
: of cadmiym # of fish % point f LCgg
(ug/L) tested mortality (h) (ugCu/L)
" 2
189 - 16 : 7
435 16 20 ..
912 16 ‘ 13 96 2,440
1,211 16 . 40
4,570 16 33 :
6,284 . 16 80 oY
11,990 © 16 . 94
198 16 .27 , .
. 417 16 © 13 g .
914 16" - 33 .. 108 . 1,667
1,204 .16 60 - .o
4,548 16 67 - N
>  6,240. 16 80. , .
11,970 16- o 9gr g ‘ o
198 - 16 . 27 S
417 16 . - 20 - .
914 © 16 - 33 120 - 981
1,204 16 60 (
4,548 " 16 , 80..
h 6,240 16 > 87
1,970 . 16 - 97* \
210 ' 16 733 .
’ 428, 16 ‘ 40 .
‘ 890 - © 16 40 132 571
.- 1,218 6. 80 '
4,527 16 87
6,308 16 ‘ 93 L
11,980 . 16 . g7% . - : )
210 . 16 33
428 16 47 .
890 16 . 53 144 - ‘475
.. 1,215¢ 16 7 80 A
4,527 -~ 16 87 oo _—_—
- - 6,308 - 16 93 A

111,980 16 97% . - -

. +1C50 estimated by Spearman-Karber. ) ,
- * corrected values (Litchf1e1d and Hﬂcoxon, 1959) a T
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mortality curve was computed from LCgg data at” 48 hours up €o 144

-

hours of exposure, using data collected on.7.g fish. ‘This time

mortality data is shown in Table 17 and Figure 11, 7 . .
Discussion ' N
'Y'Upon exemination of time-mortality data (Table 17, Figure 11) it

would appear that there may be major diffefdnces in the median

" tolerance parameter over-a short portion of the exposure period

concurring around 96'hour§?' This peculiar pattern has been- observed
for cadmium bX,other\researehers (Ball, 1967; Rocn, 1979) wﬁé reported
cadmium toxicity curves for rainbow.trout with a°p1ateau in ﬁcso'
values ranging from 7,000 ug/L to less than 20 ug/L at approximate1y 4
days of exposure (F1gure 12 and 13).3 Assuming “that over this
concentratron range there is no s1gnif1cant change in the. fonn and
ava11ab111ty of cadmium to test fish, then this unique response

pattern to‘cadmium may be 1nterpreted to mean that rainbow trout can
resiAt a wide ranné in cadmium concentrations in a manner that is not .
doSe related | b

I observed some disparity between my study and that of Ball's
(1967) While the trends are sim11ar, the area of disproportionality,

man1feste3?in the flat curve, §s apparently shifted to the r1ght.

There are several possible coritributing factors that can help explain )
this shiftﬁA Water éuq]iﬁy is an 1mportant'contribut1ng factor in
cadnium toxicity, and one readily capable of shifting the toxicity"

' curve. ~In this~case our—water hardness- was 125-mg/L as 63603—wh41e S -

that of Ball’ s was 290'mg/L as -CaC03. A relationship between toxicity o

~
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and water ;ardness was established in an EIFAC report which 6onq]uded ,
that a decrease in water hardness (as well és dissolved oxygen and
.possibly pH) kroduced a lower cadmium LCgg (EIFAC, 1978). Other water
quality factofs fhat can modify toxicity of cadmium to aquatic ‘
organisms are alkalinity andgminera] content of the'water'(Florence,
1982). . | '

Another factor that can help explain the shift is weight. Our 96
hour LCgp was qbserved to be'2,440 ug Cd/L for 74 fish.while th?t of
Ball's Qas obsirved to be 8,600 ug Cd/L. No spécific comparisons can

iﬁbe made since Ball omjtted to report the size and weight of the

‘ experimental f1§ﬁ (Ball, 1967). | s

Concentrgtﬁon response data recorded for the exposure Ber?od of
64 and 96 hours was incomplete in its d1str1but1on being’limited to
that part of the response rangé below 30% and above 60% respectively
(TaBTes 15 and 16). }t was not possible‘to compute by traditional
mé&ns'(eg. Prébit Analysis,‘Litchf%eld and Nilcoxon,\195§) a. dose
response function. However, if a iine is fitted visua11§ to the
points, its gradual slope suggests a widg range in tolera;;e'amangsx

f mempers of %he test popu}attons in relation to a resﬁonse which
dpp#rently is not markedly dose dependeﬁt (Figs 9 and 10).‘

A study by Roéh‘(1979) in which the size of rainbow trout (21 g)
weré similar to thoée used in this experiment (25 g) and where
Eonditions were virtually. identical to those reported here, reported J
the 96 h LC50 for cadmium at 300 ug/L. If this. value is combined with’

- those in Tabﬂe 16 At is- péssﬁble to visually- fit a line fo~the e

experimental response distribution that furtner va1idate9 tﬁe

v ) B '-( ;
.'



*juvenile rainbow trout wids obtained by Chapman (1972).

.7-day cadmium LCso value of 8-10 ug Cd/L for rainbow |

) unsbecified size,}age, or weight. Eisler (1971) exa

data (Figure 10}.
Thus, as shown, there is some suggestion that the slopes of dose

[ 4
response curves for juvenile rainbow trout exposed to cadmium are very
)

gradual, at least within the équsune period of 64 to 96 hoyrs. Such
) /

wide var{anée in'1ethq1 tolerance, as exemplified by the gentle slope, -

is normally assoqiéted with differegces in a substance's
toxicokinetics between test individyals (Anderson and D'Applionia,
1978). The assumption is tﬁat indivjidual differences betyeen

individuals in their uptake, distfibytion, gxcretioh, storage and/or

metabolism are reflected in dramatic differences in the Tevel of

effective aosé reaching critical target tissue sites. ‘I)'

cgnsidered far less likely fhat significant differences'%n the nature

e,

§

considerable diversity. .A cadmium 96 h LCsp of 95 ug

yardness-o% 20-25 mg/L as CaC03. Ball (1967 ) was ablg to estimate a

f
rout, of

nined the toxicity
. . ! | .
of cadmium on several species of Cyprinodonts. Ninety-six hour LCgg

]
H

ki11ifish (Fundulus majalis), the sheepshead minnowf(ngrianon .

). Al té%t; were

: - - f ~ o - )
~conducted in 20°C-water-with—a-salinity. of 29%»651'1gr;~1971).- - =

@
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1.3 Copper-Cadmium Mixtures Lethal Response Study
Y .
One experiment was performed in February (1985) with the

objective of deterhin1ng the lethal potency of a series of

-copper-cadmium mixtures. Dose response data for the mixtures at 64

hours % presented in Table 18,
The levels of copper selécted for the mixtures were approximately
e{ﬁiva]ent to 1/4x, 1/2x; and 1x toxic unit of the 96 hour copper

LCsp. Due to the gentle $lope of cadmium's discrete dose response

'Tineé, it was decided to choose a concentration range on the flat

portion of the toxicity curve on the assumption that the unique dosé
réspon;e cu}ve aqd toxicity .for cadmihm'with a wide discrepancy
betﬁeen 64" hours and 96 hours would not léﬁd*{tse1f/to the empir%cp]
model for. concentration éddition.

The Cu-Cd,combination; were arranged in order of increasing -
concentrations of each const}tuenk.‘ Thea]owest combination included
cadmium at a 1ev§1 which_w1§ estimated to provide a 50% response\upon .
96 hours of exposure to cadmium, while the copper level ih this

combination was well be]aﬁ“the,letha] threshold for copper alone and

wogla not have been.expected to cause mortality. - Upon testing,’

-

mortality amongst test organisms was nearly total (100%) at 96 hours
of exposure to all of Cu-Cdlcombinations tested (Table C, Appendix).

At 64 hgurs'of exposure to the Cu-Cd serie%, there were resbonses
of 31%, 56%, 75% and 100% mortality respectively (Table 18). Lethal
‘response d;ta for Cd alone (Table 15) fol]owing 64 hours eiposurg
jndTEBteE that'bdjééted fééﬁonse?'f@r padmium alohe were expectéd to
be 19%, 25% and 3i% respéctive]y, Copper, as a constituent.of

. Y
o .




-~ future studies.

. ’ ’ , .o
" these miktures:may have“contribﬁied concurrent]& to the end-requnse,
through some‘unknown physiological interaction. | ’
The concentration of both metals was varied simultaneously
relative to their- individual potency to pres;rve equipotency of the
metals in the combination. The alternative‘to'keep one metal
' concentration constant while varying the other is in .consideration’ for
To ascertain tRe toxicity of the mixtures at 64 hours the
Concentration Addition Model was tested,(Metﬁods, 6.2.1). The
isobologram in Figure 14_shows that higher levels of resbonse may be
predicted on the basis of the constituents of the Cu-Cd mixtures
acting sim}iarly as in the Concent?atioﬁ,Adﬁition modeT: However,
this model may only be tested if the response -lines for each
constituent tested discretely are parallel. The dramatic differepces

. ~

in slope .between copper and cadmium response lines negates .testing
this model as seen in Figures 6 and 9. - )

T Another quantitative model which may be applied to data‘set§'for

_ copper and cadmium at 64 hours bf exposure is the Response Addition

~ Mode! (Méfhods, 6.2ﬂ2}. This mode] is based on the assumptjoh that
the metals acf on independent~target sites. This model. does not
require parallelism between each toxican;'s respective dose response
curve. It simply attributes the prob&ﬁle contribution of a toxicant
as a constituent of a mixture in proportion to its effect as observed
alone. ‘ | : T

AY

= ~—On“the assumption that the tests are not-correlated in thetr —

tolerance to either copper or-cadmium, the Response Addition Model was

VL r——

- s
DT I T Y




Dose-response data for rai‘nbov!__trout, mean wet weight 25 g, fo]]owing
exposure for-64 hours to copper-cadmium mixtur‘eé, February 1985 experiment.

%,

-

!
z

~

14

« Table 18

Y

)

Meari “assayed

" metal
concentration . Observed %

(ug/L) # of fish , mortality
Cu, Cd " tested - in 64 hours
28 . 440 16 31
63 890 16 56 -
125 - 1,830 16 7% _
176 2,630 16 96%

-16 0 N

6 0
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Figure 14 - fsobolg diagram depicting various types of lethal
' )fesponses for .the joint action. of two toxicants

displaying parallel concentration-response curves.
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~applied. bpsind 64 hour data sets the series of Cu-Cd mixtures would
x‘be expected to have results as shown in Table 19. Thus, in accordance
with the Response Addition Model the highest concentration of Cu-Cd -
mixtures to‘which rainbow trout were exposed; should not have caused .
more than 50% mortality, however, a 96% mortality was bbsercéd? An ‘ "
additional aspect of t%e Response Add{tion Model ana1ysfs is worth"
ﬁotfng. As seen in Table i9, copper in the mixtures, the Towest tﬁo
combined concentrations -were not ]expected to contribute to the joint Q
toxicity.: However,athe.Response Addititm model could.not be‘fitted.to
our experimental data. This model requires that the potencies of the
" toxicants be the same. As seen in Table 19, coppen\@t the two lowest
concentrations was not contributing to the toxicity of the mixture
when compared to its potency as a single agént, . t’ !
An alternative approach was thus’ngcessar&. The Toxic Unit ~ _
ﬁethod of Sprague (1970) was adopted to provide a quantitative
estimate of'conéentﬁation addition at the 50% level. This test may be
applied to the highest combination of Cu and Cd used in this
- “experiment since this combination yields a toxic unit value of 1.1
which approximates the required 1.0 unit for this test (Table 20).
Rather than a s1ightly higher than 50% résponse level that the ‘toxic -
unit principle prediéts, a respoﬁse ofﬁ&OO% was recorded (Table 20).
More importantly almost all qf the tesi,organisﬁ% in thg.Cu-Cd

e e,

<

mixtures tested succumbed by 96 hours (Table C, Appendix), indicating
a reduction in resistance to that expected for copper or cadmium alone
(Table A anﬂ/&,\ﬁppqndix)t_ . - R

- e - ~ - -

The Mixture Toxicity Index was used to calculate the degrees of
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' Table 19

o

3

Response Addition Model for the copper-¢admium m1xtur§f.

. ~
Mean daily (
concentration . , -
(ug/L) . : o PC ©PC
Cu Cd PCu PCd Expected Observed
. Wil -
e & -
1128 a0 “0 0.0 0.10 0.31
_H.g 63 890 0 0.16 0.16 0.56.
125 1,830 . 0.06  0.23 - 0.29 0.75
176 2,60 . 0.25 030 0.5 0.96 ,
PC = proportion responding to the mixture
PCu = proportion responding to copper
PCd = proportion responding to cadmium
w o, : . l - h "\’a

15
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Table 20
\ Toxic unit val ue.s' for a Cu=Cd mixture combination.
Mean daily Expected Toxic :
: cancentration Unit at 64 h  Expected Observed
(ug/L) Toxic Unit Cu-Cd- - g %
) Cu - - Cd Cu cd mixtures . Response ‘Response
176 2,630 0.8  0.27 1.11 50, - 100
h \ ~ N N ’
13 !’
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. enhancement of the mixture over that expected through toxic unit N

. analyses (Methods, 6.2.4). The calculation of the MTI necessitated

~

concentration.proved to be 63 ug Cu/L and 890 ug Cd/L whichljoin ~

Lo

&, 71
selection of the experimental mixturesgoncentration which most close?l
approximated the LCsp value for the t&St series. This mixtur

resulted in a 56% mortality response (Table 18). An MT1 va]ue'df 2.6

was calculated for this Cu-Cd mixture concentration. This value is-

greater than one, and is tﬁus, ‘according to the MTI scale, strongly
synergistic with a supré—additive joint action. | "
JQ% The supra-additive response of Cu-Cd mixtures could not be spown
graphically since the experimegtal design does %ot quantify the .
contribution of copper or cadmium to the 1etha1\Fesansg:\\\\ ,
Té&icity signs displayed by the test popqlation efposed)to Cu-Cd
solutions were similar to those caused by cadmium.in sjng]e-metal
exposures. These signs showed up earlier in the‘test,*and as shown in
Table C of the Appendix; mortality onset was'eérljer in the m1xturgs«, q
\ In contrast to my %indings, Finlaysﬁﬁ and Verrue (1982) #orking
w1th coho salmon determined that Cu-Cd mixtures produced only an

add1t1ve joint toxicity, falling short of the supra add1t1v1ty

observed in my work. Unfortunately no concrete comparison can be made

-as‘they neglected to report the actual test concentrations. Thus, it
. A 'l

is possible that their concentration range was such that a
supra-add1t1ve joint toxic action may not have been feasible. é?%
: Supra-additivity of Cu- Cd toxicity mixtures in zé%ngish

(Brachydan1o rerio) was demonstrated by Hewitt (1980) He determined

that coppgr and cadmium when in cgfﬂt;;;mation@were 2. ft{n;s mo—re po;:ent S

= - 2



LY 5 o

- ug Cu/L and 790 ug Zn/L.

1.4 General Discussion

‘78
than predicted (Hewitt, 1980). . Sev@ra1 other workers have noted:
supra-additivity. resulting ﬁran“meta1 mixture exposures. Sprigue and
Ramsay (1965) working with Atlantic®salmon found that Cu In dixtures
decreased surviva1 time by a faEtor of two to three when compared to
the single m?ggl toxitity. S1mi1gr1y, Eisler and Gargner (1973) found -
that mixtures of Cu-Zn produced a supralédditive toxic effe;t,

resulting in a greater-than-expected mortality rate in mummichogﬁ,

(Fundulus.heteroclitus).‘ Furthermore, the addition‘of 1 or 10 mg Cd/L
to all Cu-Zn mixtures tested produced a still gre;ter degree of

mortality within thé 96 hour toxicity test period indicating even mbrg
supra-additivity'(Eis1er and-Gardnér, 1973). Lewis (19W), determined

the 96 hour acute tokicity of copper. zinc,. and Cu-In mixtures in

juvenile longfin dace (Agosia chrysogaster) " Cu-2Zn was thg most

Tethal tox1cant {210 ug Cu/L and 280 ug Zn/L) and exhibited a more

than add1t1ve toxiclity in contrast to 96 h LCgp's single metal of 860

-~ ~
Individually, it was demonstrated that, on the basis of the 64

hour LCsq's copper was more toxic to rainbow trout than was cadmium.

As shown through the experimental results the mode of action of

?

& .
copper and/éadmium agé apparently different. This 1gferénce is

Sr
reinforced by the apparent differences in the 'slope distributions.

'

’ of _the 64 hour dose response curves (Fig. 6 and 9) and the time-
3 .

‘mﬁrta1ity~curves (Fié. 8 and 11) of copber.and'caeﬁ1um. Furthérmbre,

qualitative observations on the behavioral signs of toxicity for.

A : o
«
=~ °
» L



copper and cadmium also suggeststhese metals respective modes of
action may differ. The behavior of juvenile rainbow trout*3posed to

cadmium was “sharply in centrast to that recorded for- fish exposed to

copper. '

. . &
The results of the multiple toxicity studies indicated that
mixtures of.copper and cadmium have a supra-additive toxic action on

rainoow trout. At this moment evaluation of environmental effects is
(’

usuaiiy based on toxicity data for singTe toxfcants. Future attempts "
to describe or to predict the impact of pollutants on fish populations

should consider the JOint toxicity of 'Cu-Cd mixtures and shoild not be
R
confined to the effects of copper and cadmium alone,

r——

The observed supra-additive 'toxicity of copper-cadmjum mixtures.

must result from some kingLic andfor dynamic interaction.

¢ !
Physioiogical interactions in the kinetic.phase will alter mechanisms

- o t .
kinetic interqcﬁion may create the enhanced effect 6f increased
i
. avaiiabi]ity of copper and/or cadmium at their respective target

of toxicant dptake, dzstribution; degradation-and exgretion. A

~f

sites. In the dynamic phase physioiogicai interactions of Cu-Cd
‘mixtures may alter the sequence of events which 1ead to the binding of

.copper and cadmiwn to their target tissue.

ra



2.0 Kiretic Studies

y f

2.1 Copper Kinetic Studies

2.1.1 Copper Exposure and Clearance in the Gill
- .

During the exposure~phase; rainbow trout were exposed to three

coppér concentrations: 60, 115, and 228 ug/L. Maximum concentrations

in the gill were seen at 4 hours and 16 hours respectively for the

groups exﬁbsed to 60 ug Cu/L, 115 and 228 ug Cu/L (Table 21,

15). These levels of accumulation were propartiona11y related to the

Fig.

exposure concentration and represent'd a 200, 400 and 650% increase

uptake, once a maximum concentration was attained in the gill, copper

over the coppec,leve1s ev1denced in controls. Past this initial rapid

levels decreased to levels which were approximately common to.all test

concentrations and above leyels seen in contro]s. Once they had

decreased meta1 Tevels showed.little f1uct n for the rema1nder of

LY
. g

the exposuré phase. - ~ w o

" During the clearance phase, copper 1eve1s'rema1n§d‘abproxfmaf%1y,

clearance (Table 22, Fig. 15).

'l

2.1. 2 Copper Exposure and Clearance in the Serum

[

. the same for the first four hours, increasing in levels at 8 hours of

Copper levels 1n the serum indicated that for the two 1ower\

exposure groups (60" and 115 ug Cu/L), uptake had been simi]ar with -

maximum concentrations for both ‘groups at 64 hours (Table 23, Fig.

16) e

* w

The paitern of uptake. for the group exaqsed to the highest EOpper

. concentration (228,ug‘Cu/L) differed frqn~that,zfen above.

.Ac maximum

/

®
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Table 21

3,

Mean copper concentration in rainbow trout gills, at various time
intervals, during the 63 hour exposure phase of the copper kinetic
studfes. A1l -values,are the mean of 4 fish.

~

AN

\
Meari*assayed -~ Geometric mean-copper
concentration . Time of  # concentration in gills
of copper exposure (ug/g of dry Standard
(ug/Lg (h) " weight) deviation
60 " 4.3 1.53
115 2 6.1 - 1.26
228 8.7 1.22.
7 (control) 2.6 1.91
60 _10.7 1.32
115 4 6.2 1.62
228 .y 8.1 1.49.
7 (control) 3.5 1.43
60 7.0 1.42
228 - : 8.9 1.19
7 (control) \ 2.9 1.65 .
60 . , 4.6 1.21
115 R ,  14.0 , 1.32.
228 , Vie 23.1 2Lo1.47
7 (control) 3.0 1.07
60 | A 6.3 1.70
115 32 5.0 1.32
228 ' .5.0 1.40
.7 (control) + 2.9 1.05
60 Y W 1.38
. 115 64 6-8 o - 1039
T 228 6.4 © 1.61
7 (control) 3.2 1.24
- : ' ; l ! ‘
) ‘ Ly o e ‘
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Table 22
Mean copper concentvat1on in rainbow "trout 91115, at various time .
intervals, during the 8 hour -¢learance phase of the copper k1net1c
studies. Al vatues-are the mean of 4 fish.
T
{ . N ,
_ o Geometric mean-copper’ ]
Previous exposure  ‘Time.of  concentration in gills . 4
- Tevels ‘of copper clearance “(ug/g of dry. Standard .
‘(ug/L) weight) -deviation
©60. . 5.5 110 \
115 R 6.7 1.39 o
228 : ' 6.0 S ’
* 7 {control) 2.4 l.21
60 | .59 1,32 :
8L R R 6.0 ~ . . L1l
228, ] 5.0 . 1.43- 7
* 7 (control) 2.7 - -~ 1,37 T ;
” N ) ’ -
- ~ 60 5.4 1,50  °
'L. 115 4 e 8*\- LIS Hly . 10!/-“2_ . ‘~ lu21 . . .
228 . o7 20,5 1407
"7 (control) 3.0 1:14‘
1 . \ ¥ < -
.X N . ; )
- . . . 7 - v, .
’ > [ .
/ ) a a . . - B ;*
. ) ', - o .o\
4 < A . ‘ e . . . ¢
! - RN N . “
by o ]
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Figure 15

Mean copper concentration in rainbow truut gi]ls, at various tim“
*‘A-and B intervals, during the 64 hour exposure phase and the 8 hour ‘\\ N
| clearance phase of the copper kinetic studies, A1l values. are |
' the mean of 4 fish. | ’
a = 6d ug.Cu}L )
' b = 115 ug Cu/L
. c = ‘228-ug Cu/L
| =~ 2 = 7 ug L (contbol)
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. ucopper concentrat1on was obtained at 2 hours of exposure. Fo]]owing;

' making‘ﬁtnpossiofe for control .fish to absorb copper from the ambient

. water. .

a moderate decline 1n~éerum copper levels was observed with tine to 32

hours of exposure. This was fo]]owed by an increase in serum %ppper _

levels from 32 to 64-hours. Levels at -64 hours were comparable to
"» ,l
tevels seen at 2 hours. of exposure. (Table 23, Fig. 16). S

Accunulation.Of copper in the serum was apparently not related to_
LA - NV :
the exposure concentration. Levels of -copper for all of the_test -
groups were approximately common'throughout the entire exposure \\,f

phase. The c1earance‘phase revealed widely dispersed‘data (Tab1e‘24,‘

-

&

Fig. 16).

. , - . ',{
Discussion . e

In both 91115 and serum, control Tevels of copper were ?ound to
be above 0 ug Cu/L. Copper is an essent1a1 metal_.in rainbow trout,’

normalty found “in the 1iving animal (Spear 1975) Furthermore, ;

' backgrounds levels of copper in-the exposure water averaged 7 ug/L

»

-
»

B As shown 1in Figuhe 15, during the eiposure phase, once~maximum
concentrations of copper were attained in the g1lls 1evels of copber .

for all of the test groups decreased to concentrations s11ght1y abee

~

those of contro1s groups. ‘This strong]y suggests that the gt]Ts are - ——

not a site of copper accumukat1on 1n ra1nbow ‘trout dur1ng thd 64 hour

Tt

exposure’ d@rﬂod -

- ‘y'
’

During the‘c1earance phase in g11ls maximum levels of copper

were sjm11ar to -maximum levels in the exposure phase for all three -

3

-
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‘ . N Mean copper cq;{ceritratibn —1n rainbow trout serum, at various Jtime
G SN intervﬂs, during the 64 hour exposure phase of the copper k'[peﬂc
\“ o ‘ studies. AH values are the mean. of 4 fish,
. | Fl .‘\N I"l 1 ‘ ‘, . \' P .
' T @ T —
, Mean assayed , . o . ’
‘ .0 concentration «fime of . Gedmetric mean~copper - - -
) ’ of eogper_ ) exposure . concentration in serum Stamdard
. (ug/e (h) (ug/mL serum) deviation
f’?‘ - - - ’ - A
. - . -
. . 60 « - 3.8 1.16 o
IR 115 . 2 3.2 1.33 .
P72 B ) 5.4 . . 1.07 ,
Lo ST (_c'antroﬁ - 2.4 . 1.31 J .
- . o ) , A S, -
' 50 e Ce L 4.6 .o a2 )
1 . o115 4 3.3 - 13
“ 228 ¢ ‘ d 8.1 . -« 146, .
\ L 7 (control) . .s‘ 2.5 7 1.03 . P
. . . 3 ' 4 ' ’ § ’
S 1 R NN - 1.36
L » o, 15 S8 . Yo 5.2 ~, . 1.41, -
S AN -28 o LI < 1.33
« . . 7 {control) o ‘ 3.1 . 1.15,
o T R SR S .
A 60 : ) g \ ‘ 4.8 ° ' 1.51 i
‘ oo T 115 16 ; [, 54 < 1.12
S R AR R ¥ AT, R0 P
. . 7 {Control) _ Lo 2.2 ; T 1v22 Do
‘ t "o . ) . ‘ o ‘ ‘. ‘ o ’ S
‘ . .‘ ’ ’. o« , ’ S 60 ¢ N ! ) - qol ok 1.23 :
HRUR N 115 ° . 32 : | 5.4 T o 1425
T 228 ot ’ S 3.2 - 1.60
: -~ . 7 (control) N < 2.8 . 1.16 "
.- ¢ ' s 1 .o \ 3
r T .60 - ST % S 1.12
, "115 . .64 ) .10.1 o 1.79..
s 2. * i 5.6 7 1.60
7, (contro1)’ ' S 3.4 — . L.21
A o - [ 4 X I'- - ,,‘ ’
) ' ' ‘ ".
‘ | - : | .
R Y .. - 3 . N "
| .. ! v %_ ‘r\ '/',_ , ‘ ~ ‘ l..." - s "4' .’ 4 :
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e Mean copper concentrat1on in rainbow trout ¥erum, at various time
- intervals, during the 8 hour clearance phase of the copper kinetic ‘
. o stud'ies. AN values are the mean of 4 fish, SR
? ) ol
Previous exposure | ‘Geometric mean-copper
Pt . levels of copper ‘clearance  concentration in serum¢\\\,§éandard .
co g (ug/L) (ug/mL serum)- eviation
: o, ’
) o 60° 12,1 O 1.14
) . %115 -+ 4.1 -1:32
& 228 - 7.0 1.65
Lot e .7 (control)’ 3.7 1.23
T L 4.9 1:33 — -
. . B - . ) ~115 P -140‘4 - 1-58\ -
" T g 228 . - 7.0 1.46
g L) ', * et : 7 '
‘ 7 (control) 4.6 ~ . 1.33
. ’ : .,“ - ‘\\ - ‘ : ' s
i . ". - ' , ) 60" 10"2 . 1.52 }
o s 7.6 143 -
SR B 9.8 118
L . - .7 (control). 3.3 1,05
- y )
- ”
) X —_ ) -/
‘/' .\‘ kS -V-"
¢ .
o N "
Y ‘ I'.'_ “. . / ;
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Mean copper concentration 4n rainbow trout sert{zj at varfous time
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exposdre concentrations (Tab]e'Zz, Fig. 15). This further indicates
that copper absorbed during the uptake ﬂhase‘was translocated from the

gills into other—internal, compartments. ‘

+ No studies/have been repqrted in fish dealing with kinetics of

copper i ernal compartments. Nevertheless, the initial rapid
uptake of copper by gills ha; been ‘observed by other authors.
McConnell and Stokes {1985) reported that rainbow trout exposed to‘1
and .5 mg Cu/L for a period of 96 hours showed signi%icant increases in
‘9311 copper levels. Unfortunately, for éomparison's sake, none of the
actual levels were reported (McConneli and Stokes, 1985). Betzer and
Pilson (1975), measuring 1eve1; of copper in the gills as a pefc%ntage
of the total copper concentratipn in -the body, reported a similar

¥

pattefn of copper accumulation in the whelk (Busycon canadiculatum).
\

Exposure levels of/6-9 ug Cu/L resulted in gil1l copper concentrations

of approximately 90, 50 and 15 percent of the total at 1, 17, ‘and 48
hdurs'(Betzer and Pilson 1975).

The idea of copper translocation to internal.‘organs can also be
examined by looking at the serum data. At 32 hours, in the gills,
copper 1evgls‘wou1d presumably reflect the point at which the rate of

translocafion to .internal compartments surpassed the rate of copper -

L]

absorptibn from the ambient water into the gilis. This is reflected

in a progressive increase of copper levels in the serum from 32 to 64

- -

-~

hours of ‘exposufe. .

' Studies -of copper Tevels in fish serum are scarce, limiting

o

1ﬁ%erpret1ve efforts. Buckley (1982) performed a study of copper -

accumulation %n the plasma 6f coho salmon as a result ‘of exposure to

)

.



C2.272 Cadmiw?gxposure and C1earance':i'n the Serum

-

€«

_ , g -
70 and‘ 140 ug €u/L. After 24 hours of exposure, plasma copper levels

- were 0.54 and 0.76 ug”Cu/mL of plasma for the two exposure
. \ T~

concentrations compared to, the control level of 0.47 ug Cu/mL This

~ is 1ir contrast to our data where serum Cu, 1evels at 32 hours of

'exposure to 60, 115, and 228 ug Cu/L were 4.1, 5 4 and 3.2,43/L of

4

. serum compared to the- contro] level of 2.8 ug/d of serum.

— - }

[
T

.

"

2.2 Cadmium Kinetic Stud'i%;;

2.2.1 Cadmium Exposure and Clearance in the Gills &

“l

Uptake of cadmium in rainbow trodt gills was measured at exposure

concentrations of 530, 1060 and 2070 ug Cd/L. Results clearly show

'that the amount of cadmium found in gills was dependent on,the

91

k-3

2

exposure concentratton (Table 25, Fig. 17.). A rapdid initial uptake of

»

.cadmium by 4 hotJrs‘of exn‘ure was seen at all test concentrations.

This was foHowed by moderate f1uctuat10ns 1n cadmwm levels w1th a

sharp*%m:rease in tissue levels begmmng at 32 hours of exposure.
Maxtm\gn conce.w;ratmns for all three of the exposure groups were .

[ J
reached at 64 hours representing an mcrease Qf 300, 600 and 1000% .

over control* leyels.
- V/

Levels “of cadmium for all of the test concentrations throughout
the 8 hour c]earance phase, remained at approximately the same levels

achieved at the 64th hour of accumulatjon (Table 26, Fig. 17).

-~

,During the exposure/phase, there was an initial rapid uptake of
[+ , o N

cadmium seen at 4 hours for all three of .the exposure groups. This

e

\ 3 ' i -,
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Mean cadmium concentratijon.in rainbow trout gills, at various time f
1nterva]s, during the 64 hour exposure phase of the cadmium kinetic »
studies. ~ All va]ues are the mean of 4 fish

%

-

Table 25

4
Mean assayed - Geometric meah-cadmium
concentration Time of concentration in gills :
of cadmium exposure (ug/g of dry . Standard
(ug/L)__ (h) - weight) deviation
- _ '

530 1.0 1.31
1,060 2 1.7 1.23
2,070 6.0 1.57

0 (control) 0.0 0.00

530 . 1.8 1.14
1,060 4 3.4 1.43
2,070 . 5.8 1.37
-0 (control)" 0.0 0.00

530 - ) M}.z 1.40
1,060 8 : 2.6 1.32.
2,070 ; . 4.5 1.26

0 (control) 0.0 . 0.00

530 | 1.9 1.8 --
1,060 16~ 3.2 1.34
2,070 . 6.2 1.42

0 (control) 0.0 . 0.00

L
- 530 0.6 2.50
1,060 32 . 2.7 - 2.21
2,070 . 5.6 1.42
.- 0 (control) 0@9 0.00

530 N . 4.2 1.39
1,060 64 . N Y 1.38
2,070 11.2 1.22

0 (control) 0.0 0.00
) v

92
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%able 26 ___

- . .

rad

Mean cadmium concentration in rainpoﬁ'trout gills, at various fimq:‘ L
interyals, during the 8 hour clearance phase of the cadmium kinetic 2
studies. A1l values are the mean of 4 fish.

i

] o
v
, Geometric mean-cadmium : -
Previous exposure Time of concentration in gills
levels of cadmium clearance (ug/g of dry Standard
4+ (ug/L) (h) weight) deviation 1
T
530 . ‘ ~ 3.4 1.32 —
1,060 2 © 6.2 1.24
2,000 f v 11.0 = 1.52
0 (control) 0.0 0.00
530 \_ 3.3 T 1.7
1,060 4 8.0 - . 1.28 '
2,070 B I A 1.32
0 (control) - 0.0 0.00
530 a5 -1.23
1,00 . 8 = .56 - - 131
2,070 . 11.8 ‘ 1.46
0 (control) _‘. 0.0 0.00
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Figure -17
A and B

Mean cadmium concentration in rainbow.trout gills, at yarioué

time~inter;315, during the 64 hour exposure phdse and the 8 “hour

%

.c1Earance phase of the cadmium kinefic studies. A1l v51uqs are

the mean of 4 fish.

-

a = 530 ug Cd/L
b = 1060 u§ Cd/L
.c =, 2070 ug Cd/L
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was followed at 8 hours by a decline fn cadmium 1eveLs, forgthe'two

" lower exposure groups a and b (Table 27 Fig. 18). buring the

. v » /‘
Il . ~y
SN L ’ . 96
.

‘mv ®

remainder oF~the exposure ‘phase,_ cadm1um levels begdn to 1ntrease in.
an apparently concentration dependént fash1on reaching maximum '

concentrations at 32 hours for the groups exposed to 500 and 2070 ug

‘Cd/L (a and c) and at 64 hours for thé group exposed to 1060 ug Cd/L )

(b).

/ ,
, Cadm1um clearance from the serum showed d1fferent trends as’
. 11lustrated in Flgure 18 and Table 28. v . 4
~Discussion

Cadmium .is not present as an essent1a1 meta1 in rainbow trout ;
(Cearley and Co1emanl 1974) _Furthermore, background 1eve1s of this
metal in the contro1 water are of 0 ug Cd/L. Consequent]y, the
control va]ues in tissuer and serum were measured at 0 ug Cd/L.

Some trans]ocat1on of cadmium fran the gilIs to the .serum most

Tikely egan at 16 hours of exposure for a11 of the test

,concentrat1ons. Between 16 and 32. hours, 9111 cadm1um 1evels showed -

m1n1ma1 to nnderate dec11nes, wifPle serum “Jevels of cadndum'were seen

to 1ncrease (Fig. 174and 18). However, Tevels of cadm1um accumulatioh

1n the serum at any exposuré time were . 1ower than levels assayed in -

.the gills. ﬁurthermore, from 32«!0\64 ‘hours of exposure cadmium )

-

Tevels in the serum remained re]ative1y constant or decreased while

those 1eve1s in the gills 1ncreasedafor all of the exposure

lgoncentrat1ons. This wou]d seem to 1nd1cate that the gill is a s1te~

N 4 .

of cadmium accumulation in the rainbow trout. . - . §

4

g N
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' Table 27 - .
- Mean cadm¥um concentration in rainbow 'trout serum, at various ;cime (
g . intervals, during the 64 hour exposure -phase of. the cadmium kineti¢
" “'studies. A1T values are the mean of 4 fish
. l; . v , »‘
kY . ] /.‘ . oo ; e
" ~ "Mean assayed ' e -
concentration *  Time of . Geometric mean-cadmium
of cadmium . .exposure concentration in serum ~Standard
©oL Augl) (h) (ug/mL serum) deviation
L . .
L 530 . " 0.14 1.18
' 1,060 2 0.19 , lae2
2,070 - o ‘0,35 “1.13
0 (control) 0.00- 0.00
Y . 0.32° 1:62
vo -, 1,060 . 4 . 0.38 *.1.56
- 2,070 R 0.39 1.54
. - 0.(control} . 0.00 - 0.00 *
® ) ' . - B ! N
- B30 \ 015 1.12
1,060 y _ 8 0.23 ° 1.13
’ 2‘.070 N . . . ?? 0-40 1017
. 0 (control) .- - ~ 0.00 , 0.00
) 5. ;¢ . 0.26 T
. v1,060° .16, .Y 0.47 1.32°
o270 - % ) 0.44 1.35
© .0 (control) " 0.00 0.00 /
530 - : 0,37 1.22 /
<Y 1,060 32 0.45 1.27°
' 21,0‘70 N s N o - 1021 . . 1 064 '
© 0 (control) . 0.00 - .« 0,00
- T o ' S AL
‘ 530 .- . L -, . 0.24c / 1#07
1,060 4 ~0.53 S 1.31
2,070 S . - 1.16 /L 1,22
g 70 0 (control), : 0.00 ./ 0.b0
Y .V P | .Y’ B : \'v .
. k] ‘;4¢
Yt E /./' ’
C -

W A
wad CTar .
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'TSble 28

Mean ¢tadmium concentration in rainbow trout serbm; at various time

intervals, during the 8 hour clearance phase of the cadmium kinetic

studies. ' A1l values are the mean of 4 fish.

L J

'
4

Vi

N

L

-

Geometric mean-cadmium

' previous exposure. . Time of concentration in sérum’
levels of cadmium clearance (ug/g of dry ° - . Standard
(ug/L)_ (h) weight) deviation
530 - 0.2 1.23
1,060 2 -0.30 1.41
2,070 - C 0.4 1.28
Ow(gontrOI)ﬂ’ -0 © 0.00 0.00
- .+ 530 , o022 1,00
1,060 % 0.24 1,10
2,000 - - . " 0.50 1.22 .
' + 0 (control) " 0.00 0.00
. 530 0.32 113
o, 1,060 .8 '0.23 .10
C¥oT,000 < . 0.27- 1.31 -
B * 0. (control). . » ' 0.00 0.00
] . - a .
. ¥ - ‘
. ; - % *
g | .

-

-~
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There 1s Tittle pubhshed data with which I can compare my

f1nd1ngs most wo'_k/jlas concentirated on cadmium accumu]ation over
/
longer exposure t;\\nes. Roberts worked with rainbow trout, 170-340 g

in weight, ‘exposing :them to 9 ug Cd/L for either 2°weeks or 3 months
“ ¢

; : 7
-(Roberts et al., 1979). With 2 weeks of cadmium exposure, the giils
.were found to have the greatest cadmium concentration than any of the
other body compai‘tmeﬁts, some four and a half times t;’he cadmium levels -

fc;u;nd ‘in either the liver or the kidneys (Roberts et al., 1979). This

L

rel_ation'éhip apparently persisted, lwith 3 month cadmium level
t measurements . of 17.7, 17.5 and 5.2 ug Cd/g dry weight in t’ gills,
nkid'neys, -and Tiver respéctively (ﬁRoberts et-al,, 1979). Roberts also
assayed\g:admium levels at these same time points in the red blood cell

'fraction" and ,plasma, finding no significant accumulation in either
& ) . .
comgpartment at either time (Roberts et al., 1979). This finding is in |

agreement with our experﬁimentﬂ data which ‘shows levels of

\ ac'cumtﬂationjn the serum to be veWen' compared to levels in
™ the gills." ,) : o

- -

Llearance of cadmium from the gills seems to be a slow process as

.depicted in Figure 17 where tissue levels remained almost constant *

-

during the 8 hour clearance period. Cadmium cl'ear'anee studies‘by

—

- Kumada withrainbow™ trout have yielded comp1ementary'informat'lon of

cadmium kinetics in several internal compartments ‘for longer ex;;osure

)
\J

times. Fgﬁowing a 30 week exposure, a 10 wee“k clearance period-

B

resulted in significant cadmium concentration decreases in the gill,
but none Mp'atsoeve‘r in either the kidneys or the liver (Kumada et al.;
1973). Benoit et al. (1976) reported exposing rainbow trout to 3.4 ug

.‘.
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Cd/L for 105 weeks and then p1ac1ng them in contrs’ water for }2 ;
weeks, The loss- of cadmium from tﬁg gimn waSe?gi on a whole tissue
basws. However, residues remained constan; in the liver and kidney.
—— Thus, ]onger tlerm equSures u]timately 1mp11cate the kidney ds the ¢
major target of cadmium;kinetics though both uptake and c1earance

rates are considerably less than those exhibited by the 9ills. - "j'

—
- - 3] -

]

2.3 Copper-Cadm1um Mixtures Kinetic Studies ~

o

2:3.1 Copper Exposure and C]earance in the GiT1 (Cu-Cd Mixtures) T

. Experimental results show that a maximum concentration of copper
was observed for the 1ower exposure groug at 4 hours (24 ug5Cu/h. 198
ug Cd/L) (Table 29, Fig 19, a). The other two exposure groups showed
maximum concentrations of copoer'?t 16 hours (Fio. 19,*h and ¢). In ™
a]?‘cases, once a maximum concentration of copper was‘thafqed in the | ?
gills it was fo11owed by a decline in copper levels for'th; rest gof
‘ the exposure period. This was true with the exception of the 52 ug
N \ Cu/L, 483 og cd/L mixture concentration (b) which disp1ayeq an
apparent increase in accumulation at 64 hours (Table 29). ‘
%he’%ing]e metal control Jevel (50 ug gu/L) (Rig. {9, dy was™ .
deémed to be s1m11er to the Tével shown by é corresponding f ) b .
copper-cadmium mixture (52 ug Cu/L, 483 ug Cd/L) ( ).

: , Bur1ng the clearance phase, copper levels remafned slightly above

- ' those of controls ‘with some fluctuations in copper levels (Table 30,

Fig. 19). SN
4 .

A R -

v . . \




- Table 29

'i:' o : i i 3,
coonr. . _ MeWn copper concentration in rainbow trout gills, at various time intervals,
during the 64 hour exposure phase of the copper-cadmium mixture kinetic
- studies. AN values are the mean'of 4 fish. -
<
L <]
-
‘ ’ . < _-  Geometric mean~ &
-~ ~  “Mean assayed Y : copper conch
* concentration —  Time of - in gills
@g/L) : Exposure (ug/g dry Standard
- Cu cd - (h) weight) deviation
24 198 - - 2.8 1.23
, = 52 . 483 . 2 3.6 1.03
. 108 1,023 . 4.0 1.15
. : N 0 (control) - 2.3 1.12
’ i -
24 198 . o 4.4 1.26
y 52 483 § 3.6 1.23
108 1,023 - . 2.1 1.52
: . 7 .0 (control) 3.3 1.28
- \ ] i _
24 198 , 3.2 \1.38 -
52 1 483 .8 Y 1.32
-108 1,023 7.2 1.20_-
| 7 0 (congro1) - 2.4 1.20
- . 24 - 198 . 3.8 1.31
> 52 - 483 ‘ -6.4 1.22
, 108 1,023 o 16 9.7 1.32
o o 50 0 (single metal- control) 5.1 1.23
.t . 0 500 (single metal control) = =~ 3.0, 1.10
. 24 198 o ©3.5. - 118
52 483 . ' 5.8 1.17
108 1,023 . 32 6.9 « 1.32 .
50 0 (single metal control) " 5.9 ~ 0 1.38
0 .500 (single metal control) ., * 4.0 1.3 ..~
. 24 198 | 5.1 « - T 1.39
. 52 . 483 - o 8.6 1.1
108 1,023 . 64 . - 6.2 . 1.28 .
- 50 " 0 (single metal control) 5.4 ~ 1.26 -
+0 - 500 {single metal control) . 3.2 - Coo1.21

Y. . . ) > . * : 2 . = %
S Fp.
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R Table 30
N 1y}
Mean copper concentration in rainbow.trout gills, at various time intervals,
durimg the 8 hour clearance phase of the copper-cadmium mixture kinetic
studies. A1l values are the mean of 4 fish.
] (/
@ : A"
< .
' Previous \ . Geometric mean-
exposure . copper conch
levels of metal . ™ Time of in gills
R (ug/L) ] Clearance (ug/g dry Standard
.. | Cu o . (h) weight) deviation
24 198 . ' 3.2 1.55
52 483 ‘ 4 5.2 1.39
- 108 1,023 ) 5.2 1.48 , .-
7 - 0 (control) 2.7 1.70 .
24 198 4.9 1.04 .
52 483 - 8 5.7 1.32
108 1,023 6.9 1.58
7 0 (control) 4.3 1.12 )
K . 24 198 i 6.0 1.62
52 483 | 16 7.0 1.37
108 1,023 . g ’ 5.4 '1.13
F ™
N . . ‘
(
* ~

o

M

o
Ot Ty . o
T AR SR L



N

)

Figure 19

A and B

a

-~ K
. \
L)
Mean copper concenFration in rainsow trdut gil}s, at various$ time
intervals, during fhe 64 hour exposure phase and the 8 hour
c]qsrance phase of the copper-cadmium kinetic §iudies.’ Al
Ja]dg; aré the mean of 4 ff?h. }
\ﬁal = 24 ug Cu/L, 198 ug Cd/L

b = 52 yg Cu/L, 483 ug cdiL
‘c = 1b8 ug Cu/L, 1023.ug Cd/L
= 50 ug bu;L (single metal control)
" \\\i.ug.nu/L‘(control) . .
H

~N
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2.3.2"Copper Exposure and Clearance -in tHe Serum (Cu-Cd Mixtures)

Both groups exposed to the two lower copper-cadmium mixture
. “concentrations (a and b) exhibited a similar pattern of uptake (Table
31, Fig. 20). Initially, from»é to 4 hours of exposure, 1evé1s of
copper in the serum increased, followed by a decline in levels a§~8“ .
hours. Throughout the rest of the exposure ;eriod, copﬁéF 1eve1;
increased inya progressive manner to reach a.maximum concentration for
both groups at 64 hours. ‘_ . |
,The pgitern of uptake for the group‘(c) expbsed to the highest
copper-cadmium mixture concentration differed from the pattern above
(Table 31, Fig.'zo). It resulted in tﬁe lTowest copper level of the
three test groups over\vost of the 64 hour exposure phase. A maximum
concentration was reached at 64 hours and this concengrétion was
similar to' the level observed for the other two experimenfa]lgroups at N
64 hours. \ ' . '
Tre exﬁosure Tevel* of 50 ug Cu/L (single metal controi} (#15..20,
*d) at 64 hours of'eprsure resylted in a much lower serum concentra-
. ‘Jt1on than did a’'similar level éf the copper-cadmium mixture (52’ug |
Cu/L, 483 ug Cd/L)(b). A t-value of 4.1 wa® calculated (p  0.05) ‘and

found to be significantly different from a t-eritical value of 1.9.

This result suggests that there is anignhanéed uptake of'copperhin the --
" serum at 64 hours when exposed to a Cu-Cd mixture concentration of 52
"ug Cu/L, 483 &g Cd/L.

Akw_]he¢ciearance data showed different tﬁendS'as»illusthated in

_ Table 32 and Figure 20. C ' ‘ A
@ LY )
o
. * N »o.h
. .
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Mean copper -concentration in rainbow trout seruﬁ, at various time intervals,
during the 64 hour'exposure phase of the copper-cadmium mixture kinetic

studies.

Table-81

A1l values are the mean of 4 fish.

<

L4

b
»

8

’

0

Mean assayed . . Geometric mean-
. concentration Time of copper conch .
(ug/L) Exposure in serum ' Standard -
Cu cd (h) “ {ug/mL serum) deviation .
N T ”
24 198 ) 5.5 1,23
.52 483 2 ) 4.5 - 1.19
: 108‘ 1,023 3 4.1 1.12
7 0 (control)’. . 2.6 1.32
24 198 12.4 1.59
52 483 : 4 11.3 1.32
108. 1,023 v . 2.8 S 171
7 0 {control) 3.0 1.07
24 198 2.8 | 1.29
Y- 483 8 3.4 , 1.19
108 1,023 ' L 5.9 1.20
7 . -0 (control). 3.1 - 1.10
2 {08 S T 11,0 1.30
52 . 483 P 16.2 1.20
108 ° 14023 - 16 * 6.3 . 1.19 -
. 50 0 (sipgle metal-control 6.1 . 1.29
0 500 ( le metal control 9.6 1.19
“24 198 9.3 % 1.30 °
52 483 " 20.0 . 1.26
108" 1 ,023 32 ~ . 4.3 ‘1.18
50 0 (single metal control)- 4.4. ! 1.12
0 500 (single meta1 control 8.2, « 1,05
24 198 e ©19.3 1215
52 483 : 20.1 1.06
108 1, 023 64 . 18:9 1.15
50 %sing1e metal controlg 12.3 - '1.07:
p *500 g\ngle metal control 3.4 0.57
'\ii,‘. )

108

LIS
s
9’!:‘&"“‘.&



- ' o 109

- ! ’ Table 32 .
. ’ * ‘ o

Mean copper concentration in rainbow trout serum, at varfous time intervals,
during the 8 hour clearance'phase of the copper-cadmium mixture kinetic
'studies. AT1 values are the mean of 4 fisH.

Previous , ] ,
exposure Geometric mean-
levels of metal! . Time of copper conch
(ug/L) . Clearance in serum Standard
Cu €d- ‘ (h) . (ug/mL serum) - deviation
\. B L : '
& |
.24 198 7.3 1.41
52 . 483 4 17.8 1.14
108 1,023 . . 17.2 - 1.38 ,
7 0 (control?) 3.3 - 1.20
74 198 | ‘ 20.5 T1.20 .
52 483 . 8 18.4 1.12 "
108 = 1,023 . 13.7 1.23
7 0 (control) v4.9 1.24
4 198 - ‘ 13.1 c 1 O
. 52 483 16 14.7 1.28
108 1,023 ' 3.6 1.10
7 .0 .(control) © 4,0 1.40
. " ' ‘
[ERY 'N ’
E ) “'"‘ " 'x..
’ v N " ,: ) _ N
) . ~ . A v . &



. 110

b o

g - \‘
+ Figure 20 . Mean copper concentration in rainbow trout serum,.at various time
A and B intervals, during the 64 hour exposure phase and the 8 hour et
. c1earaﬂce}phase of the copper-cadmium kinetic studies. .Al1l

values are the mean of 4 fish.

“ A . ¢ ‘<, N . ,
) ' T a = 26 ugCufl, 198 ug-Cd/L . | . .
) | " b = 52 ug.Cu/L, 483 ug Cd/l. y
. - ¢ '= 108 ug Cu/L, 1023. ug Cd/L . ;
~ . " \.‘
‘ d = 50 ug Cu/g (sing1e meta1 contro1) ) ' }
. z = 17 ug Cu/b (éﬂntrol) ) t :
q, A . N \ . ] " ) 0
- ) : r
L™ le I ) ) s v )
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2.3.3 Badmium Ekposure‘andkt1eaiance—tn the Gill (Cu-Cd Mixtures)

The 1eye1 of cadmium observed in gills when exposed to mixtures
of Cu-Cd was proport1ona1 to the exposure concentration and _increasing
in levels with time (Table 33, Eig; 21). Maximum conoentrations were
obtained at 64 hours tor all of the test groups with the exception of
group (c) (108 ug Cu/L, 1023 ug Cd/L) which peaked at 32 hours of
exposure. - \ ) . 9 % , o

The single metal cor;tro1 .(500 ug Cd/L) (Ftg. 21, d) at 64 hours
~ of exposure was determined to be different from a similar level 1n.a ) ;
Cu-Cd mixture (52 ug Cu/L, 483 ug Cd/t)(b). /A t-value of 6.7-was
catcu]ateo (p = 0.05) and found to be significantly different from a
't-crtticaf value of 1.9. This suggests a probable ehhancementlin the
.uptake of cadmium by gills at 64 hours of exposure when exposed to a
Cu-Cd mixture similar to group b. _ )

.., Clearance data from the 941]5 shoeed 1itt1e°f1uctuatton in

cadmium Tevels with the'exception of group (a) exoosed to the lower
cadmium concentration (Table 34, Fig. 21).

'

2.3.4 Cadmium Exposure and Clearance in the Serum (Cu-cd Mixtufes)

‘In the serum, maximum cadmium concentrations were reached by 2
_hours’of;e&posure for groups b and ¢ and at 8 hours of exposure for
group a (Table 35, Fig; 22). After 8 hours, the pattern of cadmium
uptake was different for each one of the test groups as' shown in -
Figure 22. From 32 to 64 hours of exposure accumu]ation Tevels
'remained almost constant for a11 three of the exposure groups.

At 64 hqurs of exposure the s1ng1e meta1 control (500 ug Cd/L) ‘ c

y, _
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Table 33

-

time intervals,”
kinetic

" Mean cadmium concenf}ation in rainbow trout gills, at vajle
during the 64 hour exposure phase of the copper-cadmium |
studfes. * A1l values are ghe mean gf 4 fish.

Geometric mean-

: Mean assayed S cadmium conch
concentration Time of in-gills
(ug/L) . Exposure (ug/g dry Standard
Cu Cd s (h) - " wejghtd deviation
24~ 198 - 0.8 »1.03
52 483 . -2 1.2 - 1.27
108 N 1,02._3 ' 202 R 1019
7 0 (control) - 0.0 0.00
24 198 0.9 _-1.27
52 483 ° 4 1.2 1.13
108 1,023 ) 2.6 ‘ 1.11
I 0 (control) 0.0 ‘ 0.00
24 198 1.1 "1.15
52 ~ 4B3 . 8 1.4 1.26
108 1,023 ' 5.5 1.17
7 0 (control) 0.0 0.00
24 | 198 ., , - 1.3 1.15
52 483 - ‘- 1.9 1.43
108 1,023 . 16 7.0 1.30
© 50 0 (single metal control) 0.0 0.00 .
0 500 (single metal control) 1.9 1.03
20 198 1. 4.16 /
52 483 , 3.4 « 1.20
108 1,023 : 32 " 13.2 1.20
50 0'2single metal control) - 0.0 ! 0.00
0 500 (single metal control) 1.5 * 1.34 o
24 198 ’ 3.0 . 1.36 %
52 483 : 8.5 1.09 .
108 1,023 \\n 64 . 9.1 1.36 .
~ 50 0 (single metal control 0.0. v 0,00
0 500 (single metal control) o 4. 1.08
' :::»\. g -
\ \ ! \ "‘9 : ’



" Table 34

-
]
-

Mean cadmium concentration in rainbow trout gills, at various time intervals,
during the 8 hour clgarance phase of the copper-cadmium mixture kinetic

studies. A1l values are-the-mean af 4 fish. \

Previous- | . Geometric mean-
exposure : ) cadmium conch
levels of metal Time of in gills
(ug/L) Clearance (ug/g dry Standard .
Cu Cd ' (h) : weight) deviation
) ’ * - : \ . : ,
24 . 198 “ 2.9 198 |
52 483 » 4 3.5 1.12
108 1,023 - 5.3 . 1.20 ’
7 v 0 (control) ‘ 0.0 0.00
24 198 - 1.6 1,19
52 483 ) 8 4.3 1.09
108 1,023 5.2 1.03
7. 0 (control) 0.0 - 0.00
% 198 ' 2.0 1,33
EE-Y 3 483 - 16 3,5 . 1.26
108 1,023 . - 4.8 1.13
7 0 (control) . 0.0 _0.00
h
¥ a 8
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Figure 21,. Mean cadmium concentration in rainbaw trout gills, at various
OA and B time intervals, during the 64 hour exposure phase and the 8 hour
o c1earangg phase of the copper-cadm1um kinetic. studies.. All )
’ values are the mean of 4 ffsh. ‘ |
. A a = 24 ug Cu/l:, 198 ug Cd/L ’
y * N )
, b = 52 ug Cu/L, 483 ug Cd/L: | .
- . )
c = 108 ug Cus/L, 1023 ug Cd/L .
N d = 500 ug Cu/L (sing1e meta) control) |
| A - [} ) (‘?.
: :
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7 *Table 35 B

Mean cadmium concentration in rainbow trout serum, at various time intervals,
during the 64 hour exposure phase of the copper-cadmium mixture kinetic
studies. A1l values are the mean of 4 fish.

o

Mean'assayed \ Geomet‘rit mean-
concentration - Time of - cadmium conch :
(ug/L) - ‘ Exposure - in serum Standard
‘ ‘ . Cu Cd (h) (ug/mL serum) deviation
~ .24 198 " 0.28 1.10
52 483 2 0.42 1.12
—— 108 1,023 0.80 1.28
7 0- (control) £ 0.00 0.00
‘a4 198 - N 0.30 1.11
" 52 483 4 ‘ 0.32 + 1,11
108 1,023 0.77 1.28
7 0 (control) 0.00 0.00 .
& 2 19 o S, 0.3 1.23
‘52 483 8 A o o 1.79
108 1,023 ' 0.48 1.28
74 - 0 (comtrol) ) 0.00 0.00
) 24 198 . 0.1 - 1.0
52 483 . © 0.2 ©1.09
108 1,023 ' 16 _ -~ 0.62 1.28
50 -~ 0 (single metag control) 0.00 0.00
0 500 (single metal control) 0.14 1.03
24, 198 T 0,19 1.10 -
. 52 483 o . 0.25 1.21
' 108 1,023 . : 32- 0.40 - 1.26
50 0 (single metal control) 0.00 ~ ,0.00 -
, o 0 -500 (single metal control)- 0.20 . 1.04
. o8- 198 - 0.19- 1.18 ]
g 52 483 0.21 1.12
108 1,023 - 64 . 0.38 . 1.34
L 80 0 (single metal contro]}- 0.00 0.00
N LI 500 (single metal comtrol) 0.17 1.02 .
i" ™ a \ “ he
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K Table 36
T Mean cadmium c&ncentrat}on in raintlow trout serum, at various time intervals,-
during the 8 hour clearance phase of the copper-cadmium mixture kinetic
studies. All va1ues are the mean of 4 fish.
::' ’ ’ * L 3
a.‘ ‘:N )
Previous’ )
exposure Geometrit mean-
levels of metal |- Time of cadmium 'conch ’
(ug/) Clearance in serum Standard
\Cu Gd = (h) (ug/mL secym) deviation
A ) . \' o .
24 198 0.16 1.32
52 =~ 483 . 4 0.29 1.20
108 1,023 0.21 1.05
-7 0 (control) 0.00 0.00
° 24 198 : Coe 0,20 S 1,30
52 483 8 0.33 1.05
108 1,023 0.35 . .«<1,03
‘ ¢ 7 0 (control) 0.00 0.00
N | 24 198 . : 0.21 1.7 ¥
52 483 - 16 0.19 1.09 '
108 1,023 0.23 1.34
d 7 0 (contro]) . 0.00 0.00
== ) i ’ o
. ’Q' | -
hS i . f
- ) * 4
—~ Ly
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oo Figure 22  Mean cadmium concentration in rainbow trout ,serum, at various
. . @ o
A and B time intervals, during the 64 hour exposure phase and the 8 hour
clearance -phase of the copper-cadmium kinetic studies. A1l
L ) values are the mean of 4 fish. . .
“a = 24 ug Cu/L, 198 ug Cd/L ‘ A
' b = 52 ug Cu/L, 483 ug Cd/L ’ '

108 ug Cu/L, 1023 ug Cd/L i
500 ug Cu/L .(single metal control)
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the sinq]e metalostudy.’ This may 1nd1cate that the preSEnce of copper

121
Cd/L) (Fig. 22, d) was estimated not to d1ffer from the acCumu]ation C
level of the Cu-Cd mixture concentration 52 ug Cu/L, 483 ug Cd/L (b).
_ Throughout the 16 hours of clearance, cadmium levels in the setum
for all of the }gst_groﬁps disp1ayéd‘mpderaté fluctuations (Table 36,

Fig. 22). . -

» ~

Discussion (Cu-Cd Mixtures) . N
It appears that the pattern of copper ae;umulation in the gil

was not,éffected by ths presence of cadmium. This'is suppoﬁted Gy

comparing the pattern of the copper single metal study with that of ~

copper in the Cu-Cd mixtures. In both studies, an initial

accumulation of.c0pper was fol]owed‘By a‘decline in gil1l levels which’

sgabiIized for the remainder of the 64 hour exposure period (Figs. 15
and 19). Furthermore, the actual level of copper accumulation in the
gi11 wa; not affected by the presehce of cadmium. No.apparent
difference was observed between the sing]e metal control in the g111
(52 ug Cu/L)\ﬁFig 15, d) and a s1m11ar level in the Cu-Cd mixture (52

!
ug Cu/L, 483 ug Cd/L) at 64 hours of exposure. -

-

Tﬁeapattern of cadmium uptake by the gills in the presence of

copper appeared to be different from the pattern seen in the single

_metal cadmium study (Fig. 17 and 21). Although in both cases, cadmium

uptake was dose dependent and'increa§1ng in levels with time, in tHe

Cu-Cd mixture study the uptake did not show the fluctuations seen’ in

a]térs the pattern of cadmium uptake. ~ R

- Furthermore, the single metal control (500 ug Cd/L) (Fig 21, d),

-

tﬂ\

.a}’
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kinetic interaction between the two meca1s which may result 1n .
increased {eve1s of cadmium in gi1l tissue. The appareng fﬁcrease in
cadmfpm levels in the gill may'he]pqexplain the observed displacement

of the dose response curve of Cu-Cd nix;ures (expressed as cadmium)
compared to the cadmium single metal dose response curve. However, no
conclusive evidence for synergism of Cu-Cd mixtures in tne gill can pe '
offered as.the single metal .control corresponds only to. one of three
Cp-Cd mixture concentrations.tested. Thys, the use of‘on1y pne sing1%«

TN

experimental data.. Further studies should follow where single metal -

metal control in mixture tests limits interpretations of the

levels are monitored with a corresponding Cu Cd mixture

* )

concent ration.

o 3 \

Few studies have addressed,the subject of tissue accumulation of

ambient heavy metals present«in mixtures. McConnell and Stokes found

.

that rainbow trout exposed to 1 mg/L of copper in conjunction w1th 8
'mg/L of nickel for a period of 30 days had 51m11ar copper 1eve1s 1n
gi1l and liver tissue to those observed for copper s1ng]e metal
exposure tests. Thus nickel did not appear to modify the pattern of
copper accumu1at1on. On the other hand n1cke1 accumulated at a

greater than s1ng1e meta] control level in the 9111 but not the .

t . . -

11ver, in the presence of. copper. . ®

The results of this study comp11es with what was observed in the
kinetics experiments where the single. metal uptake for coppej'in the
“gi11s was the same as the uptake in the mixtures.

In contrast ‘to these findings, an ambient test concentration of 1

mg Cu/L in the presence of 100 mg Ni/L causéd the 9111 copper levels

. .
R .
q \:
° . R ,
- ., .. ’ .
B ’ Ay
.
.

~F
L.
¥
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" since in this case the gill was not a useful %ndicator of - copper

e,

123

¥y

to double from the 29 ug Cu/g+dry weight observed in copper single p*
metal control studies to approximately 58 ug Cu/g dry weight in the -

Toach, Rutilus rutdlus (Van”ﬁoof and Nauwelaers, 1984), Liver and

kidney copper c&ncehtrations dropped from 39 and 31.7 to 16 and 13.6

‘ug Cu/L respectively when the nickel was introduced into the copper

test solution.
It is very likely that some of the differences between the'sing1eA
petal'studies'and the Cu-Cd mixture studies are due to the differences

. X
in fish weight between the three experiments, 50 g mean wet weight*in

*

the single metal studies vs 60 g mean wet weight in the mixture

‘gtud1es. The seasons during which the tests were conducted are

another_source of variation. The kinetic tests were conducted over o

the months of February, April and May (Methods, Table 3).
L J 4 '

[N

2.4 General Discussion

During the 64 hour exposure period, the gill was shownitb be a’

site of cadmium accumulation in rajnbow trout. This was supported b&
- LI

the serum data where concentrations were 1710 of the levels seer in

<

gills, | X
‘) L; . R .
The gills did not appear to be a site of copper accumulation at .

" 64 _hours of exposure. In this case,\to get an index of “copper loading

other organs such’as liver or .kidney should.be assayed in the future.
This can serve as a caution in water managemed% projects to .
d1s;r1mihate the organs heing used as indicators of pollutant action

Al

loading levels.

-~
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It is presumed from ‘the resu1ts shown abqve that the ‘made of

1

tox1c1ty of copper and cadmium may differ since the. critical target
sites appear'to be glfferent. (. °

In the Cu-Cd mixture studiés< copper accumu]at1oﬁ in gflls ..
apparently was not affected by the presence of cadmfum and did not
change 1n pattern from the single metal study. *On the other hand, -
experimenta1 resu1ts for -cadmium uptake in the gills suggest there may
be a phys1o1ogica1 interaction between copper and .cadmium wh1ch /
results in a potentiation of the cadmium uptake in the gill, It stems -
from this result that the-action and toxicity of mixtures of ¢« ° .
botentia%]y harmfﬁ] substances to aguatic ecosyétgms muét be evaluated
if water quality crfteria are to be meaningful.

P -

]
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— . 3.0 Enzyme Studies

. ~ 3.1 .Na*-Kk* ATPase Activity in Gills following Exposure to C0pper

K Exposure toioo,'gls, and 228 ug Cu/L for a duration of 64 hours,

. 1
resulted AZE:ES;hangéd.actigi;y of the Nat-K* ATPase system when
sampled at 4, 8, 16, 32, and-64 hours; as noted in Table 37.

* B \

“3.2 Na*-K* ATPase Activity in Gi1ls‘following,Expo;ure to Cadmium °
Concentrations of 530, 1060 and 2070 ug Cd/L were used in this
study. Resu1ts listed *in Table 38 show that at the three cadm1um

A
concentrations tested, no inhibition or stimu]at1on of the enzymé .

-

activity was detected when comfared with activity in controls.-
. 2 \
h 3.3 Discussion \ A |

* Celiu]ar water ba1ance and osmoreoulation of the whole animal is
fundamentall; dependent on the Na*-K*-ATPase enzyme, (Haya et al.,

e ' 1980; Witherspoon and wells 1975). This part1cu1ar enzyme is located
in the chloride cells at the inner oorder of the gill ep1thelaa
(Kerstteter et al., 1970; Houston and MoCarty, 1978). The chloride

- ce11s are considered as sites of e]ectrolyte transport.
v om | This membrane bound protein hydrolizes ATP to ADP and 1norganic
\ POs. The energy re]easeo from the‘h1gh energy based PO4q bond is used
to drive the active transport system for cotions which is primari]yn
o ‘ dependent ‘on ATP for energy (Withérspoon and Wells, 1975; Haya gg_él.,
) 1980). This active transport ‘system serves to concentrate nutrienos
w1to1n the cell, to*mainta1n the proper'1evef of inorganic

electrolytes, and. to maintain the correct osmotic pressure and volume

\ . d -
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Table 3i _
pe ™ . | v g
Nat-K* ATPage aciivity in rainbow trout gi]ls'foﬂlowing exposure, to Lt
copper. Actiyity,was assaxed at 37° with a 20 min 37°C preincubation.
- : ~\ N
_ Mean copper - Mean Nat-k*
Time of exposure - - ATPase .
Exposure concentration activity Standard *
4 ,ﬂk (h) - f{ug/L) - (u mole Pi/mg/h) Deviation
) — , : _ -
' 60 9.2 2.9
T8 . 115 ’ {1'.25 2.9
) 228 8.8 e o
« . (control) 7 : 7.2 - 24 | .o
60 9.5 1.1
16 © . 115 ) 10.2 ~ ° 2.9
, : 228 10.5 - 2.0
(;ontro1) 7 o K 11.2 g 1;?! z
‘ ) o ©- o -
60 ' 12.8 2.3 .
2 115 ST 1140 L 2.4 o
. 228 © . 9.8 2.6 < wuv
iy " (control) 7+ * S 10,0 2.1
... 6 , 8.8 ~ 19 \5
64 . - S § 1 8.5 - 2.4 '
ST 72 S 11.5 1 o
S " (control) 7 . 11.5 .- - 2.1 )
. Oy . .
» ' A
-, L]



" Na*-K* ATPase activity in rainbow trout gills following exposure to
.cadnium. Activity.was assayed-at 37° with a 20 min 37°C preincubation.

.)‘

Jable 38

K

fi

Mean cadmium

Mean Naf-k*
ATPas _
Standard

ime Vo exposure .
Xposure concentration activit
(h) (ug/L) (u mole Pi/mg/h) Deviation
530 7.8 T 2.3
8 ~" 1,060 _ 6.0 0.7
2,070 5.3 1.3
(control). 0 7.0 1.4
.o $ 530 7.0 1.6
;16 1,060 6.5 2.1
2,070 9.5 2,3
(control) 0 8.8 2.5
, 530 .,  10.0 . 2.2
32 1,060 9.5 2.5
' 2,070 13.2° 2.6
(control) 0 9.3 "1.8
: .~ 530 ‘8.3 2.0
64 1,060 7.8 - 2.8
" 2,070 7.8 0.8,
. S {control) 0 8.6 1.2 .
" {::. «{’:“7 : ‘ L
/“’f i‘,“ > :
LoF st o
C :\. .o ' )

127"

~

. .
' e oA



)

assay. ) 7

of tntracellular fluid (Witherspoon and Wells, 1975).

E1ectron microscopy has revealed that the purified enzyme {s 2

polypeptide with a mass of 90-100 thousand—daltons found in the form

. of vesicles, rods and rings (Jorgensen, 1974). These vesicles formed

are-ﬁhpermeab]e, of different sizes and contain the enzyme within

them. The fact hhat vesicles formed are of di%ferent‘sizes explains
why the enzyme is found in 511 sediments after conventional T
centrifugation (Sips et al.., 1982; Jorgensen,\1975). As a result, the
specific activity of the Na*-K* ATPase in a single subcellular

fraction such as the microsomal pé11et is not deemed to be a safe ~

measure Of the amount of enzyme in the tissue (Jorgensen, 1974).

- Accordingly, Jorgensen (1974) recommends analysis of the activity in

1

whole homogenates. 1In our studies, hoqever, assaying the activity of

whole homogenates was not possible. Preliminary studies showed

rainbow trout whole honogenates to be untbout any enzyme activity

-

under varying assay conditions. 0n1y with the m1crosoma1 fraction
isolated could successful Na*-K* ATPase assays be performed. The
above restriction has already been reported 1n the 11terature by
Pfeiler and Kirschner (1972) and Kamiya and Utida (1969) when dealing

with whole homogenates of rainbow trout. The inability to work with

crude hmnogenates of the eniyme introduced the use of the procedure of

subcellular fractionation and it limited the number of samples per

{ v
The Na*-k* ATPase in salmonids has been reported to be partially

ouabain 1nsensitive (Schwartz et al., 1962; Davis, 1970 Pfe11er and

Kirschner, 1972). This was confirmed by assays performed in our

)
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laboratory. Preliminary studies revealed that Na*-K* ATPase activity
in rainbow trodt gill tissue was 62% ouabain insensitive (see

Appendix, section D). Because of its apparent ineffectiveness as an

, ( inhibitor of this enzyme in rainbow trout, ouabain was not used in our

v
-

assays. .
Determination of teleostean Na*-K* ATPase activities are .
frequently conducted at temperaturnes ranging from 30 to 40°C
corresponding to the thermal optimum for the system. Such
temperatures, however are EAF nigher than those tolerated by,
salmonids. While the activities obtained‘in this ﬁfy are presumably
close to the maximum to be expected for the crude preparations used in
this and other studies, their relationship to activity under in vivo
temperature. conditions is uncertain (McCarty and Houston, 1977) In\
our studies however,-an incubation temperature of 37°C was chosen to
"4 + eliminate Mg-ATPase activity, which is a thermo-iabile enzyme. In.,9
this way, isolation of the Na*t-K* ATPase activity was presumabiy
magnified (pfeiler and Kirschner, 1972; Kamiya and Utida, 1969).
oo ) A Targe Na *.k* ATPase enzyme activity variability has been
A reported inherent between indiv1dua1 gill arches and between
individual fish (Pfeiler and Kirschner, 1972; -Kamiya and Utida, 1969;
Johnson et al., 1977).- In ourastudies"considerabie\inddvidual
variability in controi activity occurred during the course of time
over which these experi‘?nts were carried out. Perhaps this reflects
not only differences between individual animals but diurnal and

- seasonal variabi]ity as well. -~Johnson et al. (1977) reported this"

varifatien as a reflection of the natural biological variation inherent

o

k4
9
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within the population, which does not represent problems with the
precision of the assay itself. '
1]

There is not much information in thg'1iterature reporting on the

effects of metals on the Nat-K* ATPase enzyme. Lorz et al, (1978),

conducted studies exposing cohd salmon (Oncorhynchus kisutch) to
fg&e]s of 4, 8, or 12 ug Cq/L‘éver a period of*170 hours. Cadmium

exposure did not affect gill Na*-K* ATPase activity when compared to

controls (Lorz ggﬁél., 1978). Lobsters (Homarus americanus) exposed
to 6 ug/L of cadmium;for a duration of 30 days had)cgdnﬁgm levels in
the gills of 70 ug Cd/L. “However, Na*-K* ATPase activity and that of
residual ATPases were the same as those in controls (Haya gglél.,

-~ 1980). Another very similar study with lobsters (Homarus americanus)

exposed to 6 ug Cg/L for)30 days showed nqg differenges in Na*-K*'
- ATPase activity. However, the activity of residual ATPases was
- increased:by 25% kTucker, 1975). %héée results are comparable with my
experimenta] data where exposufe to copper or cadmium did not affect .
ﬁhe'activity of the Nat-K* ATPase énzyme. i ‘
Another ipyestjgatfon has reported the Na*-K* ATPase activity to

be §tfmu1ated under zinc exposure. An increase in the Mg**, Catt

’
l

and Na*-K* ATPase activity of coho salmon was noted: under in vivo
expos&re to 0.29 and 1.96 mg /L ZIn after 20 days (Watson and Beamish, \
1981). Branchial Nat-k* ATPaselhctivity, measured af 37°C, was 14.5 u ; -
moles PO4/h/mg prote1n~com§ared Eo control values of- 9 u moles’

PO4/h/mg protein (Watson and Beamish,°1981). These control vq}ues \

comply fgvorably with phe values obtainep for controls in my study.

As discussed abode, there is considerable varfability in the

—

N e . \ - ' . a ' . R v
. \ | y &

q N ; \ . - ,;

A



[ ' .
- ' . » \ 4

131
. . . .
‘effect of xenobio;'ics on the Na*-K;f’ATPage enzyme. These effects vary
. wfth spec;és, habitat and concentratiqg of the toxicant. Man‘x
chem1ca1s‘may' affect the acti\'/rity of many‘enzymes only to a mt;derate )
degree and it may be presumed that /thg ultimate debilitating effect on

;the whole organism develops from a variety of n\on-specific' biochemical

malfunctions (McCarty and Houston, 1977; Haya et al. 1980). /’

F
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CONCLUSION o
Toxicity of c0pper-c$dmium mixtures could not be predicted from a

simple additi#e rationale. This thesis has preEbnted evidence which

shows that mixtures of copper and cadmium are synérgistic’in iﬁeir

toxic action. Furthermore, the results of the kinetic studies suggest

that copper and cadmium may be interacting at the level of the gill to”~

potentiate cadmium thake. -
Further study is needed to determine.the type and degree of
{;teraction of toxjcants on bo§h~an acute and chronic basis. Results
from these tests would he]p idenfffy general characteristics of, -
certain Qp11utant mixtures and may prgvide data for:new metﬁods and
possibly tﬁé rat ionale "‘for deriving water aﬁa11fy criteéia for

combined pollutants. =
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Table A . - -

Lethal résponse data for rainbow trout, 14 g, eiposed.to solutions of copper,‘
July 1982 experiment. The number of fish EE; experimental concentration‘was 17

1

* no mortalities wereingerved beforg'theylsth‘h0un‘qf exposure.
- - * . ‘ i ”‘ !

. T - _ ‘ ' -3

Time Cu exposure concentration (ug/1) Time Cu expasure concentration (ug/1)

(h) 79 100 196 247 290 ~(h) 79 100 196 247 - 290
— s
. [ . \

*15 «1 56 . 1 .
16 57 2
17 ' 58
18 ' 59
19 1 60
20 1 61
21 1 : 62
22 ‘ 1
23 ¢ < g% )

24 65

25 ° o 66
26 . g 67
27 s 1 68 »

28 1 69

29 ol 70

30 N -~ 71 y
31 72 2

32 . : 73

33 2 74

34 2 75

35 1 76

36 1 77

37 . 1 2 78

38 : 79. Y (
39 T 80

40 1 N 81 1 1 *
41 , , 82
42 . 83’

43 2 84

44 85. .

45 86 -

46 87 - .
47 . 88 .

48 1. 89 .

49 ' 90

. 50 91
51. .92 -

52 1 93

53 + @ T 94 -

54 : L. o : ‘95 A

55 . I : o % . I L
. 4 ' A

Lo e
9 L U T e
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Table B ;

Lethal response data for rainbow troﬁt, 25 g, exposed to solutions of cadmium,

February 1985 experiment. The number of fish per experimental cencentration was

16- \_ ' Y . P ~

. oy . .
(- . Co
? N ¢ ‘ rJ\,

Time Cd exposure concentration (ug/1) Time Cd exposure,concentration (ug/1) °

(h) 970 1,890 2,970 3,940 °© (h) 970 1,890° 2,970 3,940
Q

*43 1 80 . 1
44 t 1 8w o
45 ’ ) - 82
46 83 1 @ w
47 . 84 1 1
48 1 85
49 86 ,

50 87

51 1 y 88 .
52 4 - 89

53 1 - 90

54 1 Al

55 1 . 1 92 17 t .03 .

. 56 S 93 : :
57 U SR L9 . W
58 .95
59 » . 9% -~ 2 ’

60 . 1 97 v
61 1 98
62 , > 99
63 1 2 100

‘64 1 1 ‘ 1. 101 1 2 .

65+ . ; 1 10§ .

66 103 -

67 2 . 1 104 ' -

68 3 1 105 1 1 *

. 69 2 ) 106
70 107 v v
N 108
72 - 109 .
73 ' P) - - 11(1) :
74 ) 11 s
75 <3, 3 112, A
76 h . 113 ' ¥

<77 . 1 2 1 114 »

78 < : ¢ . 115 . 9,
79 1 1 2. 116 2 .17 1 -, t,
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* C) Lethal Response Data: February 1985 eiperimeﬁk, :

copper-cadmium exposure. .
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Table C U

. Lethal response data for rainbow trout, 25 g, exposed -to solutions of
"copper-cadmidm mixtures, February 1985,experiment. The number of fish per
rexperimental concentration was 16. - . . o ,

. ' ] X

. 4 ‘ ' =~ ° . ’ . ¢ w

Time Cu-Cd ‘exposure concentration (ug/1) " Time Cu-Cdexposure 'concentrat fon fugr1)

~(h) Cu Cd Cu Cd Cu Cd Cu Cd {hY Cu Cd Cu Cd Cu .Cd Cu Cd S
, N ZWO 125,1830 176,2630 28,440 63,890 125,I1830 176,2630
Ne— ' , L
, -3 -1 43
28 B : a4 4 . o
5 \ ' 2 45 o %
6 ' - : 46 1 . 4 0
7 47 1
8 . 48 1 s/
9 1 49 1 o« ’
10 . 50 ‘
11 ] 2 51 1 1
{2 ; 3 - 52 . b
3 53 1
\g 1 - 54 u
15 3 55
16 T a 1 56 ‘
17 1. 57
-18 2 58 ’
19 ¢ 9 2 )
20 « . . 60 1 .
21 - 61 .
22 . /- 62 1
23 . “ 63 1 1 . _
24 i . 64 1+ 1
25 R ; » "65 /1 1
26 ¢ . 66
27 - . 67 1
28 -+~ » 68 1
29 ! ¢ 69 I o
30 70 - ' -
31 . 7N
32 , . , + 72 ° . v -
33 : 13
‘34 o 74 “ v
.35 - 75" 2 1
36 76
37 77 1 A1
38 ~ : 78" -
39 S 79 1
40 y _80° M
« A2 ’ 81 ~1 : ’
. g ) * ¢ N
o - w Ty
- < i )
' ¢ L “’i‘




. a - I . 149
.o ‘ \ ' -
Table C cont'd '

Lethal responEe'data for rainbow trout, 25 g exposed to solutions' of copper-
. cadmium mixtures, Febrtiary 1985 experiment. The number of fish per éxperimental
concentration was 16. e : o
. - ‘ T ,

[y : , »

Time Cu-Cd exposure concentratiqh (ug/1)
- g ' (h) Cu Cd Cu Cd Cu Cd Cu Cd
’ _ 28,440 63,890 -125,1830 176,2630 - -

. g » . 103 - 3 . D -
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D)  The Ouabain Insensitive Fraction of the Nat-k* ATPase Enzyme

- -

The purpose ‘of this study was to ‘examine the effect of ouaba1n on
the Na*-K* ATPase enzyme activity. It was noticed in preliminary
" assays that the inh{hitory action of ouabain‘was ninima1. The sample L
size. wds .of twe1ve fish with a wet weight of 25 ng There were three ' ¢
sets of dup11cate tubes: The ‘first set, "a" tubes contained the
Na*-K+ ATPase enzyme with 200 mM Na and 50 mM K; the "b" tubes had the .-
same components as ‘the "a* thbes plus ouabaimé"the "c" tubes -had the
enzyme Na*-K* ATPase p1u5'the homogenate medium with no stimulatory

o

"salts and no ouabain presént. )
Results shown in Table D show enzyme abeerbance in the "a}'tubes;

ranging from 0.768 to 0. 926. Enzyme absorbance 1n tubes“"b“‘ hav1ng‘

ouabain present, was s1ightly reduced from that seen .in tubes "3" with

values -be&ween 0.544-0.742. However, a much larger reduction of | .

-.enzyme absorbance was noted in tubes "c" where neither Na nor K werep

present w1th va1ues.between 0.263- 0 384 It was ca1cu1ated that an

average 62% of the Na*‘-K+ ATPase activity was insensitive to the -

action of ouabain. According]y, it was decfded to omit ouabain from

the Na*-k* ATPase assays of ratnbd trout. Y .
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