|- v, e T e ST
:‘ ' R T “‘” T -t "“ - o . . R v-—n- matesm e e et o e o 4 e
‘,’ ) ‘ ’ . . '
Lo .
AGE RELATED. PATTERNS IN THE TOLERANCE oF ZEBkAFISH (BRACHYDAN]O ‘
RERIO) EXPOSED TO LETHAL LEVELS OF EITHER CADMIUM, ZIN OR THEIR .
MIXTURES - , T
- Barbara Ga’nimore: ‘
Lo P |
" A Thesis , e :
» . . 1“ - N "
& - The Department o P ‘
; ! ' '
. of
~ .
Lt Biological Sciences ‘ p
T : ‘
# , S 4
 Presented in Partial Fulfillment of the’ Requirements "
for the degree & Master of. Science at i -
Concordia University ' 4
ﬂoﬁtrea] » Quebec,. Canada o B
'/ - N N )
. April 1980 S

" @©Barbara Gallimore 1980. o 3

.
-
. '
. «
! .
. -
; ) : —— - . T
3 5 Ry T ¥ ; \ . " . . ¥
Vo e W SEA agyeE . B . [
e Tpeta s B Ry M T iy ‘ . . . X . e
) A . . \ . ,
) . . It
. LI I , R




»

' ABSTRACT

AGE RELATED PATTERNS IN THE TOLERANCE OF THE ZEBRAFISH (BRACHYDANIO

RERIO) EXPOSED TO LETHAL LEVELS OF EITHER CADMIUM,
~ ZINC OR THEIR MIXTURES

5

+

- BARBARA GALLIMDRE

| o ' .

! The discrete and multiple toxicities of cadm%um and zvinc

at lethal levels, to the ‘egg, post larval, juvenile and adult life

cycle stages of the zebrafish (Brachydanio rerio) were investigated.

. The sensitivity. of the test organisms -to the 'toxicants, either

discretely or in combination, decreased with age increasing body

size, with the exception of the/egg stage. The Dewly fertilized eggs.

were equally if not more resistant to the toxicants than the adults
in all cases, and the post larval stage was consistently the most )

sensitive.

Excluding the egg stage, the influence of body size of the test

organism on susceptibility to the heavy metal contaminants was

quantitatively expressed by the fol]owing allometric equation:

Y=a+b log (C/ul'),where Y represents quanta1 response in

'probits C, the ambient toxicant concentration, W, the wet weight of

the test organism; and h, an empi rically determined weight related

_ factor nf 0.10 for zinc, 0.31 for cadmium and 0.32 for the mixture.

The response, of all te_st olrganisms to fhe‘ mixture was consistent with

" that predicted by the model of concentration addition, i.e. where

4]
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the toxicity of«a mixture is based on the potenéy of i'ts constﬁuents

and their relative proportions in that mixture. The consistent

expression of this mode of joint action throughout.the.life cycle

‘stages tested may suggest the existence of a critical toxicant = - o

target, which is common to both heavy meﬁal coptaminants and which is

3

non-specifically exhibited by all of the test organisms.
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INTRODUCTION
E As_water borneAcontéminants,'éadmium and zinc most often oc;ur
simultaneously (Spehéﬁ‘et,aI., 1975- Spehar, 19%6). 'This concurrence
reflects their coexistance in geological formations ‘from wh1ch they
are mdbilized into surface waters by natural geo]og1ca1 forces. In
the past twenty years, man has tended to increase the raté of
environmental mobilization bx,mjnxng cadm1umfand zinc ores (E.P.A.,f
1976; Leland et hl.. 1978). At the same time, the {ntroquctiqn of
1ndushria1 éff]ugnts, cohhaining cadmium and zfnc, into receiving,
w;ters hés also increased (E.P.A., 1976). ‘

Presently, government regulatory.agencies estahlish water )
quality criteria on the bdsi§ of“singie aquatic contaminants.
Although such/:tandards may protect aquatiC‘pOpu]ations from the ,yc T
disgrete toxicities of‘Fadmium and zinc, their frequent concurrence
in waterJSys;ems may presént_a potent?al toxicological hazard.

Anderson & d{Abollonia, 1978, have described infra additive, /
additive and supra additive 1nteract1ons of mixtures conta1n1ng heavy
metals. These models indicate that certain contaminants, at leVels
which are,individugl]y harmless, may interact in receptor;, organisms
to cause toxic effects. Thus, in protectjng aquatic-bopulation&ufrom '
the potential dangérs'of co-existing nu]tRp]e pollutants, a prihary

-aim of aquatic toxicologists is to empjrically assess thermuitip]e. ' ‘A

toxicity risk of pollutant mixtu
In the last decade, the Tesults of. 1ife cycle toxicity tests
have prov1ded the most re11ab1e basis for .the establishment of water,\

quality criteria f‘r single aquatic contaminants (Mckim, 1977). The

embny9~larva -and early juvenile test life cycle.stages of a-

..
- 4t b e ol #




‘to toxicants than other er cycle stages. In reviewing fifty-six

_life cycle bioassays, forty-six of the M.A,T.c.'s (maximum acceptable ¢

. M.A.T.C.'s established by comp’lete 1ife cycle tests (McKim, 1977).

" Thus McKim has ‘suggested focusing further research ‘efforts on' these

' interactions throughout the 1ife cycle has been estab‘Hsh.ed. research

»

variety of species, have cons1stent1y shown a greater suscept1b1 th

toxicant concentration, "i e. the highest toxjicant concentration that
does not reduce survival potential) estimated by the anbryo-larva1

and early juvenile exposures were virtuaHy identical to the

more sensitive life cycle stages. : . T 4

)

Life cycle toxicity tests investigating multiple toxicity

patterns at representative life cycle stanzas may also supply the - '
most reliable basigs for. the establishment of safe water quality
standards for mixtures of aquatic contaminants.. However, until a.

firm precedent ~which describes the consistency of m({ p‘l'e toxicant

efforts stiould not only be focused at the least tolerant life cycle
stanza.

‘Government regulatory agencies establish safe water quath s
criteria which are primarily. based on toxicant bioassays involving
theradult of the test species. These standards may not apply to
water syﬁems in which various life cyele stages of a species are

represented. With a better understanding of multiple toxicity

_ mechanisms, possib'ly rendered by the description'of tolerance
_patterns throughout the 1ife cycle of the test organism, regulatory

.agencies may establish more meaningful water quality criteria. Thus

the risks 1nherent to the multiple contamination of natural water '

systems may be reduced.




The rainbow trouﬁ, Salmo gairdneri, hask been widely used as a‘

standard test species ~1n aquatic bioas;says representing the co]‘d
water salmonoid family. The rainbow trout, however, is not well
suited for life t:ycie testing as the time required for one cycle
(i.e. from egg to reproductive maturity) is impractically: long

(Sprague, 1973). Species suchfas the flagfish, Jordanella floridae,

]

and the ;@rafish, Brachydanio'rerio, are more appropriate candidates

for 1ife cycle bioassays as they are easily reared under laboratory
conditic’m‘s and have a relatively short life cycle. Although these
species are not native to thé colder waters of the United States and
Canada, they may act as models representative of the résponses of a
wide spectrum of fish. Sprague & l‘:ogels, 1977,1investigated the
toxicii:y of certa'jn aquatic toxicants to the zebrafish and rainbow
trout and found that the tolerance of the two species was simjlar.
Zebrafish were approximately 2.6 times as tolerant as rainbow trout.
Tis difference in tolerance is negligible if considering the
var;iation in suscep’éibi‘lity, to a given toxicant,‘between two
experimental 1lots of; rainbow(tQt’:prague & Fogels, 197?\. As
such, the zebrafish, Brachydanio rerio, has been recommended as a

standard test species for aquatic bioassays and is particularly well

X

suited }or life cycle testing. -
In' this stud;. four primary research objectives w;re met. A

protocol for the successful t;reeding and réising of the zebr_a’fish, -

under laboratory conditions, was established. A profile of the

tolerance of selected life cycle stanzas expoéed to cadmium, zinc

and their mixtures was determined. The selected life cycle stages

" were representative-of critical morphological or physiological

7
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Veribds in the life cycle. The responseapAatterns of each :Hffe cycle

-

' 'stage exposed to cadmium and zinc mixtures uere;compared to

theoretical models of multiple toxicity interactions and the ‘
consistency of the embi'rical multiple toxicity. response patterns
throughout the life. cycle was evaluated. Finally, a quantitative‘
re]atic;nship between susceptibility to these heavy metals and certain
facfors which'- were " non-specifically” expressed by all life c_yclg’.a '
stages tesfed was established. These factors are termed non-specific
since thé_y ‘are common to all life cycle stages in spite of the
distinct morpt‘\o]ogical and physiological characteristiﬂcs exhibited by

each stage.

< ! »!




MATERIALS AND METHODS

The zebrafish Brachydanio reg'io, is a small tropical fish

native to the Ganges River. It is a Cypriniform representative of
the family Prinidae (Eaion & farley,1974a; Laale,. 1977). The
Internationd] Standards Organization has reconmended this species as
a standard test organism for aquatic toxicity. testing (Sprague &
Fogels, 1977). '

The zebrafish is 1nexpens$ve§ to buy,: readily
available aqd asily maintained in captivi’cy;

The zebfafish is particularly well suited for reproductive and
" ife cycle bioassays. With appropriate laboratory conditions large
numbers of non adherent, transparent eggs may be "produced. The
developmental period from fertilization to hatch is of a ninty-six
hour duration at 26° C. (Laale, 1977) . Sexual maturity is achieved
in seventy-five days of culture at 25+1°C. providing food is not
limiting (Eaton & Farlﬁ, 1974b). Thus, one complete life cycle may

be completed in less thidn three months.

'Breeding Procedures o ]
| The original parental line of‘zebrafish was obtained from

Tropicarium, a tropical f‘ish supplier in St. Bruno Quebec. All free
swiming er cycle stages of the zebrafish i.e. those that were
more than ?ight days old, were held in 50-litre glass aquaria,
| supplied with a contipuou:r, flow of dechlorinated, degassed tap water
at a temperature of 24%1°C. ‘ ' |

| Certain physico-chemical characteristics of.'.incoming laboratory
.water and those of the source Qater as determined by the City of
Montreal F'lltrat'lonvqunt are listed in Table I.




" Table I. Water quality data

Analysis of laboratory water used in experiments

dissolved oxyg;an

temperature

6

pH

total hardness

mg4, (p.p.m.)

°c

mg/4,. as CaCo,

i

7.85+ 0.48
24 1

7.73+¥0.17
126.610.82

/’

Analysis performed at
plant *

>

the.City of Montreal filt:.;,ation
\

- * > r,:~~“--a e P ——— 1

AT L T
N o RN Vi r- R yv
PO PR - 21 A
. . o

L

silica . mgA, Sio, 37.4
calcium mg/l, Ca ++ 37.4
magnesium mg/A, Mg o 8.1
sulfates mg/t. 504-- 26 i
chlorides mg/, C1™ 27 :
sodium mg/1, Nat o - 12.3 '
potassium . mg/j’_{ x* 1.4
fluorides '”mg/L F 0.15 \
) iron mg/j:; Fe ttt 0.012 !
c;rbon dioxide mg/L CO2 0.3" .
. . .
em
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ASgavming. . ) . v :
After a quarantine ‘periodAof four weeks, the original stock d\f

breeding adults was separated into male and female groups. Several

\ criteria were used to determine the sex of the fish. The mean wet

weight and standard length of the adult female 2; rerio is greater
‘than that of the adult male and the body contour of the male is
s\Hmer than that of the female. The silver strip?s of the adult
';a\se are often augmented with colors of y_ellow"and pink, while those
of the adult female are not (Eatop & Farley, 1974a). The males have
a (lrarger anal fin than do the females and the latter exhibit a
'dist‘ih\ct'genita'l ‘papilla (Laale, -1977). '

| Breeding lots were composed by combining five male and ten
female zebrafish. The ratio of one male to two females is optémum
" for spavming (Eaton & Farley. 1974a). “Each of the five breeding lots.
was distributed respectlve'l_y into a breeding trap suspended within
50-11tre glass aquaria.

Zebrafish adults are knovm to cannibalize newly ferti]ized eqgs .
at spawning. Breeding traps ensured the immediate separation of the
adults from their ‘clutches. The traps were rectangular boxes, the
four walls of whii;h consisted of plexiglass. The bottom of the trap
‘wWas oovered with ny'lon mesh having a pore size of 2mm. The top of
the trap remained open a2llowing easy access. The entire deﬁc; was
sqspen,ded by glass 3\5 in the breeding aquarium (Figure 1). T
“Zebrafish eggs which h}\ve a mean diameter of 0.97mm (Laale, 1977)
sank through the 2mm mé‘t fol‘lowing spawninj. to settle safely on the
floor of tlhe aquarjum. "\
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Temperature, photoperiod, food availabi]it} and food type' are

critical factors governing the activity of spawning (Laale, 1977'). o

[

[i;-pod stock were fed three times daily . 1n the mrni'r‘gﬁfish were .

. fed a mixture of beef liver and calf heart, in a ratio of 2:1, that

had been’ minced, dried and pulverized. This mixture has been shdwn
to .pro‘mote the p}oduction of Targe numbers of viable eggs (Heins‘t;in,
1978). Fish were fed in the afternoon and eveni‘ng Tetramin staple
fropica] fish food and freeze dried Tubifex worms. Food ‘wastes and
feces, which hat:l fallen to the bottom of the breeding tank during the
day were siphoped out in the evenin§. This procedure limited the
amount of debrjis that might have contaminated the surface of the éggs
when spawned” the following morning.
- The photoperiod of the fish culturé room was set at 14 hours.
1ight/10 hours &ar:, (6:00 hr. / 20:00hr. ). The zebrafish usual]y"
spawns with' thirty minutes of the onset of light (Eaton &;Farlvey‘,
1974a).. The-water temperature 6f-the breeding tanks was 25°C. The
opt imum te'mperafure for zebrafish spawning ac;‘.ivit_y is between 2<°C. E
and 25°C. (Laale, 1977). . -

QMer thgse conditions, when adult males and females are
together continuously they spawn at frequent and irregular intervals’
(Eaton & Farley, 197?3). Egg production was monitored over a six day
period. The average production of eggs per female per day ‘was 48.68 #
14.2. 'rDur"ing this period, random samples of approximately 100 eggs
uen; examined ‘daily to determine the rate of fertilization. 0f the

eggs examined 0.225% *0.45% were uhfqrtilized.
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‘manner. The outflow of the engaged siphon was pgsitioned above a

.Egg Collection,and Incubat¥on g

Each morning, two hours after the onset of light, eggs from the
breeding aquaria were collected. This period of time was deemed
sufﬁcient for spawning on any given day. Eggs were Vsiphoned from
the bottom of the breeding tanks and conected in the following

collection vessel(Figure 2). The colleqtir{g devite consisted of a

~ large reservoir on t!ne top of which set two screens (Endecotts test

sieves). The 'pore size of the upper screen was large enough to a'llovq
the eggs to pass through to the lower second screen .but prevented the
bassage of large bif;s of debris. The pore size of 'the ldwer screen s
was just less than the diameter of the eggs but allowed the passage
of small particles of debris_into'the reservoir. Repeated washing of
the second screen tended to remove contaminants from the surfa& of
the egg membrane and any other’ particulate matter. The eggs were
finally flushed from the second screen into a pyrex betri dish.

The eggs. were distributed, in lots of approxjmatély 100 into a series.
of plastic petri dishes containing tank water. Any remaining deﬁrisg
or dz;.ad embryos were removed vd;ﬁ a.diSposible Pasteur pipette, the
tip of which had been flame smoothed to prevent damage to the egg

- ‘membranes. The cultﬁr’e.dishes were covered with their respective-

1ids, labelled with the date ant{ placed into a Fisher Isotemp

incubator at 25 +1°C. , , .
_ After tw;nty-four hours of .incubation. cultures were

re-examined and aiy dead embryos were removed. Incubation of the

Tiving embryos continued for a total period of eight days. Hatching

\ occurred between seventy-two and ninety-six hours post fertil{zation

~10-
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*and yolk sac absorptioﬁ was geperally completed by the eighth day of

incubatfon. Post hatch larvae were not fed dbring their 1ncdbatioﬁ
period. ‘ ‘ |
0f 2,880 developing zeﬂrafish that were cultured and monitored
. throughout their 1ncybation, the average mortality rate during this
'ammmeMﬁmmv@wmm%mmma

the deaths occurred within the first twenty-four hours of incubation.

K]

' ‘Refiring Procedures

Subsequenf tﬁ;the.abéorptiop of the yolk sac, post larval fish
\7 were held in four, 50-1itre, glass aquaria which were supplied with a

continuous flow of water at a temperature of 24+1°C. A perforated
plexiglass collar covered with 100 micron nylon mesh surrounded the
drain pipe of each culture tank thereby preventing'lo;sdof pogt
larvak zebrafish. |

. T~

The post larval culture tanks were seeded\with algae and
paramecia cultures (Eaton & Farley, 1974b3. Food and fecal wastes
that had been collected from the bottom o*qthe breeding aquafia were

also added to the culture tanks. After two weeks, a‘substantia}

community of various micro organisms was established; 1t was P

presumed that this infusoria provided a natural food source that

2

i — -
supﬁlemented their diet, for unless the infusoria existed in
8 : '

concurrence with post larval zebrafish, the survival rate of the

égit:\\\\latter ‘was sevefely reduced. This fequirement for the successful

e \gglturing of post larval zebrafish has alsd Begn observed by Eaton &

— B

Farley, 1974b.
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Post larval fish were added to each of the culture tanks daily

%or'a period of fourteen days. Their natural diet was supplemented
daily by four to six feedings which consjfted of Liquifry, Tetramin
bahy fish food for egg layers and Tetrigdn staple food for tropical
fish which had been finely ground with a mortar and pest1e. With

zﬁis natural and supplemented. food regime, the morta11ty during this

g period was minimized. The survival success of this culturing program

_supplied an abundance of laboratory reared bioassay candidates.. .

Fish were held under these conditions in these culture tanks
for four to six weeks.. Then they wedé transferred to 50-Titre glass
holding aqdaria that were also supplied by a -continuous Flow of water
at a temperature of 24¢1°c1 Twice daily fish were fed Idframin baby
ftsh food and Tetramin staple tropical fish food. ’Excess food and
fgca1 waste were siphoned from the bottom of the tanks daily.

Sexual maturity was reached at approximately ten weeks.of
culture (Laale, ]977;, Some of the sexuall;hmature adults were

separated into lots of five males-and ten females. These lots‘

‘replaced. the gfigina] store bought breeding_culture.‘ Only the

‘, offspring from ‘the ]aboratofy reared fish were used in the bioassays.

i ' -0

v
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The nadult zebmfish used in the bioassays were between ten and
| - sixteen weeks old and thus represented the sexually mature phase of

2 . " the life cycle (Laa]e,ﬁwn) Five to seven da_ys before their use in

- LAY ' toxicity tests, the adults were wet weigihed and divided into size

-~ classes. The mean wet weight of theindividua'i‘ size classes ranged , ‘
. from 0.1 to 1.0g. and'the range in ‘wet weight of individuals within 1
BN ©any one weight class never varfed more than :tO 29. from the mean.
| Each Tot of fish was held .separately in .an aquarium and allowed
to acclimate until their wuse in the bioassays.. 0,Mu'lt test fish were
. not fed during the biocassays and-phe twenty-four hour period prior to
' the bioassays. Each Tot of test adult fish consisted of ten to
o twelve individuals. | . o ' - B
| a \ :luvenﬂe' test subjects were selepeed 'frun four to seven week‘ .
old stock fisn. This‘period"’of the Tife cycle represented a phase of ¢
rapid, exponential growth.__“_The juvenﬂe; were reproductively
< ~ immature ({Laale, 1977). Twenty-*‘our'hours prior to the bioassay,
* - juveniles were sortedn'fnto size c’lesses, Since the ueigh1n§ . A
: B | procedure,'es per adults, .was' found to harm juveniles. the’size
| classes were defined visuaﬂy by body width and snout to tail 'length. "
o [ Each lot. of stze defined fish was held separately in an aquarium and
/ ) allomed to acclimate ‘until the onset of the bioassay. ’

- Test juvenﬂe% .were pla’ced 'ln specia’lly designed exposure X

vessels -(Figure Two\ﬁsides end the bottom of these hox-'likea '
" ‘ ‘»: K containers oonsisted of. plexiglass. The remaining and opposing two
‘ - | /deﬁ were covered with a nylon mesh which had-a pore size of 100

_ microns. TMs, des'rgw permitted the stead,y Flux of vater or toxicant

. ‘ - - . °
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solution between the interior and exterior of the vessel. The top of
the container was open allowing introduction of, access to and
perfodic inspection of test org’anisms.‘

These special containers sat on the floor of the larger

* 50-1itre test tanks during a bipassay.‘ The sides of the containers
_projected above the water line of the larger ‘tank. Each lot of ten

to twelve juvéniles was introduced {n separate exposure vessels at

tlt\onset of the bioassay. Juvenilés were not fed for twenty;four

hours before and-duri“ng the bioassay.

- Juveniles in eacth experimental lot were wet weighed at death

~ or at termination of the toxicity test. Before weighing,\ !ndividl‘ials
. N

were blotted dry with a Kiswipe tissue to remove any excéss water on

14

their surface.‘ Living specimens were first anaesthetized with M.S.

. 222. Tﬁe’ range in wet weight of individuals within any one size lot

never varied wmore than £10.6mg. from the mean. Expressed as percent

variation, the weight of an individual within any one size lot never

varied more than 55% from the mean (5.53‘1 3.Img.). The mean wet

o

weight of the juvenile test lots ranged from 2.8 to 62.5wg. - -
The age of all post larval zebrafish at the start 'of 'biqassays

‘ was eigﬁt dé,ys post fertilization. This age in the life cycle

represents a transitional phase in nutrition from endogenous to

exogenous food sources. Prior to eight days old and following

[

hatching the yolk sac s observed to progressively diminish in size.

At eight days the larval yolk sac is no longer visually apparert’

- (Figure 4). According to Skidmore, 1567. indfviduals more than eigiht
days old, eﬂ.'.her successfully\‘forage for food within the next five
days or begin to die of starvation.




eight days
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4. Photographs of larval zebrafish at four, '
six and eight days post fertilization.
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. During a bioassay, ﬂo'st larvae were held in specially designed
. containers which in turn. were submerged in thé' ]carge'r 50-Tlitre tanks. C
The containers consisted of a small piece of clear plexiglass tubing
(Figu‘re 5). The transparent walls of ‘the exposure vessel allowed
visual inspection of the .individuals during the Bir;assay without
necessitating the handling of the post larvae. The open-ends of the
tube were covered with a nyloh mesh which had a pore size of 100
microns. This design al]qwedt the unimpeded flux of water or toxicant
solution between chambers as verified by dispersion of methylene blue ,
solution from within the vessel. Access to the céntginers was gained
through a hole in the center of the plexiglass wall. During the
experiment, this hole was plugged with a cork. \Post larval ~fish were .
introduced and removed via this port. '
Ten to twenty post larval zebrafish were trans-ferred from the
incubator int'.’o each‘ exposure vessel twenty-four hours prior to an
experiment. The containers were then placed in a 50-1itre
acclimating aquarium and held under control conditions until the'
onset of the bioassay. Post larval fish were not fed prior to or
during toxicity tests. Visually the size of eight day old fish did
not appear to vary greatl;. The wet vieight of this group was
represented by determinati(;ns based on ten individuals that T '
anéethetized;with M.S. 222, blotted dry with Kimwipe tissues 'a’nd~
weighéd individually using a Metler M5 microgram-atic balance.
.The egg stage in these experiments represented individuals that ~
were tested initially during blastulation or early gastrulation
(three to six hours post fertilization) and exposed through to
hatching (Laale, 1977; Hisaoka & Battle, 1958). At 25:.tl°‘c.,_

hatching of control egbs occurs within the assigned *peri“od of the .

3
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bioasﬁay (Laale, 1977).

'

In the morning prior to a bioassay, eggs were collected from -
b'reederr tanks, carefully separated from any particulate matter on
* their membrane surface and exami ned for viabi lity. Only fertilized
~~ eggs were selected for the vario;é test lots. Each lot consisted of
twenty to twenty-five viable eggs. During the bioassay the eggs were
contained in exposure vessels identical to those housing, the po.?t
lar_‘\:’ae. ‘This containment was necessary to prevent predation from

copepods, witich were normally present in the laboratory water supply-—

The egg containers were placed on the floor of the larger 50-litre
test tanks.
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DILUTER APPARATUS

Concentrated stock solutions of cadmium and zinc were prepared
by dissolvieg reagent grade CdCl! "and'ZnC1 1in glass distilled water.
The c0nqentratioes of the toxicant stock solutions were between
10, 000 and 50,000 p.p.m. depending on the required concentra;ion
range of each bioassay. The stocks .were acidified to a pH of 2 by

? adding concentrated hydrochlorfc acid. The low pH of the toxicant
stocks prevented precipitation of’the stock solutions. £ach
toxjcant's stock eolution.was held in a separate 18-litre Marjotte -
bottle (Grenier, 1960). The‘solutions dripped at a controlled rate
from these containers into a.funnel. A tube from the funnel
transferred the solution to the diluter apparatus.

A ’ PN
Bioassays of pure solutions of cadmium and zinc were carried

out using a two phase serial-diluter (Figure 6a). The hydraulic

heads of the source water or toxicant solution in the first and

middle chamber respect1ve1y were constantly maintained by standpipe

i ' : drains. Toxicant dripping at a constant rate, from the Mariotte
bottle entered a funnel 1nto which a required flow rate of water from
the f1rst chamber was delivered by a glass faucet. This funnel led
into the’second chamber’' or toxicant chamber of the dilutiﬁg
apparatus. Tee glass faucets of the first chamber delivered water at
the required:flow rates to the ten mixing chambers, which constituted‘/
the lower chambers. Ten glas§ faucets of the toxicant:chamber _

:‘delivered toxicent at speci?ied f]ow;ratee to a cprreéponddng chamber
of a sertes of'ten, in the 1mﬁed1ate1y lower stage. The relative

| proportions of water and toxicant entering the Tower stage determined

the concentrations of toxicant that would be delivered from the

|
|
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Tower stage to the-ten expgsure tanks. .

Cadmium and zinc multiple bjoassays were conducted utilizing a

" three phase serial diluter (Figurg §b); The design of this diluter

was essentially the same as thatyof he two phase diluter used for

thé discrete bioassays. However, instead of having only one toxicant
] D /

chamber, the three phase di]uter'ﬁ;d two, each receiving either

* cadmium or zinc solutions from their respectfve Mariotte bottles.

Toxicant solution, flowing at a constant rate, from the cadmium
Mariotte bottle, entered a funnel in which a pequired flow rate of
water from the first chamber was also collected. The contents of
this funnel flowed into the second chamber or cadmium chamber.
Toxicant solution, flowing at a constant rate from the zihc
Mariotte, entered a funnel in which“a required flow rate of water
from the third chamber was also collected. The contents of this
funnel flowed into the fourth chamber or zinc Ehamber. Twe]vehg1ass
faucets of the second chamber dg]iveréd the cadmium solution at

specified flow rates into funnels that led to a corresponding funnel

of a series of twelve at the immediately lawer third -chamber.. Twelve

-glass faucets of the third chamber delivered water at specified flow

rates to the corresponding funnels of the third chamber. The
contents of the funnels of the third cpamber flowed into a
corresponding funnel of a series of twelvé at the immediately lower
fourth chamber. Twelve glass faucets of the fourth chamber |
delivered the zinc solution at specified flow rates to the
cérresponding funnelé of the fourth chamber. The funnels of the

fourth .chamber led to a correspondipg chamber of a.series of-

v
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twelve in the immediately lower stage. The relative proportions of

water, cadmium and zinc entering the chambers of thé'lower stage
determined the concentrations of tdifeants that would be delivered
from the lower stage to the twelve exposure tanks.

+ Sample calculations determining - I ~‘velative‘pmportians of

water and toxicant solutions neceg;hny to establish given toxicant

_concentrations in the exposure tanks are as follows:

1) The flow rate of the/cadmium solution from the cadmium
Mariotte = Vi(m]s/min). S
i
2) The concentration of cadmium in the cadmium Mariotte is
]0,000 pcp-mo = C1- *
3) The outflow-of the.cadmium solution from the second -
chamber is 800 mls/min. = V,. ‘
- !
4) The required cadmium concentration of the second chamber

is 50 pip.m.. = C2.
Vplyp=Vlp -
X(10,000) = 800(50).

X = 4 mls/min.

S

ool
.
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1) ° The flow rate.of the 50 p.p.m. cadmium solut\ie'u"from the second

_chamber into tank #1 = V,mls/min.

| 2) R The cor;centrutiqn of‘"-eaumium in the second chamber is 50 p.p.n{.

. " . po“)
.c3. ) g N

¢

3)  The total outflow to tank #1 is 300 mis/min. = V4. This flow

rate ensures a 90% replacement of toxicant solutfon within six
hours (Sprague, 1973). '

P

" 4)  The conceutration of cadmum required in tank #1 is 4.5 p pem.

= c w ‘ . ¢
Vala= Valy - .
V;(50) =.300(4.5) e ’

oV = 27 mls/min. e \ -

"' The cadmjum concentration of exposure tank #1 is 4.5 p.p.m.

“” This concentration results from the mixing of a 50 p.p.m. cadmium

s'o'luti'on ﬂouing at the rate of il mis/min. and water flowing at g.‘ ‘

‘rate of 273 mls/min.

The flow rates of water or toxicants entering the exposure

tanks were requlated by adjusting" the glass faucets at each stage of :

the serial diluter. The nequired flow rates were achieved by
collecting the outflow of each faucet in a graduated cylinder for
one minute. Each glass faucet- was adjusted until the desired flow




raté was established. - N !

.

The dilﬁter apparatus was operational tweniy-fouf hours before

i bioassay was cosmenced. This period of time was sufficient to .
allow ‘the required- toxicant concentration.to be established in each

o% the exposure- tanks. Tae flow ratgs éf water and téxicant "’
so]ufions from the glass faucets of the diluter apparatus were. o R

~checked and readjusted if necessary each day of the fourr day ‘ )

s -

*

bioéssay. )

>
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* in each of the duplicate samp]es. Thus, one may assume ‘that the

" (E.P.A.; 1876).

i

N \kQESIGN OF LETHAL BIOASSAYS
‘ e
AH lethal bwassays were conducted for a period of mngty s1x

ho_urs. Dqssolved oxygen, pH and tempera\;ure of the exposure tanks

a, "

wer'e monitored daily. .. Dlsso]ved oxygen was determmed by the azide

* er

fnodificat'lon of the 1odometrﬁ: method (APHA et al., 1@65) w.-;tér:
hardness and toxicant concentratwns of the test solutions were
determmed using a Perkim Elmer 503 f]ame dtomic absorption | “ o
spectropﬁ‘btometer. The physu:o -chemical characteristics of the
solutwns in the erure tanks are hsted in Table I. R
SampPes of toxicant solutions from the exposure tanks and water °
samples from the control tank were collected daily 'in 40 ml. g]ass

~

test tubes. Samples were acidified by add! 11. of concentrated

hydrochloric agid per 40 ml. ;amp]e‘vo] ume ocedice minimized

Y

.the glass sampling tubes (Heinstein,ﬂl??&). Periodically, dup,h'j?ate

sa?nbles were collected from each tank. One of ealef sample was e

micrﬁofﬂ‘ red with a 0.45 micron filter before the sample was

"~ acidified with concentrated hydrochloric acid. Toxicant

S

,conéentra ‘onS‘ of eé&\ sample were.then measured. In'no case, was a

S,

si gmficam: d1fference observed between the toxicant- concentrations s

meesur;edntoxican;.c'oncentraticms".of both .'sam'p},es repre_sented the
soluble orj‘ dissolved f,orm; excluding .species of a partioulaate size
‘ oo

During _tne bioassays, the mortality a'ng time to death of the
fest organisms were- monitor'ed. Tneccriteria-'for death of iﬂié adult
z_ebr:afish was ces'sation\”of opercular activit_y. Absen;e_of the

near;tbeat was the’criteria for mortél‘[ty of the ju"venile, -1:o~st larval ;
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and embryonjc stages in which heartbeat hac’l, been initiated. The

'mortality of the embryonic stages prior to the initiation of

@

heartbeat was determined by an opaque membrane. This opacity of the

 egg membn;ane occurred shortlj after the death of a]l embryos

' (Skidndre, 1964). ' ‘

" The transparency +af thg p]ex]glass contamers permltted dwect
mcroscomc exammatwon of enbryomc and 'post larval test orgamSms.

Durlng the b1oassay the expésure vessels vere transferred to p_yrex

petri plates which were filled with the aqueous medium of the

e

. Eespective exposure tank. The container was then transferred to the.

1

. Stage of a sectinhg microscope with which the eggs and post 1ar\{ae

a

were examned. . The number of deaths were ‘recorded and dead
- individuals were removed. Exposure vessels were then promptly

. returped to,their respective test tank.

‘ @
:

Juvemles who were apparently nombund when examined mthm

their exposure vessel were removed and p]éced into pyrex petrx

d1shes filled with *medwm from their respective expasure tanks.
These mdwmua]s were exammed more closely and under hl.gher
magmﬁcatwn with a d1ssect1ng mlCr‘OSCDPE. In certain.individuals

the heart was :qbserved to be stﬂ] beating ‘although weak]y and

s'lowly. In.these cases the -organism was promptly teturned to the

_original exposure container. Deaths were recorded and dead | e
individuals were removed.. - e S
> - £
z ’ i '




DATA ANALYSIS

Lethal response data representing the cumilati ve percent
mortality through ninety-ij hours of exposure were fitted to linear
.regre‘ssions aécording to Finney, 1971. For this purpose the
cumulativé percent respor:se of individuals in each test ;’;é was
converted to a probit unit (Appendix I). These quantities were then
p]ottedlégainst' the mean ambient concentrations of cadmium and zinc.
Hith—‘lthel aid of a computer progrém (Weinstein, 1978), a lineér
}egression was fitted to thedetér‘mine‘d éoordinat;es. Ninety-five
percent’ fiducial limits and correlation poeffiéients vere computed

for eath regression. FEach linear regression was described by the
- a ! R

following equation: |

i

y'=a+blog x ‘ ' (1)

where y = probit response

a = y intercept
b = slope L ¢ |
. . ‘ ]
x = ambient concentration ¢ mg/L, ) ' (Finney, 1971)

i
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"D Rationale for an Empirical Approach

¢l

to the Study of Multiple Toxicity

‘Theoretical models describing the quantal response of test
organisms to mixtures of tox1cants have been proposed by Bliss, 1939

and Plackett & Hewlett.}952. The predictive capacity of these

models 'L;: based on a knowledge of the concentration response

relationships existing for the discrete constituent§ in the mixture.
In comparmg the empn'wai multiple toxicity data to the theoret1ca'l
predictions, the mode] uiost likely to represent the actual mechamsm
of joint action may be indicated.

Arbitrarily in these experiments, the':c_oncentration of the
mixture of toxicants was expressed in equipotent units of the most
fotent constituent in the mixture. Thus the concentration of
constituent "B* in the mixture may be expressed by an equipotent .
concent‘rationﬂof constituent “A%; the lat‘ter being the reference
toxicant. Units.of equipotency are determined for any two toxicapts

from their respective concentration respohse curves as follows:

log_.LO a = log B -. (1-- Y)((i - %B ; ' (2)
A

where,

BA ="Concentration of B 1n~-A'equiva1entlunits.

B = Concentration of B in the mixture.

" The ordinate value at-which the concentratmn

—
[ ]

response regression equations for A and B 1ntersect.

Y = Probit response elicited by the magnitude of B as

\d’:ermined by the linear equation describing the

cohcentration response relationship for B.

o
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b, = Slope of the concentration response regression
‘equation for A. ’
by, = Slope of the concentration respbnse regréssidnn
equation for B. L |

\

(Anderson et al., 1979) ,

The Model of Similar Joint Action'
or Concentration Mdition

Concentration addition (Anderson & d'Apollonia, 1978) of

constituents in a mixture occurs when the discrete toxicants have the

same receptor site of critical target within the affected organism.

One would expect the response of

test organisms exposed to a lyixture.
v;hose constituents are all known hepatotoxins, t6 coﬁpl,y with the
model of concentration addﬁ on. In such a mixfure one constituent
may be replaced by an equipotent amount of the other constituent
without a'lteriné the potency of the mi\;(ture.

| When exposed to a mixture of similarly acting toxicants, the
distribution of susceptibilities of individuals, within randomly
se'lected test lots; should be the same. As such, those organisms
which are most susceptible to constituent "A“ will a'l so be most
susceptible to constituent “B". The slope. of the quantal response
curve is representative of this distribution in susceptibility. Thus
this characteristic of the discrete quantal response curves should

not be significantl,y dissimilar for similarly acting constituents.

.



The potercy of a mixture whose respective constituents conform
- to the model of concéntration addition can be predicted from
information describing the toxicity of the discrete constituents.

oY ma +by log, . (A +B) (3)
where Yclﬂ Predicted response to the mixture in probits.
a =Y intercept of the regression equation describing the
, E response of ihé organism to the reference toxic
constituent "A", in tﬁe mixture.
‘ b, = Slope of concentration response regression line for
const%tuent “A".
A = Concentration of constituent "A" in the mixture.
B =.Concentrationlof constituent ;B" in the mixture fn ’
| "A" equivalent units.
(Bliss, 193?)

<

The Model of Independent Joint

* Action or Response Addition

When present as constituents in a mixture, toxicants having

different receptor sites or critical targets within the test

. - .
~organism, act independently (Bliss, 1939). The toxic action of each

of the components. involves ‘a unique and characteristic series of.
reactions that ultimately lead to the failure of a'distinct vital
system in each case (Bliss, 1939). The variance in susceptibility of
the test organism to constituent "A" may or may not be correléted -
with the variahce in susceptibility to constiéuent “B*. Thus,
similarity .of the slopes of ‘the discrete quantal response reéressions
is,pot a criteria for the response addition (Anderson & d'Apollonia,

1978) of constituents in'a mixture.
/

y =33~
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. The potency of a uﬂxturg/ containing' independently ac;:ing
toxicants may be 'pred‘icted,f.rom the discrete quantal response
regressidns of the constituents. When there is no correlation of the
susceptibilities to each of the discrete clonstituents. then the
coefficient of- association, r, is equal to zero and: ;

Pc = Pa + Pb - PaPb ’ T (4)
where,
" pc = Proportion responding to the mixture.
Pa = Proportion responding to "A" alone:™ < ‘
Pb = Proportion responding to “B" élone. .
' (Bliss, 1939)
Whep those animals most susceptible to "A" are also.most
susceptiBle to "B", then there is‘ gxact parallelism in susceptibhity
ad r = 1.
Pc = Pa if Pa>Pb . . 4 ~ (5)
Pc = Pb if Pb> Pa b s

h (Bliss, 1939)
]

. If the corre,lation‘ in susceptibility is completely negative.'r = -1, :

then those individuals most sensit'ivejto A" will be.most tolerant to
'B;' or vice versa and: - -

Pc = Pa+ Pbif Pa+ Pbsl ey

| ' (Bliss, 1939)

Each independently acting const!tuent of a mixture evokes 2
response in the test organisms only whe;n\ its ambient concentration
excgeds Athat which just fails to elicit a response. Thus, if ‘the

concentration of one toxicant in the nixturé is below threshold,

]
. . ¢ A
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it should not contribute to the potency of that mﬁxture. Simi]ar]y,
if the concentration of one constituent exceed¢ that which elicits a
. 100% response, then the contribution of this' toxicant to the total
éoncentration of the mixture will be that which yields a probit

response corresponding to 99.9%. These characteristics of response

‘addit}on are considered in calculating the total concentration of the

independently acting mixture by the foTlowing‘equation:

h S : Tog (CM)-]ogM-(lOgM)(lOgﬂ) (7) |
\ ‘ (nC B | .
’ T
' where, ) . : )

CM = The effective concentration of the mixture

in “A equivalent units.

B = Concentration, if any, of
ﬁquivalent; .

T = Threshold concentration of "A* in pure solution,
: i.e; thgf below which no re ponse will be elicited.

1,

If "A" or "B" <T then "A". or
1f 'A"o?}fs' >M then “A" or

.B. = o
“B* =M
(Anderson et-al., 1979)

\
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- . In accordance with the model of response addition, the
predicted response of the test organﬁsm to the mixtures is a
wd1scoq;1nuous concentrat1on response relationship. For this reason,
the statistical treatment of data with reference to this type of

' joint action is difficult. A Pearson chi square test may be
implemented to compare the observed and prediéted responses, howéver,
this test ignbre; the erfors of estimation of the linear regressions
of the discrete constituents and, therefore, may exaggerate the
significance of discrepancies from the cuEve'(Finney, 1971) .
Furthermore, the application of a Pearson chibsﬁuare test to the
results of bioassays having a recommepded sample size of ten to
twelve individuals per exposure concentration necessitates the
ppo]ing of small observed response frequéncies. This manipufation
results in a significant decrease in the available degrees of freedom

‘ and may lead to erroneous conclusions. ' |

’

The theoretical models of concentration and response addition
are mutually exclusive. Additive c&ﬁstituents in a binary mixture of |
toxicants may -act either at the ‘same receptor or at different“*’
receptor sites withln the test. organ1sm. In the absence of empir1ca1
'data that conforms to the model of concentration addition the-
observed response may be better represented by the model of response
ad&ition. However, a sa@ple size greater than that now recommended

for toxicity tests, would 'be peéessary to statistically support the

‘representation of response addition.

- b




Supra-additive Synergism, Infra-addi,tive Antagonism
e When the potency of a mixture of toxfc'ants s not a.dditive"and

does not conform to the thecretical mode'Is of‘concen'tratien or

re’s;)onse addition, it is not possible to predict the response of the
. . test organism to the mixture from a knowledge of the quantal response
| relationships of each_d}screte constituent. If the empirical
‘multiple 'toxicitj data exceeds the predictions of additivity, than
the joint action of the constituents in the miixture is §upra-additfve
synergism (Bliss, 1939). If the empirical .multipl.e toxicity data is
less than the predictecj‘addiltive potency then the join‘t action of the
constituents in the miiture is infra-additive antagonism (Bh‘es,.
1939). «
Body Weight; A Modifyirm Factor

The effective dose ‘of an admifistered drug.may be modified by
such processes as its absorption, distribution, metabolism a'hd
excretion, all of which are uniquely size dependent (Adplph, 15455).
The effective dose may, therefore, be a complex function of the ‘
administered dose. In measuring the effectiveness of a drug, it has
been advocated that the dose administered be normaHzed to the body

. weight of the recipient thefeby, minimizing the variation” in the
* effective dose between animals grouped according to body wei ght
(Bliss, - ]936 Rall & North 1953) -
The response of several species of fish to a number of aquatic
- contaminants has been expressed in relation to the body weight of :
.' test fish (Anderson & He!:er. l§75; Spear & Anderson, 1975). This
~ weight related felerance pattern is mathematically expressed by the

1




[

following allometric equation:

y=at+tbh log_x/wh ” Bl '(8').

where 'y = response (probits)’
“a = Y intercept S
N b = slope h - ‘
x = ambient concentration (mg/L)
W = weight o
h = an empi;'ically derived weight related factor
, (Anderson & Weber, 1975).
Thus when h = 0, the response of the organism is independent of body
weight. .whe,n h=1, 't;here'egtists a direct proportionality between
.measured parameters. With e(rery ten fold increase in the body weight
of the test organism there. is a corresponding decrease in the
effective concentration to which the organism is exposed. When
- 0>h <1 the"exponent expresses a disproportionality between bt')dy o

weight and" response.

o . Utilizing a comptgter‘program' desfgned for the search of a

~

weight related factor between # 2.00, the concentration response data

. of all l?iqassays were analyzed (Weinstein, 1978). The weight related

\ . factor selected was that which generated, the best correlation between

response and effective concentration (Vog x/wE). o

9




. S RESULTS

Discrete Toxicant Bioassay

fhe cdmulative ninety-six hour response ofi the zebrafish egqg,
post larval, juvenile and adult test stages exposed to fixeq
concentrations of ca&midm and zinc aré,]isfed in Tables II, III and
Figures 7, 7a-7d, 8 & 8a-8d. These data were analyzed with the aid
of a computer program designed for Finney's method of probit ana]ys1s
(see Data Analysis, Materials & Methods). Regression equations
delineating the response of the organism-as a function of aﬁbient
~con’centration were generated for each of the four life cycle stages
expesed to discrete solutions of cadmium and zinc quuation 1). The
(derived regression equations and "t" values for the respective ‘
coerelétion coefficients are compiled in Table IV. |
In the cad;niu{n, zinc aqd mixtures bioassays, natural rates of

embryo mortality of 20.8, 20.8 and 4% respectively were observed.

'’ Abbott's formula (Finney, 1971) might have been implemented to

cdmpensate for natural mortality rates, however, this correqtion may ~
not have been applicable to these bioassay results. As seen in -
Tables I1 and I1I, the mortath rate of developing embryos exposed .
o low levels of cadmium and zinc 1s less than that of the contro]s.
Pickering and Gast, 1972 and Eaton, 1973 have also reported a
reduct'lon in the mortality rate of devaloping fathead minnow,

Pimephale;: promelas Rafinesque, embryos e;(posed to low levels
o of ca&niun and mixtures of cadmium, zinc and copper. These low
levels of ‘the heavy metals may be prophylactic against fungal and

~ bacterial contamination of.the control embryos was not, therefore, -
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Table II. Lethal response data-of the four la.fe )
cycle stages of the zebrafish exposed to dlscrete N
solutions of' cadmium ;

Mean assayed Mean wet ~, Observed

Life cycle cadmium . weight of Number of L} .

stage” of concentration test organism organisms mortality

test organism ( mg/A *+ S$.D,) (mg.* S.D.) .exposed at 96 hrs.
1
Egg - .0 - 24 20.8
oo 16.03 1 2.36, - 25 8.0
l 16.03 + 2.36 ~ 25 16.0
\ 22.47 +3.25 - 25 44.0
22.47 + 3.25 .- 24 29.2
) 22.90 + 2.89 - 25 48.0
.22.90 : 2.89 - 26 19.2
29.60+3.73 - 24 62.5~
'29.60 +3.73 - - 25 44.0
Post larvae’ 0 0.21+0.13 20 5.0
’ 0.54 -2 0.10 0.21 £0.13 20 25.0 -
0.54 +0.10 0.21 £0.13 20 "15.0
0.68 +0.09 0.21 £0.13 20 10.0 .
0.68 +0.09 0.21 +0.13 20 30.0 . -
0.93 10.31 0.21 +0.13 18 33.3- :
1.43 +0.47 0.21 £+0.13 -18 44 .4
\ 1.43 +0.47 0.21.2+0.13 19 57.9
2.20 +0.44 0.21 +0.13 20 75.0
. 2.20 :0.44° 0.21 + 0,13 19 100.0
. ¢ 2.60 £0.40 0.21 +0.13 20 95.0
s 2.60 +0.40 0.21 +£0.13 18 100.0
3.30 :+0.51 0.21 +0.13 18 94 .4
Juveniles 0 . .- 10 0
1.73 *0.25 7.70 £ 0.56 10 10.0
2.58 *0.58 2.77 £1.15 10 10.0
2.93 *0.34: 5.72 21.70 10 40.0
3.95.20.37 9.40 + 0.85 “10 20.0 .
.5.08 *+0.53 9.72 £ 4.11 10 50,0 ..
"6.38 $1.39 11.34+4.32 10 .70.0
e 6.88 %1.07 .10.35+2.32 11 72.7
9.33 +1.28 10.81+3.85 10 90.0
12.30 £1.34 16.6615.79 10 100.0
16.65 £ 2.90 10.83+3.67 10 100.0
Adult o - 500.0 i I/ R
. 1.31 #0.19 500.0 12 0
2.09 $0.31 ~500.0 12 0
- 2.91 :0.33 500.0. 12 -0
4.79 *0.49 500.0 12 8.33°
6.00 *0.73 500.0 =12 8.33
7.20 $0.98 124.5 10 20.00
. 7.86 $1.0 500.0 12 33.33
9.33.%1.28 124.5. 10 70.00
. 9.53 $1.48 124.5 10 . 40.00
9.85 10.87 500.0 12 66.66
212.42 £1.51 124.5 10, 100.0
- 16.65 1+'2.90 . 174.5 9 °l 100.0
- b -
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Lethal response data of the four test life

Table III.,
cycle stages of the zebraflsh exposed to
discrete solutions of zinc
, . Mean assayed Mean wet Observed
Life cycle zinc con- weight of No. of L3
stage of centration test organism organisms mortality
"test organism ( wmg/L ¢+ S.D.) (mg.% S§.D.) exposed at 96 hrs.
Egg 0 0 24 20.8
. 6.83 £ 0.49 - 25 12.0
9.10 & 0.74 - ‘25 | 16.0
"9.10 + 0.74 - 26 15.4
11.60% 0.76 - ‘25 36.0
13.60x 2.24 - 25 68.0
14.402 1.04 - 25 52.0
14.401°1.04 - 24 58.3
15.98% 0.40 .| -~ 25 60.0
21.631 0.85 - 25 76.0
23.85% 3.68 - \ 25 , 88.0
28.15% 3.74 . | - _la2s 96.0
Post larvae 0 . 0.21 + 0.13 20 o
5.10 £ 0.70 0.21 * 0.13 20 30.0
5.10 £ 0.70 0.21 + 0.13. | 19 21.1
5.50 * 0.63 0.21 + 0.13 21 23.8
5.50 ¢ 0.63 0.21 * 0.13: 19 15.8
. 6.30 £ 1.0 0.21 + 0.13. 20 35.0
6.30 £+ 1.10 . 0.21 £ 0.13 20 40.0
7.38 & 0.22 0.21 % 0.13 10 60.0
7.90 + 0.48 0.21 % 0.13 20 35.0
7.90 ¥ 0.48 0.21 = 0.13 . 19 31.6
9.04 + 0.39 0.21 * 0.13 | 10 50.0
9.60 + 1.23 0.21 % 0.13 | 20 75.0
A 9.60 £-1.23 0.21 % 0.13 21 66.6
11.15+ 0.49 0.21 2 0.13 10 100.0
. 15.60+-0.57 0.21 * 0.13 10 100.0
Juvenile 0 10 0.0
4.70 % 0.58 19.80% 6.70 10 10.0
6.69 £ 2.11 16.702 4.78 10 30.0
7.06 + 0.63 10.67x 2.78 10 © 10.0
8.05 £+ 1.14 8.10 2 2.26 10 '20.0
8.84 £-0.71 8.17 £ 1.98 10 10.0
9.20 & 1.35 | 10 0.0
. 12.95% 1.70 4.10 2 1.85 10 50.0
14. 401 0.80 6.40 = 0.67 - 10 |, 80.0
Adults 0 - . 10 o .
. 9.00 £ 0.08 449.50 10 0
12.002 0.66 - 149.50 10 0
12.03% 0.43 249.50 9 11.1
: 15.00: 1.44 175.00 10 80.0
,7) +15.20% 1.42 175.00 10 40.0
! 15.45: 0.29 149.50 10 30.0
' 15.48: 0.35 349.50 10 ,30.0
18.83: 1.10 449.50 10 90.0
19.752 0.59 . 149.50 10 60.0
21.23% 1.51 1725.00 10 90.0
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) method of probit analysis (Weinstein, f§78).

“respectively (Figures 9 & 10).

genéra][y applied to the response of the exposed embryos.

The sample-sizes df-tﬁe lots tested life cyc1e‘§}ages was ot

constant for. each stanza; i.e adult test lots consisted of ten to

IPQ

" twelve individuals while the egg test lots contained twenty to

‘twenty-five. Variance in susceptibility between the four life c}&le

stages tested was examine?~and was not found to be significantly

L
"
’

different at p = 0.01.
Data recorded duri%g the larval, jhvenile and adult discrete‘

bioassays were pooled and again }na]yzed by computer. The program

used for this analysﬁs was designed to quantitate the influence of

the mean wet body weight of the lots of exposed fish on the magn1tude

of their response to the toxicants (Weinstein, 1978). Regress1on :

equations describing the relationship-befween body weight of the lots
of feét organisms and thei; response to a range of fixed
concentratrgns of cadmium and zinc were generited (Equat1on 8). -The
pool larval, juvenile ‘and adu]t quantal response data was a]so
analyzed with the aid of the computer program deglgned for Finney's

]

The respeétive correlation coefficients of the concentration
S . .
response (Finney, 1971 - Equation 1) and effective concentrgtion
response (Anderson & Weber, 1975 - Equation 8) regression equations

were compared (Table V). The incorpofétion of thé'weight correlated

Q‘ factor greatly reducgd the departyre of empirical data points from a

.

linear representation. Tﬁe.wéight correlated factors which generated

qhe'beét correlation coefficients for the regressions of the discrete

o cadmium and zinc quania] response relationships were 0.31 and 0.10

-

A
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Tahle V.

Concentration response and.effective concentration
response regression analysis of the pooled quantal
response data:of three life cycle stages of the

zebrafish exposed to discrete solutions of cadmium

- and zinc
Effective .

Regression Concentration Response | Concentration sponse

Equation Y =a +b log x Y=at+b log x/

“Cadmium

a 4.50 4.01

b . 0.71 3.20

h - 0.31

r=correlation )

coefficient. 0.328 0.879 ,

computed. | ° e,
students "t" - <

for r 1.665 8.841

level of |
significance ' . .
of r (n=25) p<0.2 p <0.001 -
Zinc i

a 2.60 0.86

b 2.19 4.25°

h v 0.10

r= correlation

coefficient H0.597 . 19.788

computed studentsg = \
.t. for I 3.72 6-41 ! %
level of \\ \ :
-significance , e . i
of r (n=27) Ip<0.01 p <0.001
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3

Multdple To){icity Patterns . b

The slopes of the regressions describing the response of test

'. organisms to cadmfum and zine discretely were compared itatistically.

For allife cycle stages tested there was no significant difference

at p= 0.05 between the slopes of the cadmium and zinc concentration
, r —

response regression iines; Similarity in the slopes of the discrete _

regressions may suggest the concentration addition of cadmium and

-zinc mixtures (Bliss. 1939; Anderson & d' Apollonia,1978). In

accordance with this model Finney's method of probit analysis was
applied to the qua'ntol response _data of the four test 'er. cycle
stages of the zebrafish exposed to mixtures of cadmium and zinc
(Tables VI - 13(). The characteristi?\of the respective mjression :
equations and "t* values for. tﬁé}boru{ces})onﬁ\ing correlation”
coefficients are compi]% in Table X \ |
* The predicted response of\the zebfa/f:ish to simﬂar]; acting
mixtures of cadmium and zinc is the concentration response regression

of the discrete reference toxicant (i.e. cadmium). The slopes of the

observed and predici:eo concentration response regressions for the

four life cycle stages were compared statisticailyhand found to be
significantly siniihr at p=0.05. Each of the observed quantal

response curves fell within the 95% fiducial limits of their
respective predictions (Figures 11 -.14).

The model of response addition was also considered in examining

' the reiponse of the ‘four tested life cycle stages of the zebrafish t‘o
lixtures of adniu- and zinc (Tables X1 - XIV). Non linearity of the
T

®
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( of the predicted concentrat fon res;w\nfs}relationship is inherent to
this model of \additivity/.. Thus, & Pearson chi square test was
amployed to oompare the observed and predicted mortality rate. The

" simﬂa’rity between the expected and observed response was not

. supported statistically (p = .05)
‘The difficulties of applying a Pearson chi square test to the

re”sults of the aquatic bioassa_ys reported here have been previously : 3 .

N
{

discussed; Since the models of concentration and response add'ltion
_ are theoretically mutually aclusive, empirical. data describing the
“ ‘additive, lint@eractions of binary mixthres of toxicants can confonn to
* only one of these twi; models. In the absence of .énpi rical data that
, conforms to’ the model of concentration addition, conclusive ’
statistical support of the alternatn:je model of response add1t1on may
only be obtained when the sample size of _each w\sure ot of ﬁsh is

lncreased. The results of the bwassays reported here did conform to a

) . the concentrat on addition model and. therefore, may not be
representatfye

the alternative model of additivity (i.e. response,
addition). |

]

' The influence wet body weight of the lots Kaposed adults,

JUVEII"ES and post lar,oe on their response to “the’ mix\:re. in ¢ h‘
accordance with the mo rl of ‘concentration, addition. was examined

CL (uelnstein. 1978).. The oo‘led mult'lple foxicity data of these tm;ee

oo : (Hejg;teﬁ'. 1978) The inc/grporatlon of a weight related factor o
T greatly reduc “the departure of‘ the empirical multiple toxlcity data°
| polnts from & linear representatlon. Xhe weight related factor that . ®
generated the best correlation cﬁefficient for:\the ‘effective o
i —conccgntrqtfon response regression was 0 A (Table Xv). o B . li '
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* IR - * . hd toa . « : . 2 . i
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Table XV. Concentration response and effective
concentration response regression analysis’ -
of the pooled quantal response data of three
life cycle stages of the zebrafish exposed to
mixtures of cadmium and zinc in accordance with
the model of concentration addition S

@ ..

.

.

" AN .. |effective .

o ‘|Concentration ° . | Concentration
Regression . {fResponse | Responge ~
Equation Y-a4) lgg (A+B) -|Y=a+ b log x/wh‘
. o ) . ) ) ‘..‘, {
a a2 416 S
b o.76 S |2.367
h I “ i - “ o 4 0-32 . ‘
r = correlation o e C .
coefficient - 10.35 - 1 0.78 - :
c ted ' . ’ )
szmnts "e" o . o . ‘ ‘ -
for r 1.94- ° - - 6.47
level of = | - ) Y E P
significance . . L C

" ef'r (n=29) . |p 5.1: - B 5p.005 ;
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[

B " the effective concent‘rationaresponse regression uas 0.31 (Table XV).

: The observed\effecti ve concentration response f’or the similarly
- acting Mxture almost ¢oincides with that of the predicted effective
‘f’- " concentratfon response‘regression for eadmium (Figure 15). The " -

slopes of ‘the observe& and predicted effective concentration response

Y

. . regressions were compared statistically and found to be signiflcantly

similar-(p = 10,05)s A " ,
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99.91- ~---- PREDICTED RESPONSE [IN. ACCORDANCE
I WITH THE MODEL OF (CONCENTRATION ADDITION]
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- Figure 15. . '.l'hg qﬁtqct:lvu conc t.rn 4 xe;pqme y

-i. relationghip of {-.luf Rebrafishiadult, juvénlle o

‘and post” -larvae exposed to tures of cadmi:
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ot ‘centratiod addit : . . ,
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4 .+ DISCUSSION .

Life Stanza Patterns in Toierance of Fish

Larval zebrafish were consistently more susceptibie to the

-lethal action of cadmium and zinc than any ;other life cyecle stage

tested (Table XVI S ’lgigures 7,8, 11-14), With the exception of the
prehatch: embryo, the tolerance of the test organisms to the discrete
metals and their mixtures progressively ingreased. with post embryonic
age (Table XVI). This pattern of tolerance between life cycle stages
is in agreement with the reports of other authors.

McKim, l§’77, reviewed fifty-six 1ife cxcle bioassays in which
the toxicities of ’thi'rty-four organic and inorganic equatic_: : %
pollutants to a variety of fish species were tested. 1In foi'ty—six o‘f
the reponts' reviewed the Tarval and or juvenile life cycle stanza was
less’ tolerant than the prehatch embryo or adult of the same SPEC"GS&
Certain characteristi,cs of these early post hatch life cycle stages ‘
would appear to_render these organisms especially sensitive to a
variety of: toxicants.' ,

Skidmore, 1965, described the resistance to zinc sulphate of
the zebrafish (Brachydanio rerio) at different phases in its 'life

.Ir‘

history. Larval zebrafish between four and twelve days post
fertilization were ‘moke sur.ceptibie to the iethal action of zinc than
were the prehatch embryo and\duit. With the exciusion of the
prehatch embryo, zinc toierance increased - uith the age of the test
organism, A simihr profiie of toLrance of the munmichog (Funduius

heteroclitus) exposed ‘to cadmium it selected iife eycie stages has

been reported by Middaugh & Dean. 1377. The seven and- fourteen dqy
post hafch numichog were more susceptible to the iethel action»of
cachiuu than were the one" dqy post hatch individuois or adwits.




" zebrafish were found to,be 5,82 mg/L (95% fiducial limits:5.39-6.58
~mg/L) and 17.68 mg/L (95! fiductal 1imits:16.2-19.3 mg/L) (Hewitt,

, Since the life cycle patterns in to]eraqce that\are teported in

the literature are common to a variety of toxicants and fish species,
it seems probable that the factor(s) responsib]e for the increased
susceptibility of the early life cycle stages is not specif1c to the
action of any one contaminant or to any one fish spec1es.

On the basis ‘of the ninety-six hour letha] bibassays, the
threshold concentration of the d1screte cadmium and zinc so]ut1ons
which just failed to elicit a response was different for each of the
life cyc1e stanzas tested. However, once th1s threshold
concentration had been exceeded, the increase in the responee of the
test organism per unit increase in the ambient tdticant concentration
(i.e. slope) was similar for all life tycle stanzas tested (p\= .05).
The similarity dn;the slopes of .the concentration response

regressions of all life cycle stages may describe a common mode of X

toxicant action which is consistént throughout the life cycle steges

tested (Anderson & d'Apollonia,1978; Bliss, 1939).With physico-
chemical characteristics similar to those of the bioassays reported

here, the ninety-six hour Lcsoof cadnium and zinc for t‘he adult

/.

personal communication Horovitch 1978). The ningty-six hour LC

of 8 296- mglL f95$ fiduciaP(1im1ts'8.l7 10. 49mg/L) cadmium and 15. 9 mee o,

mg/L (95% fiducia] limits:14, 28-17.35) zinc for the adult zebrafish
were deteemtned in this study. These ﬁesults compare favorably with
those pnevious1y-reported. “On the basis of the ninety-six hour ‘
l.C.‘5o s,‘cadmium was more toxic 10 tte adult, juvenile and larval
zebrafish than was zinc. Houever, the prehatch zebrafish’ embryo was.

.’ morg resi tantl to cadmiqm than to ginc (Table V). - ~ 3
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- Multiple Toxicity Patterns

e T

¥

The multiple toxicity data for cadm'ium' and -zinc mixtures cqnfoi'm,s
to the model of concentrat_ion addition for all life cycie'stanzas' '
te;ted (Figures 11 - 14). The response of the test organisms exposed
to the mixtures could be predicted from a knou‘ledge of the discrete
toxicities of cadmium and zinc and the assumption that each,as
constituents in the mixture would act similarly (Anderson &

d' Apollonia. 197& Finney, 1971; Bliss, 1939). Although dramatic
differences in structure.and physiology exist between the various
,.\]ife cycle stages tested, interactions in either the kinetic or

dynamic phasé of each of the toxicants, that would ‘cause ‘a less than

e
the test

organism which is common to both constituents in the mixture (Bliss,

1939)

or greater than additive effect, were absent..'

) Inherent to the model of.concentration addition is

' ' ~ existence of a critical target or teceptor: system within
The observed consistency of this multiple toxicity pattern

suggests the existence of a criticafl target whi‘ch is\ common to both
cadmium and zinc and to all life cycle stanzas tested. -

The nultiple toxicity pattemn of cadniun and zinc mixtures has
Eisler. 1967, 1971.& 1973,
described the' cadmium and zinc. tolerance pattem of the marine

been investigated by .other authors.

~e

" ™ with the methodology of Anderson 4 d'Apollonia, 1978, supported the.
concentration 'additive multiple toxicity model. According. to"this:
model one would expect as Eisier observed, that subthreshold levels
. of cadmium and zinc. in combination. could evoke a toxic response.
- . T?* “,-75- | "

+

from egg through to the adult test stage of the zebrafish, therefore, .

s teleost Fundulus heteroclitus, exposed to these heavy metai mix-

V.,

/

“tures as supra-additive.‘!owever these data. analyzed in’ accordance 3

.
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Spehar, 1976; and Spehar et al.,1978, cescribed the response of

the flagfish (Jordanella floridae) exposed to cadmium, zinc and their

mixtures. Spehar reporfed that cadmium and zinc mixtuﬁes‘did'not act
additively and‘that ihe toxicity of the mixture was !ittfe if any
greater than the toxicity of -zinc alone. However, the relative
proportion of zinc in the mixture greatly exceeded fhat of cadmium
such that the potency'ef the_mixture was largely attributable to the .
¥ presence of zinc. The author's analysis of Speher‘s multiple

toxicity data contends the additivity of cadmium and zinc mixtures.

- The response of the flagfish to the'mixfure falle within the
é;nety f1ve percent f1duC1a1 limits of the prediction of
concentration addition. The cadmium and zinc constituents of the®
mixtures contribute to the toxicity of the mixture in accoedandg'with
their relative poienqyaand proportioh.

Infra-addipive antagonism of cadmium and zinc mixtures has also
been reported, but, in studies where the organism was pre-exposed to
one or’the other meta] (Chapman,pef%onal communication- Norberg,
1976; Spehar et al.. 1978; Beattie & Pascoe, 1978).Thus previous

exposure of the test organism to Iow levels of cadmium or zinc may

... 7 affect the mode of toxic interactions of these metals in subsequent

‘P exposures. For example, it has been rep ted that pre-treatment of
test f]agfish with Tow levels of these discrete heavy metals,
protected the test organism from.the harﬁful effects of a subsequént
exposyre toznqgteres of cadmium and zinc {Spehar et al., 1578- |
Beattie & Pascoe, 1978). The‘protectizf/%S::city of cadm1um or zinc
pre-treatment.is thought to be due to the induction of the hepatic
prote1n~metallothionein (Norberg, 1976). Both cadmium and zinc
are bound by meta]lothionein and may. therehy be rendered less = -




- —

i e m———— B T i U N

toxic (Cherian et al., 1978). Thus, the induction of metallothionein
‘Synthesis by cadmium and zinc pre-treatment may influence the |
turnover and multiple )toxicity patterns of these two heavy metals.

‘ T\hii‘s was not observed in the bioassays reported here because the

toxicants, as constituents of mixtures, were applied concurrentTy.

~
P
L

Tolerance of the Egg Stage to Codmium and Zinc

In the cadmium, zinc and mixture bioassays, the zebrafish egg
was equally if not mt}l‘-‘ei resistant to the lethal action of the f
toxicanték than the other life eycle stages tested (Tahle XVI,

Figures 7,8 & 11) The resistance of the prehatch enmnyo of n'lany'

teleost species, to a vanety of water contaminants, has been ' ’ ]
reported (McKim, 1977) and in some cases has been attributed to the
protective capacity of the egg capsule (Rosenthal & Alderdi%e,
1976). ) '

In contrast to the\post larval, juvenile and adult bioassays,
the potency oj(,zini: was greater than that' of cadmium to the prehatch
embryo (Table XVIL, vFigur:es»7a & Ba); yet a simﬂ&ar mode of toxicant
-action, which is consistent throughout the life cycle, has been

" syggested. Reports in the Titerature on the relative toxicities of

cadmium and zinc to prehatch embryos may provide an gxplanation for
this switch in lethal potency and yet lend support to 'the ‘hypoth’esis ‘
of similar action. . ~

Investigating cadmium uptake by rainbou trout, Salmo _ggirdneri

eggs, Beattie & Pascoe, 1978, r&on& that cadmfun content of' the E . <l
eggs increased with increasing exposure time and toxicant - .
concentration. However, 98% of the cadniun in the egg was assocy‘l.{d
with /the nucOpol,ysaccharides of the egg <:apsuleW Alevins hathng

. * -
, .
60 g !
- ’
" + * .
‘
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~w. from eggs which had been exposed to low levels of cadmium (0.1 to 1.0

mg/L) contained significant]jjless cadmium than alevins which had
been directly exposed £5 the toxicant. The protective capac1ty of
the eqqg capsule may therefore reduce the effect1ve concentration of
cadmium to which the prehatch embyro is exposed and thereby reduce
the relative potenqy of this toxicant.

Skidmore, 1966, investigated the protective capacity of the‘egg
capsule of the zebrafish pfehatch embryo exposéd to zinc. No
significant decrease in zihc tq1erance was\reported when the outer
egg capsule was removed or ruptured. Zinc also has an affinity for
the nucopblysaccharides of the egg capsule, however, Wedemeyer, 1968,
has reported‘that the bf‘iﬁng capacity of the egg capsule ﬁqy be
saturated at ten minutes of exposure to a solution of 10mM zinc. Thq
initial physico-chemical sorption ogto the egg capsu]e.may then be
followed by a passive diffusion of zinc into the perivitellin; fluid,
yé]k and embryo (Wedemeyer, 1968). Thus, the egg capsule may not
afford ‘long term protection to the‘foxicity of zinc in the intact
B;ehatch embr&b during the ninety-six hour bioassay§.\ ‘

The lower metabolic rate of the prehatch embryo, relative to

the other 1ife cycle stages tested, may also ‘contribute to its

compa;atively greater tolerance (Skidmore. 1967). This 1nfluencé may
be masked by the prétective capacity’ of the egg capsule to cadmium
but mot to zinc (Figures 16 & 17). The difference in the potency, of
cadmium énd zinc might,iherefdre be_attriguted to differences in the

-affiﬁj;ies of these metals for receptors of the egg capsule.

. ' L_ ¢
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'} a (skidmore, 1972). Other authors have 1mp11ed such a causal

L

Modifying Factors: Body Weight

, - . : Metabolic Rate ‘ '

¢

aw

1%

‘ The mode‘l of concentration addition, wmch appears to def'ine
the lethal response patterns of all life c_ycle stages exposed to
mixtures of cadmium and zinc (F1gures 11 to 14) assuymes that the |

. constituents of the mixture share a common mode of toxic action’
(An‘de‘rson'& d'Apollonia, 1978; Bliss, 1939). A plausichle exp]anitioh
' for this similarity of lethal action'is the tendeny of zinc and
"ca&mium, like certain other heavy metals, to bind with Héands of
‘- protein\s, particularly at cell surfaees (Passow et al., 1961). These
~authors suggest that through ligand bindmg, ‘heavy metals may
denature membrane protein and thereby adverse]y affect a protein S
structural role and/or enzymatic activity. It follows that those
ce'H surfaces such as in the gill epltheHum, that encounter high
ambjent concentrations of .a water borne metal could be & critical
o target site for the metal's toxic action. Many authors have '
‘ \ suggested that gill dysfunction is the cause of death in tish ‘exposed
N ‘ to Tethal levels of a heavy metal (Andersqn & Spear, 1975; Anderson

-

et al., 1979; Skidmore, 1972). . Severe histological damage to the
gills' Tanellar epithelium has been rep&wgg/in}aihbm trout
‘fo?loiaihg exposure thal levels of zinc.v Thenprphologica'l
damage concurre{with to ‘Iogicel symptums neseubling hypox‘lra

relationship by showing a strong correlation between 1igand bindfng
) capacity and the toxicit,ly of the heavy netal (Shaw et al,.. 1957)
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The hypothesis thdt cadmium and zinc hdve a non specific yet

similar action at boundary membrane surfaces such as the gill.~is

supported hy certain quantitative patterns n the tolerance of test

" organisms exposed to éither cadmium, zinc or their mixtures.- For

‘ example. the age related susceptibillty (Table XVI) of the post hatch

zebrafish to'either heavy metal or their mixtures, was found to

1

decrease disproportionately with increasing body 51ze, as measured by |

body weight (Figures 9, 10 & 15). This relationship was

quantitatively expressed,hy an allometric formula (Equation 8) in

“which "h®,.the weight related expenent, was empirically\determined to

<&

bé 0.31, 0.1 and 0.32 for cadmium, zin ahd their mixturés. When
these factors for body weight were included in the function which .

. ‘ Vo T ‘
correlated lethal. response with ambjent concentration, a linear

~ relationship was obtained for the life cycle from post larvae through

. W .
to adult (Tables V & XV). The difference in tolerance between the
life cycle stages could be explained by a weight related variable.

A similar lethal toxicity pattern to copper. hickel and zinc ’

_has been reported for various size classes‘of adqlt Poecilia -

size.

" reticulata and Lepomis ggbbosus (Anderson & uéber; l§75- Spear &

: Anderson. 1975). These authors also noted the similarity between

their empirically derived wejght related factors and that factor

'uhich correlated the metabolic rate of the test organism to body

i

" The observed.ueigh; related trends in tolerance to these heary

lnetals ma,y accord with the Law of Mass Action in that the nunber of
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small fish have lesser body weight and have fewer critical target
'reqeptor sites than larger fish havi ng greatér body weight.
! 3

In fact,
the respiratory surface area of the gill lamella in a variety of, fish
\

species has been expressed as an allometric function of body weight.

A weight related factor of O.8lto 0.9 adequately discribed the change

in gill surface area with change in body size '(Eantlon 9 < Muir,
*1969).

Expressing this relationship on a weight specific. basis
Q B

-

(Equation 30), the exponent relating unit of body mass and gill

surface area becomes -0.1 ‘to -0.2 indicating that smaller fish have a

larger gill surface area per unit weigﬁt than do laréer fish.

1. )
./ .Weight Related - - _- MHeight Specific
Surface Area : Surface Area ,
' Y = aw-® (9) Y = aW0-8=au~0-2 (10
v T, . 'y w w :
' A
> . p
e T ’
. where

Y = Lamellar surface a;ﬁea.

a = Lamellar surface area.of-a 1} gram fish.

W.= Body mass as measured by weight.

0.8 = Exponent rehting bod,y weight to the gill
‘lamellqr surface area.

 (Muir, 1969)

C-

por
- A
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The magnitude of this weight specific exponent approXimates that of ‘

the waight related factors of 0. 31 0.1 and 0.32 describing the

disproportionate- decrease in susceptibility of the zebrafish exposed
to cadnium, zinc and their mixtures, with increasing body weight.
Susceptibility increased with decreasing body weight at a rate that

was approximately opposite and, therefore, comparable to t}ie reported

_increase in weight specific gill surface area with decreasing body
weight. These opposing trends may suggest a causal relationship

bet;veen increasing wei'ght' specific surface area of the gill lamella
and cadmium and zinc susceptibility. Smaller post larval zebrafish
WO ld have a greater lamellar surface area per unit body weight with
fe/:er critical target sites available for toxicant interactions (Law
of Mass Action) than larger juvenile and adult fish. Thus, lower

levels of cadmium and zinc would be required to saturate the critical

- targets of the smaller individuals rendering'them'more susceptible to

the lethal action of these heavy metals.

Th\e'non specific and similar lethal action of cadmium and zinc -

may be further supported- by another 'quantitative patters "in‘ the
lethal tolerance of the test organisms. Toler‘ance’ as measured by the
ninety-six hour LC s for cadmium, zinc and.their mixtures,
decreased disproportionately with increasing size and weight specific
metabolic rate of the post hatch individuals.

The relationship between body size. as measured by weight and

metabolic rate of an organism, is l;e" known. Although smaller

organisms utilize less oxig\en(than do larger organisms, the weight

specific oxygen consumption of the former is grea'ter than that of the
latter (Adolph, 1949). ’ , .




"The poténtial influence of fhetabalic rate oh the susceptibility

,of test organisms to certain heavy metal toxicants has been

~

invesfigated. The susceptibility of rainbow trout exposed to ambient
levels of zinc was"gre‘ater in actively swimming individuals than )

in qu)'e‘écent fish (Skidmore, 1967). Susceptibility was related to

‘the metaboh’c requirement of the test organisms.

Skidmore, 1967, invest1gated the zinc tolerance of the

zebraﬁsh Brachydanio rerw, from prehatch embryo through to the

adult 11fe cyc]e stanza, in relation to metabohc rate per unit’

weight of the test organism. .Zinc tolerance decreased .

d1sproport1onate1y vnth ingreasing metabolic rate as measured by the
w”

routine rate of oxygen uptake.' The metabolic rate and susceptibility

to zinc increased concurrently in fish from zero to five days post
- - , .

fertilization while the dry body weight. of"t'hese individuals remained

constant. The rate of oxygen uptake for individuals more than five

days old however decreased disproportwnatéfy with 1ncreas1ng unit of

’ body we1ght. ‘ : - -
At 250 - - | s ’ ..
X = 472w 014 an-
where X = mg. 0 /kg/hr. . .

=
L}

Dry weight (mg.)”
(Skidmore, 1967)

3 .

The metabolic rates of the ,Jarvafe, jyvem’ le and adult stages tested

_in these cadmium, zirc and mixtures bioassays were determined using

Equation 11. An approximation of the dry weight of the fish was

- derived b} multiplying the wet weight of the individual by a

| -86~
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predetermined factor of 0.139. 'This tactor repreéented the ratio of |
dry to wet body wg‘ibht aﬁd had been empirically determined for twenty
laboratory reared juvenile and adult specimens. The metabolic rates
of fis-ll,prior to yolk sac absorption uere' drawn directly from
Skidmore's 1967 data. Tolerance, as measured bywthe ninety-six hour
Lcso's for cadmjum, zinc and their mixtures, decieased

disproportionately with decreasing size and 1m‘.r/easing weight

,specific metaboHc rates of the post hatch 1ndividuals (Figures 16 &

17). : ‘v
' 4 ‘

The greater metabolic demands of the smaller post larval
zebrafish may, be met with a greaterlgpercul.ar' ventillatory volume
thereby increasing toxicant availability and possibly uptake at the
critical'target (Spear & Anderson, 1975). The proportional decrease

in critical receptor sites, with-body size coupled with greater

. toxicant availability and uptake, may eause smaller fisl\' to have a

greater toxi{a}t susceptibility than larger individuals. In faet 2

causal relationship between susceptibility of fish to the lethal -

action of heavy metals and rate of accumulation by the gill- has been

-

proposed (Spear & Anderson, 1978).
At first glange, the tolerance of the prehatch embryo exposed
to cadmium and cadmium and zinc mixtures does not conform to the
pattemn estabHshed by the other 1ife cycle stages tested (Figures 16
& 17). The metabolic rate of the embryo is only s'lightly greater
than that -of the adult, yet the cadmium tolerance of the adult 1s
a'lmost four times less than that of the prehatcﬁ embryo. The
relationship between metabolic rate and the sus eptibility of the
embryo to discrete solutions of zinc, however, did comply with

. that established by the other life cycle stanzas. This apparent

. : N )

e




L)
|

L

i ’ ‘ ) \ .
R I " CADMIUM ¢
/\) - O ZINC
X 1 ] 1 1 1 [ 1
t 5 10 15 20 25 30
. 96 HOUR LC 50 ( mg/L ) .
.Gﬂx‘ Pléure 16. The influence of metabolic rate of the- four

tested life cycle stages on their lethal

. tolerance to discrete solutions of cadmiuﬁ

and zinc. (E represents the egg stage; P, post
larvae; J,juvenile; A, adult).’ .
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I di;creppncy nmy be explained.by the protective capacity of the egg
capsule against the.Tefha1 action of cadmium (Rosenthal & Alderdice,
1976). However, the protection orfered by the egg capsule against )
the toxicity of zinc appears to bé negligible. (Skidmore, 1966).

In the absence of a functional gill, respiration in the embryo ’
oc&yrs by diffusion across .the entire surface area of the developing
organism (Blaxter, 1969). The relationship between the surface;area
and volume- (as measured by body weight) o% the embryo approximates
that qf tLe respiratory lamellar surface area and bady wéight of post
hatch individuals (Muir, 1969). The low metabolic demands of this
test stage which allow diffusion to be an efficient method of gas
exchange, may therefore influence toxicant availability, uptake and
thus embryo susceptibility. Failure to consistently observe this
influence may be:attributed td factors that are specifically ‘
instituted by this test stage. The effieiency with which the egg . o
capsule protects the embryo frpm cadmium toxi city may mask the :
: modifying influence of metabo]ip rate of xhese individuals:- Thus, o
| ' the relationship betweeh tolerance and metabolic rate of the prehatch
1 l embryo exposed to cadmium may not be apparent (Figures 16 & 17)

k' h\' Since the remova] or rupture of the egg membrane does not influence
- zinc toxicity (Skidmore, 1966) one may presume that the egg capsule
‘does not offer protection to this tox1cant. Thus, the 1nf1uence of
the metabolic rate of the prehatch embryo on zinc tolerance nny.be .
apparent (Figure 16). |

o . To further e]ucidate the relationship betveen metabo11c rate -
. and cadmium and zinc tolerance, a pre1im1nany experiment was

At ‘o designed. Lots of ten to twenty post hatch individuals were exposed
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,to a pure solution of cadmium or zinc.

- life cycle stages teéted.

_the critical targets of certain heavy metal toxicaﬁts

A1l zebrafish constituting
one lot were of the same age and the test lots ra'nged in age from
four to twelve days post fertilization. - At twenty-four hours of -

exposure, the number of deaths in each lot were recorded. The

metabolic rates of the individuals in each test loﬂ’were drawn from -

those described by Skidmore, 1967 (Figure .18). The rapidly changing

metabolic rates of the§e early life cycle stages concurred with
chqnges in their susceptibility to cadmium and zinc (Figure; 19 &
20). o '

\ ¥ “

LY

‘

In examining the pattern of tolerance of the zébrafisﬁ,at‘
various life cycle stages, a d1sproportionatg increase in |
susceptibility with decreasing body size &hd/increasing metabolic -
rate has been quantitat1v§1y expressed. The ;oncentration addition of
these heavy métal mixtures suggests the existence of a non specific
critical target which is common to both cadmium and zinc and to all
‘ The proposal that in fish, the boundary
membrynes, such as the gill, that have a\respiratory function are
: .(Speaq'&
Anderson, 1975; 1978; Skidmore, 1972) is supported by the
quantitative relationships of metabolic rate, body size and the

multiple toxicity patterns that have been reported here.
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APPENDIX I

The Probit Transformation ' .

The suscebtibility of a population to a poison is usually
distributed norma]ly (Bl1ss, 1939) . The proportion of individuals
respondwng to a given dose- of the poison ney be’ expressed in terms of
standard deviation units about the mean of the norma} curve. A table
of statistical units called probits has been devised in whieh the «

zero' of the usual statistical pable of deviates, corresponding to the

. mean of the normal curve, has been equated to 5. The deviates of the

normal curve have been added algebraically to secure the probit
cerresponding to eacrrper;entage response (Bliss, 1959). Since the
norma] curve is asymptotic at thﬁsextrem1t1es, i.e. it approaches =
 infinity at the horizontal ax1§ (Ferguson, 1966), a probit value-

cannot be assigned to the extreme cases of 0 and 100 percent response

. (Bliss, 1939).

y The relationship between the percentage response and the log of
the adminkstered dose of a drug or toricant isyéraphica]]y .
represented by a sigmoid curve. However, if the percentage response
is converted to the corresponding probit response, this relationsh1£
- can be 11nea(1y represented (B11ss, 1939). The recwprocal of the
slope of the resulting dose response regression describes the
variance fn sgsgeggiﬁility between individuals in the popu]a;ion. A
linear dose responsej)eTatidnship enhances the ease with which the

-

{ ;oo
results of bioassays can be statistically examined and compared.

| These characteristics are in contrast to the‘difficulties in the

statistical manipulation of non 1linear dose response curves. .
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