
SEATTLE, WA 

ctober 1974 

NOAA TR NMFS SSRF·681 

NOAA Technical Report NMFS SSRF·681 
U,S. DEPARTMENT OF COMMERCE 
National Oceanic and Atmospheric Administration 
National Marine Fisheries Service 

Physiological Response of the 
Cunner, Tautogolabrus adspersus, 
to Cadmium 



NOAA TECHNICAL REPORTS 

National Marine Fisheries Service, Special Scientific Report-Fisheries Series 

"~I 

wa~ r .,,";, ht"d In 1e-tlt) I'ht eriC ,-a"r/ repurt ·n Iff, 

UI p of r'" ,rtf ted cope I h~ fl', t()l"'t n nv df'''ll wltl, nppl ", ' 
,~1 !ol\:lent nG'urt' 

'IF" "l> o{~ tr .vall.hl. roe In It 'nll 
other ~c ('ntICIC' dnc tt'lh 11cnl pub] ~tll n In the r tr' .( 

Er vlrorm('f11:11 s( ll'lH'(' lnf· nr Itl n tfntr" ~O·\A, \\ 

19. 1\' ie 7(}t"'lpiank' 01 Ii sma nektol n t"c C08 ul \.\ t,,.. !" \ tIn4 UVt'r I I d 
(l E riltal Inl \\ashmptcn, sprl .. lnti ill )f If)( ) Av [)I n d ~ DB Ie:' UII,", 1 'III + 
~4 pr. lq f g,. h t ,hi ... 

20. hp ] -a:de \\ l 'l.01 (' Ocean« Il: h" n, 01 "I dv ParI I.' I', Ilea .. Yo d ft. d 
nd wtr . re~ vahu ti, .Jul\' l~ € 1 ';) Jl\ (,U er H Ski Junp 111 

pu. figs 

:ll Pred l1)Jl in n~ en 111 hln.c k sa 10:0 {)f1 rhvn h' t h u 
hat he" .. ong B Ben 1 (. P.·t.~ F.tr ,,19 1 III" I p~ ~ fig 

\j e in len th: by 'is. n of (' lught \\ "h m 
Hole M .. bSilChl..e ts "'i plf"Tlher Hill toOt! emher lQ(", H\ r ~ 

Fehr on 1971 III + ~ pn. fig, I lab' 

21. \ppa"nl .bl d ce d.1 Ibul 0 

n he ~ lrt h F" 114 01.;' -e rr' unl s f:I 
SeJ.: t ~IT' el Ie \ t- 1 J:. tlgs • ') 

11)'1 

Hct h 

621 nnuon' ... Of et J.r :II prrl('e Sing nth ql ~ht) an e f I)n II 
'\ B Webb an F l' I.oc .IS. Apr 19' +- 11 pp <I I lab 

62t"" DI· ri 1tl n t OJ nno re ated 04 ano ~ '11C ":It ~e In t e 
Ocean .. >.mg 1961< B· R· ber' ~ frer,. R"har (, Bakkil. \Ias .' 0 

o. M.rr~ 19- t' ~p 1l Igs J libl 

I 1 rv 
I I 1. 

,t 1\ 

hI. 
l.nd Jun 

621 on fTI'l fish" !lnd lolo~ f the e hYloate- shr p \/0 ,. II h u an th 
~W"r St P9.ul R \ r 1 er'3, ~~:l l;~ B\ (Jeoo;: ( \!llIer Ff'1rusn .l,1 

t g tabJI~s. 

62"" ali4!:,1 :IUo: so: the SOl thf>8stern l "ed ~ t;. .1Qje,. I B R.! ber t umrr Ir 
9'" u + 22 TP, 2,1 t "s. J tlbles. 

62~ Fur Seal Inesltgat ors. 1)69. fI, N\IF" \1 "me Mamr. .1 BI I. g cal La~oralon 
August J97 1

, 82 "1=, ) IgS. 4-1 2 Ies, _ :Jppf"nCl x A. °e l Ie, J arpen4: x B f hl"-

629 Alaivsls of tre erat ens I}f spve" H \I, 10 sk PJa4 k tlna ftsh .. g \f'"S..~Ls. J.lnt' 

August 19,- Bv Ri 'hard N _ chlda an( Ray F 'umlda March 197 • v .. '" pp 14 f 
2_ tables. For sale bv tle Su enntendent of Doc ·nent, l ~. (.1 vernment Pnnt "g Ot 
fit' Washinglon. D.C 20402. 

6~O hI Ie crat mf" t I Prese'"V H on 't' ':reezn~ oJ y 1 71 + l~ pp. ij fgs L tables. 
II Edect 0'- cheMical treat ""'lents m acce':-tability B\ J. rgen H ~tnsser .• Jea:- ~ l...en ,or. 
an41 T'rederlc <. J h.lnl{ Julv . ')71, + 12 pp. 1 fig. -I ta:11es 

f-
r l Ot'currence of thiaminase In some common aquatH animals f the l nlted St:.t\,s 

and Canada. By R A Greig and R. H Gnaedinger 'ul\ 19'.1 ill + , pp .• 2 ubi .. 

fi:J? An annotated hibliography )[ attempts to rear the larvae ,f marine nshl'~ In the 
lat lralury. By Robert C Ma~' AUgURt 1971 iii + 24 pp., 1 9.ppendlx I tahle 10I'rendix 11 
tahle. For sale by the Superintendent of Documents. e S Government PrinLnl': Olll('l' 
\\'ashmgton, D.C 20402 

6:U. Blueing ot pTLl'essed crab meat II. Identificatlon .)1' :-;ome factors inv'll\'ed In the 
hlue discoloratIOn f (an ned crab meat Collinectes sapLdus By ~tel\'in E. WateT'!'. ~lay 
19,1. III + 7 pp .. 1 ftg. 3 tables 

6:q Age composItion, weight. length, and sex of herring, Clupea pollasii. uRed lor reduc· 
tlOn In Alaska. 1929·66. B\' Gerald:'.1 Reid .. Jul, 1971. III + 25 pp . 4 figs. lR lables 

• I -\ 

II I 

64 surf 1 €' y.: ·ld!> of tJ,t uth(· s+(-rr. tn.) Ical At ntlc Olean B J hn \1 trlgTlu ,fL'id 
Mer' n ( h ham Oct ~r lerl + 20 i';' 17 IP ~'r Ie b\ the ..... upenntepd nt 
IMoc r {'",' (,o\erriT\ent prtnt:"l~ 0 I ~ \\8 hl!,,\~Or. 0 ( M02 

644 Inhltwil of rt h hrnv.rung' nnrl Kin .or fad,:-tg' In frozen filleu of \e- .ov.e-\e 
snapper CL 'r nu ~u S, H .. dd ( Thompson Jr and la" H Thomps<.n 
FE'! ruan J fl2 1. + t pp. 1 nbl For 8,8..(' I)v the "'ll,.,penntend€'nt "f Doc ... mrnt l ~ 
Gnverr.:nf:'"l"'· Pr.ntmll! Of' H P \\ 8:' htngton. D C ;"')(.40'2 

f'~.r: frs\elmg CTeen r r r('...,o\8.~ H detm fr 'm rl\Prs 8\ Damtl \\ Bates, Ernes1l \\ 
\1 .~phe, 8m.l \Ia:rt~~ (, Beall' ltctOltt"f j97~, III +- h pp. t:i lags 1 tahle For sale- b\ the 
~up€'nnlE."ndent of Doc ,:'"lrnt. l ~ (J{)\('mIT't>nt Printing Office \\8. hlngtL n. [) ( 
2Q.;112 

04~ [)l"soh·ed mtr.igefi ' ,n4entratH,n ... In the Ce,luronl8 and ~n.ake Rivers tn 19711 and 
thetr efff'cr eon ctllnook ... alme,n and .. tt>el'-'t"sd trout By \\ t"Sle\ .j. Ebt>J August 1971. 1U + 7 
pp . .2 Lj:"!S, tl table .. F"r sait" b\ the Sllpt>nntendent ,.f Doc1Imt>nts. L ~ G1.\'ernment 
PrintIn~ Ulfl{'(" \\'a ... hlngton, n.c 204(12 

t;·r: Re\ I ... ed annotatPd list of p8r8~ltE"S lrom :-oea mammals cauJ:ht off the we;.t C08:-ot of 
~orth Ament'8 Bv L. \largoli:-; and \1 D. Oatley ~laI('h t9j~. III + ~3 pp. For :::.ale bv the 
Supennt'?nden1' r)f Do('umpnts, l',~ (;overnment Printing Office, Washington. DC' 
20-t1)2 

Continued on inside back cover 



u.s. DEPARTMENT OF COMMERCE 
Frederick B. Dent, Secretary 

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION 
Robert M. White, Administrator 

NATIONAL MARINE FISHERIES SERVICE 
Robert W. Schoning, Director 

NOAA Technical Report NMFS SSRF-681 

Physiological Response of the 
Cunner, Tautogo/abrus adspersus, 
to Cadmium 

SEATTLE. WA 

October 1974 



The National Marine Fisheries Service (NMFS) does not approve, rec­
ommend or endorse any proprietary product or proprietary material 
mentioned in this publication. No reference shall be made to NMFS, or 
to this publication furnished by NMFS, in any advertising or sales pro­
motion which would indicate or imply that NMFS approves, recommends 
or endorses any proprietary product or proprietary material mentioned 
herein, or which has as its purpose an intent to cause directly or indirectly 
the advertised product to be used or purchased because of this NMFS 
publication. 



CONTENTS 

Page 
I. Introduction and experimental design, by Anthony Calabrese, Ries 

S. Collier, and James E. Miller . . . . . . . . . . . . . . . . . . . . 1 

n. Uptake of cadmium by organs and tissues, by Richard A. Greig, Al-
bert E. Adams, and Betty A. Nelson ................. 5 

m. Changes in osmoregulation and oxygen consumption, by Frederick 
P. Thurberg and Margaret A. Dawson ................ 11 

IV. Effects on the immune system, by Richard A. Robohm and Maureen 
F. Nitkowski ............................. 15 

V. Observations on the biochemistry, by Edith Gould and John J. Karo-
Ius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

VI. Histopathology, by Martin W. Newman and Sharon A. MacLean 27 

L.... _______ ~ __________ ,..~ ___ ~ ___ ~ ___ ~. 



SUMMARY ABSTRACT 

The cunner, Tautogolabrus adspersus, was exposed to six concentrations of cadmium, as 
cadmium chloride (CdCI, .2 '/2 H, 0), for 96 hr. At the end of this exposure period, tests of blood serum 
osmolality and gill tissue oxygen consumption were performed. High levels (48 ppm) of this metal 
resulted in abnormally high serum osmolality, and an exposure as low as 3 ppm reduced the normal 
rate of oxygen consumption. Both of these parameters may be related to observed tissue damage. 

The histopathological effects of acute exposure of the cunner to cadmium were manifested in the 
kidney, intestine, hemopoietic tissue, epidermis, and gill. Few significant changes were noted in fish 
exposed to concentrations less than 48 ppm. The results implicate renal failure as the probable cause 
of death subsequent to acute exposure to cadmium. 

Clearance of intracardially injected bacteria from the blood of cunners exposed to 12 ppm cad­
mium was examined. The rate of bacterial uptake in the cells of the liver and spleen was increased, 
but the bacterial death rate within these cells was decreased. Exposure of fish at 3 to 24 ppm failed to 
influence antibody production against sheep red blood cells. 

The activity of two liver enzymes changed significantly with exposure to cadmium. Aspartate 
aminotransferase was lower in the exposed fish, and a magnesium-linked oxidoreductase in exposed 
fish required 10 times as much added magnesium to reach the same level of activity as in the control 
fish. 

Chemical analyses were made for uptake and clearance of cadmium from exposed cunners. In the 
uptake study, cadmium residues averaged 8.5 times higher in liver than in gills. In the clearance 
study, substantial reductions in cadmium residues were found in the gills and blood of fish held in 
clean seawater for 6 wk after exposure to cadmium , as compared to fish sacrificed immediately after 
exposure. Muscle and carcass samples from the "cleared" fish showed little reductions in cadmium 
levels. 
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Physiological Response of the Cunner, Tautogolabrus adspersus, 

To Cadmium. I. Introduction and Experimental Design 

ANTHONY CALABRESE, RIES S. COLLIER, and JAMES E. MILLERl 

INTRODUCTION 

Like most metals, cadmium is stable and does not 
degrade in the environment. Thus, as increasing 
amounts of cadmium are refined, more and more of it 
is circulated in the environment, and increasing 
amounts may reach man. Cadmium becomes an air 
and water pollutant, through a variety of industrial 
processes, and is being used in increasing amounts by 
the storage battery, plastics, plating, and petroleum 
industries (U.S. Council on Environmental Quality, 
1971). There is no evidence that cadmium is 
biologically essential or beneficial but, on the other 
hand, has caused severe human health problems 
(McKee and Wolf, 1971) . Since cadmium salts are 
most likely to be found in estuarine areas that are im­
portant nursery areas for marine fish and shellfish lar­
vae and juveniles, adult marine fish and shellfish are 
a potential source of cadmium in the human diet. 

Relatively little is known about the effect of cad­
mium on aquatic animals, particularly those in the 
marine environment. Most studies 0n the effect of 
cadmium to aquatic species have been performed 
with freshwater forms. More recently, however, 
research emphasis has been directed toward the effect 
of cadmium salts on various marine organisms 
(Shuster and Pringle, 1968, 1969; Gardner and 
Yevich, 1969, 1970; Jackim, Hamlin, and Sonis, 1970; 
Eisler, 1971; Eisler, Zaroogian, and Hennekey, 1972; 
Calabrese et al., 1973). These studies have progressed 
from the more classical bioassay tests for simply 
determining TLm (that concentration of toxicant 
causing 50% mortality) to those of physiological stress 
caused by sublethal levels of the pollutant being 
tested. Studies conducted at sublethal concentrations 
of a contaminant material so as to determine 
physiological damage to the organism concerned may 
be more important than mortality itself. The gradual 
elimination of valued marine species by low concen­
trations of toxicants is no less serious than instan­
taneous death of those species. In a sense, it is more 
serious because it is less likely to be obvious and to be 
traced to its source in time to permit recovery of the 

I Milford Laboratorv. Middle Atlantic Coastal Fisheries Center, 
National Marine Fisheries Service. NOAA. Milford. CT 06460. 

environment. Studies of physiological stress caused 
by sublethal levels of a toxicant generally require 
chronic or long-term exposure, but some physiological 
parameters can be examined in short-term tests. 
Parameters of physiological damage that can be ex­
amined by long-term exposure include growth, life 
span, reproductive success, adaptation to en­
vironmental stress, feeding and mating behavior, 
changes in respiration and osmoregulation, 
pathological effects, biochemical anomalies, and 
genetic alterations. 

It is apparent that increases in human population 
and technological development are producing serious 
stresses on the marine environment, with a resulting 
decrease in its effective use. These events, plus 
natural events, are fostering conditions that diminish 
the harvest of marine resources. The National Marine 
Fisheries Service (NMFS), as part of the National 
Oceanic and Atmospheric Administration (NOAA), is 
concerned about the threat to marine life and is 
providing a national focus for marine research to 
generate the basic knowledge and understanding of 
marine environmental processes required for effective 
management of the marine environment and its 
resources. 

The New York Bight, which is receiving inter­
national attention because of the large amount of 
waste material being dumped into it, borders the most 
heavily populated and industrialized complex in the 
country. Because the Middle Atlantic Coastal 
Fisheries Center of the NMFS is located within this 
geographical area, it is important that this Center un­
dertake studies to determine the impact of man upon 
the living marine resources of this area. This Center, 
comprising laboratories in Sandy Hook , N.J.; 
Milford, Conn.; and Oxford, Md., has the facilities 
and scientists to undertake studies of this type. The 
present study was designed to determine the short­
term (96 hr) physiological response of a local fish, 
Tautogolabrus adspersus, commonly known as the 
cunner, to cadmium. A multidisciplinary approach 
was used to determine the following: 1) uptake of cad­
mium into various tissues and organ systems; 2) 
changes in osmoregulation and oxygen consumption 
rates ; 3) changes in enzymological patterns ; 4) im­
mune response to various antigens ; and 5) induction 



· histopathological abnormalities . Results of these 
dies are reported in the following sections of t his 

chnical report . 

METHODS AND MATERIALS 

~ollection and Conditioning 

Cunners were collected in modified eel pots, a 
linder of V2 -inch-mesh hardware cloth with a funnel 

lone end and a hinged door at the other end. Pots 
'ere baited with cracked hard clams, Mercenaria 
tercenaria, and fished in 10-25 feet of water in the 
tratford to New Haven, Conn. , area of Long Island 
ound. Fish were transported to the laboratory in 15-
ter polyethylene buckets and placed in tanks of flow-
19 seawater at ambient temperature . Before being 
xposed to cadmium, the fish were transferred to 
anks of recirculating artificial seawater (Zaroogian, 
'esch, and Morrison, 1969) , adjusted to 25 ppt salini­
V, and maintained at room temperature for at least 1 
rk for acclimation. The fish were fed Purina Trout 
~how2 during this time, but were unfed for 2 days 
Irior to and during the experiment. 

~xposure 

For exposure to cadmium, the fish were placed in 
;lass aquaria filled to 60 liters, with artificial seawater 
Instant Ocean), which was aerated throughout the 
intire exposure period . Cadmium, as cadmium chlo­
ide (CdCl 2 -2 lf2 H 2 0), was added to test aquaria at 
:oncentrations of 0, 3, 6, 12, 24, and 48 ppm of Cd2-t: 
3tock solution for all tests was made up with reagent 
:rade cadmium chloride dissolved in water at 50 g 
jd2+per liter and acidified to a pH of 2.5 to maintain 
;tablii~y. Proper aliquots of the cadmium stock solu­
;ion were added immediately prior to the addition of 
;he artificial seawater to obtain desired cadmium con­
~entrations, and aerat ion was begun a few minutes 
arior to the introduction of test fish . Temperatures 
ranged from 21° to 25° C and pH levels remained 
between 7.3 and 7.6 during the entire study. The 
above five concentrat ions of cadmium were tested in 
duplicate, with two aquaria serving as controls, in 
each of a series of seven tests . Four cunners were plac­
ed in each aquarium and were observed daily 
throughout the 96-hr exposure period, and dead fish 
were removed each day. At the termination of each 
test the fish were made available to resident scientists 
at the Milford laboratory; in addit ion, specimen 
am pIes were prepared for histopathological examina­

tion by scientists at the Oxford laboratory, Oxford, 
Md. Supplementary tests of the same design were 
subsequently performed for those research projects 
needing furt her samples. 

, Relerence to trade name does not imply endorsement by the 
,ltmnal '\lanne Fishenes Service. ~OAA . 

Of a total of 500 fish tested, 126 were sampled for 
weight and length, averaging 45.2 g in weight and 
146.3 mm in length, with a range in length from 115 to 
170 mm. 

RESULTS AND DISCUSSION 

Although the intent of this study was to determine 
the physiological response of cunners exposed to sub­
lethal levels of cadmium, rather than to determine 
TLm, some mortality data were nevertheless obtained. 
Concentrations of cadmium (in ppm water) tested 
and percent mortality (in parentheses) follow: con­
trols 0 (1.8%), 3 (3.5%), 6 (5.4%), 12 (1.8%), 24 
(10.7%), and 48 (26.8%). It is obvious from these data 
that cunners can tolerate high concentrations of cad­
mium for at least 96 hr. It was also noted in other 
phases of t his study, however, that those fish exposed 
to 48 ppm of cadmium for 96 hr and then placed in 
clean seawater all died within a few days. Eisler 
(1971) reported that the tautog, Tautoga onitis, a fish 
in the same family as t he cunner, can also tolerate 
high levels of cadmium for a short duration . He also 
reported that the sheepshead minnow, Cyprinodon 
variegatus, and the mummi ch og , Fundulus 
heteroclitus, had TL 50 values of 50 and 55 ppm, 
respectively, for a 96-hr exposure to cadmium. 
Although it appears that marine teleosts are relatively 
resistant to cadmium, it will be apparent from the 
sections that follow that cadmium does, in fact , cause 
physiological stress at sublethal concentrations. 
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Physiological Response of the Cunner, Tautogolabrus adspersus, 

to Cadmium. II. Uptake of Cadmium by Organs and Tissues 

RICHARD A. GREIG, ALBERT E. ADAMS, and BETTY A. NELSON 1 

ABSTRACT 

Cadmium uptake and clearance data were obtained on cunners, Tautogolabrus adspersus, 
exposed to various concentrations of this metal in artificial seawater. 

In the uptake study, cunners were exposed to 0, 3, 6, 12, 24, and 48 ppm cadmium in 
seawater for 4 days. Cadmium residues averaged 8.2 times higher in livers than in gills. At the 
48 ppm cadmium exposure level, the livers averaged 195 ppm, as compared to 33.5 ppm for gills 
(wet weight values). 

In the clearance study, cunners were exposed to 24 ppm cadmium in seawater for 4 days, 
after which time half of the fish were placed in clean flowing seawater for 1 mo and half were 
sacrificed immediately to determine initial cadmium residue concentrations. Gill, liver, blood, 
muscle, and carcass samples were analyzed. Substantial reductions in cadmium residues were 
found in the gills and blood of fish held in clean seawater, as compared to samples from fish 
sacrificed immediately after exposure to cadmium. Liver samples produced variable results: 
livers of fish held in clean seawater for 1 mo contained 62-155 ppm cadmium for four fish and 5-
11 ppm for three fish, as compared to 30-117 ppm for livers from eight fish sacrificed immediate­
ly after exposure to cadmium. Muscle and carcass samples from the "cleared" fish showed very 
little reduction in cadmium levels. 

INTRODUCTION 

Freshwater and marine organisms have the ability 
to concentrate metals far in excess of the levels found 
in the waters they inhabit. Mollusks and other 
shellfish, in particular, selectivtly concentrate 
chemical materials (including metals) up to many 
hundreds of times the levels in their environment 
(Pringle et al., 1968). 

There are three major sources for uptake of metals 
by water-inhabiting organisms: 

1. The water column (the metals are dissolved in 
the water); 

2. Particulate matter (the metals are adsorbed to 
particles suspended in the water column); and 

3. Food (the metals are incorporated in the material 
the organism consumes). 

There are relatively few reports in the literature 
dealing with the uptake of cadmium by marine 
organisms. Of those few marine animals studied for 
cadmium uptake, mollusks have received the most 
attention and finfish the least (Pringle et al., 1968; 
Shuster and Pringle, 1969; Eisler, Zaroogian, and 
Hennekey, 1972). Several investigators have studied 

1 Milford Laboratory. Middle Atlantic Coastal Fisheries Center, 
National Marine Fisheries Service, NOAA, Milford, CT 06460. 
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the toxic effects of cadmium in both freshwater and 
marine finfish, but these workers did not include in­
formation on the uptake of cadmium (Ball, 1967; 
Gardner and Yevich, 1969, 1970; Roberts, 1963; 
Eisler, 1971). 

Our objective was to obtain data on the uptake of 
cadmium by liver and gill tissues of cunners exposed 
to solutions of CdCl2'2V2 H 20 in artificial seawater. In 
addition, information was obtained on the extent of 
clearance of cadmium from various tissues and organs 
of cunners that were returned to clean seawater after 
exposure to cadmium. 

METHODS AND MATERIALS 

Fish Holding 

Uptake study.-The methods of exposure of the 
cunner to various concentrations of cadmium chloride 
in artificial seawater for the uptake study are describ­
ed in Part I of this collaborative report. 

Clearance study.-An independent study was con­
ducted to determine the extent of clearance of cad­
mium from various tissues of the cunner, after the ex­
posed fish were held in clean seawater. Sixteen fish 
were exposed to 24 ppm cadmium (as CdCl 2'2 1 2 H.O) 
in artificial seawater for 96 hr, and eight fish were 
maintained as controls. The fish weighed from 28-89 g 



(i = 62.3 g). Mter the 96-hr exposure, eight of the ex­
posed fish and four control fish were sacrificed to 
determine cadmium residues in various part of the 
fish. The remaining eight cadmium-exposed fish and 
four control fish were placed in flowing seawater for 1 
mo, after which time they were sacrificed for cad­
mium analysis. 

Sampling Procedures 

Uptake study.-For the uptake study, data were 
collected from three separate experiment, in each of 
which five different concentrations of cadmium were 
used, plus a control. A single pooled sample was made 
of the livers from four to five fish per expo ure level. 
The same sampling procedure wa followed with the 
gills, which were rinsed in clean seawater immediately 
after dissection to avoid possible adherence of cad­
mium chloride to the gill surfaces. 

Clearance study.-Mu cle, gill , liver, red blood 
cells, serum, and carcass were analyzed for cadmium 
residues. The sampling wa as follows: 

Muscle.-Paired fillets were taken from each fi h, 
skinned, and ground and combined into a ingle am­
ple per fish. The skin was added to the carca ample 
(described below). 

Gill and liver.-Samples were taken a de cribed 
above for the uptake study, except that the ample 
were analyzed individually. 

Red blood cells and serum. -Blood sample were 
pooled from four fish per treatment, except in the case 
of the cadmium-exposed fish held 1 mo in clean run­
ning seawater; only seven fish survived, and their 
blood pools represented four and three fish, respec­
tively. 

Whole blood was taken from the cunner by heart 
puncture, placed in a test tube, and allowed to clot at 
room temperature for 45-60 min. The serum was 
removed from the clot and centrifuged at 350-500 XG 
for 10 min. The clarified serum was frozen-stored until 
analysis. For the red blood cells samples, the cellular 
residue remaining after centrifugation was combined 
with the clot. 

Carca8s. -The remainder of the fish after removal 
of the samples described above was called the carcass, 
and included the skin removed from the fillets. 

Chemical Analyses 

For analysis of cadmium in cunner tissues, samples 
were placed in 50-ml glass beakers, dried at nooe for 
18 hr, and heated over a Bunsen burner to char the 
tissue. The samples were brought to 4000 e in a muffle 
furnace, removed after 1 hr at that temperature, and 

6 

cooled; a small amount of concentrated HNO was 
added to wet the a h, and the ample. were returned 
to the muff1e furnace at room temperature and 
brought to 400°(' again . This proce was repeated 
until only a white re idue remained in the beaker, 
u ually after 3-5 addition of H O. The re idue was 
rin ed from ea h beak r with lor r H 0 1 and filtered 
through Whatman o. 2 paper. The filtrate wa 
brought to a final 10-ml volume and ub equently 
analyzed with an atomi ab,orption. pe trometer, 
employing a deuterium background corrector (Perkin 
Elmer2 Model 403). 

RESULTS 

Uptake Study 

admium ac umulation wa far greater in the liver 
than in the gill (Table 1). admium concentration 
a\eraged ,2 (range 3-15) time higher in liver than in 
gill ti' ue for all con entration te ted , Although there 
wa. _ ub tantial variation in re ult for the three up­
take e 'periment , the averaged data. how a nearly 
linear relation for cadmium concentration in liver 
ver. u cadmium expo ure level (Fig, 1). ariation in 
liver-cadmium concent ration wa greate t at 24 and 
4 ppm expo. ure level. . and lea t at 3. 6. and 12 ppm 
level, 

Cptake of cadmium into gill ti ue wa curvilinear 
in form. a hown in a plot of cadmium concentration 
in gill ver'u cadmium expo ure level (Fig, 2). ad­
mium concentration in gill ti ue for 3 and 6 ppm 

Reference to trade name, doe not impl\' endor ement by the 
National Marine Fi hene, 'en Ice. "OAA. 
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Figure I.-Uptake of cadmium by the livers of cunner held 96 hr 
in various concentrations of cadmium (as cadmium chloride) in 
artificial seawater. 



Tab le I.- Uptake of cadmium by livers and gills of cunners, Tautogolabrus adspersus, exposed for 96 hr at various 
concentrations of cadmium, as CdCI,H,O, in artificial seawater. 

Concentrations of cadmium in tissues 

Concentration 
of cadmium 
in art ificial 

Individual experiments Individual experiments 

seawater 
(ppm) Av. 1 2 3 Av. 1 2 3 

----------ppm wet weight basis'--------- ----··-----ppm dry weight basis'----------

o 
3 
6 

12 
24 
48 

o 
3 
6 

12 
24 
48 

1.2 
16.0 
34.5 
55.0 

110.7 
195.0 

1.1 
3.0 
3.4 
6.3 

11 .9 
33.5 

0.95 
13.5 
39.0 
54.5 

143.0 
267.0 

1.1 
4.3 
5.1 
7.5 

16.0 
43.0 

LIVER TISSUE 

1.65 0.85 
21.5 13.0 
36.5 27.5 
65.0 45.0 

109.0 80.0 
160.5 157.0 

GILL TISSUE 

0.9 1.3 
2.3 2.5 
2.4 2.7 
5.8 5.6 

12.0 7.8 
27.5 30.0 

5.5 3.6 6.7 3.2 
54.5 41.0 75.0 47 .5 

119.5 125.0 131.0 102.0 
198.7 182.5 236.0 177.5 
390.0 454.0 386.5 329.5 
761.3 928.0 744.0 611.5 

5.4 5.4 5.0 7.3 
16.5 21.5 11.5 16.5 
17.5 28.0 12.5 13.0 
31.8 38.5 28.0 29.0 
66.5 88.5 60.5 44.0 

171.3 226.5 135.0 152.5 

I Liver and gill tissues from four to five fish per exposure level were composited and analyzed in duplicate for each experi­
ment. T he values shown for individual experiments are averages of the duplicate analyses. 
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Figure 2.-Uptake of cadmium by the gills of cunner held 96 hr 
in various concentrations of cadmium (as cadmium chloride) in 
artificial seawater. 

cadmium exposure levels were virtually the same, and 
moderat e increases occurred at 12 and 24 ppm levels. 
There was a very sharp increase, however, at t he 48 
ppm level , which may be related to physiological gill 
damage. Thurberg and Dawson (this report, Part III) 
found a marked depression in oxygen consumption 
rates of gill tissues, as well as a breakdown of os­
moregulat ion in cunners exposed to 48 ppm cadmium. 
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Clearance Study 

Substantial reductions in cadmium residues were 
found in the gills, red blood cells, and serum of 
cadmium-exposed fish held in clean running seawater 
for 1 mo after exposure. In contrast, muscle and car­
cass samples of these fish showed very little reduction 
in cadmium residues, as compared to fish examined 
immediately after exposure to cadmium (Table 2). 

Liver samples produced variable results (Table 2). 
Cadmium concentrations in livers of fish examined 
immediately after exposure varied from 30 to 117 ppm 
(x = 64.2), a nearly 4-fold difference. Cadmium con­
centrations in livers of fish held 1 mo in clean running 
seawater after exposure, varied only 5-11 ppm (x = 
10) in three of the fish, but varied from 62 to 155 ppm 
(x = 92) in the other four fish. 

In spite of the pooling of blood samples (which 
reduced the number of possible observations) , cad­
mium concentrations in both serum and red blood 
cells were as variable as those observed in the in­
dividual liver samples (Table 2). All blood pools from 
"cleared" fish, however, had substantially lower 
levels of cadmium than those from fish sacrificed im­
mediately after exposure to cadmium. 

Gill tissues showed a greater clearance of cadmium 
than did the other tissues examined. Gills of fish 
sacrificed immediately after exposure contained 6.2-
10.6 ppm cadmium (x = 8.1), and gills of fish held in 



Table 2.-Clearance of cadmium from organs and tissues of cunners, Tautogolabrus adsfJersus, held in flowing 
natural seawater for 1 mo after a 96-hr exposure to 24 ppm cadmium, as CdCl,.2lf2 H 20. 

Cadmium Concentration 

Organ 
or 

tissue 
Immediately after exposure 

Average (range) 
After 1 rno in clean seawater 

Average (range) 

- ------------------- - --- -- ----- -- -- --- ppm (wet weight) --- -- --------- -- - - - ------ --- ------ ---

TEST FISH 

Flesh 0.17 ( 0.11 - 0.22) 0.12 ( 0.08 0.22) 
Liver 64.2 (30.5 117.2 ) 92.0 (62.0 155.0 )' 

10.0 ( 5.0 11.0 )' 
Gills 8.1 ( 6.2 10.6 ) 3.5 ( 2.8 4.7 ) 
Red blood cells 6.6 ( 5.2 and 8.0 ) 1.8 ( 0.8 and 2.8 ) 
Serum 5.9 ( 5.9 and 6.0 ) 1.5 ( 0.7 2.3 ) 
Carcass 4.8 ( 0.9 and 6.2 ) 3.5 ( 2.8 4.2 ) 

CONTROL FISH 

Flesh 0.06 0.05 
Liver 0.7 ( 0.6 and 0.8 ) 1.0 
Gills 0.4 0.3 
Red blood cells 0.4 0.4 
Serum 0.4 0.5 
Carcass 0.09 ( 0.08 and 0.10) 0.12 

, The livers of 4 fish had cadmium concentrations in the range of 62-155 ppm , whereas the livers of 3 other fish 
had cadmium concentrations in the range of 5-11 ppm. 

clean running seawater for 1 mo after exposure con­
tained 2.8-4.6 ppm cadmium. 

Concentrations of cadmium found in tissues of con­
trol fish (Table 2) were all less than 1 ppm. 

DISCUSSION 

In the literature, studies of the uptake of cadmium 
and other metals by marine animals deal 
predominantly with shellfish. Pringle et al. (1968), 
who studied the uptake of five metals by several 
species of shellfish, examined only the soft-shell clam, 
Mva arenaria, for cadmium uptake. Clams exposed to 
0.05 ppm cadmium (nitrate) in flowing seawater for 70 
days accumulated 8 ppm (whole-body wet weight), 
and clams exposed to 0.1 ppm for 56 days ac­
cumulated 9 ppm. Shuster and Pringle (1969) exposed 
Eastern oysters, Crassostrea uirginica, to cadmium 
(nitrate) in flowing seawater for 20 wk. At a 0.1 ppm 
exposure level, oysters accumulated 90-100 ppm cad­
mium (whole-body wet weight) within 13 wk, whereas 
at a 0.2 ppm exposure level, the animals accumulated 
the same concentrations of cadmium within 8-10 wk. 
After only 1 wk at 0.1 and 0.2 ppm exposure levels, the 
oyster, accumulated 7-24 ppm cadmium, with no ap­
parent difference due to exposure levels. 

Eisler et al. (1972) studied cadmium uptake by 
Eastern oyster; American lobsters, Homarus 
amertcanus: bay scallops, Aquipecten irradians; and 

mummichog, Fundulus heteroclitus. The animals 
were held for 21 days in flowing seawater containing 
10 ppb cadmium (CdClz ·2 V2 H z 0). Accumulation of 
cadmium was highest in the oysters, with 1.49 ppm 
(whoie-body wet weight) in the exposed animals and 
0.33 ppm in control animals. The mummichog had 
whole-body residues of 0.48 ppm cadmium for ex­
posed fish and 0.33 ppm in control fish. 

For comparison with these studies, a combined es­
timate of all data was made for whole-body residues in 
cunners exposed to 24 ppm cadmium for 96 hr (see 
clearance study, Table 2). The whole-body residues 
were calculated to be 2-4 ppm (wet weight) for ex­
posed fish and 0.1-0.2 ppm for control fish. Although a 
direct comparison of these data with those cited above 
for oysters is not possible, it would appear that cunner 
accumulates cadmium to a much lesser extent than 
the oyster. 
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Physiological Response of the Cunner, Tautogolabrus adspersus, 

to Cadmium. III. Changes in Osmoregulation and Oxygen Consumption 

FREDERICK P. THURBERG and MARGARET A. DAWSON' 

ABSTRACT 

The cunner, Tautogolabrus acispersus, was exposed to various concentrations of cadmium, 
as cadmium chloride (CdCI 2 ·2 1/z H 2 0) , for 96 hr. At the end of this exposure period tests of blood 
serum osmolality and gill tissue oxygen consumption were performed. High levels (48 ppm) of 
this metal resulted in an abnormally high serum osmolality and an exposure as low as 3 ppm 
reduced the normal rate of oxygen consumption. Both of these parameters may be related to 
observed tissue damage. 

INTRODUCTION 

Cadmium, which is neither essential nor beneficial 
to aquatic organisms (McKee and Wolf, 1971), has 
been detected in increasing amounts in the tissues of a 
number of such animals (Mullin and Riley, 1956; 
Peden et al., 1973). The use of cadmium in a variety of 
industrial processes has increased in recent years, 
making this metal an immediate concern as an en­
vironmental pollutant (U.S. Council on Environmen­
tal Quality, 1971; Dean, Bosqui, and Lanouette, 
1972). A number of investigators have demonstrated 
the toxicity of this metal to aquatic animals (Eisler, 
1971; Calabrese et al., 1973; Collier et al., in press); 
however, little is known of the sublethal effects of cad­
mium on finfish. Other metals have been shown to 
alter serum osmolality and respiration of freshwater 
fish (McKim, Christensen, and Hunt, 1970; Lewis 
and Lewis, 1971). Few experiments in this area have 
been conducted with metals and marine fish and 
fewer still with cadmium as the test pollutant. The 
present study was undertaken to determine the effect 
of cadmium on osmotic regulation and oxygen con­
sumption in the cunner, Tautogolabrus adspersus. 

METHODS AND MATERIALS 

Cunners were exposed to 0, 3, 6, 12, 24, and 48 ppm 
cadmium for 96 hr by the method of Calabrese, 
Collier, and Miller (this report, Part I). At the end of 
this exposure period, a blood sample was drawn by 
heart puncture using a scalpel and a disposable 
Pasteur pipette. Pooled blood samples from three to 

I Milford Laboratory. Middle Atlantic Coastal Fisheries Center, 
National Marine Fisheries Service, NOAA, Milford, CT 06460. 

four fish per cadmium concentration were collected in 
chilled 15-ml centrifuge tubes and spun at 1,720 X g 
for 20 min at 4°C. The osmolality in milliosmoles per 
Kg H 20 (mOsm) of 0.2-ml serum samples was read on 
an Advanced 3L Osmometer.2 Gill tissues from these 
same fish were dissected out and placed in 15-ml 
Warburg-type flasks chilled on ice; each flask con­
tained 5 ml of cadmium-treated seawater from the 
tank from which the fish were removed. Oxygen con­
sumption was monitored over a 4-hr period in a Gilson 
Differential Respirometer at 20°C. Oxygen consump­
tion rates were calculated as microliters of oxygen 
consumed per hour per milligram dry weight of gill 
tissue Cul/hr/mg) corrected to microliters of dry gas at 
standard temperature and pressure. 

RESULTS 

Cunners exposed to 3-24 ppm cadmium for 96 hr 
showed no change in serum osmolality from the nor­
mal value of approximately 340 mOsm determined in 
control fish. This value is lower than that of the sur­
rounding seawater (630 mOsm). Osmoregulatory dif­
ficulties were noted in fish exposed to 48 ppm. Serum 
osmolality in these fish rose to an average value of 390 
mOsm. These data are presented in Figure 1; each 
point on the curve represents the mean of six pooled 
samples, one from each of six exposures at a given 
cadmium concentration. 

Cadmium reduced the gill tissue oxygen consump­
tion rates at all concentrations tested. A normal rate 
of 0.750 IJ.I/hr/mg was reduced to approximately 0.510 
IJ.I/hr/mg after exposure to cadmium at concentrations 

2 Reference to trade names does not imply endorsement by the 
National Marine Fisheries Service, NOAA. 
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Figure 1.-Cunner gill tissue oxygen consumption and serum 
osmolality after a 96-br exposure to cadmium. The upper por­
tion of the graph represents gill tissue oxygen consumption rate 
(tJI/hr/mg) vs. cadmium concentration; the lower portion 
represents serum osmolality (mOsm) vs cadmium. Both curves 
show the mean value and standard error. 

of 3, 6, 12, and 24 ppm cadmium. Oxygen consump­
tion was slightly higher (0.580 tJl/hr/mg) after ex­
posure to 48 ppm, the same concentration at which os­
moregulatory stress was observed. These results are 
presented in Figure 1; each point on the curve 
represents the mean value of gill tissue oxygen con­
sumption of 18 fish. 

DISCUSSION 

Marine teleosts maintain a normal blood serum 
osmolality considerably below that of the surrounding 
medium (Krogh, 1965; Parry, 1966). In the present 
study cunner serum osmolality rose considerably 
above its normal level after a 96-hr exposure to 48 
ppm cadmium. Exposures below this level did not 
alter serum osmolality. Teleost kidneys excrete salts 
and thus maintain a normal osmotic concentration. 
Newman and MacLean (this report, Part VI) detected 
gross pathology in the kidneys of certain cunners used 
in this study. They reported that kidneys of cunners 
exposed to 48 ppm cadmium for 96 hr were nearly 
nonfunctional, while those exposed to cadmium con­
centrations below 48 ppm appeared normal. Gill and 

gut tissues are also inv01ved in osmoregulatory func­
tion (Krogh, 1965; Prosser and Brown, 1961). Other 
investigators have reported gill and kidney tissue 
damage in marine teleosts after exposure to cadmium 
(Gardner and Yevich, 1970; Eisler, 1971), and New­
man and MacLean (this report, Part VI) noted some 
gill and gut damage in cadmium-exposed cunners. 
Osmoregulatory difficulty at 48 ppm is, therefore, ap­
parently due to kidney failure, although gill and gut 
damage may be contributory. 

Gill tissue oxygen consumption was depressed after 
exposure to 3-48 ppm cadmium. The slight rise 
(although still well below the normal level) in oxygen 
consumption at 48 ppm was attributed to increased 
osmoregulatory stress at that concentration. The 
depression of oxygen consumption may have been due 
to gill damage. ewman and MacLean (this report , 
Part VI) noted gill tissue abnormalities in fish ex­
posed to cadmium, and Ledgerwood and Brown 
(1973) reported cadmium-induced aneurysms in the 
gill lamellae of threespine sticklebacks, Gasterosteus 
aculeatus. Greig, Adams, and elson (this report, 
Part II) found elevated levels of cadmium present in 
gill tissues of all exposed cunners examined. 

In summary, the results of this study demonstrated 
two physiological effects of cadmium on the cunner. 
High levels (48 ppm) of this metal resulted in an ab­
normally high serum osmolality, and an exposure as 
low as 3 ppm reduced the normal rate of oxygen con­
sumption. Both of these parameters may be related to 
observed tissue damage. 

LITERATURE CITED 

CALABRESE, A .. R S. COLLIER, and J. E. MILLER. 
1974. Physiological response of the cunner, Tautogolabrus 

adspersus, to cadmium. I. Introduction and experimental 
design. In Physiological response of the cunner, Tautogola· 
brus adspersus, to cadmium, p. 1·3. NOAA Tech. Rep. 
NMFS SSRF 681. 

CALABRESE, A., R S. COLLIER, D. A. NELSON, and J. R 
MacI ES. 

1973. The toxicity of heavy metals to embroys of the 
American oyster Crassostrea uirginica. Mar. BioI. (Berl .) 
18:162·166. 

COLLIER, R S., J. E. MILLER, M . A. DAWSON, and F . P . 
THURBERG. 

In press. Physiological response of the mud crab, Eury· 
panopeus depressus, to cadmium. Bull. Environ. Contam. 
Toxico!. 

DEAN, J. G., F. L. BOSQUI, and K. H . LANOUETTE. 
1972. Removing heavy metals from waste water. Environ. 

Sci. Technol. 6:518·522. 
EISLER, R 

1971. Cadmium poisoning in Fundulus heteroclitus (Pisces: 
Cyprinodontidae) and other marine organisms. J . Fish . 
Res. Board Can. 28:1225·1234. 

GARDNER, G. R, and P . P. YEVICH. 
1970. Histological and hematological responses of an estuarine 

teleost to cadmium . J . Fish. Res. Board Can. 27:2185·2196. 



GREIG, R. A., A. E. ADAMS, and B. A. NELSON. 
1974. Physiological response of the cunner, Tautogolabrus 

adspersus, to cadmium. II. Uptake of cadmium by organs 
and tissues. In Physiological response of the cunner, 
Tautogolabrus adspersus, to cadmium, p.5-9. NOAA 
Tech. Rep. NMFS SSRF 681. 

KROGH, A. 
1965. Osmotic regulation in aquatic animals. Dover Pub!. 

Inc., N.Y., 242 p. 
LEDGERWOOD, R. D., and G. W. BROWN, SR. 

1973. Cadmium induced aneurysms in gill lamellae. Res. 
Fish. Univ. Wash., Seattle, Contrib. 375. 

LEWIS, S. D., and W. M. LEWIS. 
1971. The effect of zinc and copper on the osmolality of blood 

serum of the channel catfish, Ictalurus punctatus Rafinesque, 
and golden shiner, Notemigonus crysoleucas Mitchill. 
Trans. Am. Fish. Soc. 100:639-643. 

McKEE, J. E., and H. W. WOLF. 
1971. Water quality criteria. 2nd ed. Calif. State Water 

Qua!. Control Board. Pub!. 3-A, 548 p. 
McKIM, J. M., G. M. CHRISTENSEN, and E. P. HUNT. 

1970. Changes in the blood of brook trout (Salvelinus 
fontinalis) after short-term and long-term exposure to 
copper. J. Fish. Res. Board Can. 27:1883-1889. 

13 

MULLIN, J. B., and J. P. RILEY. 
1956. The occurrence of cadmium in seawater and in marine 

organisms and sediments. J. Mar. Res. 15:103-122. 

NEWMAN, M. W. , and S. A. MacLEAN. 
1974. Physiological response of the cunner, Tautogolabrus 

adspersus, to cadmium. VI. Histopathology. In Physio­
logical response of the cunner, Tautogolabrus adspersus, to 
cadmium, p. 27-33. NOAA Tech. Rep. NMFS SSRF 681. 

PARRY, G. 
1966. Osmotic adaptation in fishes. Bio!. Rev. (Camb.) 

41:392-444. 

PEDEN, J. D. , J. H. CROTHERS, C. E. WATERFALL, and 
J. BEASLEY. 

1973. Heavy metals in Somerset marine organisms. Mar. 
Pollut. Bull. 4:7-9. 

PROSSER, C. L., and F. A. BROWN. 
1961. Comparative animal physiology. W. B. Saunders, 

Phila., 688 p . 

U.S. COUNCIL ON ENVIRONMENTAL QUALITY. 
1971. Toxic substances. U.S. Gov. Print. Off., Wash., 

D.C. 25 p. 



Physiological Response of the Cunner, Tautogolabrus adspersus, 

to Cadmium. IV. Effects on the Immune System 

RICHARD A. ROBOHM and MAUREEN F. NITKOWSKI I 

ABSTRACT 

Two elements of the immune system in cunners, Tautogolabrus adspersus, were examined 
after 96-hr exposure to cadmium: 1) clearance of intracardially injected bacteria from the 
bloodstream and 2) ability to produce antibody against intraperitoneally injected sheep red 
blood cells (SRBC). Exposure to 12 ppm cadmium increased the rates of bacterial uptake in 
p~a~ocytes of the liver and spleen but significantly decreased the rates of bacterial killing 
Within these cells . Exposure of fish at 3 to 24 ppm cadmium failed to influence antibody produc­
tion against SRBC. These results indicate that cadmium affects one aspect of cellular immunity 
but not humoral inImunity in cunners. This effect may increase susceptibility to infection. 

INTRODUCTION 

There is evidence that cadmium poisoning in 
teleosts disrupts respiratory processes (Schweiger, 
1~57; Mount and Stephan, 1967) and damages 
kIdneys (Gardner and Yevich, 1970) and gills (Mount 
and Stephan, 1967; Gardner and Yevich, 1970). The 
exact mechanisms of these effects are unknown 
although some evidence in liver, kidney, and othe; 
tissues of mammals (Simon, Potts, and Gerard, 1947) 
and fish (Jackim, Hamlin, and Sonis, 1970) indicates 
that enzyme systems are inhibited. If there is inhibi­
tion in rapid~y growing or metabolizing cells, then 
cells of the Immune system in fish may also be 
affected . Identification of such effects, in addition to 
being useful as indicators of toxicity, may, in part, ex­
plain environmental mortalities of fish . For example, 
If a pollutant can inhibit production of antibody by 
the lymphocytes or in some way reduce the effec­
tiveness of reticuloendothelial system phagocytes , fish 
may become susceptible to infection. A report by Pip­
py and Hare (1969) linking bacterial infection of 
salmon with sudden spikes of copper and zinc levels in 
a Ca~adian river is indicative that metal pollution 
may mdeed lower fish immunity. 

The following investigation was undertaken to 
determine whether short-term exposure of the cunner 
to sublethal cadmium levels would limit antibody 
production or reduce clearance of bacteria from the 
blood, spleen, and liver . 

I Iilford Laborator~·. r.liddle Atlantic Coastal Fisheries Center, 
National l\larine Fisheries Service. ~OAA, :Y1ilford, CT 06460. 
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METHODS AND MATERIALS 

Fish Holding and Cadmium Exposure 

Cunners, Tautogolabrus adspersus, were captured 
from the wild, acclimated to artificial seawater, and 
exposed to 3 to 48 ppm Cd2+ (as CdCI:2 1 2 H 0), a. 
described by Calabrese, Collier, and Miller (thi' 
report, Part n. Some fish were immunized (a~ 
described below) with sheep red blood cell (SRB , 
removed from Cd2+ treated water, and held an ad­
ditional 10 days at ambient temperature (23 ± 2°C. 
In two experiments these immunized fi h were held in 
20-gal fiber glass aquaria containing recirculating 
seawater under constant charcoal filtration. The fish 
(with dorsal spine, pectoral fin, or pelvic fin clipped to 
denote levels of cadmium treatment) were held nin 
or less per tank, and the water changed every econd 
day. In two later experiments with immunized ti. h, 
fins were no longer clipped, and fi h were held in run­
ning seawater (20°-23°C) in 500-gal fiber gla" tank 
partitioned off with polyethylene me_h. 

Some fish were exposed to 12 ppm Cd + treated 
water then removed and held for 1 or 2 dav. in the 
running seawater system. These fi h were challeng-ed 
by intracardial injection of bacteria, a, de crihed 
below. 

Immunization and Collection of Antisera 

Sheep red blood celL m Al ever' olutlOn \\ere 
washed in phosphate butfered phy iological aline 
(PBS)' pH 7.2, until the upernatant \\a free 
hemoglobin and then diluted in PB to O. - U P n-
sion (packed cell volume/volume PB . Fl h \\ r 
weighed and injected intraperitonealh' with 0.2 m' 
the uspen ion per 40-g fi h (i.e., 2.5 10 ml pac ed 

RBC g fi h weight). RBC injection \\ere made 



hr, at 0 minus 24 hr or at 0 plus 24 hr relative to the 
start of the 96-hr cadmium-exposure period. Second 
"booster" injections of SRBC were given 7 days after 
each initial injection. Serum was drawn from each 
fish 6 or 7 days after the second SRBC injection. 
Blood was removed from the ventral aorta using a 
Pasteur pipette equipped with a small, rubber finger 
bulb after nicking the artery with a scalpel blade. 
Blood was allowed to clot at room temperature and 
the clots to retract at 4°C. After removing red cells 
from the serum by centrifugation , sera were stored at 
-25°C until assayed. 

Hemagglutination Assay 

The microtiter system of the Cook Engineering Co. , 
Alexandria, Va., was used in making dilutions and 
setting up hemagglutination assays. Serial twofold 
dilutions of fish serum were made in PBS, pH 7.2, 
containing normal rabbit serum (NRS) at 1/100 con­
centration (the rabbit serum was preabsorbed with 
SRBC). Washed SRBC were suspended to 1 % concen­
tration (v/v) in the PBS-NRS diluent and added to 
each serum dilution (0.025-ml serum plus 0.025-ml 
SRBC suspension). Controls included normal nonim­
mune fish serum, known positive serum from im­
munized fish and PBS alone. After 2-hr incubation at 
room temperature and overnight at 4°C, the titers of 
each serum were read by examining the degree of 
SRBC agglutination based on a 0 to 4+ rating scale. 
The last dilution causing a 2+ agglutination of SRBC 
was taken as the titer. A 2+ rather than a 1 + end­
point was used because it gave more reproducible 
results. Heat inactivation was not done because it 
created a gel in the serum. Hemolysis of red cells was 
not a problem because it occurred only after 48-hr in­
cubation-a time long after final readings had been 
made. 

Growth and Injection of Bacteria 

Cells of Bacillus sp (biochemical tests consistent 
with Bacillus cereus) were grown well into stationary 
phase culture (72 hr) in Trypticase soy broth. The 
medium in the culture vessel was constantly agitated 
by an air-driven magnetic stirrer while the vessel was 
held in a water bath at 37°C. After incubation the 
culture consisted of about 70% single cells and 30% 
cells attached in pairs (with less than 0.1 % spores) by 
phase-contrast microscopy. Cells were diluted in 
physiological saline, containing 0.1% peptone, and 
counted by the pour plate method in Trypticase soy 
agar. The following day the bacteria were washed 2x 
at 3°C with 0.15 M PBS, pH 7.2, and resuspended to 
about 5 X 106 cells/0.1 ml in PBS based on the counts 
of the previous day. 

Fish which had been held for 24 or 48 hr in running 
seawater after termination of 96-hr exposure to 0 ppm 
or 12 ppm CdH were injected intracardially on a 
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vol/wt basis with the bacterial suspension. For exam­
ple, a 40-g fish received 0.1 ml, a 60-g fish received 
0.15 ml, etc. Actual numbers of viable bacteria in­
jected per 40-g fish varied from 5 X 105 to 5 X 106 

because of some cell loss and death during washing in 
the PBS diluent. Actual numbers were determined by 
bacterial counts on the suspension after injecting all 
the fish on a particular day. 

Measurement of Bacterial Clearance 

Intracardially injected fish were placed in 4-gal 
polyethylene pails containing seawater at ambient 
temperature (23°C). After 30 or 90 min, bacterial 
counts were made of the blood, liver, and spleen using 
the following procedures: Blood was removed from the 
ventral aorta with a premarked, heparinized Natelson 
blood collecting pipette; blood was drawn to the mark 
(0.125 m!) using mouth suction on the end of a short 
rubber tube with mouthpiece (after first wetting the 
heparin with a small amount of blood). Blood was 
diluted immediately into a tube of physiological 
saline containing 0.1 % peptone. In order to minimize 
the amount of standing blood (containing bacteria) in 
the organs, aspiration of blood was continued until 
the fish was bled dry. The liver and spleen were 
removed, weighed to three places, and each diluted in 
an aqueous solution of 0.5% peptone. In many in­
stances, blood from the pericardial space spilled onto 
the liver during removal of that organ. When this 
happened, the liver was washed with sterile, distilled 
water and blotted on sterile paper toweling prior to 
weighing. Each liver and spleen was ground in a 
sterile, motor driven tissue grinder with teflon pestle 
and further diluted serially in 0.1% peptone-saline 
diluent. Plate counts of the blood, liver, and spleen 
were made in Trypticase soy agar within 10 min of 
organ removal. Values were recorded as percent of the 
initial bacterial dose present in each organ. 
Calculations for total bacteria in the blood stream 
were based on a blood volume of 3% of the fish body 
weight (this was approximated from values given by 
Thorson, 1961). 

RESULTS 

Antibody Response to SRBC Injections 

In order to examine the possibility that cadmium 
could affect protein formation or cell division in newly 
produced, immunocompetent cells, fish were given 
priming doses of SRBC followed by a second antigen 
dose 7 days later. Production of antibody was mea­
sured by ability of fish serum to agglutinate washed 
SRBC. Table 1 compares the reciprocal hemagglutina­
tion titers of cadmium-treated fish and fish receiving 
no cadmium during the 96-hr holding period. Al­
though antigen was injected into fish on the day be­
fore, the day of, or the day after the start of cadmium 



Table I.-Serum hemagglutination titers of fish immunized by intraperitoneal injection of sheep red 
blood cells (SREC) at the time of 96-hr cadmium exposure . Sera were drawn 2 wk later (1 wk after a 
second SRBC injection) . 

Cadmium concentra~m (ppm) 

Immunized fish 
Nonimmunized fish 

No. 
tested 

12 
9 

0 

No. 
Titer 1 tested 

33±11 23 
6±1 12 

3-6 12-24 

No. 
Titer tested Titer 

29±6 17 30±5 
3±1 12 6±1 

1 Titer is shown as the reciprocal of the mean serum dilution±standard error. 

treatment, no differences were noted in eventual 
amount of antibody produced; therefore, the data 
in the table are grouped as though all antigen injec­
tions were given on the same day. 

It may be seen from the table that treatment of fish 
with low doses (3-6 ppm) or high doses (12-24 ppm) of 
Cd2+ did not cause any significant differences in an­
tibody response over those produced by fish not ex­
posed to Cd2+. The table also shows that fish had a 
natural, low-level agglutinin to SRBC which was dis­
tinguishable from immune agglutination by its lower 
titer. About half of the fish tested had no natural 
SRBC agglutinins. All fish treated with 48 ppm cad­
mium died within t he 2-wk holding period even 
though held in fresh, Cd2+-free water. -

Effects of Cadmium on Bacterial Clearance 

Experiments were run to determine whether 
cadmium exposure would affect another aspect of im­
munity in cunners, namely, clearance of bacteria by 
phagocytic cells of the reticuloendothelial system. 
The two primary elements of this system, the liver 
and spleen, were examined. Bacteria injected into the 
bloodstream via intra cardia I route were counted after 
30 and 90 min for their remaining levels in the blood, 
for quantities picked up in the liver and spleen, and 
(by subtraction) for quantities killed within the 30-
and 90-min time intervals. Five experiments were run 
in which a total of 10 or 11 fish were used for each of 
the following four variables: 0 ppm Cd2+ at 30 min, 
12 ppm Cd2 + at 30 min, 0 ppm Cd2+ at 90 min, and 
12 ppm Cd2+ at 90 min. Fish caught and used in 
the warm summer months had significantly greater 
clearance rates than those caught and used in the 
autumn; however, the relationships of the 30- and 90-
min effects and the 0 ppm and 12 ppm Cd2+ effects 
were approximately the same. Therefore, to get a 
representative mean (one in which the low count ex­
periments would carry as much weight as high count 
experiments), each value within an experiment was 
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multiplied by a factor for that experiment according 
to the following example: 

mean of all values 
Factor! = ----------

mean for experiment #1 

This allowed each experiment to be representative in 
calculating the mean while preserving all the treat­
ment effect relationships within that experiment . 

Figure 1 depicts the effects of CdH on clearance of 
bacteria. Wilcoxon's signed rank test for paired obser­
vations was used to determine significance of effects 

z 
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o 
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z 
~ 
o 
en 

o ppm CADMIUM 12 ppm CADMIUM 

Significant 
Differences : 

B (.02 c pc .05) 
L(P.OS) 

Blood(B). 
Spleen( S) Il!ill 
Liver (L) tl!l 

Significant 
Differences : 

B+L+S(P .01) 

.. 

B 

Figure I.-Bacterial clearance from the blood, liver, and 
spleen. Diagrams represent mean percent of bacteria remain­
ing (based on number of bacteria injected) after the 30- or 90-
min time intervals. Values from 10 or 11 fish were used for each 
variable. 



between Cd2+ exposure and no CdH exposure (Cdz+ 

treated fish were matched by weight ±30% with non­
treated fish within each experiment). Wilcoxon's two­
sample test for unpaired observations was used to test 
significance between 30- and 90-min time intervals. 
Figure 1 shows that within the first 30 min, CdH ex­
posed fish clear bacteria from the blood stream more 
rapidly and take up greater numbers of bacteria in the 
liver and spleen than fish not exposed to Cdz+; 
Differences in counts in the blood and liver between 
Cd2+ treated and nontreated fish are significant. 
However, counts in the cadmium-treated fish change 
very little during the next 60 min, i.e., only 6.3% ad­
ditional cells are eliminated. By contrast, the counts 
in fish not exposed to cadmium continue to decrease 
in the blood, liver, and spleen between 30 and 90 min. 
Values for the blood and the total remaining cells in 
the blood + liver + spleen are significantly different; 
28.7% of the initial bacterial load is eliminated (or 
killed) within the 60-min time interval. Thus, at 90 
min the total remaining bacteria in the non-Cd2+fish 
are significantly lower (P.01) than in the Cd2+treated 
fish. Statistical analyses were done on all possible 
relationships between elements of the 0 ppm and 12 
ppm Cd2+treated fish and between the 30- and 90-min 
time intervals. Any probabilities not shown were 
found to be nonsignificant. 

DISCUSSION 

From the experimental data presented in this 
paper, one can conclude that short-term exposure of 
the cunner to CdClz at toxic or near toxic levels does 
not affect the production of antibody against SRBC. 
Although this conclusion is based upon early antibody 
production which, undoubtedly, had not reached a 
peak, it seems safe to assume that significant 
differences, which were to appear, would show up as a 
delay or lag in these early responses. Fish could not be 
held for long periods of time because of limitations in 
holding space. Although the second SRBC injection 
(to hasten the rise in antibody titer) was given after 
fish had been in Cd2+-free water for 3 days, it is certain 
that fish still had high Cd2+ levels at this point. The 
data of Greig, Adams, and Nelson (this report, Part 
II) show continued high levels of Cd2+in cunners after 
4 wk of holding in Cd2+-free water. Others have shown 
that the half-life of Cdz+ after a single exposure does 
is in excess of 200 days in rats, mice, dogs, and mon­
keys (Friberg, Piscator, and Norberg, 1971, p. 66). 

The low-level agglutination titers observed in about 
half the nonimmunized fish (see titers in Table 1) are 
not unusual. Natural or nonspecific agglutinins are 
common among fish, as well as other animals. This 
does not interfere with immunization experiments as 
long as these agglutinins are low enough in titer that 
they are not confused with the results of specific im­
mune stimulation. 
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In contrast to the results on antibody production, 
Cd2+ did have significant effects on uptake and 
destruction of bacteria by phagocytes in the liver and 
spleen. Cadmium at 12 ppm was used in these studies 
because it was the highest level at which there was 
consistent survival of fish during post-Cd2+ holding. 
Fish exposed at this level exhibited a more rapid in­
itial uptake of bacteria by cells of the liver and spleen, 
but a slower bacterial destruction rate than fish not 
exposed to Cdz-i; These results are consistent with con­
clusions drawn by Holmes, Page, and Good (1967) 
that the metabolic events accompanying phagocytosis 
can be separated into two categories: 1) events 
associated with particle uptake and 2) events 
associated with degranulation within the phagocyte. 
In the present study it appears that CdH stimulates 
the metabolic events responsible for bacterial uptake 
but inhibits degranulation or those events responsible 
for delivering bactericidal substances to the inter­
nalized bacteria. 

The initial, relatively rapid clearance of bacteria 
from the blood cannot be entirely credited to 
phagocytosis in the liver and spleen since phagocytic 
cells in the kidney and gill tissues could also con­
tribute to bacterial uptake and destruction. However, 
cells of the liver and spleen probably take up the ma­
jor portion of the injected antigen. This is assumed for 
two reasons: 1) in some instances, the liver and spleen 
contained as much as 80% of the total bacteria initial­
ly injected and 2) studies in other animals indicate 
that cells of the liver and spleen are responsible for 
removing the majority of intravenously injected par­
ticulate antigens. Benacerraf, et al. (1957) found that 
the liver and spleen of rats removed 85 to 98% of in­
jected carbon or saccharated iron oxide. McCloskey 
(1972) showed that the liver and spleen of mice retain­
ed higher proportions of injected bacteria than other 
organs. However, data in the latter two references 
show the liver as the organ of major uptake; whereas 
in cunners, the spleen usually contains more bacteria 
than the liver. Since the anterior kidney has been 
shown to be a site of antibody production in rainbow 
trout (Chiller et al., 1969), it is assumed that this 
organ may also take up significant numbers of 
bacteria; however, for the reasons already given, it is 
unlikely that this uptake in the cunner of is the same 
magnitude as that of the liver and spleen. 

Lack of significant differences between levels of 
bacteria in the liver and spleen at 30 and 90 min (as 
seen in Fig. 1) does not indicate lack of activity within 
their phagocytic cells. As bacteria are destroyed 
within loaded phagocytes, additional bacteria can be 
taken from the blood stream to reload the phagocytes. 
Hence, the bacterial levels in these organs may appear 
to be static when, in fact, there is a rapid turnover. 
The destruction rate of the bacteria (28.7%/hr in the 
normal fish) can be greatly increased when bacteria 
from 18-hr growth cultures are used (rather than 72-hr 



cultures); in one experiment (unpublished data) 
viable bacteria were reduced so quickly that they 
dropped below the counting range in 30 min. 
Presumably, the older (72-hr) bacteria are in a more 
dormant state, which is less susceptible to an­
tibacterial metabolites. 

One clue regarding the mechanism of cadmium ac­
tion is given by this work. It appears that within 
phagocytic cells cadmium may prevent the delivery of 
lysosomal substances to the phagocytic vacuole or in­
hibit the action of these substances on bacteria . On 
the other hand, cadmium does not appear to inhibit 
events leading to protein formation. This is indicated 
because lymphocytic cells exposed to cadmium in 
vivo actively proliferate and produce antibody protein 
to the same extent as cells not exposed to cadmium. 

This work also suggests one way in which cadmium 
could reduce fish populations. Since bacteria are more 
slowly killed within phagocytes of cadmium-exposed 
fish, it follows that certain marginally pathogenic 
bacteria may multiply within phagocytes and even­
tually overwhelm the fish with infection. Studies of 
the effects of chemical agents in other animals suggest 
a common mechanism for phagocytic dysfunction. 
Laurenzi et al. (1963) found reduced clearance of 
aerosolized bacteria from lungs of mice exposed to 
ethanol, cortisone, or cigarette smoke. Green and 
Carolin (1967) found that cigarette smoke inhibited 
the capacity of rabbit pulmonary macrophages to in­
activate bacteria. Kass and Finland (1953) reviewed a 
large body of literature showing that treatment of 
animals with cortisone and other adrenocortical hor­
mones increases severity of bacterial, viral, fungal, 
protozoan, and helminth infections. Sidransky, 
Verney, and Beede (1965) showed that mice treated 
with cortisone or cytotoxic cancer therapy drugs 
became highly susceptible to pneumonia from 
aerosols of Aspergillus flauus spores . Merkow et al. 
(1968) then demonstrated that lysosomes in 
phagocytes of cortisone-treated mice failed to fuse 
with vacuoles containing the spores. Consequently, 
the substances in these lysosomes were not delivered 
to the vacuole. Jones and Hirsch (1972) have also 
demonstrated absence of lysosomal fusion with 
phagocytic vacuoles containing living toxoplasma 
parasites. These studies indicate a possible universal 
mechanism for shutting off microbicidal activities 
within phagocytes. If so, it is likely that a number of 
environmental pollutants may be found to cause 
similar phagocytic dysfunction in fish. 
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Physiological Response of the Cunner, Tautogolabru ad p r u , 

to Cadmium. v. Observations on the Biochenlistr) 

EDITH GO LD and JOH. T ,1. KAH )L 

ABSTRACT 

In the liver of cunner, Tautogolabrus ad8persus, expo~ed to :l ppm and 1021 ppm ( d ror • 
hr, aspartate aminotransferase activity was 71 o/c and 59%, respe<'ti\"el}. of the lH'1 1\ il) in hHr 
of control fish. 

In the livers of cunners exposed to 24 ppm Cd, nicolinamide-adenim' dinlldt )1 idl' n~ II 1 

activity required 20 mM Mg for activation of the a me order that 2 mM ~1g prodllled in control 
livers. 

Although individual variation precludes generalization hen'. "hltt mil} he amI 1-
complexing group of proteins in the serum of cadmium-exposed cunner arrant further eI -
trophoretic study. 

INTRODUCTION 

In the collective effort to determine the effects of 
heavy metals on the marine ecology, relatively little 
attention has been directed toward possible 
biochemical malfunctions in marine animal tissue. 
Yet apart from acute physical trauma, such as gross 
occlusion of gill tissue, the earliest response of a 
marine animal to phy iological challenge by sublethal 
concentrations of heavy metals is at the molecular 
level. 

Normal metabolic response to the ingestion or ab­
sorption of heavy metals is their temporary inactiva­
tion by serum proteins, which sequester and transport 
the metals to the liver for further processing for 
removal from the body. Furst, Flessel, and Kelly 
(1972) observed that noncancer-causing metals, such 
as zinc and iron, are carried by (\- and p-globulin~, 
whereas those heavy metal definitely known to be 
able to cause cancer, such as nickel and cadmium. are 
carried by albumins, the major metal-tran port pro­
tein of blood. Serum electrophoretic pattern, may 
conceivably be a means of detecting an abnormal 
proportion of metal-protein complexe . 

If the normal biochemical mechani m are unable 
wholly to inactivate the hea\~' metal. toxic effect..: 
follow. The ionic character of the blood ~erum 
becomes ,eriou,ly deranged (Lewl and Lewi:". 1971). 
with consequent osmoregulatory dL tres. (Thurberg 
and Dawson. this report. Part III) Key ligand af­
finities of some enzymes. particularly tho. e Clr which 
di\'alent cations act a. po-iti\"€' or negative etlector 
can he distorted by a changing ionic en\'ironm nt 

' \!t ltllrd Lllhlnltlln. \\ c1ci, Atl ntll 
:\, t wnaj :\ larin FI~ht'r t ~ ", r e .. ' \A 

In their ap It \ to r 



hibitory effect. In long-term exposure to sublethal 
concentrations of heavy metals, therefore, an animal's 
biochemistry may be adapted in ways that will mask 
effects observed in acute-static studies. 

In the initial seven experiments of this study, 
results of which are published throughout this 
collaborative report, skeletal muscle was the only 
tissue available in sufficient quantity for biochemical 
testing. Although the relatively slow metabolism of 
the muscle would not be expected to reflect the 
biochemical response of rapidly metabolizing liver, for 
instance, the muscle sarcoplasm was, nevertheless, 
examined for possible changes in malic enzyme (ME)2 
and Ci' -glycerophosphate dehydrogenase activities, 
which in vertebrates require manganese and 
magnesium, respectively, for optimal activity 

Subsequent experiments provided liver and blood, 
where early reaction to physiological challenge would 
logically be expected. In one experiment, the test con­
centrations of cadmium were 0, 3, and 24 ppm, with 
nine fish at each concentration; the livers were tested 
for aspartate aminotransferase (AAT) activity a trans­
aminase that reflects metabolic stress ill vertebrates 
(e.g., Amador and Wacker, 1965) and invertebrates 
(e.g., Hammen, 1969) alike. In another experiment, 
only two concentrations of cadmium were used (0 and 
24 ppm), with 14 fish at each concentration; the livers 
of these fish were tested for changes in ligand response 
ofNAD reductase activity. The sera were subjected to 
electrophoresis and examined for possible changes in 
total-protein patterns that might reflect an increasing 
metal-protein fraction, for carbonic anhydrase activi­
ty (a zinc-enzyme), and for esterase activity. 

METHODS AND MATERIALS 

Cunners were exposed to 0, 3, and 24 ppm cadmium 
for 96 hr in experiments subsequent to those described 
by Calabrese, Collier, and Miller (this report, Part I), 
under the same test conditions. The blood was drawn 
as described by Thurberg and Dawson (this report, 
Part III); the livers were excised, pooled, and placed 
in small plastic pouches from which as much air as 
possible was excluded before freezing. In several of the 
initial experiments that included more concentrations 
of cadmium (Calabrese et aI., this report, Part I), the 
fillets were cut from the cunner frames, skinned, and 
packaged and frozen in the same way as the livers. 

Treatment of Tissue 

Liver.-The freshly excised livers from three fish 
were pooled for each sample and were frozen-stored 

, Abbreviations used in this report are: ME=malic enzyme. 
E.C.1.1.1.40; n GPdH = alpha-glycerophosphate dehydrogenase, 
E.C.1.1.1.8; NAD=nicotinamide-adenine dinucleotide, and NADH= 
the reduced form; NADR-Mg=magnesium-dependent NAD re­
ductase acti\'it~·: and ATT = asparate aminotransferase, E.C.2.6.1.1. 

until use, for no longer than 1 wk. The pooled livers 
were homogenized with a glass pestle in chilled, 
double-distilled water, 1:9 (w/v) for the AAT assay 
and 1:4 or 1:9 for the NADR-Mg assay. Homogenates 
were centrifuged for 45 min at 14,500 g and 4°C, and 
the supernates used as the crude enzyme preparations 
(E). For AAT assays of the freshly frozen livers, it was 
necessary further to dilute the supernates 1:9 with 
iced water, for a final E dilution factor of 100. 

Skeletal muscle.-Paired fillets, frozen-stored 
from 4 to 6 wk, were pounded to a rough paste with an 
iced mortar and pestle and centrifuged for 45 min at 
14,500 g and 4°C. No suspending medium was used. 
The centrifuged tissue fluid (CTF) served as the en­
zyme preparation for ME and (~GPdH assays. 

Blood.-The clotted fresh blood was clarified by 
centrifugation for 30 min at 1,720 g and 4° C, and the 
resulting serum was used for electrophoresis. 

Assay Procedures 

The water used in preparing all solutions was 
dou bly glass-distilled; solutions of substrate and 
coenzyme were prepared fresh daily; and the assays 
were read on a double-beam, ratio-recording spec­
trophotometer, in an optical cuvette with a 1-cm path 
length. Change in ab orbance at 340 nm from 30 to 
90 sec after the beginning of the reaction was taken 
as the unit of measurement (~N40 X 10J/min/0.10 ml 
E). 

Aspartate aminotransferase.-The procedure 
used was essentially that of Bergmeyer and Bernt 
(1963), except for the proportions used of reagent 
solutions. 0 malic dehydrogenase was added. E, the 
supernate from the liver homogenate, had a dilution 
factor of 100. 

Protocol: 
Buffer-substrate solution: 

Phosphate buffer (0.1 M, pH 7.6), 
and K aspartate (0.25 M) 

NADH solution (10 mg/ml H 20) 
E preparation 

2.70 ml 

0.10 ml 
= 0.10 ml 

The solutions were pipetted into an optical cuvette 
and allowed to stand for 10 min at room temperature. 
Absorbance was read against a reference cuvette (con­
taining medium with no initial NADH); the reference 
mixture was adjusted with small increments of 
NADH so that the difference in absorbance between 
sample and reference was no greater than 0.600. The 
reaction was not started until there was no detectable 
oxidation of NADH. Substrate (0.10 ml 0.2 M 
potassium a-ketoglutarate) was added to start the 
reaction. 



Magnesium-dependent NAD reductase. 

Protocol: Tris buffer, 
O.lM, pH9.0 

NAD,13mM, 
10 mg/ml H 20 

MgCl206 H 20, 0.06 M 
(concn varied) 

H 20 
E to start reaction 

= 1.80 ml 

0.10 ml 

= X ml (0, 0.10, 1.00) 
= (1.00-X) ml 
= 0.10 ml 

The rate of reduction of NAD was followed 
spectrophotometrically at 340 nm. The control 
cuvette contained everything but the enzyme solu­
tion. 

Malic enzyme.-The assay for ME, a measure of 
the rate of NADP reduction in the presence of malate, 
is based on the work of Ochoa et al. (1948), and has 
been described elsewhere (Gould, 1965). The buffer 
used here was Tris, 0.1 M, pH 8.0. 

a-glycerophospha te dehydrogenase. -This 
assay, with a discussion of the cation-dilution 
technique, is published in detail elsewhere (Gould, 
1969) . 

Electrophoretic Procedures 

Electrophoresis.-Electrophoresis of cunner serum 
(ca 3 Ill/column) was performed at 4°C using a dis­
continuous buffer system, on 7% polyacrylamide gel 
columns, pH 9.1, with sample and stacker gels of 3% 
polyacrylamide, pH 5.2. The electrode buffer was Tris 
(0.005 M)-Glycine (0.038 M), pH 8.3. Running time 
was 60 min at 1mA/column followed by 105 min at 
3mNcolumn, using constant current. Both the gel for­
mularies and the electrophoretic procedure are based 
on the work of Davis (1964) and have been fully 
described elsewhere (Gould and Medler, 1970). 

Stains.-For total-protein patterns, the gels were 
stained with amido schwartz lOB, 1% in 7% acetic 
acid. They were de stained by passive diffusion in 
several changes of methanol-glacial acetic acid­
distilled water (5:1:5), for a total of about 20 hr. 

For visualization of esterase sites, the gels were 
stained with a medium containing a -naphthyl 
butyrate (50 mg in 2 ml acetone to dissolve, then 2 ml 
H20), coupled with Fast Garnet GBC in 46 ml 
phosphate buffer, 0.1 M, pH 7.0. Polyvinylpyrrolidone 
(PVP) (ca 500 mg) was added to the buffer to aid 
solubilization of the dye. The substrate was added to 
the dye-PVP-buffer solution immediately prior to use, 
and the whole filtered through glass wool. Incubation 
was in the dark at room temperature for 45 min. 
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RESULTS AND DISCUSSION 

In homogenates of fresh-frozen livers from cunners 
exposed to cadmium, AAT activity was significantly 
lower than in the controls (Table 1). Livers offish ex­
posed to 3 ppm Cd had only 71 % of the AA T activity 
observed in livers of control fish and in fish exposed to 
24 ppm Cd, activity dropped to 59% of the control. 
Whether this cadmium-induced drop in activity 
represents a simple enzyme block, a depression of 
microsomal biosynthesis, or a more involved 
mechanism of inhibition cannot be speculated from 
these few data ; the observations here serve only to in­
dicate possibly profitable areas for further work. 
Parenthetically, activity of this transaminase in fresh­
frozen livers had roughly 10 times the activity of livers 
frozen-stored for longer than 1 wk. Livers frozen for 2-
8 wk (at ca +5°C) not only had much lower AAT ac­
tivity than the fresh livers, but also had widely 
variable rates of loss of activity. 

Another fresh cunner-cadmium experimental 
series, with 14 fish at 0 ppm Cd and 14 at 24 ppm Cd, 
provided livers for a study of what appears to be a 
soluble, magnesium-linked NAD reductase (NADR­
Mg). Initially, the assay was intended to be for a­
GPdH, but it was discovered that the magnesium 
effect was stronger without the aGP substrate: in the 
presence of aGP(lO mM), 2 mM Mg produced only a 
1.2% and 20 mM only a 1.8% increase in reductase ac­
tivity over activity with no added magnesium; 
whereas with no added substrate, 2 mM Mg produced 
58% and 20 mM produced 130% increase in reductase 
activity over that with no added magnesium (Table 
2). The endogenous substrate pool might be expected 
to contribute a strong variable to NADR activity 
(although not so much in teleosts as in marine in-

Table I.-Aspartate aminotransferase activity in liver of cunner, 
Tautogolabrus adspersus, exposed for 96 hr to varying concen­
trations of cadmium, 25 ppt salinity. Each value is the change in 
absorbance at 340 nm for 1 min under assay conditions and 
represents the average of 2 tests. Each sample is a pool of livers 
from three fish ; the enzyme preparation (E) has a lOOX dilution 
factor. 

Test concn 
Cd (ppm) 

OppmCd 

3 ppm Cd 

24 ppm Cd 

AAT activity 
(~A'40X10'/min/ 

O.lOmIE) 

151.5 
170.0 
152.5 

110.0 
115.0 

84.0 
93.5 

101.5 



Table 2.-Effect of added Mg2+on NAD reductase activity with and 
without added (X-glycerophosphate. E dilution factor is lOX. Sam­
ple is pool of three control livers of cunners, Tautogolabrus adsper­
sus. 

Final concn 
Mg2+(mM) 

o 
2 

20 

NAD reductase activity 
(llA340 X lO'/min/0.10 ml E) 

without added 
substrate 

5 
29 
65 

with a-GP 
(10 mM final conc) 

41 
48 
75 

vertebrates), but the assay protocol here was designed 
to reduce that variable as much as possible, by using 
the enzyme activity without added magnesium as a 
base from which to measure magnesium activation. 
Table 3 lists data showing a mild cadmium effect 
upon the magnesium activation of cunner liver 
NADR: in fish exposed for 96 hr to 24 ppm Cd, an ap­
proximately 10-fold increase in magnesium concen­
tration (20 mM) is required to activate NADR as 
much as 2 rnM Mg does in the control fish. 

In frozen-stored cunner skeletal muscle, what 
appeared to be a significant difference in ME proper­
ties of pooled fish exposed to cadmium, as contrasted 
with pooled controls, must be ascribed to individual 
variation. aGPdH activity was very high, but there 
was no apparent difference in properties between the 
cadmium-exposed and the control fish. 

Electrophoretic studies are as yet inconclusive. 
Despite considerable variation in the total-protein 

pattern, there is an area of tentatively labeled metal­
protein complexes that appeared in most cases (8 
series out of 10) to increase in fish that had been ex­
posed to cadmium (Fig. 1); many more data would be 
necessary to establish statistical validity, however, 
and individual variation renders this approach 
questionable in an acute-static study. Detoxification 
mechanisms of this nature may be more prominent in 
a chronic study. 

Of the serum enzymes tested for isoenzyme varia­
tion, only a-naphthyl butyrate esterase activity 
produced a difference in pattern between cadmium­
exposed and control fish; but here again, individual 
variation was very strong. 

On the whole, the observations made in the course 
of this preliminary experimentation seem to point to 
further work with metal-activated enzymes and with 
the stress-indicator transaminases. The most clear­
cut effects were obtained by using assays designed to 
measure the degree of ligand activation or inhibition. 

LITERATURE CITED 

AMADOR, E., and W. E.. C. WACKER. 
1965. Enzymatic methods used for diagnosis. In D. Glick 

(edItor), Methods of biochemical analy is, Vo!. 13, p. 265-356. 
Interscience Pub!., ~ .Y. 

ANONYMOLJS. 
1972. "ltai-itai by6" and other views on cadmium,. Food 

Cosmet. Toxicol 10:249-255. 
BERGMEYER, H.-U , and E. BERNT. 

1963. Glutamate-oxaloacetate transaminase. In H.-U. Berg­
meyer (editor), Methods of enzymatic analysis, p. 837-845. 
Academic Pre s, ~.Y. 

CALABRESE, A., R. S COLLIER, and J. E. MILLER. 
1974. PhysiologIcal response of the cunner, Tautogolabrus 

adspersus. to cadmium. 1. Introduction and experimental 

Table 3.-Mg-dependent NAD reductase activity in liver of cunner, Tautogolabrus adspersus, 
exposed for 96 hr to 24 ppm Cd, 25 ppt salinity. Each value is the average of two tests. and each sam­
ple is a pool of three livers. 

Homogenate 
dilution 
factor 

lOX 
lOX 
5X 
5x 
5X 
5X 
5X 
5x 

0 

0 
0 
0 
0 
0 
0 
0 

Increase in activity (~A"oXlO '/min) 

effected by addition of Mg2+ to assay medium 

o ppm Cd 24 ppm Cd 

final concn Mg2+(mM) final concn MG'+(mAf) 

(Init. ~ A) 2 20 0 (Init. ~ A) 2 20 

(5) 24 60 0 (13) 1 35 
(9) 29 54 0 (22) 0 26 

(21) 10 83 0 (23) 4 32 
(22) 35 56 0 (18) 12 27 
(23) 26 57 
(18) 20 88 
(20) 24 51 

0 (2) 10 45 

24 



o 6 12 24 48 

Figure I.-Protein pherogram of serum from cunners, Tautogolabrus adspersus, exposed for 96 hr to 0,6, 12,24, and 48 ppm cadmium 
chloride, at 25 ppt salinity. Arrow points to area tentatively considered to comprise metal-protein complexes. 
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Physiological Response of the Cunner, Tautogolabrus adsper us, 

to Cadmium. VI. Histopathology 

MARTIN W. NEWMAN and SHARON A. ~acLEA. T 

ABSTRACT 

The histopathological effects of acute exposure of cunner, TautogolabrlU adsper ·U.', to 
water containing cadmium chloride were manifested in the kidne} , intestine, hemopoietic 
tissue, epidermis, and gill. Few significant changes were noted in fish expo ed to concen­
trations less than 48 ppm for 96 hr. The results implicate renal failure as the probable e8use of 
death after acute exposure to cadmium. 

INTRODUCTION 

The histopathological aspects of this study were 
undertaken in the hope of contributing to our 
knowledge of the effects of heavy metals at the level of 
the cells and tissues. Elucidation of the mechanisms 
of observed physiological and behavioral responses, 
and development of baseline information useful for in­
terpretation of specimens which may be collected 
from naturally occurring mortalities were further 
goals. Only Gardner and Yevich (1970) have 
systematically examined blood and tissues of a teleost 
exposed to cadmium. While the exposure levels used 
in that study and the present one were similar, the 
fish species and the length of exposure (96 vs. 48 hr) 
were different. 

MATERIALS AND METHODS 

Techniques used in handling the cunner, 
Tautogolabrus adspersus, in this study have been 
described by Calabrese, Collier, and Miller (this 
report, Part I). Blood smears were prepared from 
heart blood (see Thurberg and Dawson, this report, 
Part III) and stained by Giemsa or Wright's methods. 
Differential white cell counts were performed using 
the first 250 leucocytes encountered on each smear. 
All throm bocytes seen while counting leucocytes were 
also enumerated. Tissue samples were removed for 
physiological and biochemical studies (Thurberg and 
Dawson; Gould and Karolus, this report, Parts ill and 
V respectively). The remainder of each fish wa fixed 
in Davidson's (AFA) fixative for 48-96 hr then 
transferred to 70c[' EtOH. Tissues were embedded in 
paraffin, sectioned at 6 ,..lm. and stained ,'.·ith a variety 
of techniques including Giemsa. PAS. PAS-Alcian 
Blue. 1allory triple-stain. and Perl' Pru SIan blue 

, lhtMd Lah<1r8t<1[\. :\llddle Atlantl( C,1astal Fl,herie, Centt'r. 
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reaction. Tissues from each of six fish expo~ d to D. h. 
12, 24, and 48 ppm cadmium. or a total of 3011. h \\ er 
examined. 

RESULTS 

Intestine 

Pathological change were. een in the inle tinal 
epithelium of cunners expo ed to high concentr tl n. 
of cadmium. In the 24 ppm expo. ure group. ther \\a 
some swelling of the intestinal epithelium. At 4 ppm. 
five of ix t sh exhibited varying degr 01 
pathological change. The columnar cells were \\ollen 

uclei were hypertrophied and occupied a po Ition 
farther from the basement membrane than th f 
unexposed fish. Nucleoli became very pr min >nt. 
Numbers of mucu ecreting cell: appeared bout 
equal to or slightly Ie than in the control animal In 
two of tht above five fi h. the intestinal epith lium 
was sloughed from the baT ement memhrane in m n\ 

places and the lumen contained mu h cellular d 1m 
and mucus (Fig. 1). 

Kidney 

rmal Th bl 
24 nd 
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Figure l.-Intestinal epithelium of a control fish (a) and a fish exposed to 48 ppm cadmium for 96 hr (b). Necrosis and sloughing of 
the intestinal epithelium is evident in the experimental animal. Note also that much cellular debris occupies the lumen. 120X; 
Mallory's triple stain. 

contained large numbers of cells thought to be im­
mature thrombocytes (Fig. 4). The occurrence of 
erythrophagocytosis and of hemosiderin, common in 
the kidneys of control fish, was reduced or absent in 
the kidneys of the 48 ppm group (Fig. 5). 

Gills 

The appearance of the gills of cadmium-exposed 
fish was quite variable. The following defects were 
noted in decreasing order of prevalence: epithelial 
hypertrophy, hyperplasia of interlamellar epithelium, 
and desquamation. These changes were noted at all 
levels of exposure. The gill tissue of some heavily ex­
posed fish appeared normal and some lesions were 
seen in the control animals. Some of these lesions may 
represent postmortem changes. In view of the exten­
sive variability of gill lesions which could not be cor­
related with exposure levels, little emphasis was placed 
on the appearance of this tissue. 

Epidermis 

The epidermis appeared normal in fish exposed at 
levels up to 24 ppm. At 48 ppm swelling of the 
epithelial cells and a paucity of mucus secretion was 
noted (Fig. 6). 

Blood 

Obvious qualitative differences noted between 
smears from cunner exposed to 24 and 48 ppm cad­
mium and control fish consisted of poikilocytosis and 
karoklasis (Figs. 7 and 8). 
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Differential leucocyte counts revealed throm­
bocytopenia and lymphocytopenia. However, the 
percentage of neutrophils increased (Table 1). 

DISCUSSION 

The histological and hematological response of an 
estuarine teleost to cadmium has been studied by 
Gardner and Yevich (1970) using mummichog, Fun­
dulus heteroclitus. Their experiments involved acute 
exposure to 50 ppm cadmium for up to 48 hr. The 
findings of the present study are very like those of 
Gardner and Yevich. Discrepancies which did arise 
might be related to difference in the fish species used, 
or length of exposure. 

Changes in the intestine of cunners were similar to 
those reported in mummichogs. Gardner and Yevich 
(1970) found an increase in mucus cell activity while 
the present study indicates a normal or slightly 
depressed level of activity. This difference may be at­
tributable to the increased exposure time of cunner. 
Lymphocytic infiltration of the submucosa was not 
observed in the present study. 

Kidney 

Morphologic changes in the kidney of teleosts 
exposed to cadmium have also been documented by 
Gardner and Yevich (1970). Pathological changes in 
the kidneys of mammals exposed to cadmium are well 
known. Foster and Cameron (1963) produced renal 
lesions in rabbits with two subcutaneous injections of 
CdClz (9 mg Cdz-ifkg). These lesions were limited to 



Figures 2 and 3.-Kidney of control fish (a) and of fish exposed to 48 ppm cadmium for 96 hr (b). Note diffuse tubular necrosis in 2b. 
Tubular epithelium in various stages of degeneration can be seen in 3b. Note the swollen nuclei of still intact epithelial cells and 
cellular debris in the dilated lumina. 120X (2), 300X (3); Azure-eosin stain. 

Table I.-Effects of 96-hr exposure to cadmium chloride on differential leucocyte counts of cunners, Tautogolabrus adspersus 
(figures are averages, standard deviation in parenthesis). 

Leucocytes (%) 

Cadmium 
exposure No. Mature Small Medium 

(ppm) sampled throm bocytes Neutrophils lymphocytes lymphocytes Eosinophils Blasts Monocytes 

0 8 69.3 (±10.8) 15.6 (±9.1) 11 .2 (±3.9) 2.2 (±0.7) 0.7 (±0.7) 1.1 (± 1.2) 0 
3 9 65.3 (± 10.1) 18.5 (±10.3) 10.3 (±4.9) 2.4 (± 1.4) 0.6 (±0.4) 2.9 (±3.3) 0 
6 8 60.5 (±16.3) 23.7 (±19.1) 9.3 (±5.6) 2.3 (±2.3) 1.2 (±0.5) 2.3 (±1.7) -< 0.1 

12 9 65.2 (±16.5) 24.1 (±16.3) 7.5 (±4.9) 1.3 (± 1.0) 0.6 (±0.5) 1.6 (±0.5) <01 
24 9 56.3 (±20.8) 32.1 (±19.3) 6.4 (±4.6) 1.6 (±0.9) 0.6 (±0.6) 3.0 (±2.61 <01 
48 10 35.9 (±12.4) 50.2 (±12.4) 4.5 (±4.8) 1.5 (±1.1 ) 1.4 (±1.1) 6.1 (±4.81 0 
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Figure 4.-Kidney of control fish (a) and of fish exposed to 24 ppm cadmium for 96hr (b). Note difference in the cell populations 
occupying the vascular spaces. 480 X; Azure-eosin stain . 

... 

• 

~ . 

figure 5.-Kidne) of control fish (a) and of fish exposed to 48 ppm cadmium for 96 hr. An abundance of hemosiderin can be seen 
in the control fi sh . 120X; P erl 's stain. 

the proximal tubule . Similar experimental results 
\\ere obtained by Dalhamn and Friberg (1957); 
Ahlmark et al. (1961) found decreased glomerular 
dtrati n rates in human workers exposed to cad­

mium. I r teinuria is another common finding in 
hum tn ladmium workers (Friberg. 1950; P iscator , 
lJ )~) Proteinuria occur- ub equent to tubular 
(1\ fUJlctil 11 hecause of decrea ed protein reabsorpt ion 
III th(> proxilll I tuhu le. 

DUring chronic e:posure or early in acute exposure. 
dllllum I l Ol1cent rated in the renal cortex in the 
rm f met lluthio nei n , a cadmium- or zi nc-

lll1I1g protein \ It h a molecular v.·eight of abou t 
(}" nd \' llee. 19 Ol. When cadmium con-

centrations in renal cortex reach approximately 200 
ppm wet-weight, functional and morphological 
change occurs in the kidneys of rabbits, rats, and men 
(Friberg, Piscator, and Nordberg, 1971) . After ad­
ditional exposure, the functional changes result in the 
failure of the kidney to reabsorb the metallothionein, 
and increased excretion of cadmium and a lowering of 
the concentration of the metal in the kidney occurs. 

The effect of cadmium poisoning on the amount of 
hemo iderin in the teleost kidney has not been 
previously described . Unlike most homeotherms, 
many teleosts norm ally have a great deal of pigment 
in the kidney, composed of both lipofuscin and 
hemo iderin . The ob ervation of reduced pigment in 
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Figure G.-Epidermis of control fish (a) and of fish exposed to 48 ppm (b). Note nuclear hypertrophy and paucity of mucus secreting 
cells in Gb. The separation of the epidermis from the deeper layers is probably sectioning artifact. 120X; PAS-hematoxylin stain. 

the cunners exposed to 48 ppm cadmium may be 
caused by the metal's effect on the hemopoietic 
system. Friberg (1950) found no effects in human bone 
marrow after respiratory exposure. Wilson, DeEds, 
and Cox (1941) found that rats fed a diet containing as 
low as 31 ppm cadmium would be anemic. By ad­
ministering iron to rats receiving cadmium in their 
diet, anemias were reduced (Friberg, 1955). This in­
dicated that cadmium was not directly blocking 
hemoglobin synthesis, but might be interfering with 
the uptake of iron by the intestine. If a reduction of 
iron absorption was occurring in the cunner, this, 
along with the observed decrease in ery: hrophagocytic 
activity, might account for the observed reduction in 
hemosiderin in exposed animals. 

Gill 

The lack of correlation between exposure level and 
observed pathologic changes in t he gill tissue can be 
explained by Gardner and Yevich's observations on 
mummichogs. They noted that gill lesions were focal 
in that all gill filaments were not involved, and the 
lesions were of a random nature, not limited to 
specific areas of the branchial arches. 

The importance of the effects of heavy metals on 
the respiratory epithelium of fishes is not clear . Skid­
more (1964) believed that death of rainbow trout, 
Salmo gairdneri, exposed to acutely toxic solution of 
zinc sulphate was caused by tissue hypoxia, resulting 
from the damaging effect of the metal on gill 
epithelium. Subsequent experimental studies seem to 
confirm this hypothesis (Skidmore, 1970). Burton, 
Morgan, and Cairns (1972) studied levels of lactic and 
pyruvic acid in muscle and liver of rainbow trout ex­
posed to acute zinc toxicity and reached conclusions 
similar to Skidmore. Schweiger, cited in Eisler (1971), 
concluded that the toxic action of cadmium on several 
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freshwater fish and invertebrates was due to suffoca­
tion. Friberg et al. (1971) cite examples of respiratory 
exposure to cadmium producing lung damage in 
mammals at levels which were insufficient to cau e 
kidney damage. Doudoroff and Katz (1953) are cited 
by Mount and Stephan (1967) as listing nine 
references attributing the death of fish in solutions 
containing heavy metal salts to coagulation of mucus 
on the gill or damage to gill tissue. Bilinski and Jonas 
(1973) found t hat exposure of rainbow trout to 11.2 
ppm Cd2+ for 72 hr resulted in a 6600 mortality, but 
there was no significant change in the ability of the 
gill tissue to oxidise lactate. 

Evidence from the present study implicates renal 
failure as a cause of death in cunner after acute ex­
posure to cadmium. Although pathological changes 
were observed in gill tissue and gills exposed to even 
low levels of cadmium seemed to sustain some 
physiological damage (Thurberg and Dawson, this 
report, Part ill), these changes do not seem to be 
asociated with mortality. On the other hand. tho e 
fish exposed to 48 ppm cadmium for 96 hr all died 
within a few days after being returned to clean 
seawater (Calabrese, Collier, and Miller thi report. 
Part I). Therefore, as regards the effects of cadmium 
on the cunner, mortality seems to be as ociated with 
severe pathological changes of an apparently irrever 'i­
ble nature taking place in the kidney. 

Epidermis 

The destruction of the mucus cell of the epidermi 
could have important con equence a it "ould 
eliminate the fish's first line of defense again:t infec­
tious microorganisms. The po ibility that hea\i . 
metals would destroy mucu cell with expo ure too 
short to cause renal damage hould be inve tigated. In 
the present tudy. the fi h had already recel\'ed a 



Figures 7 and 8.-Blood smear of control fish (a) and fish exposed to 48 ppm cadmium for 96 hr (b). Note poikilocytosis, karyolkasis, 
and abundant smudge cells in 7b, 8b. 185x (7), 750x (8); Wright's stain. 

lethal exposure to the metal so that destruction of the 
mucus cells was not an important factor in prognosis. 

Blood 

An understanding of the changes taking place in the 
blood of the cunner must await further study. The in­
crease in eosinophils noted by Gardner and Yevich 
(1970) was not seen, possibly because of the longer ex­
posures used in this study. Wilson et al. (1941) noted 
an increase of eosinophils of rats after dietary ex­
posure to cadmium, and Friberg (1950) found an in­
crease of eosinophils in rabbit blood from a normal 3% 
level to 25 00 after exposure to cadmium oxide dust. 

Thrombocytopenia, lymphocytopenia, and 
neutrophilia in the present study parallel the changes 
found bv Gardner and Yevich (1970) in mummichogs 
and ha;e also been found in other species under stress 
or after adrenal corticoid administration (Weinreb, 
1958). 

32 

LITERATURE CITED 

AHLMARK, A., B. AXELSSON, L. FRIBERG, and M. PISCATOR. 
1961. Further investigations into kidney function and pro­

teinuria in chronic cadmium poisoning. Proc. 13th Int. 
Congr. Occup. Health, p. 201-203. 

BILINSKI, E., and R. E. E. JONAS. 
1973. Effects of cadmium and copper on the oxidation of lac­

tate by rainbow trout (Salmo gairdneri) gills. J. Fish. Res. 
Board Can. 30:1553-1558. 

BURTON, D. T., E. L. MORGAN, and J. CAIRNS, JR. 
1972. Mortality curves of bluegills (Lepom is macrochirus 

Rafinesque) simultaneously exposed to temperature and zinc 
stress. Trans. Am. Fish. Soc. 101:435-44l. 

CALABRESE, A., R. S. COLLIER, and J. E. MILLER. 
1974. Physiological response of the cunner, Tautogolabrus 

adspersus, to cadmium. 1. Introduction and experimental 
design. In Physiological response of the cunner, Tauto­
golabrus adspersus, to cadmium, p. 1-3. NOAA Tech. Rep. 
NMFS SSRF 681 



DALHAMN, T., and L. FRIBERG. 
1957. Morphological investigations on kidney damage in 

chronic cadmium poisoning. Acta Pathol. Microbiol. 
Scand. 40:475-479. 

DOUDOROFF, P., and M . KATZ . 
1953. Critical review of literature on the toxicity of industrial 

wastes and their components to fish. II. The metals, as salts. 
Sewage Ind . Wastes 25:802-839. 

EISLER, R 
1971. Cadmium poisoning in Fundulus heteroclitus (Pisces: 

Cyprinodontidae) and other marine organisms. J . Fish. 
Res. Board Can. 28:1225-1234. 

FOSTER, C. L. , and E. CAMERON. 
1963. Observations on the histological effects of sub-lethal 

doses of cadmium chloride in the rabbit . II. The effect on the 
kidney cortex. J. Anat. 97:281-288. 

FRIBERG, L. 
1950. Health hazards in the manufacture of alkaline accumu­

lators with special reference to chronic cadmium poisoning. 
Acta Med. Scand. Suppl. 240, 124 p. 

1955. Iron and liver administration in chronic cadmium 
poisoning and studies of the distribution and excretion of 
cadmium. Experimental investigations in rabbits. Acta 
Pharmacol. 11 :168-178. 

FRIBERG, L., M. PISCATOR, and G. NORDBERG. 
1971. Cadmium in the environment. CRC Press, Cleveland, 

166 p. 
GARDNER, G. R , and P. P. YEVICH. 

1970. Histological and hematological responses of an estu­
arine teleost to cadmium . J. Fish. Res. Board Can. 
27:2185-2196. 

GOULD, E., and J. J. KAROLUS. 
1974. Physiological response of the cunner, Tautogolabrus 

adspersus, to cadmium. V. Observations on the biochemistry. 

33 

In Physiological response of the cunner, Tautogolabrus 
adspersus, to cadmium, p. 21-25. NOAA Tech. Rep. 
NMFS SSRF 681. 

KAGI, J. H. R, and B. L. VALLEE. 
1960. Metallothionein: A cadmium- and zinc-containing pro­

tein from equine renal cortex. J. BioI. Chem. 235:3460-3465. 
MOUNT, D. I. , and C. E . STEPHAN. 

1967. A method for detecting cadmium poisoning in fish. J. 
Wildl. Manage. 31:168-172. 

PISCATOR, M . 
1962. Proteinuria in chronic cadmium poisoning. I. An 

electrophoretic and chemical study of urinary and serum 
proteins from workers with chronic cadmium poisoning. 
Arch. Environ. Health 4:607-621. 

SKIDMORE, J. F . 
1964. Toxicity of zinc compounds to aquatic animals, with 

special reference to fish. Q. Rev. BioI. 39:227-248. 
1970. Respiration and osmoregulation in rainbow trout with 

gills damaged by zinc sulphate. J . Exp. BioI. 52:481-494. 
THURBERG, F. P., and M. A. DAWSON. 

1974. Physiological response of the cunner, Tautogolabrus 
adspersus, to cadmium. III. Changes in osmoregulation and 
oxygen consumption. In Physiological response of the 
cunner, Tautogolabrus adspersus, to cadmium, p . 11-13. 
NOAA Tech. Rep. NMFS SSRF 681. 

WEINREB, E. L. 
1958. Studies on the histology and histopathology of the rain­

bow trout, Salmo gairdneri irideus. I. Hematology: under 
normal and experimental conditions of inflamation. Zoo­
logica 43:145-153. 

WILSON, R H., F. DeEDS, and A. J. COX. 
1941. Effects of continued cadmium feeding. J. Pharm­

acol. Exp. Ther. 71:222. 

__________ • II ~ CG:\lJ...c..UIlJMCb.IT D..DJ lTJl\.lC OCCJ-C ,-0.7--1.--4-07. - .--0 Q...CCJ..c.A1 I."'--------------~--


	002
	003
	004
	005
	006
	007
	008
	009
	010
	012
	013
	014
	015
	016
	018
	019
	020
	022
	023
	024
	025
	026
	027
	028
	029
	030
	031
	032
	034
	035
	036
	037
	038
	039
	040

