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ABSTRACT 

Experiments were made to investigate any possible 

morphological changes in vJinter Flounder, Pseudopleuronectes 

americanus, exposed to high, medium and low levels of copper. 

It was found that a high level (.3200 pg/l) of exogenous 

copper was lethal and a low level (180 pgm/l) was sub-Iethal. 

Emphasis was placed on the experiment involving low levels 

of copper since there is a lack of information on sub-Iethal 

effects of heavy metal poisoning ta fish. 

Tissues from all three groups of poisoned fish and 

control fish were examined under a light microscope. An 

addi tional study of gill tissue f~om the sub-lethal group 

was made using an electron microscope in order ta de termine 

the effects of low doses of copper on gill ultrastructure. 

High and medium levels of copper caused fatty 

metamorphosis in the liver, necrosis in the kidney, destruction 

of the haemopoetic tissue and gross changes in gill architecture. 

Seven other structures and organs showed no copper-induced 

morphological changes. Low levels of copper caused the epi-

thelial layers of' gill la..'1lellae to be vacuolated and the basi-

lamellar regions to be reduced in thickness. Lamella mucus 

cells were few when compared ta control specimens, and chloride 

cells appeared in their stead. 

A study of giil tissue from the sub-Iethal group made 

under electron microscopes revealed vacuolated cytoplasm, myelin-

like figures, various membrane-bound vesicles and a reduction 

in the thickness of the apical homogeneous layers in the gillso 



Typical chloride-excreting cells replaced mucus cells and 

there was an increase in particulate matter adhering to 

the epithelial cell outer membranes. 
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SOl'-1MAlRE 

On a réalisé des expériénces afin d'examiner les changements 

morphologiques possibles chez le carrelet d'hiver, Pseudnpleuronectes 

americanus , aprés exposition à· des doses de cuivre élevées., moyennes et 

réduites. On a trouvé qU'une dose élevée de cuivre exog~ne (3200 ug/l) 

est mortelle tandis qu'une dose réduite (180 ugm/l) ne cause pas le déc~s. 

On a insisté sur les expériences concernant les effets de doses réduites de 

cuivre à cause du manque d'information existant sur les effets marginaux 

de 18empoisonement par métaux lourds chez le poisson. 

Des tissus provenant de chacun des trois groupes de poisson 

contaminés et des contrôles furent examinés Haide d'un microscope 

optique. Une étude supplémentaire de tissus branchiaux provenant du 

groupe marginal fut conduite au moyen d'un microscope électronique afin 

de déterminer les effets de doses réduites de cuivre sur les ultra

structures branchiales. 

Des doses6élevées et moyennes de cuivre ont déterminé des 

métamorphosis graisseuses dans le foie, une nécrose du rein, une dest

ruction du tissu haemopatiqp.e et des changements radicaux dans·l'archi

tecture branchiale. Sept autres structures ou organes ne réy~l~rent 

aucun changements imputables au cuivre. Des doses réduites de cuivre 

provoqu~rent des vacuoles dans les lamelles branchiales et une réduction 

dans l'épaisseur des régions sous-jacents. Les cellules muqueuses des 

lamelles étaient rares compa~ées aux échantillons de contrèle, et à leur' 

place des cellules àchlorure firent apparition. 

-- \ 



Une étude au microscope électronique du groupe marginal mit 

en évidence une vacuolization du cytoplasm, des figures du genre myelin, 

diverses sortes de vésicules attachées àla membrane et une réduction dans 1 

l'épaisseur des couches homog~nes dans les branchies. Des cellules types 

àexcrétion de chlorure prirent la place des cellules muqueuses et il y a 

eut une augmentation du nombre des particules adhérant aux membranes 

extérieures de la cellule épithéiale. 



INTRODUCTiON 

A small amount of copper, 3 to 20 pgm/l. normally 

is present in the marine environment (Chow, T. J. and T. G. 

Thompson, ~952 and Chow, T. J. and T. G. Thompson, 1954). 
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Copper is an essential dietary component of both animaIs and plants, 

where it plays an essential enzymatic role in several enzyme 

systems. As with many other compounds that are needed by organisms 

in minute amounts, copper in small amounts is necessary but in 

larger than these trace amounts it becomes an enzyme poison 

(Scheinberg and Sternleib, 1960). Plants are the usual source 

of dietary copper for animals (Goodman and Gilman, 1956). 

Increased amounts of copper appearing in the sea are 

the result of the contamination of rivers by base-metal mines 

and by the spraying of copper algicides. Copper in small 

quantities is supposed to be lethal to plants but harmless ta 

animaIs. 

Some of the effects on fresh water vertebrates of 

increases in copper above trace amounts have been documented 

(Sprague, 1964 and Sprague and Ramsey, 1965) and the response 

of 'invertebrates to copper has been studied by Hubschmann (1967). 

The present study on the Winter Flounder has a two-fold 

purpose: to determine the histological and ultrastructural effects 

of varying concentrations of copper on a representative marine 

vertebrate, and to relate these findings to the medical knowledge 

of copper Metabolisme Most of the accumulated knowledge on 

copper biochemistry comes from biomedical sources. This metal 
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has come under close scrutiny concerning its action as an 

endogenous poison in \rJilson' s Disease, a disease that afflicts 

a small proportion 01" hurnans. 

Emphasis is placed on the section of the experiment 

conceroing very Iow concentration s of copper since this is the 

area least explored. The effects of lethal levels of various 

toxicants have recei ved much atten tion, but perhaps sublethal 

levels affect thebiosphere to a greater extent, since the 

subjects of such poisoning rnay become sick, adapt or respond 

in other ways, but not die. 

There is certainly more sublethal pollution than 

lethal pollution and it is feIt, by this author, to be important 

for pollution sëientists working within a Fisheries framework 

to become aware of the histological, ultrastructural, and bio

chemical advances of medicine and of related sciences, since 

man and fish are really one. 

The results of this study have been accepted for 

publication in the Journal of the Fisheries Research Bdard of 

Canada (Baker, 1969). 

nE U2lIJJdaa 
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MATERIALS AND METHOnS 

Medium and high levels of copper 

Winter Flounder, Pseudopleuronectes americanus, 

were collected by otter-trawling in Passamaquoddy Bay, New 

Brunswick, in May 1967 and kept in running sea-water for an 

initial period of two weeks at 9.00C. Tre fish used in the 

experiments were three years old, as determined by counting 

otolith annulations. 

Five fish were placed in each of four tanks 

containing 25 liters of sea-water with a constant water flow 

of l liter per minute. Thetemperature of the water was 

maintained at 100C. Copper >'Tas supplied in the form of copper 

sulphate and concentrations of 3200 pgm/l Cu , 1000 pgm/l Cu , 

and 560 pgm/l Cu were mainta1.ned in three of the tanks by 

dripping a solution of distilled water and copper sulphate 

into the tanks at a predetermined rate. The stock copper 

sulphate solutions were agitated with magnetic stirrers. 

The fourth tank was kept free of exogenous copper and 

was maintained for control fish. The copper concentration was 

measured colorimetrically by the diethyldithiocarbamate method 

similar to that described in "Standard Methods" (APRA, 1960). 

Copper was found by this technique in concentrations of pgrn(l 

in the sea-water of the control tanks. 

AlI the tan ks were aera ted • The pH of the wa ter in 

the fish tanks remained at 8.0~0.1, throughout the experiment. 
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The fish were fed each d~ with frozen, clams. Sinee 
o 

only the control animals were feeding weIl, a fifth was set 

up as a starved control (Figure 19). 

The fish were exposed to copper in the above way for 

700 hours (Figure 19). Tissues 1"or histo1ogical exarnination 

were taken from fish killed by decapitation just before 

"natural" death. Death was thought to be innninent as judged 

by typical neuromuscu1ar disabilities. Some of the fish 

became increasingly ir'ritable as the experiment proceeded, 

resu1ting in sorne cases in spasmodic movements severe enough 

to cause the fish to eject themselves out of the water. 

Finally the fi~h remained upside down and mot~onless on the 

bottom of the tank. When they were turned the right way up 

they slowly returned to their upside down posi tion. When 

these symptoms were ignored the fish died, and they were 

considered unusable for rnicroscopical examination. One such 

fish died in each of the experinental tanks and these were not 

used for histological purposes. Figure 19 shows the fate of 

each fish in each of the tanks; the circles marked with a cross 

represent a fish that died and was not examined histologically. 

None of the con trol fish died during the 700 hour experiment 

and none showed any sickness. 

The following tissues were taken for histo1ogical 

examination: somatic musculature, gills, heart, stomach, duodenum, 

intestine, kidney, liver, eyes, brain and spleen. AIl were 

fixed in Bouin's fluid, embedded in 56°c wax, sectioned at 6-e~ 

and stained with haematoxylin and eosin. 

-
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Low level of copper 

Two year old fish collected by handlining were 

used in this experimento Since they ~ere smaller than three 

year old fish possible crowding effects in the tanks were 

minimized. The fish were kept in groups of six, in four tanks 

each containing 60 liters. Two of the tanks were maintained 

at a concentration 01' 180 pgm/l Cu and two were maintained 

as con trol. 

Fresh, live clams were used as l·ood and all iïsh 

fed welle The temperature of the tanks in this experiment 

was maintained at 100C. 

The fi sh were exposed in the above way 1'or .300 hours 

(Figure 19). Tissues taken for histologLcal examination were 

treated as in the previous experiment except that gill tissues 

for electron microscopical examination were fixed in 2% phosphate

buffered glutaraldehyde at 100C for two hours, rinsed in phosphate 

bu1'fer for 15 minutes, then post-fixed in osmium tetroxide. The 

tissues were then dehydrated by graded ethanol baths and em

bedded in Epon e12. After sectioning and staining with lead 

citrate (Reynolds, 1963), the specimens were examined in a 

Phillips 200 electron microscope or an R.C.A. JE electron micro-

scope. 
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RESULTS 

A few general remarks are in order before the 

detailed histological and electron microscopical observations 

are described. 

Similar amounts of food were gi ven to all the fish 

throughout the 700-hour experiment. Food that was not eaten 

within a fifteen minute period after feeding was promptly with

drawn from the tanks. Of possible importance is the fact 

that the high and medium doses of copper resulted in poor feeding 

habits. These fish made ,little or no attempt te eat, but the 

cont.rol fish ate welle There appeared to be no difference 

between the eating habits of the animals exposed to the low 

level of copper and those of the control fish. 

Mucus secretion by the lïsh had a direct relationship 

to the amount of copper present in the water. Fish exposed to 

3200 pgm/l of copper secreted 50 much mucus that it had to be 

cleared from the tank each day, while those exposed to 100 pgm/l 

of copper secreted only a little more mucus than did the control 

fish. The starved control fish secreted least mucus of all 

and their tank was a1ways c1ean. 

Death of the fish by copper poisoning was preceded by 

severe neurological and muscular aberrations. The fish eJÇ osed 

to high and medium doses of copper were more irritable than the 

control. This irritability was manifest.ed in great. agitation 

whenever the tank cover was removed or when adjustments had to 

be made to water and toxicant f10,.1. 
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An attempt to reduce these agitated movements was 

made by covering the whole apparatus with black plastic and 

by approaching the tanks slowly and cautiously. As the 

fish approached death, these nervous disorders increased until 

the animals alternately ejected themselves in the air or hung 

upside down in the water. If an animal that remained upside 

down was slowly and gently turned over, and if the gills still 

pumped and yet it did not make an attempt to swim, it was 

immediately sacrificed for histological purposes. If an 

animal was left in the tank al'ter th is experiment, i t died a 

few hours later. One animal l'rom each of the poisoned tanks 

from the first experiment di~d in such a w~. A sixteen hour 

a day watch was kept on the tanks for the first experiment to 

reduce the number of such l'atalities to a minimum. Fatalities 

are recorded in Figure 19 as crossed circles. 

"""" 



Liver 

Medium and high levels 01' copper 

(Light microscope observations) 
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Figure l is a photomicrograph 01" a section 01" liver 

from a control fish. The central vein (CV) i5 prominent and 

several blood-filled sinusoids (s) leading directly to it 

separate the cords of hepatic tissue (ht). 

Figure 2 is a photomicrograph of a similar area 

from a fish exposed to 1000 pgm/l 01' copper. The cells making 

up the hepatic tissue surrounding the central vein have become 

filled with large fat droplets (arrows). Fat deposition of 

this type is called lobular fatty metamorphosis~ The droplets 

01" fat appear ta be clear due ta the histological processing 

which dissolves fat. Bath 1000 pgm/l ai' copper and 3200 pgm/l 

of copp er result in fat deposi tian while 560 )lgm/l of copper 

does not al ter the appearance of the li ver from tha t of the 

control to any apparent extent. 
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Figure 1 

280x 

Figure 2 

280x 

Figure 1: control. The normal appearance of liver is shown in 

tnis photomicrograph. Hepatic tissue cells (ht), 

sinusoids (s), and the central vein (cv), are shown. 

Figure 2: 1000 )lgm/l of copper. Effects of copper on liver 

result in fat deposition within liver ceUs (arrow). 

10 
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Kidney 

Figure 3 illustrates the arpearance of normal kidney 

tissue. The teleostean kidney is charac~erized by having the 

tubules surrounded by haemopoetic tissue. A glomerulus (g) 

surrounded by embr,yonic red blood cells (arrows) is in tne 

center of the photomicrograph. Several tubules Ct) are present. 

Figure 4 shows the effects 01' 3200 pgm/l of copper. 

The tubule catIs are shrunken and have vacuolated cytoplasm 

(arrows). The haemopoetic tissue is necrotic (circle) and very 

much reduced in volume. The tubular lumen may contain large 

clumps 01' dense material. 

1000 pgm/l of copper results in similar histopathological 

efrects. Concentrations of copper at 560 pgm/l and below do not 

elicit these changes. 
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KIIlJEY 

Figure 3 Figure 4 \ 
1,00X 1,100X 

Figure 3: con trol. Normal flounder kidney histology is shown 

in this photomicrograph. Glomerulus (g), kidney 

tubule (t), peritubular red blood cells (arrows), 

are shown. 

Figure 4: 3200 )lgm/l of cower. The effects of high levels of 

copper are readily apparent: disintegration of tubule 

cells (arrow), necrosis and Jack of red blood cells 

between the renal tubule s (circle). 
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Gills 

Figure 5 ShOvlS the gill structure in a control animal. 

The l~mellae (1) emerge on either side of the filament (f). 

The lamellar histology is similar to that described for other 

species (Newstead, 1967). Each lamella is formed of central 

pillar cells (arrow) that have arms which stretch out to touch 

those of adjacent pillar cells. The space between the pillar 

cells forms lacunae thro ugh which red blood cells flow. In 

the basi-lamellar (bl) region si tuated on the filament are 

chloride cells and at intervals along the layer of epithelial 

cells are numerous mucus cells (Figure 7). In normal epi thelium 

there are very few chloride cells among the epithelial cells 

on the lamellae. The area circled is magnified in Figure la 

for greater detail. 

Mucus cells can be distinguished from chloride cells 

by the fact that they are not as eosinophilic and thus remain 

paler when stained with eosin; they also tend to be spherical 

while chloride cells are flatter. 

Figure 6 shovrs the gills of a fish e:xposed to 3200 

)Ugmjl of copper. There is almost complete epithelial cell de

struction, with some fusing of adjacent lamellae. Chloride 

cells are the only cells that are still recognizable, apart from 

the red blood cells which can be found outside the lamellae 

(circle). The remains of the epithelial layer have become com

pletely detached from the more central portion pf each lamella. 

The basi-lamellar region is disintegrated (arrow). 
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1000 pgrn/l of copper in the gills resu1t in the 

epi the li al layer lifting off from the remaining parts of the 

lamella; chloride cells are greatly enlarged, as are the mucus 

ce1ls. In some cases, it appears that the apparent detachment 

of the epithelium from the basement membrane is really a greatly 

expanded chloride cell, since the typical eosinophilic contents 

of the chloride cells are contained in the bubble formed by 

the epithelial detachment. Lamellae fuse together in some 

cases, while others become swollen with many red blood cells due 

to the presumable loss of the supporting function of the pillar 

cells. Epithelial cells often ·become so disintegrated that 

there is little cellular detail to be observed. 

At 560 )1f!Jn/l of copper the epithelial layer of cells 

of the lamellae becomes reduced in size, but there is no 

detachment from the basement membrane. Mucus ce1ls are 1arger 

in size than those of' the control specimens and chloride cells 

make their appearànce along the epithelial layer. The chloride 

ce11s can be few or numerous and in some cases the epithelial 

layer may be made up entirely of ch10ride ce1ls. 
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GILLS 

Figure 5 Figure 6 

450x 380X 

Figure 5: control. Part of a gill filament and several lamellae 

are shown in this photomicrograph. Filament Cf), 

lamellae (1), basi-lamellae region (bl), and a pillar 

cell (arrow). The circle around part of a lame lIa 

illustrates the area from vlhich all the electron 

micrographs are trucen. 

Figure 6: 3200 J1gm/l of copper. High leve:.3 of copper on the 

gill result in a reduced thickness of basi-lamellar 

region (arrow) and detachment of epithelium from lamellae 

resulting in a number of free red blood cells (circle). 



Gills 

Low level of copper 

(Light microscope observations) 

16 

Figure 7 shows the appearance and distribution of 

mucus cells (arrows) on normal gill lamellae. Note the appear

ance of the thick, well-formed, epithelial layer between the 

parallel lines. 

Figure 8 is a photomicrograph of gills from a fish 

exposed to 180 pgm/l of copper. The epithelial layer between 

the parallel lines and elsewhere is much thi~ner and has a 

vacuolated appearance. Many of the blood lacunae appear empty 

(arrow) and the basi-lrunellar region is very much reduced in 

thickness (arrow-head). 

Figure 9 shows some of the chloride cells (arrows) 

that appear in fish gill lamella epithelium after exposure to 

180 pgm/l of copper; mucus cells are absent. 
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GILLS 

~-

1 

,1 

Figure 8: 180 ugm/l of copper 

725X 

.~ 

Figure 7: control 

725X 

Figure 9: lBo ugm/l of copper 

725X 

Figure 7: Normal epithelium (parallel lines), mucus cells (arrows). 

Figure 8: Reduced epithelium (parallel lines), empty lacunae 

(arrow), reduced basi-lamellar region (arrowhead). 

Figure 9: Appearance of chloride cells (arrows). 
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Normal gill ultrastructure 

Figure 10 shows a norIlBl gill lamella of" Winter 

Flounder from the same region circled in Figure 5. The 

ultrastructure of normal gill lamellae from another species 

has been described in sorne detail by Hughes and Grimstone, 

1965. Each lamella has a crescent shape with one end higher 

than the other. The taller end faces the incurrent of water. 

The water flow on the outside of the gill lamella runs counter

current to the blood flowon the inside of the gill lamellae. 

Ali sections in this stuqy were made across the 

lamellae, thus the red blood cells (rbc) are either moving 

into or out of the electron micrographs. Around the blood 

cells are the pillar cells (pc), which form the structural 

support of the lamella. Between the pillar cell arms are the 

blood lacunae (arrows), i.e. spaces within which the blood cells 

can move. External to the pillar cells are the two basement 

membranes (bm), on each of Which stands a single layer of cells. 

External to these layers lie the epithelial cells (e), the 

mucus cells (Figure 12) and the chloride cells (Figure 13). 

Frequently there is another kind of lacuna between the single 

layer and the epithelial layer, within which isolated cells 

(is) can be seen. External to the second Jacunal system is the 

epithelial layer, Which is one or two cells thick. 

The pillar cell has four arms (p) and a centrally 

located nucleus (n). There are a few rnitochondi'ia within the 

homogeneous cytoplasm. There i5 little rough endoplasmic 
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reticulum and few free ribosomes. The two arms on each side 

of the cell extend ta those from an adjacent cell, forming a 

space between the cells. This space is the blood lacuna. 

The basement membrane is about 300 i in thickness 

and is continuous. It is intimately related to the pillar cells 

(Hughes and Grimstone, 1965). The single layer of cells external 

to the basement membrane is very thin, usually thinner than 

the membrane itself. The cytoplasm of these cells contains 

a little endoplasmic reticulum and scattered mitochondria. 

The dark cell at the bottcm of othis photograph is 

wi thin the second lacunal space. The circle depicts the area 

shown in greater detail in the remaining micrographs of both 

normal and exper imental animals. 
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GILLS (GENERAL ULTRASTRUCTURE) 
/ , 

Figure 10. 5, 500 X 

Figure 10: control. Ultrastructure of norrœ1 gill larœlla. Pi1lar 

c'ell (pc), its nucleus (n), and arms (p). Basement 

membrane (bm), epithelial cell (e), secondary lacuna (sI), 

isolated ceU (is), and red blood cell (rbc). Blood 

lacunae (arrows). 
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Gills (epithelial layer); control 

Figure 11 shows the secondary lacunal space (sl), 

which contains a clear fluid in which float myelin-like bodies, 

free cells, membrane-bound vesicles and other structures. 

The epithelial cells tend ta be long and fIat and to have 

prominent nuclei (n). There is little endoplasmic reticulum 

(arrow) and the Golgi apparatus is large although not shown 

in this particular micrograph. 

The junction of one epithelial cell with another is 

complex, with many interfoldings of adjacent cell membranes. 

A few mitochondria (m) are present. Dense particles adhere to 

the surface of the epithelial cells. 



GILLS (ULTRASTRUCTURE OF EPITHELIAL LAYER) 

Figure Il 

lO,OOOX 
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Figure 11: control. Details of the epithelial layer are shawn 

in this electron micrograph: the nucleus of the 

epi thel ial cell (n), mi tochondria (m), and rough 

endoplasmic reticulum (arrow), the secondary lacuna 

(sI), wi th various cell types (1, 2, 3, and 4). 
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Gills (mucus cell); control 

Located on the gill lamellae in a similar position 

as the epithelial cells are the mucus cells (Figure 12). 

The mucus cell opens to the exterior by the apical aperture 

(arrow) which is surrounded by overlying extensiDns of the 

epithelial cells (e). 

The mucus is contained by membrane-bound vesicles 

(mv) and each vesicle bas a fine granular appearance. The 

nucleus (n) is found in a basal position and is surrounded 

byan extensive endoplasmic reticulum (er). There are 

numerous free ribosomes in the cytoplasm and a few mito

chondria (m). The Golgi apparatus (g) is found at the base 

of the mucus vesicles. 

There is a bair-like extension (arrowhead) of the' 

apical homogeneous layer (parallel lines) of the epithelial 

celle 
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GILLS (MUCUS CELL) 

Figure 12 

lD,50ox 
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Figure 12: control. Mucus cell nucleus (n), mitochondria (m), 

Golgi (g), endoplasmic reticulum (er), and overlying 

epithelial cell (e); mucus vesicle (mv), and apical 

aperture (arrow); epithelial homogeneous layer 

(parallel lines) with a micro-hair (arrowhead). 
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Gills (chloride cell); 180 pgm/l of copper 

One of the most obvious changes in the gills due 

to low doses of copper is in the relationship of mucus cells 

to chloride cells; very few mucus cells are found While chloride 

cells are more common (see Figure 9). This suggests that one 

cell type can change into another type; that mucus secreting 

cells change to chloride secreting cells. 

The section shown in Figure 13 is not through an 

apical aperture (similar in structure to the mucus cell), 

thus the overlying epithelial cel1 (e) appears ta completely 

occlude the chloride celle 

Mitochondria (m) are nurnerous and there are a few 

fre~ ribosomes (arrow). The dark granules adhering to the 

external membrane of the epithelial cell are similar to those 

found within the mitochondria (arrowheads). Intermitochondrial 

space is occupied by the typical smooth endoplasmic reticulum 

or ergastoplasmic network. 



GILLS (CHLORI DE CELL) 

Figure 13 

29,000X 
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Figure 13: 180 pgm/l of copper. Part of a chloride celle 

The cytoplasm consists to a large extent of mito

chondria (m), wi th space in between taken up by 

smooth endoplasmic reticulum. There are some free 

ribosomes (arrow). Arrowheads indicate granules 

within mitochondria and affixed to the external 

surface of the overlying epithelial cell (e). 
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Gills (myelin-like bodies); 180 pgmjl of copper 

Figure 14 shows portions of two epithelial cells 

(I and II) lying juxtaposed to the basement membrane (bm). 

Red blood cells (rbc) can be seen within the lacuna (1). 

No secondary lacunal space can be seen in this section. The 

outermost epithelial cell (II) contains numerous bodies that 

appear after exposure to 180 pgm/l of copper. These bodies 

consist of concentric membranous rings and appear to be 

myelin bodies in various stages of development (numbers). 



GILLS (MYELIN BODIES) 

Figure 14 

20,OOOX 
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Figure 14: 180 Jlf!}Tl/1 of copper. Formation of mye1in-1ike bodies 

within epithe1ial ce1l (1, 2, 3, and 4). Lacuna (1), 

red blood cel1 (rbc), and basement membrane (bm). 

Two epithe1ial cells (1 and II). 



Gills (Autophagosomes); IBo pgm/l of copper 

Figure 15. Exposure to copper appears to result 

in the formation of' autophagosomes (arrows) wi thin epithelial 

cells. Autophagosomes are membrane-bound cellular bodies 

that contain enzymes that de grade cellular material. Elements 

of the rough endoplasmic reticulum have been absorbed by the 
autophagosomes where they will be degraded. Autophagosomes 

eventually result in the destruction of' the cell that produces 

them. 
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Figure 15: 100 J1grn/1 of copper. Autophagosomes (arrows). 
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GILLS (AUTOPHAGO.(30:W:S) 

Figure 15 

21,OOOX 

l"j_;~ure 15: 1UO J1gm/l of coppel'. Autol'hagosomes (arrows). 
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Gil1s (Vesicles); 180 pgm/l of copper 

Figure 16 shows a vesicular s'ystem that appears in 

the apical region of the epitnelial cell from a copper-exposed 

fish gille Some of the vesicles have small membrane-bound 

spherules contained within tnem and some are empty. The 

arrowhead points to an area Where the contents of a vesicle 

appear to fuse with the homogeneous layer. This vesicular 

system seams to be related to the homogeneous layer (parallel 

1ines). 



GILLS(VESICLES) 

Figure 16 
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Figure 16: 100 pgm/l of copper. A vesicular system (arrows) 

in the homogeneous layer (paralle1 lines). 
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GILLS (VESICLES) 

Figure 16 

21,OOOX 

FiEure 16: lUO ,ugm/1 oi' cOPger. A vesicu1ar system (arrows) 

in the homogeneous layer (parallel lines). 
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Gills (Particulate Matter): 180 pgm/l of copper 

Figure 17 illustrates the great increase of adhering 

particulate matter (arrow) on the outer epithelial cell 

membrane in the gills of tish subjected to a low dose of 

copper. Compare with similar area from Figure Il. There is 

very little of the homogeneous layer in these cells (parallel 

lines). The secondary lacunal space can be seen (sI) with 

an interconnecting channel (c). 



GILLS (PARTICULATE MATTER) 

Figure 17 
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Figure 17: 180 p.grn/1 of copper. An in crease above the normal 

amount, or particu1ate matter, can be seen adhering 

to the external ne:rribrane (arrow). Note the reduced 

homogeneous layer (paral1e1 1ines), and the secondar,y 

1acuna (sl) wi th interconnecting channel (c). 
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GILLS (PAR1'ICULATE H.l\.TTER) 

Figv re 17 

21,OOOX 

Fieure 17: 180 pgm/l oi" copper. An in crease above the normal 

amount, oi" particulate matter, can be se en adhering 

to the external rœmbrane (arrow). Note the reduced 

homogeneous layer (parallel lin es) , and the secondary 

lacuna (sl) with interconnecting channel (c). 
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Gills (Vac\.loles): 180 )lgmjl oi" copper 

Figure 18 shows the development of an extensive 

vacuolar system (vs) in the basal regions of the epi the1ial 

cel1. This system seems ta be membrane-bound (arrow). The 

homogeneous layer is reduced (parallellines). Compare this 

region with that in Figure 12, Which shows a similar region 

of a control specimen. When the difference in magnificatian 

is taken into account the reduction in thickness of the 

homogeneous layer due ta low levels of copper is about one 

quarter of the normal thickness. 



GILLS (VACUOLES) 

Figure 18 
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Figure lB: l~ pgm/l of copper. Vacuoles (vs), surrounding 

membrane (arrow), and homogeneous layer (parallel 

lines) • 
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DISCUSSION 

The use oÏ histopathological techniques to investigate 

pollution effects is increasing. Some pollution scien tists, 

following the lead of medical pathologists who have used these 

techniques for a much longer time and have accumulated much 

data on cellular response to various toxicants, are beginning 

to relate the amount of cell damage in organisms to the con

centration of a pollutant and/or the synergistic eff"ects of 

more than one toxicant (Brown et al., 1968, Crandell, C. A. 

and C. J. Goodnight, 1963). 

An attempt has been made in this thesis to determine 

the histological effects of leveLs of copper that exist in 

nature as a result of man's activities by experimentally 

exposing a representative animal to various levels of copper 

emphasizing the sublethal level, since sublethal pollution is 

more widespread and is less obvious than lethal pollution. 

Copper is found normally in sea-water at very low levels in 

the order of 3 )lgm/1-20 )lgm/l (Atkins, 1953 and Chow and 

Thompson, 1954). In copper-polluted sea-water the concentration 

may reach over J)O )lgm/l (Fujiya, 1960) ~"" 

A toxic agent may be exogenous or may be produced by 

the organism itself as a result of deficient metabolic cycles. 

It is possible that the data accumulated by medical practitioners 

on pathological metabolism may be relevant to pollution studies 

of the histopathological type which concern only exogenous 

toxicants. Copper, as is the case with most heavy metals, is 
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an essential part of many animals' intake, since this Metal 

is involved in the complex molecular structure of enzymes. 

However, in larger than trace amounts it is a poison. Therefore 

before discussing copper as a specifie pollutant in this study 

on Winter Flounder, a review of the me di cal knowledge of 

copper metabolism will be useful. 

In normal mammalian physiology, copper, found in 

greatest amounts in the liver, brain kidney and haemopoetic 

tissue, is involved in Many processes. Dietary copper is 

absorbed from the upper portion of the small intestine an d is 

bound in the liver ta an ~-globulin, producing a complex 

called ceruloplasmin. Copper is excreted in the faeces, urine 

and bile and it is intimately involved in normal haematopoesis 

since it is essential for the absorption of iron from the 

intestines and so controls the amount of iron available for 

haemoglobin synthesis (Goodman and Gilman, 1956). 

Both an excess and a deficiency m' copper cause 

pathologieal results in animals. Sheep that graze on a copper 

deficient pasture have poor haemoglobin levels and are anaemic 

(Comar and Bromer, 1962). 

In human patients, the chronic effects of excess 

copper have been studied within the framework of Wilson's 

disease (Peisach et al., 1967). This disease is the result of 

an inborn error of metabolism, inherited in a recessive manner, 

which causes a toxic increase in boqy copper levels resulting, 

after a few years, in hepatic necrosis, haemolytic anaemia, 
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and depositian of copper wi thin the cornea in the form of a 

"Kayser-Fleischer" ring. 

Wilsan's disease itself results in chronic excess 

of copper not because of increased intake but because the 

liver fails to bind the cupric ion to the ~ -globulin. 

This failure results in a drop in the ceruloplasmin level 

which is the main clinical indication of the disease. Thus 

the copper is not excreted and is i"ree to be carried about 

the body. This excess copper accumulates in the brain, liver, 

kidney, haemopoetic tissue and cornea. Enzyme systems then 

become involved, especially membrane ATP-ase (Peters, 1967) 

and the'lipoic acid pyruvate system, resulting in cirrhosis 

of the liver, death of brain neurones, necrosis of kidney 

tubules and the formation of Kayser-Fleischer rings. Copper 

interference with membrane ATP-ase also results in uncoordinated 

limb action and jerky, spontaneous movements. Copper also 

attacks various renal enzymes that mediate the resorption of 

several compounds. Haemolysis, a distinctive feature of 

"'Tilsan 's disease, could be caused by the interaction between 
)\.'~.,r 

copper and membrane ATP-ase, with the resulting breakdown of 

the sodium pump. Symptoms arising from the severe neurolog-

ieal disorders observed in Wilson's disease include jerky, 

spontaneous movements and possibly schizophrenia. Angel et al., 

(1957) reported that copper levels are high in schizophrenie 

patients but there is some controversy over this finding 

(Comar and Bromer, 1962). 
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It is of note that on exposure to medium and high 

levels of copper the behaviour of the fish, i.e. jerky, 

uncoordinated, spontaneous movemen ts, is similar to the symptoms 

of Wilson' s disease in man. Although the typical brain lesions 

found in·humans with Wilson's disease were not apparent in 

the brains of' the fish, it is possible that their jerky, un-

·coordinated spontaneous movements resulted from the action 

of copper on their central nervous systems. The flounders in 

this stuqy were exposed to copper for a maxïmum of 700 hours 

only, and humans with Wilson's disease exhibit apparent brain 

lesions a number of.years after the onset of the disease. 

High levels of copper produce similar results in a varie4r of 

subjects. Peters (1967) reported that application of copper 

to the brain of pigeons produced serious convulsions. Vogel 

(1959) has shown .that goldfish subjected to 1000 pgm/l doses 

of copper presented severe neurotoxic and nephrotoxic effects. 

Much of the research accomplished to date on the 

effects of heavy metals on aqua~ic organisms is biased towards 

determining the lethal limits for a particular toxicant. Few 

studies have been made ta de termine the effects of low doses 

of a toxicant and little is known about the physiological 

responses of fish to such concentrations. Hubschmann (1967) \ 

has discussed the inhibita~ effects of copper on the respir

atory enzymes of cra;y"fish and copper has been shawn by Fairbanks 

(1967) ta cause haemolytic anaemia by inhibiting erythrocytic 

glycolysis, denaturing haemoglobin and oxidizing glutathione. 
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Verity (1967) demonstrated that copper induces increased the 

specific activity of three lysosomal hydrolases and of several 

mitochondrial enzymes. 

The overall observations suggest that copperinduces 

haemolytic anaemia in fish as the primar,r lesion. This is 

supported by the fact that the haemopoetic tissue in the kidney 

of the Winter Flounder undergoes necrosis. Fatty metamorphosis 

of the liver and renal necrosis are assumed to be secondary 

lesions due to ,the probably anoxic state of the organisme In 

the eyes of the flounders no Kayser-Fleischer ring was found, 

probably due to the relati vely short time that the fish were 

exposed to copper. Ruman patients suffering from Wilson's 

disease are not examined clinically until several years after 

the onset of the disease, giving the copper a much longer 

time to accumulate within the cornea. 

It is difficult te tell Whether the changes in the 

gill lamellae of the flounders as determined by light micro

scopy and elElctro n micro scopy are secondary or prirnary effects. 

Copper may be absorbed by the gill epithelium and may act 

primarily on the cell enzymes resulting in the formation of 

lysosomes, vacuoles and vesicles. The apical homogeneous layer 

of the epithelial cells may be a protective device and its 

reduction in size observed by electron microscopy may enable 

copper te enter these cells via this route instead of, or as 

well as, via the 1Jlood. The particulate matter that is nornally 

present on the epithelial cell sUl:'face (Figure 12) occurs more 
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extensively in animals that have been exposed to low levels 

of copper (Figure 17). It is possible that the copper acts 

as a coagulant on the mucus secreted by the cells wi thin the 

epithe1ïal layer and forms the dense Particulate matter. It 

is not known whether increased particulate matter affects 

the oxygen/carbon dioxide exchange through the epithelial cells. 

Normal chloride cel1s from Fundulus heteroclitus 

have been studied by Kessel and Beams (1962) and Philpott and 

Copeland (1963) and are similar to those that appear in the 

gill lamellae of Pseudopleuronectes americanus exposed ta low 

doses of copper. Munshi (1964) has suggested that the mucus 

cells of euryhaline fish can secrete either mucus or chloride 

ions; also that the mucus cells of fresh water fish cao become 

functionally chloride-excreting ce1ls when the fish are exposed 

to hypertonie solutions. 

Chloride cells in the \rJinter Flounder are normally 

found only in the basi-lamellar region While mucus cells are 

mainly on the lamellae. After exposure to a low dose of copper, 

the number of mucus cells on the lamellae was reduced and 

chloride cells were found instead. If the copper-induced 

chloride cells were originally mucus cells, as seems ta be the 

case, how and why do these transformations oocur? Is it possible 

that these chloride cells excrete copper ions instead of chloride 

ions? Are there perhaps latent ion-excreting cells within the 

epithelium that only come into action when the medium requires 

it? 
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SUMMARY 

Effects of lethal and sub-lethal levels of copper on 

the Winter Flounder, Pseudopleuronectes americanus were studied 

using routine pathological techniques and electron microscopical 

analysis. 

Lethal levels of copper resulted in: 

1. Lobular fatty metamorphosis in the 

liver. 

2. Necrosis of the renal tubules. 

3. Necrosis of the haemopoetic tissue. 

4. Various changes in the gill lamellar structure, 

the most obvious being delamination of the 

epithelial 'layer. 

Sub-lethal levels of copper resulted in many changes 

to gill architecture: 

1. Reduction in thickness of the basi-lamellar cells. 

2. Reduction in thickness of the epithelial l~ers. 

3. Reduction in number 01' mucus cells in the 

lamellae. 

~. Appearance of chloride cells in the lamellae • 

.5. Appearance of autophagosomes within gill lamellar 

epithelial cells. 

6. Appearance of an extensive vacuolar system within 

gill.lamellar epithelial cells. 

7. Appearance of vesicles under the apical homogeneous 

layer of gill lamellar epithelial cells. 
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8. Appearance of myelin bodies wi thin the cyto

plasm of gill lamellar epithelial cells. 

9. Reduction in thickness of the apical homogeneous 

layer of gill lamellar epithelial cells. 

10. An increase in particulate matter adhering to 

the external membrane of the gill lamellar 

epithelial cells. 

The behaviour of' fish exposed to copper has been 

compared to the behaviour of humans suffering from Wilson's 

disease. Knowledge of copper metabolism from the Medical 

field has been used to explain the toxic action of copper on 

the Winter Flounder. Possible points of entry of the copper 

into the fish have been discussed. The possibility that chloride 

excreting cells can also excrete other potentially toxic ions 

is suggested. 
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