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INTRODUCTION

Copper is one of the chemicals in algicides and wastes from industrial plants.
The frequent introduction of copper into the aquatic environment and the sensitivity
of aquatic life to the pollutant may be serious biological problems of fish toxico-
logy.

When fishes were exposed to copper, the copper content level in the body was
increased (Kariya er af., 1967) and the survival, growth, and reproduction were
decreased (Mount and Stephan, 1969; McKim and Benoit, 1971). Jackim et al.(1970)
proposed that the changes in liver enzyme activity might be useful as a kind of
biochemical autopsy tool for diagnosing sublethal metal poisoning in fish.

The enzyme lactate dehydrogenase (LDH) occurs in the tissues of many organi-
sms in multiple molecular forms (termed isozymes by Markert and Mégller. 1959).
In mammalian tissues, five principal LDH isozymes usually are found. The five
forms are all tetramer combinations of two kinds of subunits, known as H and M.
Adult heart muscle sinthesizes predominantly the H subunit and contains an
abundance of LDH-1, while most skeletal muscles produce primarily the M subunit
resulting in a preponderance of LDH-5. In a study of LDH isozymes in 30 species
of fish, Markert and Faulhaber (1965) found one major isozyme system in all fish
and two minor systems restricted to eyes and gonads in many fish. Fishes resemble
birds and mammals containing two basic functional types of LDH, heart and
muscle. The LDH in the heart and muscle groups of trout appear to be homolog-
ous with the H; and M, enzymes of higher vertebrates (Bailey and Wilson, 1968).
But the electrophoretic patterns found in many fishes are not the same as the
five-isozyme patterns of higher vertebrates. Physico-chemical characterizations
(Bailey and Wilson, 1968; Markert and Holmes, 1969; Whitt and Booth, 1970
Wuntch and Goldberg, 1970) and interspecies comparisons and genetic variations
(Markert and Faulhaber. 1965: Clayton and Gee, 1969: Lush ez al., 1969; Utter
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and Hodgins, 1969; Chen and Tsuyuki, 1970: Clayton and Franzin, 1970: Lush,
1970; Whitt, 1970; Williscroft and Tsuyuki, 19705 Massaro, 1972; Whitt ez al.,
1972) of the fish LDH have also been studied.

There are distinct migratory patterns of the esterase isozymes in three tissues
of carp, funa, and their hybrids (Takayama ez al., 1966). In recent years, increased
attentions have been attributed to esterase isozyme properties (Holmes et al., 1968;
Tsuyuki, 1970; Hogan, 1971) and esterase polymorphisms of fishes (De Ligny, 1968;
Nyman, 1969).

The electrophoretic patterns of hemoglobins of various fishes have bezn reported
(Yamanaka et al., 1965, 1967; Ohno and Morrison, 1966: Tsuyuki et af., 1966,
1969; Chen and Tsuyuki, 1970; Tsuyuki and Ronald, 1970; Westrheim and
Tsuyuki, 1971).

Pathological changes attributable to copper poisoning (Baker, 1969) and cadmium
(Gardner and Yevich, 1970) were observed in the liver, kidney, gills, and intestinal
tract of fishes.

Copper, one of the chemical pollutants in water, may affect some of the enzy-
matic and histological activities of C. carassius, because this species is known to
drink water. Although the study on the changes in enzyme activity and histology
is one of the important fields in fish toxicology. little work has been done on this
subject and little is known about the physiological responses of fish to copper.

The purpose of the present study is to investigate the effects of copper on the
LDH isozyme patterns, activities, and in vitro experiments; esterase isozyme
patterns; hemoglobin patterns; and histological structures in various tissues of C.

carassius.
MATERIALS AND METHODS

Medium sized specimens, 140—170mm in total length, of Carassius carassius were
used in the study. These fish were obtained from a live material supplier in Seoul.

Exposure System

The test tanks were polyethylene-lined wooden boxes of 150 liters in capacity
and provided with aquarium filters. All tanks were aerated steadily, filtered, and
covered with 5x5mm mesh plastic screens during the experimental period. Twenty
fish were placed in each tank containing 100 liters of dechlorinated tap water.
Copper was supplied in the form of copper sulfate solution; various concentrations
were maintained by dropping the solution into the tanks at predetermined rates.
The fish were exposed to 0.2 and 1.0 ppm of copper at a water temperature of
about 17.5°C for 10 days for the LDH examination. and to 20 ppm of copper at
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about 14°C for 5 days for the esterase, hemoglobin, and histological studies. One
of the tanks, kept free of exogenous copper, acted as a control.

Water temperature was checked with an alcohol thermometer at 10 : 00 a.m. and
the chemical oxygen demand (COD) was determined by the methods described by
the American Public Health Association et al. (1965).

Homogenate Preparation

Tissues were immediately removed from the fish after treatment and frozen in
a refrigerator. The weighed tissues were homogenized in distilled water at a half
weight of the material and centrifuged at 20,000 g at 2°C for 20 minutes. The
supernatants were then used for lactate dehydrogenases and esterases.

LDH Isozyme Patterns

Electrophoretic separation of the isozymes of lactate dehydrogenase was perfor-
med on the cellulose acetate strip for 90 minutes with a current of ImA per strip
or a constant voltage of 200 according to the method of Preston et al. (1965). A
sample of homogenate was applied by serum applicator, 1.5 to 2.0 cm on the
cathode side of the center of the cellulose acetate strip. After electrophoresis, the
acetate strip was stained, and the LDH was visualized with nitroblue tetrazolium
and phenazine methosulfate at 37°C. The isozymes of lactate dehydrogenase
appeared as discrete blue bands. The strip was fixed in methanolacetic acid solut-
ion. The percentage of each zymogram was determined by densitometry. The
bands of fish were compared with the standard of zymograms obtained frem a
mouse, and then numbered.

LDH Activity and Protein Assays

LDH activity was assayed spectrophotometrically at pH 7.4, 25°C, by measuring
the changes in absorbance due to changes in the NADH concentration coupled
with the reduction of pyruvate or the oxidation of lactate. Protein concentration
was determined spectrophotometrically.

In vitro Experiment

Purified M-LDH(rabbit muscle, Sigma Chemical Co.), NAD, and substrate(laciate)
were put in three test tubes separately. In one of the three tubes, the copper
sulfate solution of 1 ppm was added. Then a little amount of each sample from
the above three tubes was taken and put into another test tube. In this way, the
M-LDH, NAD, and substrate were treated by both 1 and 10 ppm of copper sulfate
solutions respectively. Absorbance changes were measured by the method of LDH
activity determination.

Esterase Isozymes

Electrophoretic separation of the isozymes of esterase was principally carried
out with agar thin layer electrophoresis according to the method of Takayama et
al. (1966). The supernatant from each sample was applied on the agar gel by
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means of a capillary applicator. The agar plate was connected to the buffer
solution (ionic strength, 0.03 x) in electrode vessels with Whatman filter paper.
Electrophoresis was carried out at a constant current of 1.5 mA/cm of the agar
plate for 70 minutes at 4°C. After electrophoresis, the agar gel was covered with
an alpha— and beta-naphthyl acetate solution and incubated at 37°C for 60 minutes.
The  csterae isozymes were developed by spreading a 2% aqueous solution of
naphthanil diazo blue B. After staining. the agar plate was washed with water
and dried in an incubator.

Hemeoglebins

Ilond sample was ohtained by cutting the tail of live fish, and put into hepar-
inized bottles. In preparing the hemoglobin solution, erythrocytes were washed
two times with isotonic salt solution and hemolysed in a mixture of distilled
water and toluene. After centrifugation at 16,000 rpm, 4°C for 30 minutes, clear
red supernatant was used for electrophoresis. The gel buffer prepared for this
system was Tris-EDTA-porate buffer adjusted to pH 8.9, and the cell buffer used
was sodium-borate buffer solution. The starch gel was prepared by using potato
starch in the usual way. Blood hemoglobins were separated by vertical starch gel
electrophoresis at 100 v or 4-7 mA (3 v/cm) for 16 hours. After electrophoresis,
the gels were sliced horizontally and developed with amido black 10B stain.

Histological Observations

Tissues taken for histological examination were gill, liver, muscle, and kidney.
All the tissues were routinely fixed in Bouin's fluid, embedded in 56°C wax,
sectioned at 6-8y, stained with hematoxylin and eosin, and mounted in Canada

balsam.

RESULTS AND DISCUSSION

Water Characteristics

Three groups of fish for LDH assays were kept in tanks at the copper concen-
trations of 0.0, 0.2, and 1.0 ppm for 10 days. During the 10-day exposure, the
water temperatures in the tanks were checked on the Ist, 5th, and 10th days

Table 1. Temperatures (°C) of the test water containing
different concentration of copper

Concentration of copper (ppm)

Period (day)

0.0 0.2 1.0
1 17.5 17.5 17.5
5 17.3 17.3 17.3

10 17.5 17.5 17.5
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(Table 1).

Water temperatures were relatively constant, ranging 17.3 to 17.5°C, throughout
the experimental period.

Chemical oxygen demand determinations were made at the same time during
the period. The values of COD were between 64.0 ppm and 84.0 ppm throughout
the period (Table 2). The water temperatures and chemical oxygen demands did
not vary greatly during the experimental period.

Table 2. Chemical oxygen demands (ppm) of watcr from the
test tanks containing different concentration of copper

Concentration of copper (ppm)
Period (day)

0.0 0.2 1.0

1 74.0 64.0 80.0
5 80.0 84.0 84.0
10 80.0 84.0 80.0

General Behavior of Fish

When the fish were exposed to copper of 1 ppm at about 17°C, they began to
swim around. After a few days, the mucus secretion from the gills was increased.
Ten of the 20 fish died within 2 days at a 14°C of water temperature after the
exposure to 20 ppm of copper. Kariya et al. (1967) reported that the survival time
of goldfish was about 4 hours in 10 ppm of copper, and about 24 hours in 1 ppm
of copper at 8 to 11°C. It seems that the fish, C. carassius, has higher tolerance
1o copper pollutant than goldfish.

1. EFFECTS OF COPPER ON LDH ISOZYMES

LDH Isozyme Patterns
The isozyme patterns of lactate dehydrogenase in the tissues of gill, liver, and
muscle were investigated. The isozyme patterns of lactate dehydrogenase in the

GILL LIVER MUSCLE - tissues of controlled C. carassius were
[ +

compared with the patterns of isczymes

E‘omm from the tissues of the fish exposed
to 1 ppm of copper for 10 days (Fig.

1). In figure 1, the normal gill. liver,
A 8 and muscle had 2, 3, and 2 LDH

Fig. 1. Diagrammatic representation of LDH isozyme bands of different relative
isozyme patterns in various tissues of C.
carassius exposed to copper. A, control;
B, exposurc to copper (Lppm) for 10 days. of these zymograms suggests that

Numbers indicate the LDH isozyme bands.  essentially every normal tissue exhibits

s oW -
T *

mobilities respectively. The diagram
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a specific pattern of LDH isozyme. The tissue specificity is based on the presence
or absence of particular LDH isozymes among the normal gill, liver, and muscle
of C. carassius. The LDH isozyme patterns of the liver and muscle tissues of the
normal fish represented different patterns from those of the fish exposed to copper
for 10 days. The fish subjected to copper revealed the presence of additional
isozymes, LDH-3 in the liver and LDH-5 in the muscle, but no new LDH isozyme
band appeared in the gill.

There was no LDH-1"band in all of tissues, gill, liver, and muscle, of C. cara-
ssius (Fig. 1 and Table 3). In a scope of evolution, the absence of the LDH-1
might be related to the level of lower vertebrates, like the brook lamprey, standing
at the lowest systematic position in vertebrates, which has no sign of LDH-1 in
heart muscle (Kusa, 1966).

The distribution of LDH isozymes in percentage was represented in table 3.
‘The LDH-1, LDH-2, and LDH-4 were not found in the gills of the controlled and
exposed groups of the fish. The percentage of LDH-3 was 88.6 in the gill of the
control, and decrased to 82.4 when exposed to copper for 10 days. But the LDII-
5 of the gill was increased from 11.4 to 17.6 per cent when exposed to copper.

Table 3. Distribution of lactate dehydrogenase isozymes in various tissues of C.
carassius exposed to copper {(Ippm) for 10 days

LDH isozymes (%)

Tissue Condition -
LDH-1 LDH-2 LDH-3 LLDH-4 LDH-5

Gill Control 0 0 88.6 0 11. 4
Exposure 0 0 82.4 0 17.6

Liver Control 0 50.7 0 17.6 31.7
Exposure 0 21.5 15.6 26.1 36.8

Muscle Control 0 0 69. 8 30.2 0
Exposure 0 0 51.3

24.0 24.7

In the liver, the LDH-2 of the controlled fish predominated and decrcased
remarkably from 50.7 to 21.5 per cent, and LDH-4 and LDH-5 were increased
from 17.6 and 31.7 per cent to 26.1 and 36.8 per cent respectively under the
exposed condition. This increase of LDH-5 in the liver exposed to copper showed
the same tendency of that in rats exposed to sulfur dioxide (Kwon, 1969) and in
rabbits exposed to carbon monoxide (Rim, 1970). In addition, the LDH-3, absent
in normal liver, appeared in the liver after bing treated to copper.

In the muscle, the percentages of the LDH-3 and LDH-4 were 69.8 and 30.2 in
the control, and reduced to 51.3 and 24.0 respectively by the exposure to copper.
However, 24.7 per cent of LDH-5, absent in normal muscle, appeared after the
exposure.

The LDH-5 was increased in all tissues of the gill, liver, and muscle after the



86 Korean J. Zool. Vol. 16, No. 2

exposure to copper. This phenomenon suggests that the M type anaerobic isozyme
is stimulated by copper and affects the anaerobic glycolysis. It is well known that
the ~vnthesis of H-LDII is increased in the aerobic environment or aerobic tissues,
and M-LDH predominates in the anaerobic environment or anaerobis tissues, beca-
use the H-LDH is related to the aerobic metabolism, and the M-LDH to anaerobic
meiabolism. In the anacrobic tissues, liver and muscle, the M type of LDH may
be responsible for the adaptability to unfaverable conditions in C. carassius.

LDH Activities

The protein concentrations and the specific activities of LDH of the gill, liver,
and muscle of C. carassius exposed to copper were compared with those of the
control (Table 4 and Fig. 2). The concentration of the liver protein was gradually
decreased during the 10 days, but there was no remarkable change in all tissues.

Table 4. Protcin concentrations (mg/ml homogenate) in various tissucs
of C. carassius after the exposure to 10 ppm of copper

Day after exposure

Tissue
0 1 5 10
Gill 1.7 1.6 1.8 1.8
Liver 3.8 3.0 2.6 2.0
Muscle 2.8 2.5 2.7 2.6

The LDH activities in the normal gill, liver, and muscle were 32.4, 79.3, and
88. 0 units (uM NADH/min/mg of protein) respectively (Fig. 2). The LDH activity
of the gill was varied with a slight fluctuation under the treatment of copper
during 10 days. After 10 days of the exposure to copper, this LDH activity revealed

the tendency of recovery. It seems
90

o _ T _ that the gill may not be affected
_7o oy by 1 ppm of copper. The LDH
2 ] — activity of the liver was dropped
§ %0 F rapidly from 79.3 units (control)
§4c to 62.3 units after the 1-day exp-
3 3° osure to copper and continued to
20 fall gradually to 58.2 units in the

'Z 10-day exposure as shown in fig-

o i+ 5 10 o 1 5 0 o I 5 i0

GILL LIVER MUSCLE eur 2. The LDH activity of the

Fig. 2. Lactate dehydrogenase activities in muscle was gradually decreased
various tissues of C. carassius exposed to co-
pper. The unit of LDH activity is @M NADH
/min/mg of protein. 0, control; 1,5,10, days
after the exposure to copper. copper. These data indicate that

from 88.0 units in the control to
68.6 units after the exposure to
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the LDH activities in the liver and muscle were inhibited by copper poisoning in
C. carassius.

In vitro Experiment

In order to find out whether copper acts on the pyruvateylactate reaction
directly, the direct (in vitro) effect of copper on the LDH enzyme system was
examined (Table 5). The absorbance in the control group of M-LDH, NAD. and
lactate was 0.90. When each one of M-LDH, NAD, and lactate was treated by 1
ppm of copper sulfate solution, their absorbances were 0.86, 0.91, and 0.92 respe-
ctively. There was no significant differences among the above absorbances. When
each one of them was treated by 10 ppm of copper sulfate solution, however. the

Table 5 Effects of copper on the lactate dehydrogenase enzyme
system ¢n vitro

Concentration ’ r . Absorbance
of copper (ppm) M-LHD NAD Lactate (7 E340/min)

Control - -~ — 9. 90

1 + — - 0.86

— + — 0.91

- - + 0.92

10 + - - 0.32

- + - 0.82

— — -+ 0.70

+, added; -, none

absorbance was 0. 32 in one case in which only M-LDH was treated by copper iz
vitro. This value was about one-third of that of the control group. Through an iz
vitro experiment, it is clear that the LDH enzyme system was greatly inhibited
on the M-LDH by copper (10 ppm). but not on NAD or lactate in C. carassius.
Therefore, it is concluded that the decrease of LDH activities in the liver and
muscle of the fish exposed to copper was mainly caused by the inhibition on the
M-LDH in the fish, C. carassius.

It was reported that both LDH and coenzyme (NAD) were not affected directly
by sulfur dioxide in a rat (Chung, 1970) and NAD was affected directly by carbon
monoxide in a rapbit (Rim, 1970). It seems that there are some differences between
the higher and lower vertebrates, and between terrestrial and aquatic animals, in
enzyme system characteristics.

2. EFFECTS OF COPPER ON ESTERASE ISOZYMES

Figure 3 shows the different esterase patterns obtained from the various tissues
of C. carassius of normal and exposed to copper by agar thin layer electrophoresis.
The numbers of esterase bands of the gill, liver, muscle, blood, brain, and kidney
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of normal C. carassius were 3, 6,

GLL _ LIVER MUSCLE BLOOD SRAIN KIDNEY 2, 2, 2, and 2 respectively, and
+

these numbers were the same as
in the fish exposed to copper. In

# H both of the normal and exposed

<CRIGIN groups, the gill, liver, muscle, and

brain had the bands on the line of
"5 A8 As Ae e AE origin. Each of the liver, blood,
and kidney had a band on the

Fig. 3. Diagrammatic representation of csterase cathode side, and the brain had
isozyme patterns in various tissues of C. cara-
ssfus exposed to copper. A, control; B, exposure
to copper. most tissues except prain had one

traces on the same cathode, while

to four esterase bands on the anodes. There were some differences in the intensity
of staining and speed, and the direction of mobility between the normal and copper
groups. In the blood and kidney, the normal tissues had faster and narrower bands
than those of the treated group.

The esterase isozymes in the muscle and brain were not affected by copper. But
in the liver the relative mobilities of most esterase isozyme bands were accelerated
by copper treatment, except the band which migrated most to the anode, with a
similarity in the mollusca (Wright and File, 1968).

Takayama et al. (1966) classified the esterase bands in three tissues of funa
into four groups. In his work, there were four bands on the anode side in the
liver, and two bands were on the anode and the other one on the cathode side in
the kidney. But there was no band on the line of origin. His data differ a little
from those in figure 3.

3. EFFECTS OF COPPER ON HEMOGLOBINS

The hemoglobin patterns of C. carassius in the three groups which were contr-
olled and exposed to copper and to sodium chloride respectively are shown in
figure 4. Each of these three groups had one hemoglobin band on the anode. In
comparing their hemoglobin patterns, it seems that the two groups exposcd to
copper and sodium chloride had somewhat faster mobilities of the bands than that
of the control.

For the comparative study, the number and the relative mobility of hemoglobin
bands of C. carassius were compared with those of Ophicephalus argus and Misgu-
raus anguillicaudatus in different conditions (Fig. 5). The hemoglobin patterns of
three normal species were different from each other. The number of the hemogl-
obin band of C. carassius was one on the anode, whereas the crucian carp, C.
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auratus, had two bands according to the -
study of Yamanaka et al. (1965). The
O. argus had two hemoglobin bands on
the anode and the mobilities of them

) ' G BT ORIGINS e .

ORIGIN=~ (=)
- C 8 A CPB A C B A
¢ A 8 ) 2 3

Fig. 4. Starch gel electrophcrogram Fig. 5. Comparative starch gel electro-
of hemoglobins in C. carassius ex- pherogram of hemoglobins in C. cara-
posed to chemicals. A, control; B, sstus (1), O. argus (2), and M. angui-
exposure to copper; C, exposurc llicaudatus (3) exposed to chemicals.
to sodium chloride. A, control; B, exposurc to copper: C,

exposure to sodium chloride.

were faster than those of C. carassius and M. anguillicaudatus. Normal M. angui-
llicaudatus had two hemoglobin bands with nearly identical mobilities; one band
migrating anodically and the other cathodically. In the experiment on the effects
of the chemicals, neither the number of the hemoglobin bands of both C. carassius
and O. argus nor the mobility of them was affected by copper or sodium chloride.
In M. anguillicaudatus, the control and the exposed group to sodium chloride had
identical hemoglobin mobilities; however, when M. anguillicaudatus was exposed
to copper, the mobility of the band on the anode was faster than those of the
other groups of the control and the group exposed to sodium chloride, whereas
the hemoglobin band on the cathode was not affected.

4. EFFECTS OF COPPER ON TISSUES

The gill, liver, muscle, and kidney of C. carassius were examined {or histological
study.

Gill

Each normal gill lamella was composed of denss central pillar cells having arms
that stretched out to touch those of adjacent pillar cells. There were numerous
mucus cells along the layer of epithelial cells (Fig. 6). When the fish was exposed
to copper, the epithelial layer was divorced from the remaining parts of the lamella
first and distintegrated (Fig. 7). Then they were completely destroyed with some
fusion of adjacent lamellae. The remains of the epithelial layer became completely
detached from the central portion of each lamella. The above results were similar
to the effects of copper on the winter flounder gill (Baker, 1969). The respirarion
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of the fish may be reduced by the damage on the epithelia of gill first. Munshi
suggested that mucus cells can either secrete mucus or chloride ions (Baker, 1969).

R

.

¥ @R

Fig. 6. Gill lamellac of normal fish consist of centrally located pillar cells and show
a number of mucus cells (arrows). X150,

Fig. 7. Gill lamellae from fish exposed to copper. Epithelium, which has a balloon-
like appearance (b), contains dense material (arrow) and does not adhere to the

pillar cell substructure. XI150.
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Fig. 8. Liver tissuec from normal fish. cv, central vein: ht, hepatic tissue; s, sinus-
oids; —, erythrocytes. X150.

Fig. 9. Liver tissue from fish exposed to copper. " Cells are characterized by the
deposition of droplets of fat (clear spots). X150.

Liver

In the liver of normal fish, the central vein was prominent and had the cords
of hepatic cells leading to it (Fig. 8). The sinusoids were separated from the
columns of hepatic cells and were filled with erythrocytes. But many droplets of
fat were found in the cells around the central vein of liver when the fish was
subjected to 20 ppm of copper for 5 days (Fig. 9), with a similar pattern establi-



June 1973 Lee & Choo—Effects of copper on the LDH and es-=rase is>zymes 91

shed in the winter flounder (Baker, 1969). It may be assumed that the fatty
droplets are accumulated by the lesion due to the fatty metamorphosis of the liver
caused by copper. Deficiency of lipotropic factor cause the fatty liver. The lipotr-

opic factor accelerates the fatty metabolism and prevents the accumulation of the
fat in the liver.

Muscle

As shown in the figures 10 and 11, it is hard to find the histological difference
between the muscle of the normal fish and that of the fish exposed to copper.
Kidney

Figures 12 and 13 show the kindev
% o @ g -

Fig. 10. Muscle tissue from normal specimen. X150,
Fig. 11. Muscle tissue from cxposed to copper. X150,

Fig. 12. Kidney tissue from normal {ish. Most of the tubules have small lumen. The
arca between the tubules (t) and the glomerulus (g) contains hemopoetic tissue.
X150,

Fig. 13. Kidney tissue from normal fish. The area outside of the tubules contains

nucleated erythroeytes (¢). Fach tubule has asmall lumen, and tubule cells are

thicker than those of cxposcd to copper. X600,
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were surrounded by hemopoetic tissues and the tubular cells of normal fish were
well formed with little cellular debris. There was no pink-stained granular cast in
the tissue (Fig. 12). Immature red blood cells were found around the tubules (Fig. 13).

When the fish was exposed to 20 ppm of copper for 5 days, on the other hand,
the tubule cells were shrunken and reduced in height, and the lumens of tubules
were enlarged (Figs. 14 and 15). These structures are similar to those of the winter
flounder studied by Baker (1969). The kidney tissue of the fish exposed to copper

Y. wrle e _,
Fig. 14. Kidney tissue from fish exposed to copper. The height of tubule cells is
decrecased. Many of the proximal tubules (pt) are pinkish and others show
various stages of degeneration. X150.
Fig. 15. Kidney tissue from fish exposed to copper. The tubule cells arc decrcased
in height and the lumen of tubule is remarkably enlarged. X600.
also received damage on the proximal tubules. Consequently many of these tubules
exhibited some pink-stained granular casts and various stages of degeneration (Fig.
14). Estuarine teleost, Fundulus heteroclitus, exposed to cadmium represented pink-
staining granular casts in many proximal tubules and various stages of degeneration
(Gardner and Yevich, 1970). The effect of copper on the proximal tubules of the

freshwater teleost, C. carassius, was similar to that of the estuarine teleost.
SUMMARY

In order to elucidate the effects of copper on Carassius carassius, the following
were studied: 1) lactate dehydrogenase isozyvme patterns by cellulose acetate elect-
rophoresis, 2) LDH activity and copper effect on LDH enzyme system by spectr-
ophotometry, 3) esterase isozyme patterns by agar thin layer electrophoresis, 4)
hemoglobin patterns by starch gel electrophoresis, and 5) histological study.

1. There were two bands of LDH isozymes (I.LDH-3 and LDH-5) in the gill.
three bands (LDH-2, LDH-4, and LDH-5) in the liver, and two bands (LDH-3 and
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LDH-4) in the muscle of the normal fish. The LDH-1 bond was not found in the
above three tissues. When the fish were exposed to copper, LDH-3 appeared in
the liver, LDH-5 in the muscle, but no new LDH band appeared in the gill.

2. The specific activities of the LDH were lowest in the gill and highest in the
muscle of the normal fish, and they were gradually decreassed in the gill and
highest in the muscle of the normal fish, and they were gradually decreased in
the liver and mucle except in the gill from 1-day to 10-day exposure to copper. It
indicates that LDH activities in the liver and muscle of the fish were inhibited
by copper.

3. Through in vitro experiment, it is clear that the decrease of the LDH activities
of the liver and muscle of the fish exposed to copper is mainly caused by the
inhibition on the M-LDH in the fish.

4, The numbers of the esterase isozyme bands of the gill, liver, muscle, blood,
brain, and kidney of the normal fish were 3, 6, 2, 2, 2, and 2 respectively, and
these numbers were the same as those exposed to copper. The relative mobilities
of the esterase bands in the gill, liver. blood, and kidney of the exposed group
were different from those of the control.

5. There was one hemoglobin band on the anode in the normal fish. It seems
that the mobility of hemoglobin band of the fish exposed to copper was slightly
faster than that of the normal fish.

6. The normal gill lamellae of the fish consisted of centrally located pillar cells
and a number of mucus cells. When the fish were exposed to copper, the epithelial
layer was divorced first, disintegrated, and then destroyed completely.

7. The liver of the normal fish had prominent central veins, cords of hepatic
cells, and sinusoids. When the fish were exposed to copper, numerous droplets of
fat appeared in the cells around the central vein of the liver. It is assumed that
the fatty droplets were accumulated by the lesion due to fatty metamorphosis
of the liver caused by copper.

8. There was no histological difference between the muscle of the normal fish
and that of the fish exposed to copper.

9. In the normal fish, the tubules of the kidney were surrounded by hemopoetic
tissues. However, the kidney tissue of the fish exposed to copper received some
damage on the proximal tubules. Since the tubule cells were reduced in height,
the lumens of the tubules were enlarged. Consequently many proximal tubules
exhibited some pink-stained granular casts and various stages of degeneration.
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