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Biliary excretion has been of considerable interest in mammals

but has not been extensively studied in fish. To understand the

significance of biliary excretion in rainbow trout (Salmo gairdneri),

two studies were conducted.

The objective of the initial study was to evaluate the ability of

rainbow trout to excrete a foreign compound typically excreted by the

vertebrate liver. This problem was approached by evaluating biliary

excretion and metabolism of sulfobromophthalein (BSP) in trout and

comparing the results with literature values for mammals. Results

indicated this dye is metabolized and excreted similarily in trout,

dogfish (Squalus acanthias) and mammals. Large differences between

trout and other species in transport maxima (Tm) of BSP based on

body weights, were explained when the Tm values were based on liver

blood clearance of BSP, a physiological rate reflecting blood flow.



The objective of the second study was to determine if biliary

excretion affects the toxicity of a foreign compound toxic to trout.

This problem was approached by evaluating the effect of bile and cystic

duct ligation on the mean lethal dose (LD 50) of rotenone to trout. To

determine if biliary excretion affected the selective toxicity of this

compound to trout, the effect of bile duct ligation on the rotenone

LD 50 to rats was estimated and the results were compared with those

obtained from the trout. The toxicant was administered intraperi-

toneally and intravenously in trout and intraperitoneally in rats. No

increase in toxicity of rotenone occurred upon surgical impairment of

bile flow in either the trout or the rats, Similarities in the toxicity

of rotenone to trout and rats were observed when the toxicant was

administered intraperitoneally, The data suggest the selective toxicity

of rotenone to fish may be primarily caused by different routes of

entry.

The results of these experiments indicate the excretory functions

of the liver of fish and mammals are similar.
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AN EVALUATION IN RAINBOW TROUT OF BILIARY EXCRETION
OF SULFOBROMOPHTHALEIN AND EFFECTS OF BILIARY

EXCRETION ON THE TOXICITY OF ROTENONE

L INTRODUCTION

There has been increasing interest in the metabolism and

excretion of foreign compounds by fish, Brodie and Maickel (1962)

hypothesized that fish lack most liver microsomal enzyme systems

because their gills act as an excretory system for the more lipid

soluble compounds. Contrary to this hypothesis, Dixon et al. (1967),

Adamson (1967), Buhler and Rasmussen (1968), Dewaide (1971) and

Lech (1973) found that many of the mammalian drug metabolizing

enzyme systems are indeed present in fish. Further, Maren et al.

(1968)'and Walker (1972) emphasized the relative unimportance of the

gills of the dogfish (Squalus acanthias) in the excretion of many sub-

stances.

In mammals, the biliary excretion of foreign compounds has

been extensively studied and has been the subject of several reviews

(Sperber, 1959; Brauer, 1959; Smith, R. L. , 1966; Stowe and Plaa,

1968). The information available on this method of eliminating foreign

compounds by fish is limited. Dogfish bile/plasma ratios of several

compounds reported by Adamson and Guarino (1972) indicate qualita-

tive similarities between this species and mammals. In a comparative

study of organic anion binding proteins from the liver and other
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tissues, the plasma half-lives of the dye, sulfobromophthalein (BSP),

in the mackerel (Scomber scombrus) and the dogfish were reported to

be substantially longer than the half-lives of the same dye in mammals

(Levine et al. , 1971). Burger (1967), in an analysis of hepatic

disposition of BSP in dogfish, reported values for the rate of plasma

decay, transport maximum (Tm), and biliary clearance of BSP that

are substantially below those in the literature for mammals. He also

determined hepatic blood flow using BSP. Also using the dogfish,

Boyer (1971) compared the excretion rate of BSP with a related dye,

phenoldibromophthalein (DBSP). As in mammals, the two dyes are

metabolized differently but are excreted at similar rates.

To understand the significance of biliary excretion in rainbow

trout (Salmo gairdneri), two studies were conducted, The objective of

the initial study is to evaluate the ability of rainbow trout to excrete a

foreign compound typically excreted by the vertebrate liver. This

problem is approached by evaluating biliary excretion and metabolism

of sulfobromophthalein (BSP) in trout, This dye was chosen because

it has been extensively studied in mammals and some information on

its excretion by the dogfish is available. Since this dye is excreted

exclusively in the bile of the vertebrates studied, its disposition by

trout should reflect the comparative excretory capabilities of the trout

liver. To obtain a proper perspective of the results, the values

obtained are compared with those recorded in the literature for
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dogfish and mammals. The effects of immobilization procedures used

during these experiments are also evaluated.

The objective of the second study is to determine if biliary

excretion effects toxicity of a foreign compound, that is toxic to trout.

The effects of biliary excretion of foreign compounds on their

pharmacological activity and toxicity has been previously discussed and

has been demonstrated in mammals (Smith, R. L. 1966; Stowe and

Plaa, 1968; Klaassen, 1973a, b).

One compound whose toxicity to fish is of interest is the

active ingredient in derris root, rotenone. Its selective toxicity to

fish has facilitated its use as a piscicide in fisheries management.

The biochemical mode of action of this compound has been established

as the inhibition of respiration by the blockage of the nicotinamide

adenine dinucleotide (NADH) dehydrogenase segment of the respiratory

chain (Lindahl and Oberg, 1961; Oberg, 1961). However, its physio-

logical site of action in fish and the mechanism of its selective

toxicity have not been uncovered (Oberg, 1959, 1964, 1965; Fukarrii

et al., 1969).

Fukami et al. (1967, 1969) have conducted a limited investigation

of the metabolism of rotenone in mammals, insects and fish. These

authors reported that much of the excreted metabolites of rotenone

from carp (species not identified) are water soluble. Further, they

state these metabolites are probably conjugates of rotenone or of
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oxidized metabolites. Smith (1970) reported that compounds which

have molecular weights greater than 350 and a p olar anionic center

tend to be secreted in the bile. The conjugation of rotenone or a

closely oxidized derivative would provide it with these properties

and thus it could be secreted into the bile, This possibility has not

been investigated.

The problem of evaluating the effect of biliary excretion on

rotenone toxicity to trout is approached by determining the effect of

surgical impairment of biliary excretion on the toxicity of rotenone.

The effect of similar impairment of biliary excretion of rats on

rotenone toxicity is also investigated to determine if any species

differences occur that might account for the selective toxicity of this

compound to fish.



EVALUATION OF THE EXCRETION OF
SULFOBROMOPHTHALEIN BY

RAINBOW TROUT

Methods and Materials

Artificially propagated rainbow trout weighing between 50 and

400 grams were used in these experiments. Food was withheld and

water temperature was maintained at 12 f 1 C for at least four days

prior to experimentation.

Immobilization of the fish was necessary to conveniently collect

bile. Spinal transection and anesthetization with MS 222 (tricaine

methanesulfonate) were two methods which were used and compared.

Fish were transected by crushing the neural arch and spinal cord

approximately 2 cm posterior to the end of the opercula. Bile collec-

tion was accomplished by catheterizing the common bile duct with

PE 10 tubing and ligating the cystic duct. To obtain a consistent flow

of bile, the catheter was inserted into the bile duct so the open end

did not obstruct the hepatic ducts. Considerable experience with this

procedure was necessary to establish the proper distance to insert the

cannula. Ligation of the cystic duct was difficult because it was

usually imbedded in hepatic tissue. However, this duct could be

ligated where it expands into the gall bladder sufficiently close to the

junction of the hepatic and bile ducts so that very little of the gall

bladder tissue is available for reabsorption of bile fluids. The effects



of this remaining cystic duct and gall bladder tissue on bile flow were

probably insignificant. Burger (1967) noted high variability in bile

flow from dogfish when the cannula was introduced through the gall

bladder. The above procedure apparently eliminated much of this

variability. All of the bile flow measurements for each fish are the

mean of a 5 hour collection period. Bile flows did not show any

changing trend during the collection period, regardless of collection

technique.

In transected fish, bile was collected by placing surgically

prepared fish in a plexiglass chamber fitted with a restraining latex

diaphragm. The fish were held by the diaphragm which was stretched

around the trunk anterior to the dorsal fin. The bile catheter exited

through the bottom of the chamber. (See appendix for diagram of hold-

ing chamber. ) Bile was collected in sealable microcentrifuge tubes

and quantified by weighing. The specific gravity of the bile was con-

sidered to be 1.0 for conversion to units of volume. The specific

gravities of several typical bile samples were sufficiently close to

1.0 to indicate the use of this value would not effect reported results.

To obtain a "normal" bile flow for comparison with immobilized

fish, a different bile collection technique was used. After cannula-

tion of the bile duct and ligation of the cystic cluctiwith PE 1.0 tubing,

the fish were allowed to recover for 24 hours. A piece of volume

calibrated PE 190 tubing approximately 20 cm in length was attached
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to the PE 10 tubing by inserting a polyethylene collar into an open end

of the PE 190 tube. This collar fit tightly around the PE 10 bile duct

catheter. Bile flow was measured by observing the movement of bile

into the calibrated PE 190 tube. This method of bile collection had

limitations because movements of the fish caused the catheters to dis-

lodge. Restricting vertical movements of the fish by keeping the

depth of the water in the aquarium approximately 10 cm helped allevi-

ate this problem. Bile flow was measured similarly in anesthetized

fish. MS 222 was added to the water until there was no response to

fin pinching but opercular movements remained strong.

The effects of the transection and immobilization procedure on

urine flow were determined by catheterizing the urinary "bladder"

(posterior portion of the mesonephric duct) with PE 50 tubing and

allowing the fish to adapt to a plexiglass chamber for several days. If

the fish adapted to the enclosure, urine flow measurements were taken

over a 24 hour period. The fish were then transacted, allowed to

recover for 24 hours, and urine flow again measured for 24 hours.

BSP appearance in the bile was determined in unrestrained fish

by removal of the gall bladder and intestinal tract after a specified

time interval. An identical amount of BSP (. 25 mg) was injected into

the caudal vein of each fish. The contents of the gall bladder and

intestinal tract were analyzed for BSP. The percentage of the injected

dose appearing in the bile was calculated. These values were
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compared with those obtained from restrained transected fish whose

bile had been collected with a bile duct catheter after injection of BSP

(5 mg/kg) into the caudal vein.

Plasma decay of BSP was determined in free swimming and

unrestrained transected fish held in an aquarium. Doses of 5, 10,

and 15 mg/kg of BSP in Cortland's saline were injected into the caudal

vein. A single blood sample was obtained from each fish by cardiac

puncture. Drawing multiple blood samples from a single fish was

abandoned because this procedure produced variable results and a

general increase in BSP retention.

BSP and metabolite concentrations in the bile were determined

utilizing a Klett-Summerson colorimeter with a number 54 filter.

Blank values were obtained for each sample. The samples were

alkalinized with a drop of 10% NaOH before optical density was

measured. Total optical densities of BSP and metabolites in the bile

were recorded. Molar extinction coefficients of these metabolites

were considered to equal the coefficient of BSP for calculations of

total quantities of BSP and metabolites; however, this may not be

strictly correct since some changes in these coefficients occur in

BSP metabolites from mammals (Krebs, 1958). Serum concentrations

of BSP were determined by the method of Nate ls on (1961), measuring

optical density in a Beckman DB spectrophotometer. Blank values
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revealed that the amount of hemolysis occurring in control blood

samples did not alter results more than ± 5% of reported values.

The transport maximum (Tm) of BSP and metabolites into bile

was determined directly by infusing the dye into a cannulated ventral

intestinal vein and collecting bile from the cannulated bile duct.

Cannulation of the bile duct, ligation of the cystic duct, and insertion

of the intestinal vein catheter were performed immediately before each

experiment on unanesthetized fish that had been transected 24 hours

previously. The infusion procedure necessitated using restrained

transected fish in these experiments. Heparin (100 U. S. P. units /ml)

and sodium citrate (8% solution) were both used as anticoagulants;

however, citrate proved to be superior. BSP was infused at 14

µg /min /kg, a rate near the expected Tm value, until the biliary BSP

excretion rate stabilized. Infusion for 6 hours at this rate was

necessary to obtain a relatively constant BSP excretion rate. After

this "steady state" was obtained, the infusion rate was increased to

21 1.1g/min/kg, well above the Tm, and continued until biliary BSP

excretion no longer increased. This procedure was used to avoid

possible toxic effects of high plasma concentrations of BSP. Finally

to insure the Tm had been reached, a 5 to 10 mg/kg dose was

administered following the infusions and biliary BSP excretion was

determined for 6 to 12 hours. The maximum rate of appearance of

biliary BSP was considered to be the Tm.
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Blood clearance of BSP was determined for two of the fish for

which the Tm had been determined. These fish were infused at a

rate below the Tm for at least 8 hours. After this period of infusion,

the average rate of biliary BSP excretion from two consecutive bile

samples was determined. A single blood sample was taken from

which the hematocrit and plasma BSP concentration were determined.

The clearance of BSP from the blood by the liver was then calculated.

Clearance values were calculated based on both body and liver wet

weight. In addition, the liver and body weights were determined in 38

fish ranging from 150 to 320 grams, and liver weight as a percentage

of body weight was calculated.

Metabolites of BSP in the bile of fish and rats were compared by

simultaneous separation on thin layer chromatograms. Bile was

obtained from male Sprague-Dawley rats anesthetized with pento-

barbital (50 mg/kg). Rats with cannulated bile ducts were given 50

mg/kg BSP intravenously, approximately 10 minutes before the bile

was collected. Beckman cellulose-powder thin layer strips, with

appropriate solvent and detection systems (Whelan and Plaa, 1963),

were used with improved results over previous experiments (Schmidt

and Weber, 1972).

Excretion of BSP across the gills and into the urine was also

tested in fish held in plexiglass chambers. Urine was collected over

a 12 hour period from two transected fish given approximately
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15 mg /kg BSP. Collection of urine was accomplished as previously

described. Approximately one liter of aerated water that recirculated

for 12 hours over the gills of two different fish was analyzed for BSP.

Results

Effects of Immobilization Procedures

To establish the effect of immobilizing fish, measurements of

various physiological and experimental parameters from fish in differ-

ent physiological states were compared.

The effects of immobilization procedures on bile flow were

determined in free swimming, transected and anesthetized fish.

Transection had no effect on bile flow while anesthetization with

MS 222 caused a twofold increase (Table 1). Flow rates derived from

the literature for dogfish and laboratory rats and mice are included in

this table for comparison.

The effect of transection on urine flow is depicted in Figure 1.

No significant effect was observed. The rate of urine flow per unit

weight is inversely correlated with the weights of the fish (r = -. 95).

Over the weight range studied there was little change in urine flow of

fish of different weights.

The lack of any significant effect of transection and immobiliza-

tion on the appearance of BSP in the bile is illustrated in Figure 2.
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Table 1. Effects of immobilization procedures on bile flow of
rainbow trout. Values for dogfish and laboratory rats
and mice are included for comparison.

Species and
condition No.

Bile flow
(µl /min /kg ± S. E. )

Trout - free swimming 12 0. 87 0.20

Trout - anesthetized 8 2. 02 ± 0. 13

Trout transected 11 0. 87 ± 0. 10

Dogfishes 1. 3

Rat 64

Mouse c 25 - 46

aFrom Burger (1967).

b From Klaassen and Plaa (1967a).

cCalculated from Goldfarb et al. (1962); range of values given.
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Although different doses were used in the two groups compared, no

differences occurred in the percentage of the initial dose of BSP that

was recovered in the bile. Less than 4% of the injected dose was

recovered from the intestinal tract of free swimming fish, indicating

most of the bile moved into the gall bladder.

No effect of the transection procedure on the plasma disappear-

ance of BSP was observed (Figure 3).

BSP Plasma Half-life

Doses of 5, 10 and 15 mg/kg BSP were used to determine BSP

plasma half-life in trout. The plasma half-life was approximately 13

minutes when the BSP doses were 5 and 10 mg/kg (Figure 3). How-

ever, with a 15 mg /kg dose, the half-life increased to 29 minutes.

Blood samples from fish administered 15 mg /kg exhibited considerable

hemolysis. In free swimming fish, a loss of righting reflex and death

occurred at higher doses.

Biliary Transport Maximum
(Tm) and Clearance

Mean biliary excretion values of BSP and metabolites for five

fish are plotted against time (Figure 4). Also plotted are the mean

bile flow and the mean biliary BSP concentration. The peak level of

biliary BSP excretion was considered to be the Tm. When biliary
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BSP excretion stabilized, the Tm values obtained from the five fish

ranged from 7. 3 to 11. 8 lig BSP per minute per kg of body weight.

Further, the range of concentration of BSP in the bile was from 4. 0

to 10. 7 mg /m1 of bile, while bile flow ranged from . 68 to 2. 98 1.1.1

per minute per kg of body weight. When biliary BSP excretion was

maximal, variations in bile flow among individual fish were inversely

correlated with biliary BSP concentrations. The decrease in bile

flow during the experiment, as shown in Figure 2, may be caused by

surgery and handling. This would mask any effect of infusion of BSP

on bile flow. Apparently, increases in biliary excretion of BSP were

affected by changes in bile concentration of BSP and not by increases

in bile flow.

The transport maximum, bile flows and biliary BSP concentra-

tions of dogfish and mammals are compared with those of trout in

Table 2. Differences in the Tm among species parallel differences in

the rate of bile formation. Bile flow and Tm values for the trout were

also calculated per 100 g of wet liver weight. The Tm was 95 pg per

minute per 100 g liver, with bile flow averaging 19 pl per minute

per 100 g liver. The liver weights of 38 fish ranged from 0. 6% to

1. 3% body weight, with a mean value of . 84%. Blood clearance of

BSP was calculated for two fish for which the Tm had been deter-

mined. Clearance values of 17 and 19 ml blood per minute per 100 g

of liver or 1. 5 and 1. 9 ml per minute per kg of body weight were
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Table 2. Bilia,ry transport maximum (Tm), bile flow and maximum
biliary BSP concentration for rainbow trout infused with
BSP. Literature values for dogfish and three species of
mammals used in similar experiments are included for
comparison.

Species Tm
(p.g /min /kg)

Bile flow
(IA/min/kg)

Bile BSP
(mg /m1)

Trouta 9.6 1. 6 7

Dogfishb 23 1. 9 12

Ratc
950 64 15. 6

Rabbitc 1130 59 15. 7

Dog 170 16 10. 6

aMean values of five fish.

bCalculated from Burger (1967).
cFrom Klaassen and Plaa (1967a).
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determined. The ratio of excretion of BSP and colored metabolites in

bile to the infusion rate was 1. 36 and 1. 64 for each of the two fish

after an assumed steady state was obtained. This difference between

infusion and excretion rates also occurs in mammals and is primarily

influenced by a loss in peak extinction coefficients of the metabolized

forms appearing in the bile (Krebs, 1958).

Metabolism of BSP

Thin layer chromatographic analysis of bile collected from trout

and rats revealed no qualitative differences in the metabolism of the

dye (Table 3). The apparent differences in at least one metabolic

product previously reported (Schmidt and Weber, 1972) was caused by

the effects of other substances in the bile on the mobility of the frac-

tions during separation. Because Rf values for spots varied con-

siderably among thin layer strips, the mobilities of each fraction

separated were compared to the predominant fraction of the rat.

Since other substances in the bile had an effect on the migration of

fractions, an equal volume of control bile from the other species was

mixed with bile containing BSP before spotting on the thin layer strip.

Trout and rat control bile was also mixed with the standard BSP. If

this procedure was not followed, comparison of similar fractions was

impossible. For both species, the three spots with mobilities differ-

ent from the BSP standard were ninhydrin positive, probably indicating
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Table 3 Relative chromatographic mobility of rat and trout biliary
BSP fractions visible in NH4OH.

Bile sourced
Relative mobility of
similar fractionsa

1 2 3 4

Rat

Trout

Control BSP

1. 00b(1)c

O. 97
b

(1)

1.

1.

15b(2)

11
b

(3)

1.

1.

30b(4)

28 b (4)

1.

1.

1.

55

52

58

(3)

(2)

aMobility measured relative to rat 1; each value is mean of three
chromatograms. Fraction numbers were arbitrarily designated;
fraction 1 is closest to origin; fraction 4 is closest to solvent front.

bFractions positive to ninhydrin.
Order of density of fractions visualized in NH4OH.

dSee text concerning preparation of bile before spotting.

association with amino acids. The metabolites were not quantified,

but were ranked in Table 3 in order of magnitude of the density of the

respective thin layer fraction. The spots obtained appear to correlate

to those in zones I, III, IV and V obtained by a similar separation

system on bile from several mammals by Whelan and Plaa (1963), but

the spots in zone II, reported by these authors, were not observed by

me in separated bile from either trout or rats. Boyer (1971)

reported three fractions different from BSP, but ninhydrin negative,

when this system of separation was used with dogfish bile containing

BSP.



22

Excretion of BSP by the
Gills and Kidney

I attempted to measure elimination of BSP across the gills and

excretion into urine. In the two fish studied, no excreted BSP color

could be detected by either route after an approximate 15 mg/kg dose

of BSP. Elimination by these routes would need to be less than 1% of

the dose administered to elude detection.

Discussion

The effects of anesthetization by MS 222 on renal function and

cardioventilatory parameters of fish have been reported by several

authors (Houston et al. , 1971; Hunn and Willford, 1972). This

anesthetic apparently depresses heart rate and blood pressure while

causing a transient diuresis in addition to many other effects. The

increase in bile flow I observed with MS 222 appears to be highly

significant and needs further investigation. As a method of immobili-

zation, spinal transection proved superior to anesthesia in my

experiments. This procedure caused no significant effect on bile and

urine flow or on the biliary appearance or plasma decay of BSP.

Although my results indicate circulatory effects are probably minimal,

this procedure should be used with caution. For example, centrifuged

blood samples from transected fish indicate the hematocrit decreased

significantly from that of free swimming fish. Transection of the
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spine has also been reported to effect osmoregulation (Lag ler et al. ,

1962).

Bile flow in free swimming fish has not been previously

measured. Although bile flow may be affected by catheter implantation

and surgery, the values recorded for free swimming rainbow trout

may be considered as a reasonable estimate of "normal" bile flow of

trout maintained under these conditions. Alteration of experimental

conditions, such as diet, environmental temperatures, and size or

age of the fish probably would affect these rates.

Although the plasma half-life of BSP has been reported for two

species of fish (Levine et al. , 1971), care must be used in interpreta-

tion of these data. The half-life values of BSP (10 mg /kg dose) of

44 minutes for the dogfish (Squalus acanthias) and 36 minutes for the

mackerel (Scomber scombrus) reported by these authors are con-

siderably greater than the 13 minutes half-life I found for rainbow

trout using 5 and 10 mg/kg doses. Figure 1 indicates that even a four-

fold decrease in dose (15 mg/kg) from that commonly given small

mammals (60 mg/kg) may not be sufficient to give a true picture of the

plasma decay. The increase in plasma half-life of BSP that I observed

may possibly result from saturation of the transport system and/or

the toxicity of high plasma concentrations of the dye, since some

hemolysis was noted in blood samples using the highest dose. Also,

the plasma decay curves of BSP may not be strictly first order as is
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the case with many mammals (Krebs, 1958). In salmonid fish, the

length of time necessary for adequate plasma mixing may contribute

to the departure from a single first order decay curve (Smith, L. S. ,

1966). The possible effects of dose and inadequate plasma mixing on

half-life may have affected the values reported by Levine et al.

(1971).

The transport of BSP from liver cells to bile (measured as the

Tm) has generally been considered as the rate limiting step in the

overall process of transfer of BSP from blood to bile (Whelan and

Combes, 1971). Metabolism of BSP to conjugates is qualitatively

similar in trout and rats, and bile flow rates parallel the Tm values

between various species of fishes and mammals. Because of this

information, I assumed the limitations on the excretion of BSP by

trout are also reflected by the Tm. A similar conclusion was reached

by Boyer (1971) in dogfish after studying biliary excretion of single

doses of BSP and a related compound (DBSP). Although the low values

of transport maxima for fish recorded in these experiments suggest

that fish are generally less able to remove this dye from their plasma,

temperature effects and the overall metabolic state of the animals are

ignored when the Tm is compared on the basis of body weights. To

get a more accurate depiction of the ability of different species to

excrete this dye, Tm's of the various species were compared on the

basis of physiological rate. I decided that blood clearance of BSP
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reflects the physiological state of the liver and provides a good basis

for comparison of liver function (Table 4). Blood clearance should

generally parallel the blood flow through the liver since the extraction

of BSP from one passage through the liver is similar in at least the

dogfish and the dog. Extraction values are 39. 8% for dogs (Casselman

and Rappaport, 1954) and 32. 9% for a single dogfish (Burger, 1967),

while extraction in humans is near 50% (Popper and Schaffner, 1957).

Because relatively small fish were used in my experiments, hepatic

vein blood samples were not obtained and, consequently, extractions

were not calculated. Values in Table 4 for Tm clearance ratios can

be considered a reflection of the ability of the liver to eliminate BSP

removed from the plasma. The values quoted for dogfish and trout

should be considered only within an order of magnitude since two trout

and one dogfish (Burger, 1967) were used to calculate clearance.

Further, different methods were used in determining these values in

different species and the animals were in different nutritional states.

Because of inherent limitations in the data obtained, few concrete

conclusions can be drawn; however, the large differences in magnitude

of the Tm, when calculated on a weight basis, have virtually dis-

appeared. When Tm values are based on clearance values, no

distinction in the ability to eliminate BSP exists between fish and

mammals included in Table 4. Extraction values listed previously for

dogfish, dog and man also indicate functional similarities in dye
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Table 4. Comparison of BSP Tm/blood clearance ratios among
different species.

Species Tm
(1.1.g /min /kg)

Clearance
(ml /min/kg)

Tm
Index

b
Clearance a

Trout 9.6 1.7 5.64 1.0

Dogfish 23c 0. 78c 29.1 5.2

Rabbit 1042d 32. 4d 32.2 5.7

Dog 170e 14.8f 11.5 2.0

Man 8400g 750h750 11.2 Z. 0

aUnits are mg BSP excreted per ml blood cleared on. BSP.
bRatio of Tm/clearance values of species to trout.
cCalculated from Burger (1967).

dFrorn Lewis (1950). Blood Clearance calculated from plasma
clearance using hematocrit equal to 50 %.

eFrom Klaassen and Plaa (1967).

(Calculated from Casselman and Rappaport (1954) using formula:

Blood clearance BSP - Hepatic extraction
Hepatic blood flow

gIn µg /min; from Bradley (1959).

hIn Fig/min; from Popper and Schaffner (1957). Calculated using the
formula in footnote f.
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excretion of the livers of fish and mammals. There is possibly a

significant difference between the Tm clearance ratios of the trout

when compared to those of the dogfish and rabbit.

The conclusion of Levine et al. (1971) concerning the limited

ability of dogfish and mackerel to remove BSP must be reconsidered.

If the Tm is the rate limiting step of BSP removal in fish, and if the

excretory processes involved in elimination of the dye are similar,

then the data in Table 4 indicate a similar functional ability of fish and

mammalian livers. The lack of BSP movement into the urine or

across the gills in my limited analysis also supports this conclusion.

Further, the results of Boyer (1971) support this conclusion.

The use of physiological rates as a base for comparing physio-

logical processes between poikilothermic and homeothermic animals

is suggested. Comparative studies on the significance of rate

differences may be more meaningful if the values were based on a

standard physiological rate such as organ blood flow.

My data suggest that rainbow trout remove the organic anion,

BSP, more rapidly from the plasma than would be expected from

information presented by other investigators for two other species of

fish. In trout, as in mammals, the transport maximum of BSP into

bile appears to be the rate limiting step in the overall process of

removal of BSP from blood to bile. A comparison of the Tm of BSP
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of two fishes with those of mammals, using the rate of clearance of

BSP from the blood for the basis of comparison, indicates no differ-

ence between the excretory capacity of their respective livers.
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III. THE EFFECT OF BILIARY EXCRETION ON
THE TOXICITY OF ROTENONE

Methods and Materials

Bile and cystic duct ligation in fish and bile duct ligation in rats

were utilized to establish whether the biliary stasis produced by this

procedure had any effect on the toxicity of rotenone. This procedure

has been demonstrated in rats to cause large differences in the

toxicity of certain compounds known to be excreted into the bile

(Klaassen, 1973a, b). I tested the effect of this procedure on three

groups of fish and one group of rats.

The fish used in these experiments were maintained in the same

conditions as those described in "Methods and Materials" of Chapter II.

Larger fish were used in some experiments, with the range of weights

being 180-1000 grams. In one experiment, only adult males with

mature gonads were used.

The fish were anesthetized with MS 222 for surgery and were

postsurgically allowed to recover approximately 24 hours. The cystic

duct and bile duct were ligated in one-half of the fish in each experi-

ment. Sham surgery was performed on the second half involving the

isolation of the ducts but no ligation was performed. Incisions were

closed in all fish with silk sutures.

To establish if the bile,cys tic duct ligation procedure had any
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effect on biliary excretion of BSP in fish, the plasma disappearance of

BSP was determined in sham operated and bile-cystic duct ligated

trout. In the previous section of this thesis, I established that BSP is

primarily excreted by the liver of trout. Possible effects of bile.

cystic duct ligation on biliary excretion of BSP should be reflected in

the plasma disappearance of this dye. Sham operated and bile-cystic

duct ligated trout of similar weights were administered 10 mg/kg

BSP into the caudal vein. A single blood sample from each fish was

taken by cardiac puncture at intervals of 15, 30 and 60 minutes after

injection. Serum analysis of BSP was performed as described in

"Methods and Materials" of Chapter II.

Female rats, of the OSU Wistar variety, were used in these

experiments. All animals were maintained under constant environ-

mental conditions and provided with food and water ad libitum before

and after treatment. Surgery was performed under pentobarbital

anesthesia (35 mg /kg). The bile duct was ligated in half of the rats

and sham surgery was performed in the other half. Incisions were

closed in all rats with wound clips. Experimental injections were

administered approximately 24 hours after surgery.

The toxic lethal mean value (LD 50) of rotenone for the groups

of rats and trout was estimated by the "up- and - down" method of

Brownlee et al. (1953). This method has been demonstrated to be

suitable for these types of experiments (Klaassen and Plaa, 1967b;
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Klaass en, 1973a, b). This method consists of giving a dose of a

compound to one animal. If the animal died the dose was decreased

and the trial was repeated. This was repeated three times after

obtaining one positive and one negative response in two successive

doses. The dosage increment used was a 40% increase of the first

negative response obtained. The estimate of the LD 50 was calculated

by dividing by five the summation of the last four doses of drug used

plus the dose of the drug that would have been given as the sixth dose.

The response at the end of a 24 hour period after the initial injection

of rotenone was used as an end point. No changes in response occurred

after 6 hours in any of the experiments. A single series of five

animals was used in the trout for each LD 50 determination; two

series of five animals were used for the rat experiments. The mean

of the two series of rats was used for the LD 50 value as prescribed

by Brownlee et al. (1953).

Rotenone was administered to the rats intraperitoneally and to

the fish by both the intraperitoneal and intravenous routes in separate

experiments. A 90% dimethylsulfoxide (DMSO) solution was used as

the carrier for both species at a constant volume of 1 ml /kg for

intraperitoneal injections and 0.2 ml/kg for intravenous injections.

Dilution was necessary to lower the normal freezing point of DMSO

(18 C) and prevent solidification in fish experiments. Control injec-

tions administered to normal and surgically prepared animals pro-

duced no toxicity with these volumes of the carrier.
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The significance of differences of mean LD 50 values and plasma

concentrations was determined by the Student's t test. Error vari-

ances for the LD 50 estimates were derived by using the last four

determinations plus the value that would have been used on the sixth

trial as estimates of the mean. Where two series were run the values

from both series were included in one group for computations. Pro-

babilities are included where significant differences existed.

Results

Effect of Bile-Cystic Duct Ligation of
Trout on. BSP Plasma Disappearance

The effect of the bile-cystic duct ligation in trout on. BSP

disappearance was dramatic (Figure 5). At 60 minutes the mean of

BSP plasma concentrations in the bile-cystic duct ligated fish was 7.2

times that of sham operated fish. Mean values of concentrations

were significant (p < 0. 05) at all sampling times.

Effect of Surgical Impairment of
Bile Flow on Rotenone Toxicity
to Trout and Rats

The data obtained refuted the hypothesis that surgical impair-

ment of biliary excretion increases the toxicity of rotenone to either

trout or rats (Table 5). In all groups, except the normal trout

administered intravenous injections, surgical impairment caused
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Figure 5. Effect of bile and cystic duct ligation on plasma
disappearance of a 10 mg/kg dose of BSP in free
swimming fish. Points are the mean of the num-
ber of fish in parentheses.



Table 5. The effects of surgically impaired biliary excretion on the 24 hour LD 50 of rotenone to
rainbow trout and rats.

Species, condition,
and route of

administration
Animals

LD 50
Sham/
BDL or
BCDL1 2 3 4 5

Trout - I. V. BCDLa
0. 10b 0. 14 0. 10 0. 14 0. 10 0. 108

Lc
Sham 0. 10 0. 14 0. 10 0. 14 0. 10 0. 108

1. 0

Trout - I. V. BCDL 0. 20 0. 28 0. 20 0. 28 0. 20 0. 248
Mature males

Sham 0. 20 0. 14 0. 20 0. 14 0.20 0. 188
0. 76

fTrout - I. P. BCDL 2. 8 2. 0 2. 8 2. 0 1. 2 2. 00
D L D D L

Sham 1. 4 1. 0 1. 4 1. 8 1. 4 1. 48
D L L D L 0. 74

(Continued on next page)



Table 5. (Continued)

Species, condition,
and route of

administration

Animals
LD 50

Sham/
BDL or

BCDL1 2 3 4 5

Rats - I. P. d BDL 1.0 1.4 1.0 1.4 1.8 1. 56

1.4 1.8 1.4 1.8 1.4 1.48
L D L D D 1.52eg

Sham 1. 4 1. 0 1. 4 1. 0 1. 4
D L D L D 1. 16

1.0 0.6 1.0 1.4 1.0 1.08
D L L D L 1. 12e 0.74

aSurgical condition of animals; BCDL - Bile-cystic duct ligated; BDL - Bile duct ligated; Sham
Sham operated.

Values in mg/kg.
cResponse is indicated by D for died, or L for lived.
d Two identical series were run for rats in each condition.
eMean value of two identical series.
f t Test indicates significant differences in mean LD 50 values at confidence level of p < 0. 10.
gAs in footnote f but confidence level of p < 0.01.
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apparently significant decreases in rotenone toxicity. The data also

suggest that intraperitoneal administration of rotenone produces

toxicity with doses of the same magnitude in both rats and trout. The

LD 50 of male trout with mature gonads increased significantly

(p < 0. 05) over those without developed gonads. In trout it is apparent

that intravenous administration increases the toxicity of rotenone ten-

fold that of intraperitoneal injections.

Discussion

It has been established that bile duct ligation in rats reduces

the plasma disappearance of diethylstilbestrol, a compound excreted

primarily in the bile (Klaassen, 1973b). The data on BSP plasma

concentrations from trout indicate that this procedure has also

effectively reduced the plasma disappearance of BSP in trout. Since

I have established earlier that BSP is primarily excreted in trout

bile, the data suggest that bile-cystic duct ligation may be an

effective procedure to use in evaluating the role of biliary excretion

on the toxicity of certain substances.

The results of the effect of surgical impairment of biliary

excretion on rotenone toxicity was unexpected. The small decrease

in toxicity after bile duct or bile-cystic duct ligation indicates that

biliary excretion is probably of little consequence in influencing the

toxicity of rotenone. The reason for the small, but apparently
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significant, decrease is of interest. Although I have no evidence

indicating what may be the cause of this decrease, one possibility

stands out. Fukami et al. (1967) reported that two metabolites of

rotenone from rat liver enzyme preparations have similar toxicities

to that of rotenone. These authors later demonstrated that fish liver

also produces these metabolites (Fukami et al. , 1969). The LD 50

values (mg /kg) obtained in male mice when, the purified compounds

were administered peritoneally in DMSO are as follows: rotenone,

2. 8; 8 ' -hydroxyrotenone, 2. 6; rotenolone I, 4. 1. This information

suggests that the oxidized metabolites are similar in toxicity to

rotenone. The possibility exists that the metabolites are more toxic

than rotenone and the similarity in LD 50 values is a reflection of a

decreased ability to be absorbed after intraperitoneal injection because

of an increased polarity in the oxidized derivatives. A decrease in

the ability of the liver to metabolize this substance into more active

compounds, by altering hepatic blood flow or other possible effects of

the surgery, may account for the decrease in toxicity I observed upon

bile duct ligation. Klaassen (1973b) reported sham /BDL ratios of

less than 1.0 for chloramphenicol, erythromycin, novobiocin, pento-

barbital and quinine. However, no inference as to any significant

differences from unity were implied in his discussion of these values

and they were not subjected to any statistical tests. The reasons for

the differences I observed with rotenone need further investigation.
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The lack of effect of bile-cystic duct ligation on rotenone

toxicity in the intravenous injected normal trout may be caused by

comparatively smaller portions of the administered dose of rotenone

entering hepatic circulation. The differences observed in intravenous

injected normal trout from those in male trout with mature gonads may

result from hormone effects or circulation differences.

This investigation has not provided any positive evidence as to

the mechanism of the selective toxicity of rotenone to fish. I have

established that there is little difference in the toxicity of rotenone to

trout and rats when administered intraperitoneally. This is in agree-

ment with a study quoted by Oberg (1965) in which rotenone was found

to be similarly toxic to fish and mammals when given orally. This

suggests that the toxicity is primarily related to the route of entry.

The gills have been demonstrated as the primary absorption route by

Oberg (1965). In a previous study, Oberg (1959) demonstrated that

fish show toxic symptoms of rotenone poisoning when no effect on gill

histology or circulation can be observed, indicating the physiological

site of action may not be on the gills. In addition Fukami et ad. (1969)

stated the inhibitory effect of rotenone on respiration of mitochondria

from resistant as well as susceptible species is similar. They also

determined that rotenone is metabolized similarly in fish and mammals.

Rate differences in detoxification (Fukami et al. , 1969) and different

specific reactions of rotenone on some cellular components (Oberg,



39

1965) have been suggested as possible reasons for the apparent sus-

ceptibility of fish to rotenone. I propose the difference may be pri-

marily explained by a more efficient route of entry in fish, ,the gills.

Surprisingly, no studies have been conducted associating plasma levels

of rotenone with toxic effects in different species. This information

would indicate if further explanations of the selective toxicity of

rotenone to fish are necessary.

The data presented further substantiate the similarity in liver

excretory function of fish and mammals. Surgical impairment of

biliary excretion has little effect on rotenone toxicity to either rats or

fish. The selective toxicity of rotenone to fish may be primarily

caused by different routes of entry.
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IV. SUMMARY AND CONCLUSIONS

The information presented has included two aspects of biliary

excretion in trout. First, the ability of the liver of trout to excrete

foreign compounds was evaluated by use of sulfobromophthalein (BSP),

a dye used for standard liver function tests in mammals. The data

presented support the conclusion that BSP is metabolized and

excreted in trout in the same manner that it is in mammals. Large

differences in transport maxima of BSP, based on body weight, are

explained when the values are compared based on a physiological rate

related to liver function.

Biliary excretion in trout was further studied by evaluating the

effect of surgical impairment of bile excretion on the toxicity of

rotenone to trout. To determine if differences in the excretion of this

substance by the liver of trout and rats may play a role in its selective

toxicity to trout, the effect of impairment of biliary excretion on rote-

none toxicity in rats was also studied. The data suggest little effect

of the surgical impairment on rotenone toxicity to either trout or rats.

Intraperitoneal injections of rotenone were observed to be of a similar

magnitude of toxicity to both trout and rats. This indicates that the

route of entry may be primarily responsible for differences in toxicity

of rotenone to fish and mammals.

The data obtained from these experiments point to similar
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excretory functions of the liver in trout and rats. This information,

and the similarities of the metabolizing ability of the microsomes

demonstrated by other authors, indicate that fish liver has similar

functions to mammals overall in its ability to metabolize and excrete

foreign substances.
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Appendix Figure 1. Schematic diagram of plexiglass holding chamber for the collection
of excretory products.


