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Pentachlo rophenol (PCP) is an important, biologically- active

compound which has a wide variety of applications in agriculture and

industry. It appears to affect all phases of metabolism in fish as

evidenced by its ability to alter growth, food conversion efficiency,

appetite, fat and protein deposition, swimming stamina, the level of

ATP in tissues and the activities of certain enzymes. This investiga-

tion had as its purpose the determination of the nature and magnitude

of the alterations produced by potassium pentachiorophenate (KPCP)

upon the catabolism of carbohydrate in the cichlid fish, Cichiasoma

bimac ulatum.

The production of respiratory 14CO2 from cichlids, injected

intraperitoneally with '4C- labelled substrates, was measured over

a period of 24 hours. The test groups were: controls, cichlids ex-

posed to 0.20 ppm KPCP, and cichlids exposed to 1.5 ppm KPCP.
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In controls the percentage of radioactivity recovered as

from C-i and C-2 of acetate were 98 and 70 percent respectively.

Preferential conversion of C- 1 over C.- 2 of acetate to CO2 was

considered presumptive evidence for the operation of the TCA cycle

in cichlid fish. The addition of 0. 20 ppm KPCP produced a delay in

the appearance of '4CO2 from C-i and C-2 in the expired air. Over

the 24-hour test period the cumulative yields from C- 1 and C- 2 were

95 and 68 percent respectively. Thus in the presence of 0. 20 ppm

KPCP the respective yields from both acetate carbons were very

similar to the yields obtained from controls. Cichlids exposed to 1. 5

ppm KPCP exhibited a marked increase in the rate of recovery of

activity from both acetate carbons. The cumulative 24-hour yield

from C-i was 102 percent while the yield from C-2 was 98 percent.

With cichlids exposed to 1.5 ppm KPCP the utilization of the TCA

cycle as a respiratory mechanism rather than as a route for bio-

synthesis was implied.

The difference in the rate and extent of recovery of

derived from the individual carbons of glucose suggested that glucose

may have been catabolized via several pathways. In controls the

14respective 24-hour cumulative yields of CO2 from carbons 1, 2,

3(4) and 6 of glucose were 53, 47, 66, and 56 percent of the injected

activity. The rapid and extensive recovery of C-3(4) as

presumably via the decarboxylation of pyruvate, identified the

Embden-Meyerhof-Parnas (EMP) pathway as the major route of



glucose degradation in cichlids, Preferential conversion of C- 1 over

C- 2 to '4co2 gave presumptive evidence for the operation of the

pentose phosphate (PP) pathway; preferential conversion of C-6 over

c- to 14CO2 suggested the operation of the glucuronic acid (GA)

pathway.

In cichlids exposed to 0. 20 ppm KPCP the cumulative yields of

14CO2 from carbons 1, 2, 3(4) and 6 of glucose were 57, 56, 80, and

56 percent respectively. The relatively larger increase in the extent

of recovery from C-2 and C-3(4) suggested that the addition of 0.20

ppm KPCP increased the fraction of labelled glucose catabolized via

the EMP- TCA pathway.

In cichilds exposed to 1.5 ppm KPCP the respective cumulative

yields from carbons 1,, 2, 3(4) and 6 of glucose were 81, 90, 100,

and 88 percent. The rapid and extensive recovery of CO2 from all

glucose carbons indicated that the presence of 1.5 ppm KPCP marked-

ly increased the rate of glucose degradation in cichlids. A compari-

son of the relative rates of recovery from the individual carbons of

glucose indicated that the EMP-TCA pathway was used almost

exclusively.

In an additional study made to determine the effect of KPCP

upon the recovery of '4CO2 from bicarbonate-14C, the cumulative

yield from controls was 91 percent of injected activity. Failure to

obtain as much 14CO2 from labelled bicarbonate as from C-1 of

acetate suggested that due to the sudden increase in the concentration



of dissolved resulting from the injection of bicarbonate, some

of the injected bicarbonate may have been incorporated into relatively

non-labile compounds such as bone. In cichlids exposed to 0. 0 ppm

KPCP, depletion of radiocarbon from injected bicarbonate- 14C

occurred more slowly than in controls and only 80 percent of the

injected radioactivity was recovered as in 24 hours. This

suggested that in the presence of 0. 20 ppm KPCP, & larger amount

of radiocarbon from bicarbonate- may have been incorporated

into non-labile compounds.
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ALTERATIONS OF CARBOHYDRATE METABOLISM
BY PEN TACHLOROPHENOL IN CICHLID FISH

INTRODUCTION

Pentachiorophenol is an important biologically active compound

which has a wide variety of applications in agriculture and industry.

The production of pentachiorophenol approached 40 million pounds

in 1965 (45). Its potent fungicidal and bacteriocidal properties have

been employed for the preservation of wood and wood products (13)

and in the processing of adhesives, leather, starches, oils and

rubber (14). In tropical counties, sodium pentachlorophenate (NaPCP)

has been very effective in controlling snails acting as intermediate

hosts for the schistosomes infecting man (1). Other applications in-

dude itsuse in the manufacture of polyvinyl chloride polymers and

of closure-sealing gasket material for food containers, as a moth-

proofing agent, an herbicide and a food preservative (2).

The use of pentachlorophenoi and its salts has led to cases of

accidental poisoning and sometimes death in fish, livestock and man

(6, 28, 47, 53, 54). Toxic symptoms in man have included abdomi-

nal pain, nausea, vomiting, excessive sweating, elevated tempera-

ture, rapid pulse and increased respiration (28). Poisoning in lab-

oratory mammals has been characterized by increased cardiac and

respiratory rates, elevated temperature, hyperglycemia, glyco surea,



and rapidly-developing motor weakness which, in fatal cases, has

terminated in cardiac and muscular collapse followed by immediate

and profound rigor mortis (17, 35). Goodnight (ZZ) observed that

fish exposed to lethal concentrations of NaPCP developed increased

respiration and bleeding from the gills, mouth and pectoral regions.

It has been suggested that pentachiorophenol exerts its toxic

effects by uncoupling oxidative phosphorylation (15, 64). If penta-

chlorophenol. interferes with the formation of adenosine triphosphate,

it should alter carbohydrate metabolism. Therefore a series of

experiments were designed to investigate the effects of pentachloro-.

phenol on carbohydrate metabolism in the cichlid fish, Cichlasoma

bimaculatum.
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PERTINENT LITERATURE

In this section no attempt was made to include all of the litera-

ture on pentachiorophenol or on carbohydrate metabolism in fish.

Extensive reviews of both subjects have been published. In 1967

Bevenue and Beckman (2) discussed the chemical and toxicological

properties of pentachiorophenol, its uses in agriculture and industry

and the various methods used to assay residual quantities of the

toxicant in human and animal tissues. A review on intermediary

carbohydrate metabolism in fish was written by Gumbman and co-

workers (24) in 1958 and another by Black and associates (5) in 1961.

This section thus includes only the articles which were deemed perti-

nent to the present problem. First pentachlorophenol will be con-

sidered and then carbohydrate metabolism in fish.

Pentachlo ro phenol

Early work by Goodnight (22) demonstrated that NaPCP is quite

toxic to fish. Acute toxicity tests, conducted on 19 species of fresh-

water fish, showed that the sensitive fish species were incapable of

surviving in water containing more than 0. 20 ppm NaPCP; more

tolerant fish succumbed when the concentration exceeded 0.60 ppm.

The toxicity of NaPCP increased with decreasing water pH and with

inraifig Wàter tethperature.
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More recently a considerable amount of effort was made to

conduct a comprehensive investigation into the effects of pentachioro-

phenol on the physiology and biochemistry of the cichild fish, Cich-

lasoma bimaculatum. In 1963 Brockway established the 24-hour

median tolerance limit for cichlids exposed to NaPCP in standing

water as 0. 22 ppm; the 48-hour median tolerance limit was 0. 16

ppm (10). The median tolerance limit is the estimated concentration

which will kill 50 percent of a population during a stated time period.

For potassium pentachlorophenate (KPCP) the 36-hour median

tolerance limits were 0.37, 0.47 and 0.27 ppm forcichlids in run-.

fling water, aerated standing water and unaerated standing water,

respectively. When cichlids were exposed to 0. 20 ppm KPCP for

over a month, no mortalities were observed (15).

Chapman (15) reported that the body weight of control cichlids

starved for 30 days increased 11 percent and the caloric content

per gram of dry weight decreased 10 percent. When cichlids were

exposed to 0. 20 ppm KPCP, body weight decreased 12 percent and

the caloric content per gram decreased 14 percent. Thus the de-

crease in body weight and in the caloric content per gram indicates

that the energy loss in poisoned cichlids was 20 percent more rapid

than in controls. Most of the loss occurred during the first ten days.
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Daily food consumption in cichlids exposed to 0.20 ppm KPCP was

sometimes more and sometimes less than that of controls (37). How-

ever, over a 42-day period, the poisoned fish consumed a total of

34. 6 kilocalorj.es of food whereas the controls consumed 23. 0 kilo-

calories, It was calculated that the controls required 1929 calories

of food to gain 1000 calories in body stores for a food conversion

efficiency of 50. 3 percent. Cichlids exposed to 0.20 ppm KPCP

required 2443 calories of food to gain 1000 calories for a food con-

version efficiency of 41.0 percent. From the average weight of the

fish and the amount of calories lost in the process of metabolizing

food, the metabolic rate for poisoned cichlids was 43. 1 percent

higher than that for controls. Brockway (10) observed no change in

oxygen consumption at 0. 16 ppm NaPCP, the 48-hour median toler-

ance limit for cichlids. On the other hand sublethal and lethal doses

of NaPCP increased respiratory activity in snails, fish, rabbits and

man (7, 22, 23, 66). The discrepancy is probably due to the greater

reliability of determinations of 42-day caloric deficits over random

hourly oxygen consumption determinations.

Growth in control cichlids was greater than in cichlids exposed

to 0.20 ppm KPCP (15). Generally, the deposition of fat, phospho-

lipids and protein was lower in poisoned cichlids than in controls;

however, the ash content for both groups was similar.

Cichlids exposed to 0. 20 ppm KPCP for one day were not able



to swim for ten minutes at the same high sustained velocities at

which controls could swim. After seven days of exposure, there

was no difference between the performance of poisoned and control

cichlids and after14-15 days of exposure, poisoned cichlids appeared

to be better swimmers than controls (15). The swimming performance

data was augmented by determining AT? (adenosine triphosphate)

levels in controls and in KPCP- treated cichlids under conditions of

exercise and no exercise. Unexercised controls contained 12. 3 mg

per kilogram of ATP. When cichlids were subjected to a very high

water velocity, exhaustion usually occurred within five minutes.

The level of AT? in these fish was the same as in controls. At a

moderate water velocity at which exhaustion occurred at about 30

minutes, the AT? content increased to 13. 7 mg per kilogram. At

very low water velocity at which the fish were allowed to swim for

three hours, ATP increased to 16. 5 mg per kilogram.

Cichlids exposed to 0.23 ppm KPCP for 1, 2, 4 and 25 days

and not exercised contained 16. 7, 11.8, 13.8 and 6.2 mg per kilo-

gram ATP compared with 12. 3 mg per kilogram ATP in unexercised

controls. When cichlids were exposed to KPCP for 15 days and

exercised to exhaustion, the level of AT? was 11 mg per kilogram

whereas exhausted control cichlids contained 13 mg per kilogram.

In an effort to explore possible effects of KPCP upon inter-

mediary metabolism in cichlids, Cheng (16) measured the activity
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of selected enzymes in cichuids which had been exposed to 0. 10 and

0. 20 ppm KPCP for 24 to 96 hours. In cichlids which had been ex-

posed to 0. 10 ppm KPCP for 24 hours, the activity of the glycolytic

enzyme, aldolase, was reduced by 12 percent. The activity of

lactic acid dehydrogenase, which is involved in the reversible con-

version of pyruvate to lactate, was reduced by six percent. The

activities of glutamic-oxalacetic transaminase and glutamic-pyruvic

transaminase were increased by ten and five percent, respectively.

The transaminases are involved in the reversible conversion of car-

bohydrates to amino acids. At 0. 20 ppm KPCP, reductions of 5, 30

and 12 percent were found in the respective activities of aldolase,

the transaminases and lactic acid dehydrogenase in 24 hours.

A series of studies by Weinbach (64) led him to suggest that

the toxicity of pentachlorophenol is probably due to its ability to

uncouple oxidative pho s pho rylatio n. Sodium pentachlo ro phenate

(NaPCP), at a concentration of 1 x 106M, reduced inorganic phos-

phate uptake associated with the oxidation of alpha.-ketoglutarate to

succinate in rat liver mitochondria and enhanced oxygen uptake so

that the P:O ratio was 1.5 (65). For control mitochondria the P:O

ratio was 2.8. When the NaPCP concentration was increased to

1 x 10 and 1 x 10 M, phosphate uptake was further depressed;

however, oxygen uptake was higher at 1 x 10 M and lower at 1 x

10 M than when NaPCP was absent from the mitochondrial prepa-

ration. At both concentrations the P:O ratio was 0. 30. Oxidation and

phosphorylation were abolished at 1 x 10 M NaPCP. Phosphate
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uptake associated with the oxidation of beta-hydroxybutyrate to

acetoacetate was completely inhibited at 2. 5 x lO M NaPCP in

snail hepatopancreas preparations (67). However, oxygen uptake

and the rate of acetoacetate formation were increased.

Pentachlorophenol also affected adenosine triphosphate levels

in mitochondria by increasing ATP-ase activity at low concentrations

and inhibiting the enzyme at high concentrations (68). At PCP con-

centrations of 5 x 1O and 5 x lO_6 M, inorganic phosphate levels

were much higher in fresh mitochondrial preparations to which ATP

was added than at concentrations of 5 x lO and 5 x 10 M. In

preparations to which ATP was added in the absence of PCP, phos-

phate levels were very low. Phosphate levels did not change when

PCP was added to ATP in the absence of mitochondria indicating

that PCP does not chemically hydrolyze ATP. The dtal effect of

PCP upon ATP-ase activity is unlike the effect of dinitrophenol

whose ATP-ase-stimulating property is proportional to the concen-

tration of dinitrophenol. Pentachiorophenol appears to be specific

for mitochondrial ATP- ase for it had no effect upon human and rabbit

alkaline serum phosphatase, acid phosphatase from rat liver and

potato pho sphatase.

Carbohydrate Metabolism in Fish

The principal carbohydrates that have been studied in fish are



glycogen, glucose, lactate, pyruvate, and certain pentose sugars.

Resting levels of glycogen in the muscle and liver of rainbow trout

vary considerably and in general the levels appear to be low in com-

parison with those for corresponding mammalian tissues. Black and

associates (5) reported that in rainbow trout weighing from 29 to 120

grams, muscle glycogen levels varied from 0.01 to 0. 171 mg per-

cent (mean 0.085) and liver glycogen varied from 0. 50 to 3.22

mg percent (mean 1. 73). In larger trout with weights of 152 to

397 grams Black and co-workers (5) reported muscle and liver gly-

cogen levels of 0.049 to 0. 310 mg percent (mean 0. 123) and 0.29

to 7. 79 mg percent (mean = 3. 36), respectively. According to Black

the values reported for glycogen by different authors depend upon

variations inherent in the different methods of analysis, the history

of the fish before the samples were taken, the amount of auto lytic

glycolysis that occurred between the time of sampling and fixing of

the tissues, and for muscle, the particular muscle mass selected

for analysis.

Blood glucose in rainbow trout is mintained at about 60 mg

percent in resting fish (5). Under certain conditions blood glucose

will increase markedly. Removal of dogfish from water caused

blood glucose to increase from 66 mg percent to about 168 mg per-

cent in three minutes, but the level returned to near-normal in about

three minutes (42). In rainbow trout exercised strenuously for 15
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minutes, blood glucose rose from 60 to 118 mg percent; however,

the level of glucose did not rise until after exercise was stopped and

unlike the rapid recovery observed in dogfish, the high level of blood

glucose was maintained for at least 24 hours (5).

Blood lactate may vary among fish of a given species and be.-

tween species of fish. Black and co-workers (4) reported an average

of 8.6 mg percent and a range of 3.2 to 19.6 mg percent for blood

lactate in Karuloops trout. [n carp blood lactate ranged from 11. 8

to 17.7 mg percent (43). Much higher levels of lactate may be found

in muscle tissue which in rainbow trout may contain as much as 60

mg percent under resting conditions (5).

Because of the difficulty in measuring small amounts Of pyru-

vate, reported levels may be questionable. According to Black and

associates (5), blood, muscle and liver of rainbow trout contain less

than 1. 0 mg percent of pyruvate.

Prior to 1960 the pathways involved in the intermediary metabo-

lism of carbohydrate in fish was a matter of conjecture. Evidence

for defining the processes involved in carbohydrate metabolism

was obtained indirectly. By studying changes in amount of various

carbohydrates in fish in relation to various physiological and environ-

mental factors and comparing the alterations with those found in

mammalian systems, inferences on the processes involved in inter-

mediary carbohydrate metabolism in fish were drawn.
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Thus presumptive evidence for the glycolytic pathway in fish

was obtained when it was observed that exercise brought on almost

simultaneously an increase in lactate production and a decrease in

glycogen stores (5). Strittmatter and co-workers (48) found that

glucose added to the isolated swim bladder of the scup increased the

amount of lactate in the preparation. More evidence was obtained

by the discovery of certain glycolytic enzymes such as hexokinase

(36) and pyruvate kinase (8) in fish.

According to Gumbmann and co-workers (25) evidence in fish

for the pentose phosphate pathway, otherwise known as the hexose

monophosphate pathway or the direct oxidative pathway, was almost

completely lacking. The only clue to its existence in fish was that

ribose could be cleaved from ribose-5-phosphate, ribonucleotides,

ribonucleosides and ribonucleic acids when these substrates were

added to muscle homogenates of fish (49, 50, 51, 52).

Oxidation of carbohydrate intermediates via the TCA or the

citric acid cycle was inferred from measurements of oxygen con-

sumption in fish and from some enzyme studies. In 1955 Sexton and

Russell (44) observed that oxygen uptake by homogenized fish gills

increased upon the addition of succinate and decreased upon the addi-

tion of mercuric chloride. Addition of citrate, malate, succinate,

glutamate or pyruvateenhanced oxygen uptake in fish egg homoge.-

nates (29). In 1951 succinic and cytochrome oxidase as well as
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malic dehydrogenase were isolated from carp muscle (55, 56, 57).

More recently studies have provided more substantial evidence

for the reactions involved in intermediary carbohydrate metabolism

in fish. In 1960 MacLeod and associates (39) identified in steelhead

trout, all of the enzymes necessary for the conversion of glucose to

lactate via glycolysis. The activities of theenzymes in cardiac

muscle, skeletal muscle, liver and kidney were compared. Only

cardiac muscle had the ability to convert glucose to lactate; addition

of hexokinase to the homogenates of the other tisses was necessary

before this conversion could be accomplished. All tissues readily

converted fructose.-6-phosphate and fructose-i, 6-diphosphate to

lactate. Thus, hexokinase actvitity is generally low in fish. In 1962

thmbmannand Tappel (25) demonstrated the presence of the enzymes

of the TCA cycle in carp.

Evidence for the operation of the pentose phosphate pathway in

fish was obtained from radiotracer experiments involving the com-

parison of the yields of 'CO2 from fish metabolizing glucose-l-

and _6.)4C. Hoskin (31) discovered that the C-6/c-i ratio approached

1.0 only in the brain tissue of the electric eel; in other tissues the

ratio was considerably less. In carp Hoskin found that the C-6/c- 1

ratio in tail muscle was only 0.07. Ho skin argued that preferential

conversion of C-i over C-6 to CO2 would indicate the operation of

the pentose phosphate pathway while equal yields of 14CO2 from both
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carbons would indicate exclusive utilization of the Embden-Meyerhof.-

Parnas and TCA pathways. From similar studieswith live carp,

Brown (17) concluded that the pentose phosphate pathway played a

very small role in the overall degradation of glucose in carp.

Hochachka and Hayes (30) reasoned that if the EMP pathway

were the major route of glucose degradation, the reversal of the

reactions in the pathway would preferentially place labelled carbon,

introduced as Na214CO3, on positions 3 and 4 of the hexose molecule

in glycogen. Positions 1 and 2 would become labelled via recycling

of the pentose phosphate system and position 5 and 6 through equllibra..

tion of triose phosphates via both the EMP and the pentose phosphate

pathways. They found that in warm-acclimated fish, positions 3 and

4 contained a larger amount of radiocarbon than any other position.

Out of 11, 000, 000 dpm injected, 3400 cpm were recovered per milli-.

mole of BaCO3 derived from positions 3 and 4 of glycogen. In cold-

acclimated fish labelling of positions 3 and 4 was reduced consider-

ably, but there was no change in the amount of radioactivity on posi-

tions 1, 2, 5 and 6. The authors concluded that warm-acclimated

fish utilize the EMP pathway more extensively than cold-acclimated

fish and that in the latter more emphasis is placed on the pentose

phosphate pathway. Because of the energy levels per carbon in

glucose and its degradation products, it is unlikely that the pathways

from glucose to CO2 and from CO2 to glucose would be the same only
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with the directions reversed. In many cases where a single step

seems reversible, different enzymes are required for the anabolic

and the catabolic processes.

This survey on the present status of the problem concerning

the effects of pentachiorophenol on fish has shown that the metabo-.

lism of cichlid fish can be altered measureably by sublethal concen-

trations. Pentachlorophenol appears to affect all phases of metabo-

lism as evidenced by its ability to alter growth, food conversion

efficiency, appetite, fat and protein deposition, the level of ATP in

tissues, swimming stamina and the activities of certain enzymes. It

seems desirable at this point to investigate more closely the effects

of pentachiorophenol upon broad but limited phases of metabolism

such as the metabolism of carbohydrates, fats and proteins. This

investigation had its purpose the determination of the nature and

magnitude of alterations produced by potassium pentachlorophenate

upon the catabolism of carbohydrate in cichlid fish.
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MATERIALS AND METHODS

Experimental Fish

Cichlid fish (Cichiasoma bimaculatum), were obtained from the

Oregon State University Oak Creek Laboratory located about five

miles from the University campus. They were brought into the Radia-

tion Center laboratory where they were kept in 15-gallon aquaria con-

taming filtered, dechlorinated, tap water maintained at 25 degrees C.

Commercially-prepared, dry trout pellets were provided once daily.

At least two weeks were allowed for the fish to acclimate to the

Radiation Center laboratory conditions. Cichlids selected for use in

the study averaged 10 grams in weight and ranged from 8 to 13 grams.

Both sexes were used since it is virtualLy impossible to distinguish

the sexes by appearance alone.

Pentachlo rophenol

Pure, crystalline pentachlorophenol was purchased from the

Eastman Chemical Company. The potassium salt was obtained by

treating the phenol with concentrated potassium hydroxide and sub-

sequent crystallization. A fresh solution was prepared for each exper-

iment by dissolving a weighed amount of salt in 100 ml distilled water.
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Radiochemicals

All of the 1 C-labelled substrates were obtained from the New

England Nuclear Corporation. A list of the radiochemicals used,

the administered radioactivity, and the administered mass is given

in Table 1.

Table 1. Radioactivity and Mass of Labelled Substrates Administered.

Number of Fish Tested Microcuries Milligrams
Substrate

Control 0.20 ppm 1. 50 ppm Injected Injected

NaN CO 4 4 0 0.67 0.01
14

Acetate-i- C 6 6 3 1.01 0.30

Acetate- 2- C 6 6 3 1. 45 0. 30

4CGlucose-i- 6 6 3 1.02 0.30
14

Glucose-2- C 6 6 3 0.86 0.30
14

Glucose-3(4)- C 6 6 3 0.43 0.30

Glucose- 6- C 6 6 3 0. 88 0. 30

4CGluconate-1- 2 0 0 0.91 0.05

Glucuronate-6- C 2 0 0 0.62 0. 07

The activity per unit volume (cpm) of each substrate was deter-

mined by counting, in Brayts solution (9), replicate 1.0 ml aliquots

of a working stock solution prepared by diluting a 0. 1 ml aliquot of

the original stockwith a sufficient amount of distilled water to make

a 10 ml total volume. All samples were counted for ten minutes on

a Packard Tri-Carb liquid scintillation counter (Model 314).

The molar concentration of each substrate was calculated
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from the specific activities provided by the vendor and the counts

per minute per ml. To provide equivalent molar concentrations, non-

radioactive carrier was added. In addition 7. 0 mg of NaC1 was added

to each milliliter of substrate to approximate isotonicity with the

body fluids of the fish. For a given substrate, e. g., glucose, all

stock solutions were made up to the same molar concentration. This

insured that the radioactivity, recovered as 14CO2, varied mainly

with the carbon labelled and did not vary significantly due to the mass

of the substrate administered.

The Radiorespirometer

The radio respirometric system was designed to measure the

radioactivity of flowing gas over a continuous time period. The main

components comprising the system and the direction of the air flow

are shown in Figure 1. Components of the system are listed below:

Electrometer - Nuclear Chicago, Dynacon Model 6000
Ion Chamber - 250 ml capacity, Nuclear Chicago
Flow Meter - Manostat Corporation, Model 36-541-07
Air Pump - Neptune Dynapump, Model 2
Metering Valve - Nupro Fine Metering Valve, Model B-4MA,

Nuclear Products Company
Recorder - Esterline-Angus Company, Model AW
Animal Chamber - all glass construction, fabricated at Oregon

State University.
Drying Tower - fabricated at Oregon State University
Polyethylene Tube Fittings - Becton- Dickenson Company
Water Temperature Control - National Appliance Company,

Model 730
Water Heater - 100 watt, Wil-Nes Company
Water Bath - 2-gallon glass aquarium



Nupro metering valve

Figure 1 Ion chamber-electrometer system. Arrows indicate the direction of air flow.
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Room air was pulled through the system by a vacuum pump

located at the down-stream end of the one-pass system. The air

entered the animal chamber through a glass tube, fritted at the blind

end to insure rapid sparging of dissolved gases from the water in the

animal chamber. Air leaving the chamber was dried upon passing

through a CaSO4-tower and directed into the ion chamber for radio-

analysis. The flow rate of the air leaving the ion chamber was moni-

tored by a flow meter and regulated by means of a fine metering

valve connected near the pump intake nozzle.

The radioactivity of the gas entering the ion chamber was

measured at a collection voltage of 90 volts. Current produced by

electron collection in the ion chamber was rectified and amplified

by the electrometer and the pulse produced was recorded on chart

paper.

Electrometer Calibration

Calibration of the ion chamber-electrometer system was

accomplished by recording the pulse produced by a known quantity

of 1 CO2 liberated when a known volume of NaH1 CO3 solution

was injected into sulfuric acid in the animal chamber. The animal

chamber was filled with 250 ml of 3N sulfuric acid. This volume of

acid was equivalent to the amount of dechlorinated tap water used in

the actual experiment. The chamber was positioned into the 25 degree
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C water bath and the air flow through the system adjusted to 250 ml

per minute. A period of 30 minutes was allowed for equilibration.

Then through a small entry port fitted with a serum cap, standardized

NaH'4CO3 solution was injected into the chamber by means of a 1.0

ml plastic syringe, calibrated in one-hundredth ml subdivisions.

Radioactivity, measured by the electrometer system, was auto-

matically recorded on the strip chart. By varying the volume of the

injections and integrating the areas under each curve, the linearity

of the measuring system with respect to different injected activities

and the activity per unit area was obtained. The curves were inte-

grated by counting the number of graph units under each curve to

the nearest 0. 1 unit. The chart paper (Chart No. 4310.-X,

Esterline-Angus Company) is divided into ten uniform one-half inch

units by height. Each unit measured one-fourth inch in width. This

one-fourth by one-half inch unit is further divided into five smaller

units. The one-fourth by one-half inch unit was taken as a unit area.

Calibration data are shown in Table 2.

Selection of KPCP Test Concentrations

Earlier work (10, 15, 16) showed that the slope of the dose-

response curve for cichlids exposed to pentachiorophenol was very

steep. Under flowing water conditions, the 36-hour median toler-

ance limit was 0. 37 ppm, but at 0. 20 ppm, no mortalities occurred



Table 2. Calibration of Radiorespirometer System. Radioactivity per Unit Area under
Calibration Curves.

Test Number Microcuries NaH' CO3 Area Units Microcuries
Injected Per Unit

1 0.0146 0.85 0,017
2 0.0146 0.90 0.016
3 0.0146 0.85 0.017

4 0.0219 1.35 0.016
5 0.0219 1.35 0.016
6 0.0219 1.30 0.017

7 0.0292 1.70 0.017
8 0.0292 1.70 0.017
9 0.0292 1.60 0.018

10 0.0438 2.60 0.017
11 0.0438 2.50 0.018
12 0.0438 2.50 0.018

Mean 0.017
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over an exposure period of 40 days. In subsequent experiments at

KPCP levels of less than 0. 20 ppm, the effects on adult cichlid fish

weze slight. At 0.20 ppm, measureable effectswere observed.

Thus 0. 20 ppm was the concentration chosen as a level satisfactory

for the study of sublethal effects. A major part of this study was

concerned with the determination of the effects of exposure to 0.20

ppm KPCP on carbohydrate metabolism.

Preliminary inspection of the data obtained at 0. 20 ppm KPCP

indicated that it might be difficult to determine with certainty the

effect of KPCP upon the catabolism of carbohydrates in fish at this

coicentration and that additional experiments using a higher concen-

tration might provide more definitive data. The higher concentration

tested was 1. 5 ppm KPCP. Under conditions of the standing aerated

water bioassay tests made by Chapman (15), 1.5 ppm would have

caused death within about six hours. However, in the experiments

here described, none of the cichlids exposed to 1.5 ppm for up to

48 hours died or showed signs of abnormality. It should be noted

th?t the volume of the test solutions used in Chapman's study was

about 19 liters while only 250 ml were used in the present study.

Thus although the bioassays involved ten fish per test, the absolute

amount of KPCP available to each fish exposed to 0. 20 ppm KPCP

was more than the amount available to the single fish used in each

test involved in the present study. The amount of KPCP available
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to each fish exposed to 0.20 ppm in Chapmants study was 0. 38 mg.

This amount, dissolved in 250 ml of water, is equivalent to a concen-

tration of 1.5 ppm. Thus the production of respiratory from

administered 14C- labelled substrates was measured in three groups

of cichlids: controls, cichlids exposed to 0. 20 ppm KPCP and cich-

lids exposed to 1.5 ppm KPCP. The number of fishused in each test

is shown in Table 1.

Test Procedure

Prior to the beginning of an experiment, the animal chamber

was filled with 250 ml of dechlorinated tap water. The cichlid to be

tested was starved for 48 hours, then placed in the chamber, which

was then connected to the electrometer system and lowered into the

25 degree C water bath. Background activity was measured for

about 40 minutes at an air flow rate of 250 ml per minute. Subse-

quently the fish was removed, injected intraperitoneally with 0. 05

ml of labelled substrate and returned to the chamber. The air flow

was again adjusted to 250 ml per minute and the experiment started.

The duration of each experiment was 24 hours. At the end of each

experiment the fish.was removed from the chamber and killed by

crushing the brain. The fish was then weighed, wrapped in a plastic

bag and stored in a freezer. Poisoned fish were treated similarly

except that after background measurement was completed, a solution



of potassium pentachiorophenate was added to the water in the test

chamber.

Radioactivity Balance Study

Since the interpretation of the data from this study depended

upon the accurate measurement of respired it was important

to determine the reliability of the yields. To accomplish this, radio-

analysis was made on the water left in the animal chamber at the end

of four tests on control fish injected with glucose.-l-14C and on the

residual activity left in the fish carcass.

The radioactivity of the water was measured by transferring

the water left in the animal chamber to a graduate cylinder and add-

ing enough dechlorinated tap water to restore the original volume of

250 ml. A 1.0 ml aliquot was counted in Brayts solution for 30

minutes and quench corrected by adding a measured amount of

toluene to each sample after the initial count and counting the samples

again.

Frozen fish carcasses were dehydrated under high vacuum for

20 hours; they were ground to a reasonably fine powder and radio-

analyzed by the method of Mahin and Lofberg (40). Duplicate

samples weighing about 50 mg were placed on the bottom of individual

counting vials and thoroughly wetted with 0.2 ml of 60 percent per-.

chioric acid. After the addition of 0. 2 ml of 30 percent hydrogen
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peroxide, the vials were tightly capped and warmed to 70 degrees C

for one hour in a water bath with a shaker attachment. The samples

were allowed to cool and then prepared for counting by adding 10 ml

of a 1:2 mixture of ethyleneglycol-monoethylether and toluene phos-

phor. The toluene phosphor solution was prepared by adding six

grams of 2, 5-diphenyloxazole (PPO) to a liter of toluene. Each sam-

pie was counted for ten minutes and quench corrected. The results

are shown in Table III.

14
Table 3. Radioactivity Balance Study with Glucose-i- C.

Microcuries Recovered Microcuries Percent
Injected Recovery

Fish CO Carcass Water Total

1 0.543 0.350 0.018 0.901 1.02 89

2 0.S84 0.543 0.010 1.087 1.02 106

3 0.572 0.411 0.015 0.998 1.02 98

4 0.488 0.480 0.012 0.980 1.02 96
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DATA AND DISCUSSION

Radioactivity Balance Study

In controls the percentage of radioactivity recovered in 24 hours

from C-i and C-2 of acetate was 98 and 70 percent, respectively.

From labelled bicarbonate 91 percent of the injected activity was

recovered in 24 hours. Over the same time period yields of 14CO2

from carbons 1, 2, 3(4) and 6 of 14C- labelled glucose were 53, 47,

66 and 56 percent, respectively. The recovery of at least 90 percent

of the injected activity as respiratory 14CO2 occurred only in the case

of C-i of acetate and of NaH'4CO3. Recovery from acetate- 2-14C

and from the labelled carbons in glucose was considerably less than

90 percent. The variability in the yields of labelled CO2 from the

different substrates raised the question of the adequacy of carbon

dioxide recovery. Hence the radioactivity remaining in the cichlids

which had been injected with glucose- 1-14C was measured. The

amount of radioactivity recovered from the fish carcasses, the water

in the respiration chamber, and as respiratory 14CO2 averaged 97

percent of injected radioactivity in the four experiments with glucose-

(Table 3). Fifty-three percent was recovered as 14CO2, 43

percent was recovered from the carcasses and about 1.5 percent

from the water. Since an average of 97 percent of injected activity
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14
w a s r e c o v e r e d, the activity measured as CO2 was con

sidered to represent quantitatively the portion of radiocarbon con.

verted to CO2.

Recovery of 14CO2 from Injected Substrates

In order to illustrate the respiratory 14CO2 recovery pattern

from each carbon of a given substrate over the time course of 24

hours, the data are presented graphically in terms of the average

percent of administered radioactivity recovered hourly. In general

the recovery of radiocarbon as respiratory CO2 was rapid during the

early phase of the experimental period. Yields per hour reached a

maximum within ten hours then declined to a low level by the end of

the test. The ascending portions of the curves presumably involve

substrate absorption and transport as well as the rate of catabolism

of the substrate. During the descending portion of the curves, pre-.

sumably absorption has been completed and the decreasing yields

represent the exhaustion of the labelled substrate through catabolism

and anabolism; in addition, there is a dilution of the labelled sub-

strate through continuous neogenesis and replacement of the substrate

initially injected by non-labelled substrate (58).

Without homeostatic replacement of the injected substrate and

with a unidirectional movement of the substrate, the recovery of

radioactivity would follow a simple logarithmic law:
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dq/dt = . Kq or Log q = Log q-Kt (1)

where dq/dt is the time rate of change of q, q is the remaining

radioactivity, q is the radioactivity initially administered and K

is the decrease in Log q per unit of time. The antilog of K gives

the rate of decay of radioactivity at any moment. Over a finite period

of time, equation I may be rewritten:

/q/Et = Kq. (2)

If Lq is chosen as one hour, then qIt is the fraction of q lost

in one hour, q is the quantity of radioactivity at the beginning of the

hour, and KA is the average rate of loss or the average fraction of

q lost per hour. A plot of Log q against time would give a straight

line with a negative slope. If the plot of Log q against time is not a

straight line, the interpretation of the curve of retention of Log q

vs time becomes complex.

Deviation of the depletion curve from linearity may be attributed

to at least three factors: 1) the fraction of remaining activity recovered

per hour as '4CO2 can be expected to increase in proportion to the

amount of radioactive substrate absorbed per hour if absorption is

still occurring, 2) if the substrate is being used in anabolic reactions,

the fraction recovered can be expected to decrease as the radioactive

carbons move beyond the influence of the labile pooi of which they

were a part, 3) if, as happens in stable biological steady states, the
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substrate is replaced essentially molecule by molecule for each mole-

cule destroyed, there will be a continual decrease in the concentration

of radioactive molecules due to replacement of lost radioactive

molecules by non-radioactive molecules as well as a decrease due to

radioactivity lost as 14CO2. All three of the factors may be operating

simultaneously.

To visualize the extent to which these factors affected the re-

covery of the labelled carbons as some of the data are pre-

sented in terms of the logarithm of the amount of radiocarbon remain-

ing in the fish over the experimental period. The residual values were

obtained by subtraction of the percentage recovered as '4CO2 from

100 percent which represents the amount of radioactivity injected.

Calculations were based on the assumption that the amount of radio-.

activity injected was 100 percent of the attempted amount. Various

errors in the measurement of weights, volumes or radioactivity are

possible. The relative interference of these errors on a percentage

or logarithmic basis will increase as the calculated remainder be-

comes less and less. Hence the log plots were terminated whenever

the calculated percentage of activity remaining in the fish reached a

level of around 10 percent since an initial error up to .± 8 percent of

the amount injected might occasionally have been expected in individual

experiments (See Table 3). As the errors could have been sometimes

positive and sometimes negative, the average expected error in the
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mean of the injected amounts would be much less than 2. percent.

Bicarbonate

Labelled CO2 administered as bicarbonatei4C was recovered

very rapidly and extensively (Figure 2). Over 50 percent of the ad.-

ministered activity of 0. 8 microcuries was recovered from controls

and from cichlids exposed to 0. 20 ppm KPCP within three hours.

After 18 hours 'CO2 could not be detected by the electrometer

system. The respective cumulative yields from controls and from

cichlids exposed to 0. 20 ppm of KPCP were 90 and 80 percent of in-

jected radioactivity. From the 1st to the 20th hour the mean hourly

yields from the KPCP-treated cichlids were less than that of the con-

trols. Although the differences between the mean yield for each hour

were not significant, the consistently lower recovery values for the

KPCP.-treated fish indicate that the difference in the overall recovery

of radioactive carbon was not due to chance. A sequence of ten meas-

ureably lower recovery percentages in the KPCP-poisoned fish as

compared with controls could be expected only once in a thousand

times by chance. The differences in the recovery curves are brought

out more clearly when the percent of injected activity recovered per

hour is divided by the activity remaining in the fish and this fractional

rate of disappearance of radioactivity is plotted against time (Figure

3).
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14The 24-hour CO2 yield of 91 percent from NaH'4CO3 was

relatively low compared with the yield of 98 percent from C-i of ace-

tate in control cichlids. As expected the rate of depletion of radio-

carbon derived from bicarbonate administered to control fish (Figure

4) was considerably faster than the depletion of radiocarbon derived

from C-i of acetate (Figure 8 ). The rate at which injected bicar-

bonate enters the pool of metabolically-derived bicarbonate depends

primarily upon its rate of absorption while the rate at which bicarbon-

ate from acetate enters the pool depends not only upon the absorption

rate of acetate but also upon the rate of acetate degradation.

The depletion curves also showed that the fraction of labelled

bicarbonate converted to 1'CO2 decreased more rapidly in each suc-

cessive hour than the fraction of C-i of acetate converted to 1
CO2.

Also that after 18 hours, labelled CO2 derived from bicarbonate

could not be detected although only 91 percent of the injected activity

was recovered. Failure to recover as much 14CO2 from injected bi-

carbonate as from injected acetate suggested that some of the injected

labelled bicarbonate became fixed.

Work by Irving and co-workers (21, 32) indicated that the source

of CO2 retention, noted in the present experiments with labelled bi-

carbonate, may have been bone. Irving and Chute (33) reported that

the ratio of phosphorus, calcium and carbon dioxide in bone changed

constantly. Carbon dioxide was more labile than either phsophorus
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Figure 4.Logarithmic curves of the percentage of radiocarbon remaining in control and KPCP-
treated cichlids after injection of Na}-114C0 . Note slower rate of radiocarbon depletion
and greater extent of bicarbonate conservati.nL in poisoned cichlids.



or calcium. The authors suggested that CO2 in bone may play a

prominant role in acid-base balance. On the basis of mammalian

data from Irving and Chute, the labile CO2 pool may undergo continu-

ous exchange with CO2 in bone. The pooi of CO2 may be considered

relatively non-labile and is known to contain some 10 to 20 times

the mass of CO2 found in the labile pool, viz., CO2 and NaHCO3 in

solution in tissue fluids. When radioactive bicarbonate was injected,

presumably the concentration of dissolved 14CO2 increased almost

instantly and considerable amounts may have disappeared into bone.

However the amount incorporated would have been only a small frac-

tion of the total. Hence there would be a relatively low rate of return

of the labelled carbon dioxide from bone to tissue carbon dioxide or

bicarbonate. Smaller and perhaps negligible quantities of labelled
14CO2 developing from the metabolism of acetate-i- C was incor-

porated into bone since 14CO2 presumably produced at a relatively

slow rate.

In cichlids exposed to 0. 20 ppm of KPCP depletion of radio car-

bon derived from labelled bicarbonate occurred more slowly than in

controls, and the fraction of radiocarbon delivered as 14CO2 in each

successive hour diminished more rapidly, reaching zero after 16

hours. Only 80 percent of the injected activity was recovered as

'4CO2. This suggested that much more radiocarbon was incorporated

into non-labile compounds in the presence of KPCP. The slower
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rate of depletion and the rapid decline in the fraction of remaining

activity recovered as labelled CO2 suggested an enhanced dilution

effect from greater carbon dioxide production in the poisoned cichlids.

Another possible explanation is that KPCP may have interfered with

respiratory gas exchange related to the movement of water through

the gills or to the circulation of the blood, thus partially arresting

the rate of CO2 removal from the cichlid. These effects of KPCP

would not be constant but would vary with time as the amount of

KPCP absorbed increased and further affected gas exchange or cir-

culation. Secondarily, cellular activities interfering with the actions

of KPCP and correcting the damage already done by the toxicant

would appear. Since the presence of KPCP appeared to increase the

rate of metabolism, there is a possibility that the resulting increase

in CO2 production could have upset the normal balance between bicar-

bonate and carbonic acid, causing the fish to become acidotic. Under

this condition conservation of bicarbonate could have aided in corn-

bating acidosis. The mechanisms by which the KPCP-induced alter-

ations in 14CO2 loss after administration of labelled bicarbonate

occur require additional investigation.

Acetate

In controls C-i of acetate was converted to '4CO2 more rapidly

and extensively than C-2 of acetate (Figure 5). For C-i the hourly
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yields increased to a maximum of 14 percent of injected activity and

gave rise to a cumulative 24-hour yield of 98 percent. The maximum

hourly yield from C- 2 was only eight percent and the cumulative yield

was 70 percent. Preferential conversion of C-i over C-2 to CO2

also occurred in the presence of 0. 20 ppm and 1.5 ppm KPCP (Fig

ures 6 and 7). However, at 1. 5 ppm the differences were markedly

reduced below the differences from controls and at 0. 20 ppm.

Preferential conversion of C-i over C-2 of acetate to CO2 is

considered presumptive evidence for the operation of the TCA cycle.

In studies with alligators, crayfish, pepper fruit and several species

of Pseudomonas, similar 'CO2 patterns were obtained after adminis-

tration of specifically-labelled '4C-acetate (3, 18, 41, 62). These

studies and the present one indicated that when acetate was utilized by

the TCA cycle, the methyl carbon was conserved. Theoretically,

preferential conservation of the methyl carbon over the carboxyl

carbon of acetate would be expected. Acetate is a key intermediate

in the degradation of glucose. Upon conversion to acetyl-CoA,

acetate may be involved in the formation of lipids or may be further

catabolized via the TCA cycle. Here it is important to note that lipid

formation would not account for the difference in the disposition of the

two acetate carbons since the process involves the acetate molecule.

Degradation of acetate via the TCA cycle produces CO2 from C-i

of acetate more rapidly and extensively than from C-Z since the
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former carbon initially occupies a carboxyl position in the molecular

structure of TCA intermediates and is thus located in a prime position

for conversion to CO2 upon decarboxylation of the intermediate. The

methyl carbon (C_2) initially takes an internal position and thus can-

not be converted to CO2 until molecular rearrangement of TCA inter-

mediate places it in a carboxyl position. Since the TCA cycle serves

not only as a respiratory route for converting acetyl.-CoA to CO2

and water, but also as a mechanism for the biosynthesis of a large

number of amino acids, the delay in the conversion of C-2 to CO2

would allow more of this carbon to be incorporated into amino acids

and other substrates.

The differences in the metabolic fates of C-i and C-2 of acetate

were shown quite clearly by the depletion curves in Figure 8 and 9.

It was apparent that the depletion curves for C- 1 and C- 2 from con-

trols (defined by open circles) followed different paths. The curve

for C-i had a greater slope and departed less from linearity than the

curve for C-2. Using the same reasoning used for the interpretation

of the depletion curves for bicarbonate, it seemed clear that more

C.. 2 of acetate left the catabolic route than C- 1.

The presence of 0. 20 ppm KPCP produced a delay in the appear-

ance of 14CO2 from C-i and C_2 in the expired air and a reduction in

the maximum hourly yields (Figures 10 and 11). The maximum yields

for one hour from each carbon were obtained two hours later than

those in controls and for C-i the maximum yield was 16 percent less
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than that for controls; for C...2 the maximum yield was 29 percent

less than controls. Over the 24-hour test period the cumulative

yield from C-i was 95 percent and from C-a, 68 percent. Yields

from both carbons were very similar to the respective yields from

controls (Table 4 ),

Table 4. CurnulaUve Yields of 14CO2 Recovered from NaH14CO3 and Specifically-labelled
Acetate- 14C injected into Contro]s + KPCP-treaed Cichlids. (Percent of Injected
Radioactivity)

Hours
Control

C-i C- 2
0.20 ppm

C-i C,- 2

1. 50 ppm
C-i c- 2

ACETATE

5 49 28 39 16 72 63

10 77 50 75 41 93 88

15 89 60 88 56 99 95

20 95 66 93 63 101 97

24 98 70 95 68 102 98

}ours Control 0. 20 ppm

SODIUM BICARBONATE

5 77 70

10 88 78

15 90 80

20 91 80

24 9j 80
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Cichlids exposed to 1. 5 ppm KPCF exhibited a marked increase

in the rate of recovery of both acetate carbons (Figures 10 nd 11). The

magnitude of effect was greater with C.. 2 than with C- 1. The maximum

hourly yield from C- 1 was 41 percent greater than the maximum hourly

yield from controls, but from C-Z the maximum hourly yield was 100

percent greater. The differences in effect resulted in the relative

'4co2 recovery pattern shown in Figure 7. The cumulative 24-hour

yields from C-i and C-2 were 102 and 98 percent, respectively.

At 0. 20 ppm KPCP the delay in the appearance of '4CO2 from

the acetate carbons could have been due to one or more of several

factors, each of which would require verification before a proper

explanation can be made. It was apparent that the presence of this

concentration of KPCP altered the rate of recovery of 14CO2 from

acetate without significantly altering the extent over 24 hours. The

data suggested that KPCP may have reduced the rate of acetate absorp-

tion from the peritoneal cavity or the rate of acetate transport into

the mitochondria. It is also poss.b1e that KPCP may have had a dual

effect upon the rate of acetate turnover in cichlids, reducing the rate

at low concentrations and increasing it at higher levels. Interpretation

of the acetate data was made rmre complex by the fact that the chemical

mass of injected acetate exceeded the estimated tissue level about ten-

fold. The actual effect of such a large increase in the level of acetate

cannot be determined from examination of the present data. However,



it appears that the fish were able to readily metabolize the excess,

very likely without enzyme saturation as evidenced by the sharp peaks

in the recovery curves. The mechanism that would account for the
14lower percentage of CO2 delivery during the first few hours after

the cichlids were exposed to 0. 20 ppm KPCP cannot be ascertained

from the data on hand.

With cichlids exposed to 1.5 ppm KPCP the utilization of the

TCA cycle as respiratory mechanism rather than as a route for

biosynthesis seems evident. This is shown by the very extensive

conversion of C-2 of acetate to 14CO2. Whereas the ratio of the

24-hour cumulative yields from C-2 and C-i at 0 and 0. 20 ppm KPCP

was 0.71 and 0.72, respectively, the C-2/C-1 ratio from cichlids

exposed to 1.5 ppm KPCP was 0.95. The fact that the logarithmic

curves shown in Figures 10 and ii are essentially linear for cichlids

exposed to 1. 5 ppm (open triangles) indicate that the conversion of

C-i and C-2 of acetate to CO2 depended almost entirely upon the

rate of catabolsim.

Glucose

The positions of the labelled carbons within the glucose

molecule are as foUows:

1 2 3 4 5 6
0 - - - - CHzOH



Specifically-labelled glucose is commercially available with radio-

active carbons in the 1, 2, 3, 3(4) or 6 positions. Glucose-3(4)4C

is a mixture of glucose molecules labelled in the 3 or the 4 position

or in both positions. The percentage of each labelled carbon is iso-

topically equal. All of the available types except glucose- 3'4C were

used in this study.

In controls the conversion of the individual glucose carbons to

'4co2 occurred at different rates (Figure 12). The differences among

the rates were most marked during the first five hours. During this

period of time the recovery of '4CO2 derived from C-3(4) exceeded

that from any other glucose carbon. At the same time the recovery

from C-i was greater than that from C-6 and the recovery from C-2

was the lowest. At the end of 24 hours the respective cumulative

yields from C-in C-2, C-3(4) and C-6 were 53, 47, 66 and 56 percent

of injected radioactivity (Table 5).

Since absorption involves the entire glucose molecule, the dif-

ferences in the rate and extent at which the individual carbons of

glucose were converted to carbon dioxide must be attributed to the

differences in the history or the fate of the six skeletal carbons.

The implications are that glucose may have been catabolized via

several sets of reactions sequences, each metabolizing glucose at

a different rate and converting the individual carbons to carbon

dioxide at different times. There are several known metabolic
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Table 5. Cumulative Yields of '4CO2 Recovered from Specifically-
labelled Glucose-'4C Injected into Controls and KPCP-
treated Cichlids. (Percent of Injected Activity).

Hours C-i C-2 C-3(4) C-6

CONTROL

5 12 5 15 8

10 29 19 35 26

15 41 31 50 40

20 49 41 6i 50

24 53 47 66 56

0. 20 PPM KPCP
5 10 7 19 9

10 30 25 44 26

15 44 39 61 40

20 52 50 73 50

24 57 56 80 56

1.50 PPM KPCP
5 20 21 37 17

10 46 50 67 46

15 62 68 83 67

20 74 82 94 81

24 81 90 100 88
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pathways by which decarboxylation of glucose derivatives leads to the

formation of carbon dioxide from different carbons of the original

glucose molecule. Using this information, Wang and co-workers (59)

introduced the radiorespirometric method. According to the authors

pathways involved in glucose degradation can be identified and in

some cases compared quantitatively by comparing the rate and extent

of conversion of specifically-labelled glucose-'4C to '4CO2. Analy-

sis of the data obtained from control cichlids by this method revealed

that cichlids normally catabolize glucose primarily by way of the

Embden-Meyerhof.Parnas (EMP) pathway and to a lesser extent via

the pentose phosphate (PP) pathway and the glucuronic acid (GA)

pathway.

The EMP pathway is a sequence of reactions which converts

one mole of glucose to two moles of pyruvate. It is probably the

most important pathway involved in the degradation of glucose and

with the TCA cycle comprises the most important system providing

energy for biological work.

The PP pathway converts glucose-6-phosphate to phosphoglu-

conate which in turn is converted to pentose phosphate and ultimately

to fructose-6phosphate. Fructose-6-phosphate may then enter the

EMP pathway for further degradation. Although this pathway gener-

ates ATP, it is generally considered to function more importantly

in biosynthesis, particularly of nucleic acids and nucleotides (58).
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It also serves as a source of reduced NADP which is essential in

several reactions in fatty acid and steroid synthesis (27).

Glucose-6-phosphate may be converted to pentose phosphate

via formation of glucuronic acid. The reactions responsible for this

process comprise the glucuronic acid (GA) pathway which has been

worked out in detail by Eisenberg and associates (20). Pentose phos-

phates formed via the GA pathway may be converted to fructose-6-

phosphate by way of the PP pathway. The GA pathway serves as a

route for the synthesis of ascorbic acid in some organisms and is

not considered an important mechanism for the generation of energy

:

According to Wang and co-workers (61) the cumulative yields of

'4co2, derived from the individual carbons of glucose metabolized

via the EMP-TCA pathway alone, should follow the order: C-3 =

C-4> C_2 C-5 > C.i C-6, or in terms of the specifically-labelled

carbons used in this study : C-3(4)> C-2> C-i = C-6. The inequali-

ties develop primarily from drainage of glucose metabolites into non-

catabolic cellular constituents. If the data on the rate or extent of

recovery do not meet this order, other pathways or mechanisms

involved in glucose degradation must exist.

The primary end-product of the EMP pathway is pyruvic acid.

Glucose carbons are conserved via this route. Each mole of glucose

forms two moles of pyruvic acid and no carbon dioxide is produced.
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Carbons 1, 2, and 3 of glucose become carbons 3, 2, and 1 of pyru-

vate and carbons 4, 5, and 6 of glucose become carbons 1, 2, and 3

of pyruvate. Pyruvate, derived from glucose, is oxidatively decar-

boxylated, forming acetyl- CoA and carbon dioxide. The two moles

of carbon dioxide derived from two moles of pyruvate are made from

C-3 and C-4 of the original glucose molecule. Carbons 2 and 5 of

glucose become the carboxyl carbons of acetyl-CoA and carbons 1

and 6 the methyl carbons of acetylCoA. Note that the respective

carbon pairs, C- 2 and C-5 from glucose, will be converted to carbon

dioxide a s C- 1 o f acetyl- CoA and the carbon pairs, C- 1 and c-6

of glucose, .a s C-2 o-f acetyl-CoA. The relationship and inter-

change of glucose carbons to the carbons of pyruvate and acetyl-CoA

(shown as acetate) are given below. The numbers representing

carbons derived from glucose are shown to the left of each skeletal

structure and the conventional numbering for the carbons of each

compound is shown on the right.

CHO (1)

C (2)

C (3)

C (4)

C (5)

CH2OH (6)

Gluco s e

(1)CH3 (3)

(2)C (2)

(3)COOH (1)

(4)COOH (1)

(2)

(6)CH3 (3)

Pyruvate

(1) CH3

(2) COOH

(2)

(1)

(5) COOH (1)

(6) CH3 (2)

Acetate
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Degradation of acetyl-CoA, from the EMP pathway, via the TCA

cycle gives an equal production of CO2 from C-2 and C-5 of glucose,

followed by a lower, but again equal production of CO2 from C- 1 and

C-6. The acetyl-CoA carboxyl position, taken by carbons 2 and 5 of

glucose, allows formation of CO2 from these carbons to be more

rapid and extensive than the formation of CO2 from carbons 1 and 6

of glucose since the latter will initially occupy internal molecular

positions in the various TCA intermediates and will thus more readily

be lost via biosynthetic pathways associated with the TCA cycle.

Complete recovery of glucose carbons as CO2 via the EMP-TCA

pathway is rare because of biosynthetic reactions such as the forma-

tion of glycogen from glucose, lipids from acetyl-CoA and certain

amino acids from a number of TCA intermediates. The formation

of lipids from acetyl-CoA would provide a smaller recovery of

activity from glucose labelled on carbons 2 and 5 than from glucose

labelled on carbons 3 or 4. Anabolism involving 4 or 5-carbon TCA

intermediates would lead to a smaller recovery of activity from glu-

cose labelled on carbons 1 or 6.

The rapid and extensive recovery of C-3(4) as 14CO2 from con-

trol cichlids, above the recovery from C- 1, C- 2 or C-6 of glucose,

identified the EMP pathway as the major route of glucose degradation.

The preferential conversion of C-3(4) to CO2, presumably by decar.

boxylation of pyruvate, has been observed in a number of



microorganisms, the pepper fruit, the American cockroach, cray-

fish, and rats (18, 41, 46, 61, 63).

The relative yields of 14CO2 from Ci, C-2 and C-6 of glucose

deviated from that expected on the assumption of exclusive utilization

of the EMP and TCA pathways. Conversion to 14CO2 was greater

from labelled C-i and C-6 than from labelled C-2 of glucose. Fur-

ther the amounts of '4CO2 derived from labelled C-i and c-6 were

not equal.

A metaboiic reaction which leads to a relatively prompt forma-

tion of CO2 from C-i of glucose is the decarboxylation of phospho-

gluconate va the pentose phosphate pathway. The scheme for this

mechanism is as follows:

1 CHO

2 HCOH

3 HOCH

4 HCOH

5 HOH

6 CH2OH

1 COOH

2 HCOH

3 HOCH

4 HCOH

5 HOH

6 CH2OP

2 CH2OH

3 C=O

4 HCOH+1 CO2

S HCOH

6 CH2OP

Gluco se-. 6- pho sphate 6- pho spho gluconate Ribulo Se- 5-phosphate

The greater recovery of activity as '4CO2 from labelled C- 1

than from labelled C2 of glucose was considered presumptive evi-

dence of the presence of the PP pathway. More direct evidence for
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the presence of the PP pathway was obtained by injecting gluconate- 1-

into two cichlids. After 24 hours, yields of 41 and 53 percent of

injected activity were obtained. According to Gunsalus and co-

workers (26) the conversion of glucose to gluconate is essentiallyir-

reversible. Unless fish are unique by possessing a pathway other

than the PP pathway for the utilization of gluconate, the relatively
14 14extensive yields of CO2 from injected gluconate-.1- C were thus

considered as additional evidence for the PP pathway in cichlids.

Preferential conversion of C-6 over C-2 to CO2 suggested

that cichlids may possess an active mechanism for trioserecombi-

nation resulting in the randomization of C-6 to the C- 1 position. How-

ever, the delay in the appearance of the maximum hourly yield of

from C-6 of glucose placed doubt upon the extensive operation

of this mechanism if present. It is more likely that c-6 of glucose

was converted to CO2 via the glucuronic acid pathway. The scheme

for this mechanism is as follows:

1 CHO 1 CHO 6 COOH

2 HiOH 2 HCOH 5 HOH 5 CH OH

I

3 HOCH 3
I

HOCH 4 HOCH 4 =0
I inversion

4 HCOH 4 HCOH 3 HCOH 3 HfOH

5 HCOH 5 HCOH 2 HOCH 2 HOH

6 tH2O? 6 JOOH 1 CH2OH 1 CH2OH

Glucose- 6- Glucurouic Guloic Xylulose
phosphate Acid Acid

+6 CO2



Yields of 85 and 94 percent of injected activity as were

obtained within 24 hours from two cichlids injected with glucuronate-

64C. According to Burns and coworkers (12), the conversion of

glucose to glucuronate is an irreversible reaction. Presumably

glucuronate can be metabolized only if the glucuronic acid pathway

is present, Hence the high recovery of 14CO2 from glucuronate-6

as well as the greater recovery of 14CO2 from C-6 of glucose

than from C-2 of glucose were considered evidence for the presence

of the GA pathway in cichlids.
14 14Recovery of 66 percent of glucose- 3(4) C as CO2 from

controls in 24 hours indicated that about 34 percent of the injected

radioactivity was left in the fish. This residual amount could have

represented, in part, injected glucose which had been routed through

the PP and GA pathways where carbons 3 and 4 would have been sub-

ject to dilution and loss via biosynthetic and exchange reactions, It

also could have represented, in parts injected glucose which had not

been utilized or glucose which had become engaged in anabolism such

as in the formation of glucogen. Finally it could have represented,

in part, C-3(4)-derived 14CO2 still circulating, but much too diluted

by non-labelled carbon dioxide to be detected by the electrometer

system or a decrease in thespecific activity of labelled glucose

and its derivatives due to the presence of non-Labelled counterparts.

That one or more of these factors may have affected the extent of
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recovery of all labelled glucose carbons was indicated by the decreas-.

ing rate of radiocarbon depletion shown by the log curves in Figure 13.

Recovery of 66 percent from C-3(4) of glucose was also indica-

tive of the fraction of glucose converted to acetyl-CoA. If acetyl-CoA

derived via the EMP pathway were completely oxidized after entering

the TCA cycle, one would expect a recovery of about 66 percent from

glucose- 2..14C since the carboyl carbon (C-l) of acetyl-CoA would

be derived from C-2 of glucose. However, only 47 percent was

recovered from C.-2 of glucose. It thus appeared that after glucose

was converted to acetyl-CoA, a considerable amount of C-2 and pos

sibly C-i, C-5 and C-6 may have been engaged in biosynthetic or

exchange reactions.

Note that the data from control cichlids injected with acetate-i-.

indicated that very little of C-i of acetate was involved in such

side reactions. This suggested that injected acetate was metabolized

differently than acetyl-CoA derived from glucose traversing the EMP

pathway.

The presence of 0. 20 ppm KPCP altered the rate of conversion

of all glucose carbons to carbon dioxide. The percentages of injected

activity recovered per hour from each carbon are shown in Figure 14.

The relationship among the initial rates of 14CO2 recovery from the

individual carbons remained the same as that found in controls, i. e.,

C-3(4)> C-i > C_6> C-2. However, the initial rate of recovery from
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C-3(4), relative to that from the other labelled carbons, was in-

creased while the differences among the initial rates of recovery

from C-1, C-2, and C-6 were decreased. This trend was magnified

with time so that at the end of the 24.-hour experiments, the percent-

age yield from C.-3(4) was markedly greater than that from any other

glucose carbon and the percentage yield from C-i, C-2 and C6 were

essentially equal (Table 5).

The events leading to this pattern of '4CO2 recovery were

shown more clearly by examining the effects of 0. 20 ppm KPCP on

the recovery of from the individual carbons. KPCP-induced

alterations in the conversion of C-i to 1CO2 are shown in Figure

15. During the first four hours, less labelled carbon dioxide was

recovered from cichlids exposed to 0. 20 ppm KPCP than from con-

trols. However, from the 5th to the 24th hour the hourly yields from

the poisoned cichlids were greater than those from controls. As a

result the cumulative 24-hour yield from the poisoned fish was slightly

greater than that from controls.

With C.-6 of glucose the presence of 0. 20 ppm KPCP increased

its rate of recovery during the first four hours (Figure 16). From

the fifth hour on, the hourly yields from C-6 from the poisoned cich-

lids appeared slightly less than the hourly yields from controls.

In spite of these alterations, equal amounts of '4CO2 were recovered

from controls and from cichlids exposed to 0. 20 ppm KPCP.
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The effects of 0. 20 ppm KPCP upon the conversion of C-2 and

C-3(4) to are illustrated by the recovery curves in Figures

17 and 18. Exposure of the cichlids to this concentration of the toxi-

cant markedly increased the hourly yields of from both car-

bons. The 24-hour cumulative yield from C- 2 increased from 47 to

56 percent. From C-3(4) the cumulative yield increased from 66 to

80 percent.

The marked increase in the rate and extent of conversion of

C-3(4) to suggested that a considerably larger amount of

labelled glucose was catabolized via the EMP pathway in cichlids

exposed to 0. 20 ppm KPCP. The increase in the recovery of '4CO2

from C-Z of glucose suggested that the molecules of acetyl-CoA,

derived by way of the decarboxylation of pyruvate, were oxidized

more rapidly and extensively upon entering the TCA cycle.

Besides indicating more rapid and extensive glucose degrada-

tion via the EMP pathway, the higher yield from C-3(4) also indicated

that before glucose was converted to acetyl-CoA, a smaller fraction

of C-3(4) was engaged in side processes than in controls. These two

events would naturally be related; however, it was interesting to find

that the ratios of the yields of '4CO2 from C-Z and C3(4) from con-

trols and from cichlids exposed to 0. ZO ppm KPCP were 0. 71 and

0. 70, respectively. The similarity of the ratios suggested that after

glucose was converted into acetyl-CoA, the proportion of glucose
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carbons involved in biosynthesis and other processes was not altered.

The depletion curves in Figure 19 showed that after the initial

absorption phase, the curve for C-3(4) of glucose was essentially

linear. This suggested that the degradation of labelled glucose by

way of the EMP pathway was dependent primarily upon the rate of

glucose turnover through the EMP pathway and that non-catabolic and

dilution factors had little if any effect upon the conversion of labelled

C-3(4) to If the same applied to the formation of from

C-2 of glucose, the depletion curve for C-2 should have also been

linear. However, the curve showed that the rate of depletion of C- 2

decreased with time, thus suggesting the influence of other factors.

Interpretation of the alterations in the recovery curves for C-1

and C-6 was more difficult. Presumably the recovery curve for C-1

represented the amount of '4CO2 derived by way of the PP and the

EMP-TCA pathways and the recovery curve for C-6 represented

the amount of CO2 derived by way of the GA and the EMP-TCA

pathways. Since two pathways may simultaneously give rise to

from C-1 or C-6, there was no way to distinguish from the respec-.

tive curves for C- 1 or C-6 whether the alterations were due to effects

on the PP, the GA or the EMP-TCA pathways. However, a compari-

son of the relationship between the respective recovery curves for

C-1 and C-6 with the curve for C-2, led to a reasonable suggestion

as to which pathway had been altered.
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Presumably the recovery curve for C-2 represented 14CO2

derived from C-.2 of glucose by way of the TCA cycle alone. The

scheme presented earlier for the relative recovery pattern for each

carbon of glucose called for the rate and extent of recovery from

C-1 and c-6 to be less than that from C-2 when glucose is catabolized

only by way of the EMP- TCA pathway. Evidence for the presence of

the minor pathways was obtained by noting that the rate and extent of

recovery from C-i and C-6 exceeded that from C-2. The higher

rate of recovery from C-i and c-6 was evident during the first few

hours after administration of the labelled glucose. This presumably

represented the relativelyprompt conversion of C-i and C-6 to car-

bon dioxide by way of the PP and the GA pathways, respectively. It

is thus conceivable that the early decrease in the recovery from C-i

may have reflected a delay in the conversion of glucose to pentose or

a reduction in the amount of glucose traversing the PP pathway,

Similarly, the increase in the early recovery from C-6 may have

reflected enhancement of the rate of pentose formation from glucose

or an increase in the amount of glucose catabolized via the GA path-

way.

When cichlids were exposed to 1. 5 ppm KPCP therate and

extent of recovery of 'CO2 from all labelled carbons of glucose

were strikingly enhanced (Figure 15 to 18). As observed in cichlids

exposed to 0. 20 ppm KPCP, the increase in the radiochemical
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recovery of carbon dioxide was most marked from C-2 and C3(4).

The maximum rates of recovery (yields per hour at peak) from C-i

and C-6 were greater by 72 and 75 percent respectively, than the

maximum rates for thecorresponding carbons in controls. However

the maximum rates from C-2 and C_3(4) were139 and 132 percent

higher. The respective 24-hour cumulative yields from C-i, C-2,

C-3(4) and C-6 were 81, 90, 100 and 88 percent.

The relative rate and extent of recovery of 14CO2 from the mdi-

vidual carbons of glucose from cichlids exposed to 1. 5 ppm KPCP

indicated that the EMP- TCA system may have been used exclusively

since the relative order of recovery was C-3(4)> C-2> C-i or C-6

(Figure 20). However, although the initial recovery from C-i and

C-6 of glucose was less than the initial recovery from C-2, the dif-

ference was very slight. This suggested the involvement of the PP

and GA pathways since exclusive utilization of the EMP- TCA pathway

calls for a considerably higher rate of recovery from C-2 than from

C-i or C-6. IdentUication of the minor pathways was made.difficult

since it appeared that the conversion of all glucose carbons to car-

bon dioxide in cichiids exposed to 1.5 ppm KPCP was dependent al-

most entirely upon the rate of glucose degradation and the time that

each carbon was converted to carbon dioxide along the catabolic

sequence of reactions. The influence of non-catabolic processes

appeared to be relatively minor. The value of 0. 90 for the ratio of
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the respective 24-hour cumulative yields from C-2 and from C-3(4)

suggested that a considerably higher percentage of acetyl-CoA,

derived from glucose in the poisoned fish, was oxidized rather than

converted into lipids and that only a small amount of the carboxyl

carbon of acetyl-CoA was involved in biosynthetic or exchange reac-

tions related to the TCA cycle. Further the curves in Figure 21

showed that the rate of radiocarbon depletion did not diminish, but

increased with time. The increase in the depletion rate was probably

due to a time-related accumulation of KPCP in the cich].ids. Thus,

within the TCA cycle it was conceivable that a reduction in non-

catabolic activities and an increase in catabolic activities could have

caused the rate and extent of recovery from C-i and C-6 of glucose

to approach that from C-2. Whetheror not the catabolism of glucose

occurred by way of the PP or the GA pathways in cichlids exposed to

1.5 ppm KPCP may thus be questioned. A closer examination of the

data in Table 5 (to be discussed later) indicated that in the early

period of intoxication, both pathways were in operation and were

being utilized. Later very little glucose traversed the PP pathway

and somewhat larger amounts moved through the GA pathway.

Pathway Estimation

At present there is no method by which the relative amount of

glucose catabolizeci by each of three concurrently-operating pathways
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can be estimated precisely from data obtained from single-dose experi-

ments of the type used in this study. However, reasonable estimates

can be made. The estimates presented support and are consistent

with the qualitative statements made earlier about the effects of KPCP

upon the catabolism of glucose in cichlid fish.

The principal difficulty in assessing the relative contribution of
14

each pathway to glucose catabolism from the yields of CO2 from

the individual carbons of glucose is that the yield from each carbon

is possibly made up of three components. These are the yield from

the EMP- TCA pathway, the yield from the PP pathway and the yield

from the GA pathway. This is true since reconstructed hexoses

derived from the degradation of glucose via the PP pathway and via

thecombination of the GA and PP pathways may possibly be recycled

through the PP or the GA pathway. If glucose enters the PP pathway,

C1 would be converted to CO2 promptly and C-2 of the original glu

cose molecule would then be located on the C-i position of the recon-

structed hexose, be it fructose or glucose. Recycling of the hexose

through the PP pathway would then give rise to the formation of

CO2 from C-2 of the original glucose molecule. Carbon-3 of glucose

would be converted to CO2 on the third time around. Thus all of the

14CO2 obtained from C-2 or C-3 of glucose need not necessarily come

from the EM?- TCA pathway. Also the reconstructed hexose could

enter the EMP- TCA pathway directly and thereby give rise to the
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formation of CO2 from all glucose cärbors.

According to Dr, C. H. Wang (Oregon State University), who

was one of the first to discover and develop the use of '4CO2 pattern

analysis or radiorespiromefry for the identification and estimation

of the relative participation of catabolic pathways for carbohydrates,

the net contribution of some of the pathways to the observed yields of

14co2 from some of the glucose carbons may be considered very

small. Thus in the calculation of first estimates of relative pathway

participation, it is necessary to consider only those pathways which

contribute most significantly to the cumulative yield of 14CO2 from

each glucose carbon.

The EMP-TCA pathway has been established as the single major
14route for glucose catabolism in cichlid fish; more CO2 was derived

from labelled C-3(4) of glucose than from C-i, C-2 or C6. Hence

a significant fraction of the observed cumulative yields from each

carbon of glucose would be derived from this pathway. All glucose

molecules rüted through the PP pathway undergo a relatively prompt

1-5 cleavage resulting in the formation of CO2 from C-i. Before

the formation of pentose phosphate, there is no drainage of hexose

derivatives of glucose. Hence the PP pathway would contribute a

considerable fraction of 14CO2 derived from C-i of glucose. The

conversion of c-6 of glucose to CO via the GA pathway is also

relatively prompt and the drainage of six-carbon derivatives such as
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ascorbic acid, glucuronic acid or gulonic acid is generally considered

to be very small. Thus the GA pathway could contribute significantly

to the yield of from C-6 of glucose.

The pentose derived by way of the PP pathway become involved

in a long series of reactions, some of which are biosynthetic or ex-

change types which could markedly reduce the amount of labelled

glucose derivatives reconverted into hexose and again be able to enter

the EMP pathway or recycle through the PP pathway. The pentoses

derived by way of the GA pathway are further metabolized via the PP

pathway and are thus subject to the same fate as those derived via

the PP pathway.

The net contribution of the PP pathway to the yield from C-.6

and the net contribution of the GA pathway to the yield from C- 1 can

be considered negligible. Likewise the GA and PP pathways can only

contribute negligible amounts of 14CO2 from C-2 and from C-3(4) of

glucose. Although the data indicated that about 20 percent of the in-

jected glucose enters the PP pathway (details to be given later), the

amount of drainage of glucose metabolites into synthetic and other

pathways as well as the complexities of the pathways involved in

reconversion of pentose to fructose or to glucose indicated that only

minor quantities of C-2 or C-.3(4) could have been involved in a second

trip through the EMP, PP or GA pathways, Thus the observed yields

from C-i can be considered to have been derived primarily by way of



the EMP-TCA and the PP pathways; the yield from C-6, via the EMP.

TCA and the GA pathways; and the yield from C-2 and C-3(4), via the

EMP- TCA pathway.

in order to estimate the net contribution of the EMP-TCA path-

way to the observed yields from C-i and c6, the yields from C-i

and C-Z of acetate were used as a reference on the assumption that

the conversion of acetate carbons to CO2 via the TCA cycle simulated

that of glucose-derived acetyl-CoA. The methyl carbon (C-Z) of

acetyl-CoA derived from the degradation of glucose via the EMP path-

way is equivalent to C-i or c-6 of glucose and the carboxyl carbon

(C-i) of acetyi-CoA is equivalent to C-2 or C-5. Hence, the yield

from C-i of acetate should be proportional, to the yield from C-Z or

C-5 of glucose and the yield from C-Z of acetate should be proportional

to the yield from C... 1 or C-6 of glucose. It was recognized that in-

jected acetate may not have been metabolized like acetyl-CoA; how-

ever, it is conceivable that once acetate was converted to acetyl-

CoA, its metabolic fate would have been no diUerent from that of

acetyl-CoA derived from glucose.

To obtain estimates of over-all pathway participatipn, the cumu-

lative yields of 14CO2 observed at the end of the time course for

complete substrate utilization (i. e,, the originally labelled substrate

is no longer present with a label but the labelled carbon atom may

have moved and be present in other compounds) have been found to
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This is so because the net effects

of each pathway can be established only after all of the injected glu-

cose destined to be catabolized via each pathway have yielded '4CO

and because the catabolism of glucose may proceed at different rates

via the various pathways. It has been shown that the ratio of the

yields of 14CO2 from the individual carbons of glucose change signi-

ficantly during the early phase of glucose utilization but become stable

after a period of time. Thus in a study on the catabolism of glucose

by Bacillus subtilus (60), it was demonstrated that the apparent rela-

tive participation of the two catabolic pathways in this organism

changed remarkably during the early phase of substrate utilization,

but became stable after the administered glucose was in essence

completely utilized. Thus use of yields before complete substrate

utilization may produce a distorted view of the over-all utilization of

the various pathways for glucose catabolism.

Three approximations are presented for the fraction of labelled

glucose catabolized via the three pathways (Table 6). The first was

based on the assumption that the observed cumulative yield from

C-3(4) represented the percentage of labelled glucose catabolized

exclusively via the EMP pathway. It was noted however, that the

sum of the fractions of glucose traversing each pathway exceeded 100

percent when this assumption was used. Thus a second approximation

was made. The second approximation was based on the assumption



that since the experimental fish were starved for 48 to 72 hours,

virtually all of the injected glucose was utilized. It was also based

upon the hypothesis that the estimated fraction of glucose traversing

only the EMP pathway may have been too high when calculated from

the cumulative yield from C-3(4),

Table 6, Relative Percent Participation of Pathways for the Catabolism of Glucose in Controls
and in Cichlids Exposed to KPCP.

First Approximation Second Approximation Third Approxirnation
PPM KPCP PPM KPCP PPM KPCP

0 0.20 i, so 0 0.20 1.50 0 0.20 1.50

EMP 66 (62) 80 (71) 100 (98) 58 67 98 58 67 83

PP 20 (18) 17 (15) 0 (0) 20 17 0 20 17 3

GA 22 (20) 16 (14) 2 ( 2) 22 16 2 22 16 11

Reconstructed hexoses may be derived from pentoses develop-

ing from the degradation of glucose by way of the PP pathway alone.

They may also be formed from GA pathway-derived pentoses which

had traversed the PP pathway. The carbons of the reconstructed

hexoses, derived by way of the PP pathway only, would be numbered

in the following manner with respect to the original glucose molecule

232456 233456
OHC- C- C- C-.C- CH2OH and OHC.- C-C- C- C- CH2OH.

Pentoses derived by way of the GA pathway and further metabolized

via the PP pathway form reconstructed hexoses with carbons



numbered in the following manner:
121345 122345

OHC- C-. C- C-. C-. CH2OH and OHC-. C-. C-. C-. C-. CH2OH

Since the EMP pathway is the single dominant route for glucose

catabolism, it is highly likely that these reconstructed hexoses

entered the EMP pathway rather than recycled through the PP path-.

way. Since an estimated 42 percent of the injected glucose was

routed through the minor pathways, the reformed hexoses could have

given rise to some 14CO2 derived especially from C-.2, C-3 and C-.4

of glucose when pyruvate formed from these hexoses was decarboxy-

lated. Another net effect of the formation of reconstructed hexoses

is that more than 100 percent of the number of labelled hexose mole-.

cules injected were available to traverse the three pathways If the

values in the first approximation are reduced proportionally to a

total of 100 percent, the first approximation may possibly give the

best values of the relative use of the three pathways. The reduced

values are given in parentheses under the first approximation in

Table 6.

Let,

The first approximation was calculated as follows:

Gp the percentage of glucose catabolized via the PP pathway

Ga the percentage of glucose catabolized via the GA pathway

Ge = the percentage of glucose catabolized via the EMP pathway



R = the net contribution of the TCA cycle to the respective
yields from C1 and C-.6 of glucose.

The percentage R was calculated from the proportion:

Then,

Yield from C-i of acetate Yield from C.Z of glucose
Yield from C-. Z of acetate R

Yield from C-.l of glucose - R Gp

Yield from c6 of glucose - R = Ga

Yield from C..3(4) of glucose = Ge

For the second approximation the estimate for the EMP pathway was

obtained by subtracting the sum, Gp + Ga, from 100 percent Both

approximations are presented in Table 6.

Although the estimates listed as first and second approximations

support earlier statements regarding the effect of KPCP upon the

utilization of the various pathways for the catabolism of glucose,

the estimates for the percentage of glucosecatabolized by way of

the three pathways in cichlids exposed to 1.5 ppm KPCP should be

qualified. An important and basic assumption applying to all scien-

tific experimentation is that the test substance or subject will not

differ from the standard or control until the test has begun. Thus,

with cichlids exposed to 1, 5 ppm KPCP all pathways involved in glu-

cose metabolism must have been operating normally prior to expo-.

sure of the fish to the toxicant. Unless the action of KPCP was im-

mediate and maximal once the fish were placed into the solution



containing KPCP, the pathways should have been operating to some

extent for some time following initial exposure even if total inter-

ference developed subsequently.

If the conversion of C1 of glucose to CO2 via the TCA cycle

occurs at an equal. rate and to the same extent as that of C6 of glu-

cose, any inequality in the rate or extent of CO2 formation from

these two carbons must be taken as evidence of the existence of some

other pathway or mechanism that would favor the conversion of one

over the other. The otherpossible explanation is that there was no

statistically significant difference among the parameters measured.

The yields from C-i exceeded those of C-6 until the tenth hour after

which the yields from C-6 exceeded those from C-i. This was the

same pattern observed in controls except that the cross-over in con-

trols did not occur until the 16th hour. In both cases the data sug-

gested that it required more time for glucose to be converted to pen.-

tose via the GA pathway than via the PP pathway. The maximum dif-

ference between the yields from C-i and c-6 before the 10th hour

was three percent. Thus if the GA pathway were in fact catabolizing

glucose during this time, at least three percent more glucose must

have been routed through the PP pathway. However the first and

second estimates indicated that no glucose was routed through the

PP pathway in cichlids exposed to 1.5 ppm KPCP. The estimates

were thus contrary to the available information and required revision.



The revised estimates are thus given as third approximations of the

relative fraction of glucose traversing the three pathways.

Some lack of precision can develop from the use of cumulative

yields for the estimation of the relative participation of three

concurrently-operating pathways. The estimates provide only an

approximation of the distribution of glucose through the three path-

ways in normal and in KPCP-treated cichilds. Whether one is deal-

ing with an organism with a two or three pathway system, the esti-.

mates of relative pathway participation, calculated from

yields obtained before complete substrate utilization, do not permit

an accurate, quantitative evaluation of the effects of a biologically-

active compound such as KFCP while it is being absorbed or being

transported to its sites of action. However, data from single-

dose experiments can give a valuable first approximation of the inten-

sity of the effect of a bi.ologically. active compound on metabolic

processes, certainly areas requiring further exploration are exposed.
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SUMMARY

The effects of 0. 20 and 1.5 ppm KPCP upon the catabolism of

carbohydrate in the cichlid fish, Cichiasorna bimaculatum, were

investigated by measuring the rate of extent of recovery of respira-
14 14tory CO2 from specifically-labelled acetate- and glucose- C. In

addition a study was made to determine the effects of 0, 20 ppm KPCP

upon the delivery of 14CO2 in the expired air in cichlids injected with

NaH'4C0
3

To determine the adequacy of the ion chamber- electrometer

system in measuring quantitatively the amount of radioactivity in the

expired air, an inventory was taken of the amount of injected activity

recovered as 1CO2, the amount remaining in the fish and the amount

remaining in the aqueous mediumin four control experiments with

glucose-1)4C. An average of 97 percent of the injected activity was
14accounted for. Of this percentage, CO2 accounted for 53 percent,

43 percent came from the fish carcasses and about 1.5 percent from

the water. It was concluded that the amount of radiocarbon recovered

as '4CO2 represented quantitatively the percentage of r3diocarbon

converted to CO

In controls the 24-hour cumulative yield from injected bicar-.

bonate-14C was 91 percent of injected activity; however, 98 percent

of the injected radiocarbon from acetate-1-14C was recovered during



the same time period. Failure to obtain as much 14CO2 from injected

bicarbonate as from C1 of acetate suggested that due to the sudden

increase in the concentration of bicarbonate brought about by injec-

tion, some of the labelled bicarbonate may have been incorporated into

relatively non-labile compounds such as bone. Recovery of only 80

percent of the injected activity from labelled bicarbonate injected into

cichlids exposed to 0. 20 ppm KPCP indicated a tendancy towards con-

serving bicarbonate. it was suggested that KPCP may have increased

the movement of bicarbonate into bone or Interfered with circulation

or gaseous exchange at the gills. Conservation of bicarbonate to corn-

pensate for possible acidosis was also suggested.

In controls lhe respective 24-hour cumulative yields from C-i

and C-2 of acetate were 98 and 70 percent on injected activity. Pref-
14erential conversion of C-I overC-2 to CO2 was considered presump-

tive evidence for the operation of the TCA cycle in cichlids. The

initial recovery of 14CO2 from both acetate carbon atoms was delayed

in cichlids exposed to 0. 20 ppm KPCP; however, the 24-hour cumula-.

tive yields from Cl and C-2 were almost equal to the respective

yields from controls. The reason for the delay could not be ascer-

tamed from the data. In the presence of 1.5 ppm KPCP the recovery

from C-i and C2 of acetate was very rapid and extensive. The most

marked change occurred in the extent of recovery of C-2 which

approached that of C-i. It was concluded that in the presence of 1.5
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ppm KPCP cieblids may have used the TCA cycle primarily for the

generation of energy rather than as a route for biosynthesis.

The pathways used by cichlids for the catabolism of glucose

were identified by comparing the relative rate and extent of recovery

of 14CO2 from the individual carbons of specifically-labelled

glucose. In controls the respective 24-hour cumulative yields from

C-i, C-2, C_3(4) and C.6 of glucose were 53, 47, 66, and 56 per-

cent of injected radioactivity. Recovery from C-3(4) was most rapid

and extensive and presumably 14CO2 derived from C-.3 or C-4

developed via decarboxylation of pyruvate. Ct was concluded that the

EMP pathway was the major route oI glucose catabolism in cichlids.

Preferential conversion of C-i of glucose over C_2 to 'CO2 pro-

vided presumptive evidence for the operation o the pentose phosphate

(PP) pathway with CO2 being derived from C- 1 via the decarboxyla-

tion of phosphogluconate. Preferential conversion of c-6 over C-2

to "CO2 suggested the operation of the glucuronic acid (GA) path-

way with CO2 being derived from C-6 presumably via decarboxyla-

tion of gulonic acid.

In cichlids exposed to 0. 20 ppm KFCP the cumulative yields

of '4CO2 from C-i, C-2, C-3(4) and c-6 of glucose were 57, 56,

80, and 56 percent, respectively. The relatively larger increase

in the extent of recovery from C- 2 and C- 3(4) suggested that the

addition of 0. 20 ppm KPCP increased the fraction of labelled



glucose catabolized via the EMP- TCA pathway.

In cichlids exposed to 1.5 ppm KPCP the respective cumulative

yields from C-i, C-2, C-3(4) and C-6 of glucose were 81, 90, 100,

and 88 percent of the injected radioactivity. The rapid and extensive

recovery of '4CO2 from all glucose carbons indicated that the rate

of glucose catabolism was markedly enhanced by the presence of 1.5

ppm KPCP. A comparison of the relative rate and extent of recovery

from the individual carbons of glucose indicated that the EM?- TCA

pathway was used almost exclusively for the degradation of glucose

in cichlids exposed to 1.5 ppm KPCP.

Estimates of the relative participation of the EMP, PP and GA

pathways for glucose catabolism were made from the'yields of

obtained after 24 hours from the individua1 carbon atoms of injected

glucose- and acetate)4C. The estimated percentage of labelled

glucose catabolized via the EMP pathway in controls was 58 to 62

percent; in cichlids exposed to 0. 20 ppm KPCP, 67 to 80 percent

traversed the EMP pathway; in cichlids exposed to 1. 5 ppm KPCP

the estimated amount of glucose traversing the EMP pathway was

83 to 100 percent. From 18 to 20 percent of the injected glucose

was catabolized via the PP pathway in controls. Addition of 0. 20 ppm

reduced the percentage catabolized via the PP pathway to an esti-

mated 15 to 17 percent and at 1.5 ppm KPCP about 3 percent tra-

versed the PP pathway. In controls an estimated 20 to 22 percent



of the injected glucose was routed through the GA pathway while only

14 to 16 percent traversed this pathway in cichlids exposed to 0. 20

ppm KPCP. From 2 to 11 percent was catabolized via the GA path.-

way in cichlids exposed to 1. 5 ppm KPCP.



BIBLIOGRAPHY

1. Berry, E.G., M. 0. Nolan and J. Oliver-Gonzalez. Field tests
of molluscacides against Australorbis glabratus in endemic
areas of schistosomiasis in Puerto Rico. Washington, D. C.,
1950. 12 p. (U.S. Public Health Reports no. 65)

2. Bevenue, A. and H. Beckman. Pentachlorophenol: a discussion
of its properties and its occurrence as a residue inhuman and
animal tissues. In; Residue reviews, ed. by F.A. Gunther.
Vol. 19. New York, Springer-Verlag, 1967. p. 83-134.

3. Black, A. L., M. G. Simenson and J. C. Bartley. Glucose and
acetate metabolism in Alligator missis sippiensis. Comparative
Biochemistry and Physiology 8:299-310. 1963.

4. Black, E. C. Alterations in the blood level of lactic acid in cer-
tain salmonid fishes following muscular activity. I. Kamloops
trout, Salmo gairdnerii. Fisheries Research Board of Canada,
Journal 14:645-649. 1957.

5. Black, E. C., A. C. Robertson and R. R. Parker. Some aspects
of carbohydrate metabolism in fish. In: Comparative physiology
of carbohydrate metabolism in heterothermic animals, ed. by
A. W. Martin. Seattle, University of Washington, 1961. p. 89-
124,

6. Blevins, D. Pentachiorophenol poisoning in swine. Veterinary
Medicine 60:455. 1965.

7. Boyd, L. H.., T. H. McGavack, R. Terranova and F. C. Piccione,
Toxic effects following subcutaneous administration of sodium
pentachiorophenate. New York Medical College, Flower and
Fifth Avenue Hospitals, Bulletin 3:323-329. 1940,

8. Boyer, P. D. The activation of K+ and occurrence of pyruvic
phosphoferase in different species. Journal of Cellular and
Comparative Physiology 42:71-77. 1953.

9. Bray, G. A. A simple efficient liquid scintillator for counting
aqueous solutions in a liquid scintillation counter. Analytical
Biochemistry 1:279-285. 1960.



91

10. Brockway, D. L. Some effects of sublethal levels of pentachioro-
phenol and cyanide on the physiology and behavior of a cichlid
fish (Cichiasoma bimaculatum). Master's thesis. Corvallis,
Oregon State University, 1963. 56 numb, leaves.

11. Brown, W. D. Glucose metabolism in carp. Journal of Cellular
andComparative Physiology 55:81-85. 1960.

12. Burns, J.J.,, P.G. Dayton and F, Eisenberg, Jr. Metabolism
of L-gulonolactone in rats via pentose formation. Biochemica
et Biophysica Acta 25:647-648. 1957.

13. Carswell, T.S, and I. Hatfield. Pentachlorophenol for wood
pres ervation. Industrial and Engineering Chemistry 31:1431 -
1435. 1939.

14. Carswell, T. S. and H. K. Nason. Properties and uses of penta-
chlorophenol. Industrial and Engineering Chemistry 30:6 22-
626. 1938.

15. Chapman, G.A. Effects of sublethal levels of pentachiorophenol
on growth and metabolism of a ciclilid fish (Cichiasoma bimacu-
latum. L.). Master's thesis, Corvallis, Oregon State tJniver-
sity, 1965. 77 numb, leaves,

16. Cheng, J. T. The effects of potassium pentachlorophenate on
selected enzymes in fish. Master's thesis, Corvallis, Oregon
State University, 1965, 68 numb, leaves.

17. Deichman, W.,, W. Machle, K. V. Kitzmiller and G. Thomas.
Acute and chronic effects of pentachlorophenol and sodium pen-
tachlorophenate upon experimental anirlials. Journal of Pharma-
cology and Experimental Therapeutics 76:104-117. 1942.

18. Doyle, W. P. and C. H. Wang. Glucose catabolism in pepper
fruit (Capsicum frutescens longum). Canadian Journal of Botany
36:483-490. 1958.

19. Doyle, W. P. and C. H. Wang. Radio respirometric studies of
glucose catabolism in tomato fruit. Plant Physiology 35:75 1-
756. 1960.

20. Eisenberg, F., Jr., P. G. Dayton and J. J. Burns. Studies on
the glucuronic acid pathway of glucose metabolism. Journal of
Biological Chemistry 234:250-263. 1959.



92

21. Ferguson, J. K. W., L. Irving and F. B. Plewes. The source of
expired CO2 in decapitated, eviscerated cats. Journal of
Physiology 68:265-276, 1929.

22. Goodnight, C. J. Todcity of sodium pentachiorophenate and
pentachiorophenol to fish. Industrial and Engineering Chemistry
24:868-872, 1942.

23. Gordon, D. How dangerous is pentachlorophenol? Medical
Journal of Australia 43:485. 1956.

24. Gumbmann, M., W. D. Brown and A. L. Tappel. Intermediary
metabolism of fishes and other aquatic animals. Washington,
D. C., 1958. 51 p. (U. S. Fish and Wildlife Service. Special
Scientific Report; Fisheries no. 268)

25. Gumbmann, M. and A. L. Tappel. The tricarboxylic acid cycle
in fish. Archives of Biochemistry and Biophysics 98:26 2-270.
1962.

26. Gunsalus I. C.,, B.L. Horecker and W.A. Wood. Pathways of
carbohydrate metabolism in microorganisms. Bacteriological
Review 19:79-128. 1955.

27. Harper, H. A. Review of physiological chemistry. Los Altos,
California, Lange Medical Publications, 1965. 469 p.

28. Hayes, W. J., Jr. Clinical handbook of economic poisons.
Atlanta, Georgia. U. S. Dept. of Health, Education and Welfare,
Communicable Disease Center, 1963. 144 p.

29. Hishida, T. and E. Nakano. Respiratory metabolism during
fish development. Embryologica 2:67-69. 1954.

30. Hochachka, P. W. and F. R. Hayes. T1e effect of temperature
acclimation on pathways of glucose metabolism in trout.
Canadian Journal of Zoology 40:261-270. 1962.

31. Hoskin, F. C. G. Intermediate metabolism of electric tissues
in relation to function. III. Oxidation of substrates by tissues
of Electrophorus electricus as compared to other vertebrates.
Archives of Biochemistry and Biophysics 85:141-148, 1959.

32. Irving, L. The source of expired CO2 and the site of its reten-
tion. American Journal of Physiology 90:397. 1929.



93

33. Irving, L. and A. H. Chute. The participation of the carbonates
in bone in neutralizing injected acid. Journal of Cellular and
Comparative Physiology 2:157- 176. 1932.

34. Katz, J. and H. G. Wood. The use of C1402 yields from glucose-
1- and -6- C for the evaluation of pathways of glucose metabo-
lism. Journal of Biological Chemistry 238:517-523. 1963.

35. Kehoe, R. A.,, W. Deichman..- Guebler and K. V. Kitzmiller.
Toxic effects upon rabbits of pentachl.orophenol and sodium
pentachlorophenate. Journal of Industrial Hygiene and Toxi-
cology 21:160-172. 1939.

36. Kerly, M. and D. H. Leaback. The hexose specificity of hexo-
kinase in brain from various species. Biochemical Journal
67:250252. 1957.

37. Krueger, H. M. and G. A. Chapman. Pentachiorophenol (KPCP)
and the energy account of cichlid fish. (Abstract) Abstracts of
the 23d International Congress of Physiological Sciences, Tokyo,
1965. p. 498.

38. Landau, B. R. and J. Katz. Pathways of glucose metabolism.
In: Handbook of physiology, ed. by A. E. Renold and G. F.
Cohill, Jr. Sec. 5. Adipose Tissue. Washington, D. C.,
The American Physiological Society, 1965. p. 253-271.

39. MacLeod, R.A., R.E.E. Janas and E. Roberts. Glycolytic
enzymes in the tissues of a salmonoid fish (Salmo gairdnerii
gairdnerii). Canadian Journal of Biochemistry and Physiology
41:1971-1981. 1963.

40. Mahin, D. T. and R. T. Lofberg. A simplified method of sample
preparation for determination of tritium, carbon- 14 or sulfur-.
35 in blood or tissue by liquid scintillation counting. Analytical
Biochemistry 16:500-509. 1966.

41. Puyear, R.L,, C.H. Wang andA.W. Pritchard. Catabolic
pathways of carbohydrate in the intermolt crayfish, Pacifasticus
leniusculus. Comparative Biochemistry and Physiology 14:145-
153. 1965.

42, Scott, E. L. Sugar in the blood of the dogfish and of the sand
shark. American Journal of Physiology 55:349-354. 1921.



43. Secondat, M. and D. Diaz. Recherches sur Ia lactacidemie chez
le poisson deau douce. Academie des Sciences (Paris),
Comptes rendus 215:71-73. 1942.

44. Sexton, A. W. and R. L. Russell. Succinic dehydrogenase activi-
ty in the goldfish gill. Science 121:342-343. 1955.

45. Shepard, H. H., J. N. Mahan and D. L. Fowler. The pesticide
review. Wash.ngton, D. C., U. S. Dept. of Agriculture, 1966.
33 p.

46. Silva, G. M., W. P. Doyle and C. H. Wang. Glucose catabolism
in the American cockroach. Nature 182:102-104. 1958.

47. Spencer, G. R. Poisoning of cattle by pentachloropheno]. in
kerosene. American Veterinary Medical Society, Journal 130:
299-300. 1957.

48. Strjttmatter, C. F., E. G. Ball and 0. Cooper. Glycolytic
activity and the swim bladder gland. Biological Bulletin 103:
317-325. 1952.

49. Tarr, H. L.A. Cause of browning of certain heat-processed
fish products. Fisheries Research Board of Canada, Progress
Reports of the Pacific CQast Stations 92:23-24. 1952,

50. Tarr, H. L. A. The Maillard reaction in flesh foods. Food
Technology 8:15-19. 1954.

51. Tarr, H.L.A. Ribose and the Maillard reaction infish muscle.
Nature 171:344-345, 1953.

52. Tarr, H. L.A. and H. M. Bjssett. Cause and control of the
browning of heat-processed fish products. Fisheries Research
Board of Canada, Progress Reports of the Pacific Coast
Stations 98:3-5. 1954.

53. Thienes, C.H. and T. J. Haley. Clinical toxicology. Philadel-
phia. Lea and Febiger, 1964. 661 p.

54. Tsuda, T. and T. Kariya. Studies on the postmortem identifi-
cation of the pollutant in fish killed by water pollution. III.
Confirmation method of pentachiorophenate in fish. Japanese
Society of Scientific Fisheries, Bulletin 29:828-833. 1963.



95

55. Umemura, K. Respiratory enzymes in the red muscle (chiai)
of a fish. I. Dehydrogenase activities as measured by the Thun-
berg technique. Igaku to Seibutsugaku (Med. and Biol,) 18:108-
ill, 1951. (Abstracted in Chemical Abstracts 45:5327i. 1951.)

56. Umemura, K. The respiratory enzymes in the red muscle of
a fish, II. The activities of several oxidases as measured by
the Warburg technique. Igaku to Seibutsugalcu (Med. and Biol.)
18:204-207. 1951. (Abstracted in Chemical Abstracts 45:
6232c. 1951.)

57. Umemura, K. Respiratory enzymes of chiai (fish red muscle).
Science 14:81-85, 1951.

58. Wang, C. H. Radiorespirometry. In: Methods of biochemical
analysis, ed. by D. Glick. Vol. 15. New York, Interscience
Publishers, 1967. p. 311-368.

59. Wang, C.H., C.T. Gregg, l.A. Forbusch, B.E. Christensen
and V. E. Cheldelin. Carbohydrate metabolism in Baker's
yeast. I. Time course study of glucose utilization. Journal
of the American Chemical Society 78:1869-1972. 1956.

60. Wang, C. H. and J, K. Krackov. The catabolic fate of glucose
in Bacillus subtilus. Journal of Biological Chemistry 237:
3614-3622. 1962.

61. Wang, C.H,, S.P. Snipper, 0. Bilen and B, Hawthorne.
Catabolism of glucose and gluconate in intact rats. Society for
Experimental Bic logy and Medicine, Proceedings 111:93-97.
1962,

62. Wang, C. H,, I. J. Stern and C. M. Gilmour. Comparative
catabolism of carbohydrates in Pseudomonas species. Journal
of Bacteriology 79:601-611. 1960.

63. Wang, C,1-l., e±al. Comparative study of glucose catabolism
by the radiorespirometric method. Journal of Bacteriology
76:20 7- 216.

64, Weinbach, E. C. Biochemical basis for the toxicity of penta-
chlo rophenol. National Academy of Sciences, Pro ceedings
43:393-397. 1957.



65. Weinbach, E. C. The effect of pentachiorophenol on oxidative
pho sphorylation. Journal of Biological Chemistry 210: 545.-
550. 1954.

66. Weinbach, E. C. The effect of pentachiorophenol on snail
metabolism. (Abstract) Federation Proceedings 13: 318. 1954.

67. Weinbach, E. C. The influence of pentachlorophenol on oxida-
tive and glycolytic phosphorylation in snail tissues, Archives
of Biochemistry and Biophysics 64:129-143. 1956.

68. Weinbach, E. C. Pentachl,orophenol and mitochondrial adenosine
triphosphatase. Journal of Biological Chemistry 221:609-618.
1956.




