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Neuromuscular physiology has been extensively investi-

gated in several groups of vertebrates excluding fish. To

understand the nature of neuromuscular transmission in this

group, the response of the pectoral fin abductor muscle of

black bass (Micropterus salmoides) to nerve stimulation

under the influence of an anticho1inesterase agent was

studied. Diisopropylfluorophosphate (DFP), a prototype or-

ganophosphate, was used because of its well known anti-

cholinesterase activity.

Initial studies indicated that DFP did not cause modi-

fication of indirectly stimulated twitch or tetanic acti-

vity of the pectoral fin muscle even with intravenous ad-

ministration of 200 mg/kg which was lethal to the fish with-

in 30 minutes. DFP doses were subsequently increased, udder

atropine protection, to 600 mg/kg, but no modification of



muscular response was observed through periods of up to 110

minutes.

Three possible explanations within the framework, of

classical cholinergic theory were suggested for the lack of

DFP inhibition of the muscle response: 1) DFP was not dis-

tributed to the neuromuscular area in concentrations suffi-

cient for AChE inhibition, 2) DFP was distributed to the

neuromuscular area but did not inhibit AChE, and 3) DFP was

distributed to the neuromuscular area and did inhibit AChE

but did not result in alteration of the muscular response.

The validity of these explanations was tested in two subse-

quent phases of experimentation.

The next objective was to provide information on the

in vitro occurrence and relative characteristics of choline-

sterase enzymes presumed to be a component of the pectoral

fin motor unit. Acetylcholinesterase (EC 3.1.1.7) was iden-

tified in muscle homogenates. Kinetics as well as sub-
.

strate and inhibitor specificites suggested that the enzyme,

had much the same character as that isolated from other

vertebrate sources. Furthermore the enzyme was capable of

complete inhibition by DFP in vitro.

The final objective was to evaluate the significance of

AChE to junctional transmission in the pectoral muscle of

bass by establishing in vivo, first, the occurrence of enzyme

inhibition by DFP and, second, the correlation between mus-

cular response and enzyme inhibition.



Dose response curves for inhibition of AChE by DFP were

established indicating DFP had access to and did. inhibit

AChE in vivo. Modification of the muscular response was

observed with high doses of DFP and the severity of modifi-

cation appeared to be correlated to AChE inhibition. The

modification, however, was not typical of cholinergic sys-

tems in that the ability to produce and maintain a tetanus

was never abolished even with nearly complete inhibition of

AChE. It was concluded on, the basis of this information

that AChE is not as important for, neuromuscular transmission

in black bass as has been established for other vertebrates.

The results have also pointed to some apparent contradic-

tions between the character of the muscular response in

these preparations and the response of typical vertebrate

muscle preparations.

These observations substantiate the third of the pos

sible explanations for the lack of DFP modification of

neuromuscular transmission in the pectoral fin preparation

of the black bass, and suggest some divergence from the

classical cholinergic concept in that preparation.
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ASPECTS OF COMPARATIVE NEUROMUSCULAR PHYSIOLOGY AND
PHARMACOLOGY OF BLACK BASS (MICROPTERUS SALMOIDES) AS
EVIDENCED BY THE ACTION OF DIISOPROPYLFLUOROPHOSPHATE

I. INTRODUCTION

The synthesis of organic phosphorus compounds had been

achieved by the end of the nineteenth century, however,

little mention of their poisonous nature occurred until just

before World War II. Extensive developmental work was car-

ried on at that time by Schrader in Germany and Saunders in

England (O'Brien, 1960). These workers synthesized a num-

ber of agents having extreme toxicity to mammals and which,

consequently were regarded as potential chemical warfare

agents. Although the possibility of insecticidal use was

recognized by these early investigators, the characteris-

tics and properties of the organophosphates were kept secret

until the mid 1950's because of the war effort and its after-

effects. The anticholinesterase action of organophosphates

was demonstrated in 1941 (Adrian et al., 1947). Since the

1950's a voluminous amount of work has been published on the

mechanisms of action and systemid effects of these compounds.

Organophosphate anticholinesterase agents bind to a

number of structures at the neuromuscular junction. These

binding sites may be divided into three major categories in

terms of their effects on transmission. The first category

includes the cholinesterase enzymes and specifically acetyl-

cholinesterase, which is responsible for hydrolysis of the



transmitter. The second category includes those binding

sites, both prejunctional and postjunctional, at which or-

ganophosphates affect some action upon neuromuscular acti-

vity not involving cholinesterase enzymes. Methoxyam-

benonium,for example, produces a powerful curare-like action

that competes with the facilitatory effect of cholinesterase

inhibition (Blaber, 1963). On the other hand, neostigmine

has been shown to have a direct depolarizing activity that

may surpass or potentiate its cholinesterase inhibiting

activity. The last category includes all of the other bind-

ing sites of organophosphate agents which are not known to

affect junctional activity. DFP, for example, has been

shown to bind to nonspecific esterases within the junc-

tional region (Rogers et al., 1971). Salpeter (1970) has

also noted a striking ability of mast cells lying between

the muscle fibers to bind DFP.

The first two categories in the above classification

scheme may be considered as functional categories in that

they are known to modify normal neuromuscular activity. Of

these two, only the first is considered to produce the clas-

sical anticholinesterase action. This action is expressed

by two consistent and dose dependent modifications of in-

directly elicited twitch and tetanic responses in phasic.

muscle. The first is an augmentation of the twitch with

depression of tetanus, and the second is a depression of

twitch and abolition of the tetanus. Complete depression of
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the twitch does not always occur, as reported by Loomis and

Salafsky (1964); however, abolition of the tetanus is con-

sistently reported in the literature. Anticholinesterase

action in tonic fibers, present in some amphibian (Kuffler

and Vaughan-Williams, 1953 a and b) and avian muscles (Brown

and Harvey, 1938; Ginsborg, 1960), is expressed by a pro-

longed and well maintained contracture (Bowman and Webb,

1972) .

Controversy exists among investigators as to the mecha-

nism by which anticholinesterase agents modify neuromuscular

activity. Some (Riker, Jr., 1960; Werner and Kuperman,

1963; Riker Jr. 1966; Okamoto and Riker, Jr., 1969) deny

the importance of cholinesterase inhibiting activity, pre-

ferring instead the theory that direct action of these

drugs on the prejunctional nerve ending is the primary mode

of action giving rise to subsequent postjunctional actions.

Others support Masland and Wigton's (1940) original concept

that accumulations of transmitter, resulting from the anti-

cholinesterase activity of these agents, is the cause of,

both pre- and post junctional actions. Bowman and Webb

(1972) have reviewed the evidence and concluded that the

classical concept, that pre- and postjunctional effects re-

sult from prolongation of transmitter life, adequately ex-

plains the neuromuscular modifying action of the anti-

cholinesterase drugs.



Development of organophosphorous compounds has been

stimulated in recent years by their use as insecticidal

agents. These compounds, as a group, are generally not as

toxic as the chlorinated hydrocarbons and are thought to de-

grade more rapidly in the aquatic environment. Their wide-

spread and often indiscriminate use, however, has produced

toxic conditions in aquatic communities and must be con-

sidered a potential environmental, danger (Rudd and Genelly,

1956).

The activity of organophosphorus agents in inhibiting

acetylcholinesterase has been documented in a wide variety

of animals including fish. Because of this well known

action and because of their esthetic and economic importance

fish have been used as biological monitors of environmental

organophosphorus contamination (Williams and Sova, 1966;

Holland et LL,, 1967; Weiss, 1958, 1959, 1961; Hazeltine,

1963; and Weiss and Gakstatter, 1964, 1965). In most in-

stances brain homogenates have been used as the enzyme

source, and physiological interest has been relegated to the

correlation between lethality and cholinesterase inhibition.

Very little of this effort has been directed toward a

broadening of the basic understanding of organophosphate

action on fish neuromuscular systems or of the comparative

aspects of fish neuromuscular transmission itself.

Our concept of neuromuscular transmission has been con-

siderably refined by the enormous increase in experimental
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data since establishment of the chemical theory of trans-

mission in the early 1900's. Several reviews have been com-

piled in an attempt to organize the information produced

during this period (Riker, Jr., and Okamoto, 1969; Hubbard

et al., 1969; Karczmar, 1967; Phillis, 1970; Hubbard, 1972;

Dale, 1954; Eccles, 1964; Katz, 1966). The abundance of

work on striated muscle, however, has been performed on a

limited series of classical preparations (Long and Chiou,

1970). More recently, interest has been extended to other

vertebrate groups including teleosts.

Bone (1964) has reviewed the innervation of striated

muscle in both primitive and advanced fish. He has esta-

blished the occurrence of two histologically distinct types

of fish striated muscle which are differently innervated and

which are physiologically similar to the two types of muscle

fiber found in amphibians, although there are peculiarities

among some species in this general scheme.

A few investigators have concentrated on the mechani-

cal and biophysical properties of muscle and neuromuscular

transmission in the pectoral fins of certain fishes.

Nishihara (1967) investigated the fine structure of red and

white muscle fibers of Carassius auratus, and found the pec

toral fin to be composed of red fibers in which the innerva-

tion resembled that of the frog slow muscle. Furthermore,

both red and white fibers in the fish were found to have

polyaxonal innervation, which was multifocal in the red



fibers and monofocal in the white. He also found that

electrophysiological properties of the red muscle showed a

tendency to resemble slow fibers of the frog, while the in-

ternal structure of the two kinds of muscle resembled fast

fibers of the frog. Hidaka and Toida (1969a) compared

several biophysical and mechanical properties in red and

white muscle fibers of Carassius auratus. They showed that

electrophysiological properties were quite different and

noted that action potentials were generated in white muscle

but were only rarely generated in red muscle.

Hidaka and Toida (1969b) also investigated excitation-

contraction coupling in red pectoral fin muscles of the same

fish. They characterized the miniature excitatory junction

potentials (mejps) and excitatory junction potentials (ejps)

and concluded that the fibers were diffusely innervated.

Takeuchi (1959), however, found both red and white fibers in

the pectoral fin muscles of the snake fish (Ophiocephalus

argus). The hagfish studied by Anderson et. al. (1963) was

found to have both red and white fibers, but the fibers were

differently innervated than in the fresh water species. In

the hagfish the fast fiber was innervated with only one

motor axon while the slow fiber was usually innervated with

more than two motor axons.

Despite this growing interest in the physical proper-

ties of fish neuromuscular systems, very little effort has

been directed toward a pharmacological investigation of the



nature of transmission in fish. Kuba (1969) investigated

the action of phenol on transmission in the red muscle of

Carassius auratus. He concluded that phenol facilitated

transmission by increasing the quantity of transmitter re-

leased from nerve endings, essentially the same conclusion

reached by Otsuka and Nonomura (1962) when they applied

phenol to the sciatic nerve-sartorius muscle preparation of

the frog. Hikada and Kuriyama (1969) investigated the ef-

fects of catecholamines on synaptic transmission in the pec-

toral fin muscle of Carassius auratus. They concluded that

norepinephrine acts mainly on the presynaptic membrane, in-

creasing the release of the transmitter, while epinephrine

acts mainly on the post-synaptic membrane, increasing sen-

sitivity to the transmitter. Diamond and Mellanby (1971)

and Mellanby and Thompson (1972) have investigated the ef-

fects of tetanus toxin in the goldfish (Carassius auratus)

pectoral fin muscles. They found that the major lethal

action of the toxin was a blocking of neuromuscular trans-

mission by prevention of both nerve stimulated and spontane-

ous release of acetylcholine from presynaptic terminals.

They concluded that the inhibitory neuronal systems acting

on the Mauthner cells, in apparent contrast to those acting

on mammalian spinal neurones, were highly insensitive to

tetanus toxin.

Most investigators have assumed the presence of the

classical cholinergic mechanism. Hidaka and Toida (1969b)
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attempted to prove the presence of acetylcholine in isolated

pectoral muscle preparations from Carassius auratus. They

noted that prostigmine increased the amplitude and frequency

of mejps and prolonged the falling phase while d-tubocura!-

rine resulted in complete disappearance of both mejps and

ejps. They concluded that the transmitter was acetylcholine.

Several investigators have characterized esterase en-

zymes from various tissues and species of fish. Siou (1955)

investigated the presence of cholinesterases in striated

muscle of eels (Anguilla anguilla). He found high activity

associated with the substrate acetylcholine, moderate acti-

vity with acetyl -8-methylcholine and very low or no activi-

ty with butyrylcholine thus indicating high acetylcholine-

sterase and negligible pseudo-cholinesterase content. Pecot-

Dechavassine (1961) confirmed this result in teleosts. Met-

calf et al. (1972), however, have found both arylesterase

and pseudo-cholinesterase in skeletal muscle of white

crappie (Pomoxis annularis) and acetylcholinesterase and

pseudo-cholinesterase in black crappie (Pomoxis nigromacu-

latus). These authors as well as others have used electro-

phoretic patterns of esterases as a tool for investigating

genetic phenomenon in fish (Koehn and Johnson, 1967; Koehn

and Rasmussen, 1967; Deligny, 1968; Koehn, 1970; Pantelouris

and Payne, 1968; Holmes and Whitt, 1970; Holmes et al.,

1968) .



The role of tissue esterases in neuromuscular trans-

mission, however, has not been critically defined in fish.

The interest in organophosphate effects on fish indicated

previously, could provide an excellent tool for investigat-

ing the nature of junctional transmission.

The objective of this work was to investigate neuromus

cular transmission in fish striated muscle, especially as it

compares to the analogous process in higher animals. To

achieve that objective, an evaluation of muscle twitch and

tetanic responses to indirect stimulation under the in-

fluence of diisopropylfluorophosphate (DFP) was made. The

activity of this agent, a prototype organophosphate, has

been well established in classical mammalian preparations.

If the transmission process in fish is identical to higher

vertebrates, then DFP should produce the same type of ac-

tions.

Comparative evaluation of neuromuscular transmission

also implies some definition of the constraints that must be

recognized when applying to fish the tools, techniques and

approaches developed by classical pharmacology. The ten-

dency to presume equivalence of physiological systems in all

vertebrates can be misleading, although the value of bor-

rowing approaches refined for one species to investigate

potentially similar processes in other species must not be

overlooked.
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The main objective, therefore, encompassed two re-

lated areas of interest. The first was an interest in com-

parative neuromuscular physiology as evidenced by the ac-

tions of DFP. The second was an interest in the constraints

that must be recognized when comparing the junctional ef-

fects of various drugs in fish to their effects in other

animals.
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II. EVALUATION OF DIISOPROPYLFLUOROPHOSPHATE ACTION ON
THE PECTORAL FIN RESPONSE TO INDIRECT STIMULATION

Materials and Methods

Wild largemouth black bass (Micropterus salmoides)

weighing between 100 and 300 grams were collected by seine

and placed in outdoor concrete holding ponds until used.

Prior to experimentation fish were netted from the holding

ponds and transferred to the laboratory where they were

maintained without food for at least two days but no longer

than seven days before, use. Water temperature in the labo-

ratory varied from 12±1°C in the winter to 16±1°C in the

summer.

Immobilization was achieved by spinal transection under

MS 222 (tricaine methanesulfonate) anesthesia. Transection

was accomplished by crushing the neural arch and spinal

cord at a point just behind the most posterior extension of

the operculum.

The transected fish was pinned to a wax block which had

been poured into a dissecting pan and shaped to form a shal-

low depression at one end. The pan was inclined and the

fish positioned so that its head rested downward in the wax

depression. A constant stream of well aerated water was

directed into the pan immersing the head and gill region,

thus allowing the fish to respire freely.
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Drug administration was accomplished by cannulation of

the intestinal vein at the point of entry of the splenic

vein. The cannula, PE 10 tubing, was inserted approximately

two centimeters into the vein and was sutured in place. The

abdominal incision was sutured closed in all instances to

avoid desiccation,temperature fluctuations and water entry.

Approximately fifteen minutes were required for completion

of this procedure.

The fish was then repositioned on, its right side to ex-

pose the left pectoral fin. The supracleithrum was sepa-

rated away from the body and a one centimeter portion, just

above attachment to the cleithrum, was excised. Thus a

small opening was made into the cleft formed by the anterior

extremity of the trunk musculature and the posterior wall of

the opercular chamber. The nerve trunk supplying both the

left pectoral and pelvic fins along with associated vascula-

ture lie in this cleft. The nerve was separated from its

supporting membrane and vasculature by blunt dissection with

glass instruments. The nerve trunk was then decentralized

by ligation, electrodes were placed peripherally to the

ligation and the nerve was bathed in mineral oil. With con-

, siderable practice this procedure could be accomplished in

ten to fifteen minutes.

The left pectoral fin was removed and the stub was con-

nected to a linear motion transducer to record movement of

the pectoral abductor muscle. The muscle was held under a
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constant tension of two grams. The transducer was in turn

connected to a Brush Mark 220 recorder. Respiratory motions

of the fish were monitored during the procedure by a force-

displacement transducer attached to the branchiostegal.

Each chart, thus contained two records, the lower one a

muscle response and the upper one a respiratory response,

both on the same time scale.

The nerve trunk was repetitively stimulated by a Grass

SD9 stimulator producing square wave impulses. The frequen-

cy for twitch stimulation was 0.2 Hz with a duration of 1.0

ms. Tetanus frequency was 200 Hz. Supramaximal voltage was

generally three to six volts.

DFP stock solution was prepared in propylene glycol;

all other drugs were dissolved in distilled water. Court-

land's saline (Wolf, 1963) was used to flush the cannula

after injection of each drug and injection volumes were ad-

justed to give the desired concentration of drug in a con-

stant volume adjusted to the weight of the fish (i.e., the

weight of the fish in hundreds of grams became the volume

in tenths of milliliters). In some experiments succinyl-

choline was included both initially and terminally as a

positive test of cannulation.

Mice were used as controls to verify activity of the

DFP stock. In all cases DFP was prepared in propylene

glycol, and the mice were injected subcutaneously. The

lethal dose of freshly prepared stock solution was 6.0±1.5
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mg/kg. Activity appeared to be well maintained for a

period of. about 10 days but gradually declined after that.

DFP was freshly prepared every seven days for all experi-

ments.

Propylene glycol was tested for activity in the muscle

preparation. Injections of volumes comparable to those used

experimentally as a solvent caused some minor struggling as

evidenced on the respiratory recording but resulted in no

observable change in muscle responses. The fleeting strug-

gling reaction may have been associated with minor chemical

or mechanical irritation from the injection.

Results

Injection of 20 mg/kg and 50 mg/kg of DFP (Figure 1)

did not appear to have an immediate effect on the indirectly

stimulated twitch and tetanic responses.

Subsequently the DFP concentration was increased to 100

mg/kg (Figure 2) but again there appeared to be no pro-

nounced effects on twitch or tetanus. In this experiment a

slight decline of twitch and tetanus occurred after fifteen

minutes, and a further decline of the twitch occurred after

thirty-five minutes, but this may be due to aging of the

preparation.

The accumulation of 200 mg/kg (Figure 3) over a period

of five minutes, however, drastically affected the condi-

tion of the fish as evidenced by the respiratory response.
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Figure 1. Effect of DFP (50 mg/kg and 20 mg/kg) on in
directly stimulated twitch and tetanic responses
of the left pectoral muscle of black bass. Teta-
nus is indicated by T. Chart speed is 5 mm/min,
except during tetanus when it is 125 mm/min.
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Figure. 2. Effect of DFP (100 mg/kg) on indirectly stimu-
lated twitch and tetanic responses of the left
pectoral muscle of black bass. DFP preceeded by
succinylcholine (10 ug/kg) administration. Teta-
nus is indicated by T. Chart speed is 5 mm/min
except during tetanus when it is 125 mm/min.
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Figure 3. Effect of DFP (200 mg/kg) on indirectly stimu-
lated twitch and tetanic responses of the left
pectoral muscle of black bass. DFP preceeded by
succinylcholine (10 ug/kg) administration. Teta-
nus is indicated by T. Chart speed is 5 mm/min
except during tetanus when it is 125 mm/min.
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Within ten to fifteen minutes after the second injection, the

respiratory response was greatly depressed in both amplitude

and frequency. Within thirty-five minutes after the second

injection, respiration was abolished as determined by °per-

cular movements, although throughout this period the tetanus

remained unaffected. Approximately forty-five minutes after

the second injection the tetanus began to decline in magni-

tude although it was well maintained through the period of

stimulation. This gradual depression of amplitude may

simply reflect the declining condition of the animal. The

twitch response gradually reduced with time, though it was

not possible to distinguish whether this was a direct result

of DFP action or a result of the declining condition of the

fish.

A series of experiments were performed in which the

animals were treated with atropine prior to DFP injection.

Both atropine sulfate and methyl atropine were used, and the

concentrations were adjusted to that level where they first

produced a transient depression of the respiratory response.

These concentrations also produced a depression of both the

twitch and tetanic responses.

Atropine sulfate at 10 mg/kg significantly protected

the animal against the systematic effects of DFP as indi-

cated by the tolerance to accumulated doses of DFP to 500

mg/kg over a period of seventy-nine minutes (Figure 4). In

this case cannulation was confirmed by a second dose of
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Figure 4. Effect of accumulations of DFP (100 mg/kg injec-
tions) to a total dose of 500 mg/kg on indirect-
ly stimulated twitch and tetanic responses of the
left pectoral muscle of black bass after pre-
treatment with atropine sulfate (10 mg/kg).
Atropine sulfate also administered at termination
of the experiment. Tetanus is indicated by T.
Chart speed is 5 mm/min except during tetanus
when it is 125 mm/min.
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atropine. Under the influence of methyl atropine at 1.0 mg/

kg, the fish was able to tolerate accumulations of DFP as

great as 600 mg/kg over a period of 110 minutes (Figure 5).

In neither case was the twitch or tetanus affected by DFP.

Increases in the magnitude of tetanus were interpreted as

recovery from atropine influence.

Some experiments did indicate a depression of the

twitch response by DFP. In those tests in which the twitch

depression appeared to be, positively correlated to DFP, atro-

pine did not antagonize the depression. In all cases, how-

ever, the tetanic response was not altered by DFP.

Discussion

Atropine is _a clinically important therapeutic and ex-

perimentally important prophylactic agent in organophos-

phate poisoning. Its action was first observed to alleviate

DFP intoxication in rabbits in 1942 by Barret (Modell and

Krop, 1946). The effectiveness of atropine is based upon

its antagonism of excessive acetylcholine produced in anti-

cholinesterase poisoning (O'Brien, 1960). Atropine is ac-

tive at central and ganglionic sites but not at neuromus-

cular junctions except with extremely high doses, whereas

DFP binds and inactivates acetylcholinesterase at-virtually

all cholinergic sites.

DFP toxicity in my preparations was observed first as

a decline in respiratory amplitude followed by asynchronous
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Figure 5. Effect of accumulations of DFP (100 mg/kg injec-
tions) to a total dose of 600 mg/kg on indirectly
stimulated twitch and tetanic responses of the
left pectoral muscle of black bass after pre-
treatment with methyl atropine (500 ug/kg). Suc-
cinylcholine administered at termination of the
experiment. Tetanus is indicated by T. Chart
speed is 5 mm/min except during tetanus when it
is 125 mm/min.
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respiration, cessation of respiration and death. Both atro-

pine sulfate and methyl atropine were used to alleviate DFP

toxicity and allow administration of larger doses of that

agent. Atropine sulfate is the form commonly used to

achieve this type of protection. Methyl atropine was used

as well to give some indication of whether or not the toxi,,

city was centrally mediated. Methyl atropine is the quater-

nary analogue of atropine and, because of its quaternary

nitrogen, is not easily transported across the blood-brain

barrier. Good protection was observed with both forms of

atropine.

There was no indication of how the action of atropine

would be visibly evidenced in fish, nor was it known what

doses would be necessary for DFP protection. It was decided

to use as a prophylactic dose that concentration of each

atropine compound which first produced some noticeable

change in either the muscle or respiratory recording. Res-

piration appeared to respond to slightly lower doses of each

compound. On a weight basis methyl atropine was the most

potent compound producing an equal response at one-eighth to

one-tenth the concentration of atropine sulfate.

Although atropine is thought to alleviate the central

action of anticholinesterases, the equal effectiveness of

both the tertiary and quarternary atropines in these experi-

ments suggests a peripheral mode of protection. There is,

however, no information on the dose-response relationships
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or spectrum of effects of atropine in fish, nor on the

nature of the blood-brain barrier in fish.

Succinylcholine administration was followed by spon-

taneous contracture, the magnitude and duration of which was

dose dependent. Such a response to depolarizing agents is

typical of the tonic fibers in amphibian (Kuffler and

Vaughan-Williams, 1953b) and avian muscles (Ginsborg, 1960).

Stimulation of amphibian tonic fibers always produces a pro-

longed and well maintained contracture, the duration and

tension developed depending upon the rate of stimulation

(Kuffler and Vaughan-Williams, 1953b). Avian tonic fibers,

however, are capable of producing a distinct twitch and

rapid initial phase of contracture. The difference is

thought to reflect the greater frequency with which the

tubules of the sarcoplasmic reticulum make contact with

those of the T-system and consequently, the relative se-

questering ability of the "calcium-pump" (Page, 1969).

Several investigators have confirmed, both histologically

and electrophysiologically, the presence of tonic fibers in

pectoral fin muscles of teleosts (Nishihara, 1967; Hidaka

and Toida, 1969a, b; Takeuchi, 1959). The response to suc-

cinylcholine in this preparation also suggests that the

muscle contains tonic fibers. Furthermore, the ability to

produce a twitch indicates a similarity to avian tonic

fibers. Nishihara (1967) has indirectly supported that

similarity with his observation that the sarcoplasmic
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reticulum and T-system in fish slow muscle is well organized,

resembling frog fast fibers.

Succinylcholine and atropine treatment at the beginning

of each test run indicated that the cannula was properly

placed and injected solutions were being distributed sys-

tematically including the pectoral muscle area. Further-

more, a terminal check of cannulation in the atropine-pro-

tected fish indicated that repeated injections did not have

a deteriorating influence on cannula placement. Tentative-

ly, then, it was concluded that DFP was indeed being dis-

tributed systematically, though this conclusion must ulti-

mately rest on DFP recovery from the pectoral muscles or

direct evidence of its action in the junctional area.

Nevertheless, it was not possible to demonstrate modifica-

tion of indirectly stimulated twitch or tatanus with doses

from 20 mg/kg to 600 mg/kg.

The relationship between concentration and neuromuscu-

lar modification in different species and even in different

individuals of the same species is influenced by a number of

factors as indicated by Holmstedt (1959). The relative mag-

nitude of doses required to produce specific actions in

other species, however, may serve as a general frame of re-

ference for judging DFP action in the bass preparation.

Using rats and intravenous administration of DFP, Faff et

al. (1973) observed the first abnormalities of tetanic res-

ponses in anterior tibial muscles in situ within 16 minutes
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after doses of 2.0-2.5 mg/kg of body weight. In the pre-

sent experiments, however, doses as much as 300 times those

used by Faff failed to modify tetanic responses in bass.

The absence of a response to those relatively high doses of

DFP appeared to be in conflict with accepted theories of

cholinergic transmission.

Three major possibilities are suggested to explain the

apparent lack of neuromuscular action of DFP. First is the

possibility that DFP is not being distributed to the neuro-

muscular area of, the decentralized preparation. This sugges-

tion seems questionable on the basis of cannula integrity

and the high lipid solubility characteristics of DFP (Heath,

1961).

The second possibility is that DFP is distributed to

the neuromuscular region but does not inhibit acetylcholine-

sterase sufficiently to modify muscular activity. Metcalf

et al. (1972), however, have demonstrated powerful DFP in-

hibition of choline esterases isolated from brain, liver

and skeletal muscle of both the white (Pomoxis annularis)

and black (Pomoxis nigromaculatus) crappie. Lundin (1959)

also has demonstrated high DFP inhibition of esterase iso-

lated from body muscles of goldfish (Carassius auratus).

The third possibility is that DFP is distributed to the

neuromuscular region and does completely inhibit the es-

terase enzyme but that this does not result in a loss of

the ability to maintain tetanus.



31

Evaluation of the validity of each of these postulates

was taken as an approach to explain the apparent lack of DFP

action and the significance of that phenomenon to neuromus-

cular transmission in fish. Such an evaluation must depend

on knowledge of the availability and function of choline-

sterases in vivo, for which demonstration of the presence of

the enzymes must be considered an obvious prerequisite. The

next objective therefore, was to provide some information

on the in vitro occurrence and relative characteristics of

cholinesterase enzymes presumed to be a component of the

pectoral fin motor unit.
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III. IN VITRO IDENTIFICATION AND CHARACTERIZATION OF
ACETYLCHOLINESTERASE FROM FISH PECTORAL MUSCLES

Materials and Methods.

Fish were collected and held as described previously.

The pectoral muscle, abductor pectoralis superficialis

(Greene and Greene, 1914) was excised, washed in cold

Courtland's saline, blotted and weighed. The muscle was

sliced into small pieces and frozen immediately in liquid

nitrogen. A double mortar system was utilized in which a

small precooled mortar containing the tissue was placed in

a larger mortar containing dry ice. A small amount, of dry

ice was added to the frozen tissue which was pulverized with

a precooled pestle. More dry ice was added and the mixture

was'triturated until a uniform powder was obtained. The fro-

zen powder was transferred to a 100 ml beaker and placed on

ice. The dry ice was allowed to evaporate and the homo-

genized tissue was brought to the desired volume in cold

buffer (0.034 M sodium bicarbonate, 0.116 M sodium chloride

and 0.00131 M magnesium chloride, equilibrated with 95% N2-

5% CO
2
to achieve a pH of 7.4). In all' instances the homo-

genate was used immediately after preparation.

Protein was measured by the Biuret method (Gornell et

al., 1949). Samples were allowed to incubate overnight.

Petroleum ether extraction and centrifugation preceeded

spectrophotometric measurement. A Beckman D.U. spectro-



33

photometer was used and samples were read at 540 mu against

a control. Duplicate samples were run on each homogenate,

and human serum was used as a standard.

Esters tested as enzymic substrates included acetylcho-

line chloride (ACh), acetylmethylcholine chloride (MeCh),

butyrylcholine chloride (BuCh) and benzoylcholine chloride

(BzCh).

Compounds tested as inhibitors were diisopropylfluoro-

phosphate (DFP), eserine sulfate and 15,-bis-(4-allydimethyl-

ammoniumphenyl) pentan-3-one dibromide (284C51).

The manometric technique was used to determine esterase

activity and the procedure was similar to that outlined by

Augustinsson (1957). In all experiments the total volume of

reaction mixture was 3.0 ml, which included 2.0 ml of tissue

homogenate in bicarbonate buffer (initial pH 7.4), 0.6 ml of

buffer or inhibitor depending on the experiment and 0.4 ml

of substrate or buffer in controls. All Warburg runs were

carried out at 25 ± 0.2°C,and the gas phase was 95% N2 - 5%

CO2.

Inhibitory data are expressed as p150, the negative

logarithm of the molar inhibitor concentration required for

50% inhibition of activity. Inhibitors were preincubated

with homogenates for 30 minutes prior to addition of sub-

strate. Esterase activity is expressed as moles of sub-

strate hydrolyzed per mg protein per hour.
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Nonenzymatic and autocatalytic activity was determined

in .a series of controls. In nonenzymatic controls substrate

was replaced by buffer, while in autocatalytic controls the

homogentate was heated to 90°C for 30 minutes prior to

assay. No activity was detectable in the nonenzymatic con-

trols. Five runs with heat killed homogenate, each in

duplicate, produced a mean activity of 0.010 moles substrate

hydrolyzed per mg protein per hour. In a 400 gram fish that

would amount to about one-half of one percent activity.

Results

The rate of enzyme hydrolysis of ACh increased with en-

zyme concentration in a linear fashion (Figure 6). All

subsequent analyses were conducted with an homogenate having

a concentration of 1.0 mg (wet weight) of muscle per 59 ml

of buffer. Aliquots of the homogenates yielded approxi

mately 5.5 mg protein per flask.

Hydrolysis of ACh by the muscle AChE exhibited inhibi-

tion by excess substrate. The typical bell-shaped activity-

substrate concentration curve gave a maximum rate of hydroly-

sis at a substrate concentration of 7.5 to 10 mM (Figure 7).

Specific activity at the optimum substrate concentration was

approximately 3.2 wrIoles of ACh hydrolyzed per mg protein

per hour. The Michaelis constant and Vmax, calculated from

the double reciprocal plot, were 2.47 x 10
-3

M and 4.56

pmoles ACh hydrolyzed per mg protein per hour respectively
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Figure 6. Hydrolysis'of ACh-C1 (10 mM) as a function of
pectoral muscle homogenate concentration. Each
point is the mean of four individual fish. The
curve has been fit by inspection.
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Figure 7. Activity-substrate concentration curve for hydro-
lysis of acetylcholine. pS is the negative
logarithm of the molar substrate concentration.
Each point is a mean of at least six individual
fish.
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(Figure 8). Potter (1970) gives Michaelis constants for ACh

with AChE for various preparations and conditions from 2.8 x

10
-4

to 5 x 10
-3

M.

Specific activity of the homogenates was shown to have

an inverse relationship with total wet weight of the fish

(Figure 9). Analysis of the data indicated a linear re-

latinship at the 0.01 significance level and an R2 value of

0.68. Maximum reaction velocities and specific activities

varied somewhat around the mean values given above, as ex-

pected from the inverse size-activity relationship.

Hydrolysis of the choline esters studied indicated the

following relationship: ACh > BuCh = MeCh (Table 1).

Hydrolysis of BuCh and MeCh were both less than one-fourth

Table 1. Relative rates of hydrolysis of choline esters by
bass pectoral muscle homogenates.

Rate of
Substratea hydrolysisb

ACh

BuCh

MeCh

BzCh

3.24

0.78

0.69

negligible

a All ester concentrations 10 mM.
b moles hydrolyzed per mg protein per 60 min.

that of ACh, and BzCh was to low to be measured accurately.

Hydrolysis of MeCh,'BuCh and BzCh are compared in Figure

10.
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Figure 8. Double reciprocal plot of AChE using ACh-Ci as
the substrate.
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Figure 9. Specific activity of pectoral muscle homogenate
as a function of total fish wet weight. The two
points have been calculated from a regression
equation developed on 22 control fish. The re-
gression coefficient is 0.684. The curve has
been fit by the regression eauation.
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Figure 10. Activity-substrate concentration curves for
hydrolysis of benzoylcholine-C1, acetyl--
methylcholine-C1 and butyrylcholine-Cl. Each
point for each substrate curve is the mean of
the number of fish given in parentheses. pS
is the negative logarithm of the molar sub-
strate concentration.
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The carbamate, eserine, was a potent inhibitor of

muscle AChE as indicated by the pI50 of 6.75, while DFP and

the selective AChE inhibitor 284C51 gave pI50's of 5.57 and

5.62, respectively (Table 2). Comparisons of the inhibitory

action of these three agents are shown in Figure 11.

Table 2. Inhibition of bass pectoral muscle acetylcholin-
esterase by selected compounds.

Inhibitora pI50
b

Eserine 6.75

DFP 5.57

284C51 5.62

a Inhibitors preincubated with enzyme for 30 min prior to
addition of acetylcholine.

b
Negative logarithm of the molar inhibitor concentration.
required for 50% inhibition of the enzyme.

Discussion

AChE's (EC 3.1.1.7, acetylcholinesterase, acetylcholine

acetylhydrolase) are generally distinguished on the basis of

inhibition by excess substrate and low concentration of

eserine. These esterases hydrolyze ACh faster than BuCh at

optimum substrate concentrations and they hydrolyze MeCh but

not BzCh (Heath, 1961). By these criteria the esterase acti-

vity in homogenates of bass pectoral muscle appears to be

predominately that of an AChE. However, relative equiva

lence of BuCh and MeCh hydrolysis as well as relatively low

p150 values for inhibitors indicates that the enzyme is not
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Figure 11. Effect of the inhibitors DFP, 284C51 and eserine
on inhibition of AChE as measured by hydrolysis
of ACh-Cl. Each point is the mean of the number
of fish given in parentheses.
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strictly identical to that isolated from many higher

vertebrates.

Baslow and Nigrelli (1961) gave AChE values for muscle

homogenates of 15 different species of fish. Their values,

assayed at 26°C and pH 8.0 by electrometric microtitration,

ranged from 4.1 to 28.2 mg ACh hydrolyzed by the enzyme con-

tained in 100 mg of tissue per hour. The range of values

was correlated with physical activity of the fish. The

homogenates in my experiments yielded 12.9 mg ACh hydrolyzed

per 100 mg tissue per hour, within Baslow and Nigrelli's

range for moderately active to active fish. Nachmansohn

(1959) has reported rates of hydrolysis of ACh by AChE for

several divergent species (Table 3). My homogenates have

been included in the table and appear to be comparatively

high in activity.

Table 3. Relative rates of hydrolysis of acetylcholine by
muscle AChE's of several different species.

Species Muscle aQAChE

guinea pig gastkocnemius 8--15

chicken leg 4- 6

hummingbird breast 80-100

frog gastkocnemius 5- 10

lizard leg 30- 40

Lebistes tail 300-400

Nereis body wall 60- 65

Lumbricus body wall 140-160

black bass pectoral fin 129

a
QAChE: Milligrams ACh hydrolyzed per gram tissue (fresh

weight) per hour.
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The observation of an inverse relationship between

specific activity and size of fish is corroborated by Weiss

(1958, 1961). He indicated an inverse relationship between

specific activity of brain ChE and brain size in several

different species. Alsen et al. (1973), however, found the

specific activity of brain and skeletal muscle AChE of cod

to be essentially independent of body weight.

AChE is classically considered to have a substrate

optimum between 1.0 and 10 mM while the substrate optimum

for pseudocholinesterase is considered to be between 10 and

100 mM (Potter, 1970). The optimum substrate concentration

for hydrolysis of AChE from my homogenates was 10 mM. This

is the same optimum substrate concentration found for brain

homogenates of bluegill and channel catfish (Hogan and.

Knowles, 1968) and for brain homogenates of cutthroat trout

(Hogan, 1971) using the manometric technique. Lundin (1959)

also observed a substrate optimum close to 10 mM for gold-

fish muscle AChE using an electrometric method.

The effect of the inhibitors DFP and eserine were simi-

lar to results obtained on other fish (Table 4), although

brain homogenates were usually the source for enzymic acti-

vity in other studies. Lundin's (1959) pI50 values for DFP

and 284C51 are considerably lower than the other values re-

ported; however, Lundin's use of a freeze-dried, dialyzed

supernatant rather than a crude homogenate may partially ex-

plain the observed disparity.
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Table 4. Inhibition of acetylcholinesterases in fish by
selected compounds.

Inhibitors a
pI50 Enzyme Source Reference

Eserine 6.8 Cutthroat trout brain Hogan, 1971

Eserine 6.6 Bluegill brain Hogan and
Knowles 1968

Eserine 6.7 Channel catfish brain Hogan and
Knowles, 1968

Eserine 6.0-6.5 Goldfish body muscle Lundin, 1959

Eserine 6.75 Largemouth bass pec-
toral muscle

DFP 4.1 Cutthroat trout brain Hogan, 1971

DFP 4.4 Bluegill brain Hogan and
Knowles '1968

DFP 6.1 Channel catfish brain Hogan and

DFP 7.0 Goldfish body muscle

Knowles, 1968,

Lundin, 1959

DFP 5.57 Largemouth bass pec-
toral muscle

284C51 6.7 Goldfish body muscle Lundin, 1959

284C51 5,62 Largemouth bass pec!-.
toral muscle

a
Negative logarithm of the molar inhibitor concentration
required for 50% inhibition of the enzyme.
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These studies have indicated the presence of an AChE in

bass pectoral fin muscle homogenates. The presence of sub-

stantial quantities of this enzyme gives tentative support

to the assumption that the neuromuscular junction is,

deed, cholinergic. Kinetics as well as substrate and in-

hibitor specificities suggest that the enzyme has much the

same character as that isolated from other fish brain and

muscle homogenates. Furthermore, the bass pectoral fin AChE

appears to be capable of complete inhibition by DFP in

vitro. If the pectoral fin neuromuscular junction is

cholinergic, however, and if AChE plays a predominant role

in transmitter termination as has been suggested by Katz and

Miledi (1973), then modification of normal neuromuscular

function would be expected to result from anti-AChE action

in, vivo. Furthermore, such modification might be expected

to increase as a function of increased AChE inhibition as

implied by the dose-related effects typical of organophos-

phate anticholinesterases. That modification of twitch and

tetanus did not occur with substantial doses of DFP in vivo,

noted in Section II, suggests abnormalities in DFP distri-

bution or AChE availability or function in bass pectoral fin

preparations.

The preceeding conclusion leads to a dichotomy of

approaches to the essential problem of DFP modification of

neuromuscular action. I have elected to attack the problem

from the standpoint of AChE inhibition without particular
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regard for systemic distribution of DFP. Justification for

this decision lies in the fact that AChE inhibition indirect-

ly indicates DFP action at the neuromuscular junction; and

AChE is an intimate functional unit in cholinergic transmis-

sion, the process with which I am primarily concerned. If

AChE can be inhibited by DFP in vivo, then complete inhibi-

tion should ultimately be a dose related phenomenon even

though metabolism, systemic toxicity and distribution to

lipid depots may complicate the relationship between DFP

distribution and pectoral muscle action.

Evaluation of the significance of AChE to junctional

transmission in the pectoral muscle of bass was subsequently

approached in two in vivo phases. The first phase consisted

of establishing dose-response curves for AChE inhibition by

DFP at various concentrations with time held constant and at

various times with concentration held constant. The objec-

tive of this phase was to establish in vivo enzyme inhibi-

tion by DFP, and to develop a basis for predicting condi-

tions necessary to achieve a given degree of AChE inhibi-

tion. The second phase consisted of characterizing neuro-

muscular function in vivo at predicted levels of AChE in-

hibition and establishing AChE activity in vitro simul-

taneously. The objective in this case was to establish the

functional necessity of AChE to junctional transmission.
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IV. EVALUATION OF THE SIGNIFICANCE OF AChE
TO JUNCTIONAL TRANSMISSION

Materials and Methods

Fish were collected and held as described in Chapter

II, with the exception that water temperature in the labora-

tory ranged to a low of 9 - 1°C in the winter months. Ex-

perimental fish were transected and prepared for muscle re-

cording and drug injection as described in Chapter II, how-

ever in addition to indirect stimulation, electrodes for

direct stimulation were also used in several experiments.

Electrodes for direct stimulation were made from No. 27

stainless steel syringe needles soldered to copper leads.

A second Grass SD9 stimulator was used for direct stimula-

tion. The needle electrodes were placed on each side of the

muscle, perpendicular to the fibers, near the base of the

fin. For direct excitation the frequency of twitch stimula-

tion was 0.2 Hz with a duration of 10 ms. Tetanic frequency

was 200 Hz and supramaximal voltage was generally six to

nine volts.

Muscle homgenates were prepared, AChE activity was

estimated and protein was analyzed as described in Chapter

Fish used to establish the dose-response relationship

between DFP concentration, incubation time and AChE inhibi-

tion were not prepared for nerve stimulation or muscle
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recording. These fish were cannulated, pretreated with at-

ropine when necessary and injected with DFP. Fifteen minutes

were allowed after atropine treatment before DFP injection.

The muscle was excised and frozen within five minutes of

each treatment period.

A potential source of error in this procedure was the

possibility that residual DFP might be exposed to AChE un-

available in vivo but made available during homogenization;

such a condition would lead to overestimation of AChE in-

hibition in vivo. This problem was approached by including

a "spiked" sample in the enzyme assay. The "spike" was com-

prised of one-half treated homogenate plus one-half control

homogenate, and residual inhibitor activity was estimated on

the basis of known treated and control activites. Enzyme,

analysis in each experiment, then, included duplicates of

the treated muscle, the control muscle and the mixture of

one-half treated plus one-half control muscles.

In the second phase of this work, the nerve was stimu

lated at 0.2 Hz for 30 seconds followed by five seconds

stimulation at 200 Hz followed by 25 seconds stimulation at

0.2 Hz. The above sequence was repeated three to four times

at five minute intervals. Immediately after the last stimu-

lation sequence, atropine sulfate (50 to 100 mg/kg) was in-

jected into those fish receiving more than 100 mg/kg DFP and

the fish were allowed to rest for 15 minutes. After atropine

treatment, DFP was injected and the fish were allowed to

rest for the duration of the treatment period. Following

each treatment predicted on the basis of the dose-response
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curves, the fish were again stimulated at the above sequence

repeated every five minutes at least three times. Sequences

with direct stimulation were added to the above protocol and

in some cases tetanic frequency was reduced to 50 Hz in both

direct and indirect stimulation. The muscles were exised

and prepared immediately after the end of the last stimula-

tion. Elapsed time from the end of the last stimulation to

freezing the sliced muscle was never more than eleven

minutes.

The possibility that atropine may interfere with AChE

activity was evaluated in a series of four controls. The

control fish were held after atropine injection for periods

of time equal to the treatment times used with DFP injec

tions. Enzyme activity in each control was higher than pre-

dicted theoretically but was within analytical error, indi-

cating that atropine did not reduce AChE activity. The pos-

sibility exists that atropine could interfere with DFP bind-

ing of AChE. This possibility was not extensively investi-

gated, however, the high levels of AChE inhibition achieved

indicated that either atropine did not interfere with bind-

ing or that interference was a mass action phenomenon that

became insignificant at high DFP concentrations.

Results

A problem of some significance to the in vivo work was

the inability to use internal controls. Since systemic"-
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injections were used, the contralateral muscle was theore

tically as affected as the experimental muscle. For this

reason the normal AChE activity of the pectoral muscle had

to be estimated on the basis of a number of control assays.

As was noted in Chapter III, a significant correlation be-

tween AChE activity and total wet weight of fish was noted

in control runs. The correlation coefficient was 0.68,

which was interpreted to mean that just over two-thirds of

the variation between muscles from different fish could be

explained by the variation in total wet weight of the fish.

The remaining one-third potential variation must be as-

cribed to various other factors involving the history of the

fish prior to experimentation and variables associated with

experimental technique.

Experimental controls were run to evaluate the possible

errors, involved with the enzyme assay. These were princi-

pally associated with measuring aliquots of crude homogenate

and substrate, and interactions of time and temperature dur-

ing a series of manometric readings. Three such controls

are illustrated in Table 5. In the first two experiments,

six aliquots of each homogenate were analyzed for protein

and esterase activity. In the third experiment three ali

quots of the homogenate were analyzed, then the homogenate

was diluted in half and another three aliquots were analyzed

for protein and esterase activity. Comparing moles of sub-

strate hydrolyzed per mg protej.n per hour, the greatest



Table 5. Estimation of error in protein analysis, enzyme analysis and the
combination.

.1111oles substrate
hydrolyzed/30min/given pmoles substrate

mg protein/flask protein hydrolyzed/60 min/mg protein
Exp # Date high low ave Tube value high low ave high low ave

1 9/20/73 6.5 4.8 5.6 1 6.541 7.604 6.530 6.945 3.168 2.340 2.716
(N=6) 2 6.530 2.720 2.010 2.332

Greatest error in: 3 6.798 2.894 2.136 2.480

(a) Protein: (4.8/6.5) =26.2% 4 6.943
(b) Enzyme: (6.530/7.604)=14.1% 5 7.256
(c) Combination: (2.010/3.168) 6 7.604

=36.6%

2 10/10/73 5.6 4.7 5.0 1 8.955 8.955 6.870 8.135 3.810 3.198 3.582
(N=6) 2 8.400 2.924 2.454 2.748

Greatest error in: 3 7.622 3.462 2.906 3.254

(a) Protein: (4.7/5.6)=16.1% 4 6.870
(b) Enzyme: (6.870/8.955)= 5 8.885

23.3%
(c) Combination: (2.454/3.810)

=35.6%

6 8.076

3 10/11/73 6.0 5.6 5.9 1 7.771 7.771 7.586 7.654 2.776 2.590 2.634
(N=3) 2 7.586 2.710 2.528 2.572

Greatest error in:
(a) Protein: (5.6/6.0)=6.7%
(b) Enzyme: (7.586/7.771)=2.4%

3 7.604 2.734 2.552 2.594

(c) Combination: (2.528/2.776)=8.9%

3* 10/11/73 2.6 2.4 2.5 1 4.168 4.479 3.499 4.049 3.732 3.446 3.582
(N=3) 2 3.499 2.916 2.692 2.798

Greatest error in: 3 4.479 3.374 3.114 3.240

(a) Protein: (2.4/2.6)=7.7%
(b) Enzyme: (3.499/4.479)=21.9% * homogenate concentration 1/2 normal

(c) Combination: (2.692/3.732)=27.9%
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possible error (i.e. , the difference between high activity-

low protein and low activity-high protein) was close to 30%.

That suggests that the majority of the variability between

actual and measured enzyme activity, not explained by weight,

is explained by experimental error. In reality, the experi-

mental error was probably never this large. In all experi-

ments, duplicates or triplicates of both homogenate and pro-

tein were run, thus reducing the possibility of getting a

maximum estimate, high or low, for either value. Further-

more the replicate manometric flasks were run side by side,

reducing the reading time involved among the replicates of

any one sample. It is apparent from Table 5 that the

greatest variation between replicates occurs between those

separated by four or five intervening flasks. Nevertheless,

the chance exists that measured activity may differ by as'

much as 30% of its true value.

Estimates of low values of inhibition may be severely

affected by the variability associated with enzyme analysis,

however, high values will be less affected. Control acti-

vity of experimental fish was determined theoretically from

the regression curve (Figure 9), and percent inhibition was

determined by the ratio of empirical activity to theoretical

activity. As empirical activity becomes small, or as per-

cent inhibition becomes large, the absolute value of error

becomes small while the percent error remains the same. In

fact, as percent inhibition tends toward 100%, the absolute
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value of the error tends toward zero. Consequently, while

at low values of inhibition the error in estimating inhibi-

tion may be significant, at high levels of inhibition the

error tends to be of minor significance. Taking some liber-

ty with this argument for the sake of simplicity, high

levels of inhibition will be taken as absolute values.

In vivo inhibition of AChE by increasing concentrations

of DFP is depicted in Figure 12. The treatment time for

these experiments was held constant at thirty minutes. Sig-

nificant levels of inhibition did not occur until the or-

ganophosphate reached concentrations of 100 to 250 mg/kg.

Below 100 mg/kg the increase in AChE inhibition for ten-fold

increase in concentration was not significantly elevated

above control levels and was low enough to have been in-

fluenced by experimental error. Beginning at about 100 mg/

kg, however, the slope of the curve became much steeper,

peaking at about 750 mg/kg. The upper inflection occurred

at about 85% inhibition suggesting either distribution to

the pectoral area or affinity for AChE, or both, were insuf-

ficient for complete elimination of esterase activity within

30 minutes. Only one fish was run at 1000 mg/kg. Respira

tory movements in this fish, at the end of the 30 minute

treatment period, were so sporadic as to indicate that death

was imminent. Dissection revealed large blood clots in the

pericardium and cut gill arches showed thrombi at the ex-

posed hemal canals. Undoubtedly, profound ionic and
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Figure 12. Effect of a series of concentrations of DFP on
inhibition of AChE as measured by hydrolysis of
ACh-C1. Incubation of inhibitor with homogenate
was held constant at 30 minutes. Each point is
the mean of the number of fiSh given in paren-
theses.
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membrane changes were caused by this concentration of DFP.

Such changes may have retarded distribution of the drug par-

tially explaining the drop in the inhibition curve at that

point.

The effect of incubation time on AChE inhibition by

specific concentrations of DFP is illustrated in Figure 13

where doses of 100, 250 and 500 mg/kg are represented. In-

creasing the concentration appears to increase the steepness

of the slope and shift the curve to the left. No outward

toxic signs were noted in any of these fish. Those fish for

which the incubation time was 16 hours were transferred back

to holding tanks for that period. As evident in the figure,

500 mg/kg was necessary to produce 95 to 100% inhibition

within three to four hours.

Residual DFP activity was evaluated by means of "spiked"

samples (Table 6). Values given for percent inhibition of

"spiked" samples were obtained by calculating a theoretical

mixture from known activity of control and experimental

homogenates and their respective protein values. Percent

inhibition was thus derived from a ratio of empirical acti-

vity to theoretical activity. Negative values indicate

those "spiked" samples which had higher activity than cal-

culated theoretically. Considerable variation occurred

among fish for any given treatment. Significantly, however,

very few of the values approach magnitudes necessary to show

an effect distinctly separate from the influence of
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Figure 13. Effect of DFP at doses of 100 mg/kg, 250 mg/kg
and 500 mg/kg for a series of incubation times.
Each point is the mean of the number of fish
given in parentheses.
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Table 6. Residual activity of spiked samples.

Date Dose
and % inhib. of Spike

1 2 3 4 TOO mTimesg/kg 1 2 3 4

9/26 10/16 12/4 imm 15.0 15.0 6.4
9/25 10/15 12/3 15' 14.0 19.0 8,3
9/25 9/24 10/15 12/3 30' 10.0 17.0 16.0 6.3
9/27 10/17 12/5 60' 7.0 12.0 -1.6
9/26 10/16 12/4 120' 18.0 -6.0 13.5
9/27 10/17 12/5 240' -12.3 29.0 -3.2

10/18 12/6 960' -4.3 15.7

250 mg/kg

12/19 1mm -4.3
12/18 15' -7,8
12/18 30' -5.4
12/20 60' -1.3
12/19 120' -6.5
12/20 240' -9.2
12/21 960' 18.2

30 min.

11/6 11/13 0.1 -1.9 -14.7
10/22 10/29 11/6 1 11.4 -3.0 5.7
10/22 10/29 11/7 10 14.3 7.2 -1.0
10/23 10/30 11/7 25 -3.6 -27.0 0.0
10/23 10/30 50 -2.7 -17.6
10/25 10/31 11/8 75 -17.2 -2.0 3.2
10/24 11/1 11/8 250 -16.8 -9.7 4.6
10/24 11/1 11/9 500 -11.0 6.0 -1.5

11/9 1000 19.0

11/14 11/14 11/15 11/15 a -4.1 -17.7 9.9 3.4
11/13 b 2.5
11/19 11/19 -0.5 12.2

a. Propylene glycol control

b. Sham operated control

c. Courtland saline control
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experimental variation. The three shortest incubation

periods for the 100 mg/kg dose appeared to show some tenden-

cy toward a positive influence of residual DFP; however, the

250 mg/kg dose showed no such tendency. A relatively high

level of inhibition was noted for the 250 mg/kg dose at 960

minutes of incubation. There seems little reason, however,

to suspect that DFP would be less tightly bound to various

cellular components after a relatively long period of time

than after a short period of time. The 1000 mg/kg dose,

incubated for 30 minutes, also showed a greater possibility

for residual activity. In this situation the extremely high

dose and relatively short period of time would seem more

favorable for the occurrence of residual activity.

The last phase of this work was an attempt to establish

simultaneously the physiological condition of the neuromus-

cular junction, as indicated by gross muscle action, and the

biochemical condition of the muscle, as indicated by AChE

inhibition. A DFP control is shown in Figure 14. Atropine

(5.0 mg/kg) has a temporary depressive action on respira-

tion, but complete recovery occurs within twenty minutes.

Twitch and tetanic responses decline slightly but consis-

tently from control levels with time. During successive

stimulus sequences the tetanus continues to decline very

slightly while the twitch response declines more rapidly.

Throughout the stimulation phase, the tetanus is well main-

tained and consistent in character reflecting the control

responses.
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Figure 14. Control record demonstrating the sequence of in-
direct twitch and tetanic stimulations, the ef-
fect of atropine sulfate (5 mg/kg) pretreatment
and the character of the muscle response with
time. Tetanus is indicated by T. Chart speed
is 5 mm/min except during tetanus when it is
125 mm/min.
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Modification of muscle response by DFP was achieved by

the proper choice of dose and treatment time. The modifica-

tion became progressively more severe and complex as inhibi-

tion of ACM approached completion. The modification was

described by seven effects separated into two stages as in-

dicated in Table 7. The first stage included the two first-

appearing and least severe effects. The second stage in-

cluded the other five effects, all of which significantly

influenced the ability of the muscle to respond to stimuli.

The first stage effects involved augmentation of the twitch

and of successive tetani of a series with no alteration of

the first tetanus, These effects were observed with inhibi-

tions. of 60 to 90 percent, but were masked at higher in-

hibitions by the prominant second stage effects.

The second stage, associated with inhibitions greater

than 90 percent, involved a series of effects which first

augmented then depressed the responses to the post-treat-

ment stimulation sequence. Characteristic of this stage was

a significant augmentation of the first tetanus of the se-

quence, followed by delayed relaxation from the tetanic

plateau of that first response and accompanied by contrac-

ture and subsequent profound depression of successive

tetani. The twitch response was only rarely augmented,

associated most often with direct stimulation and was al-

ways depressed during successive stimulation.



Table 7. Percent inhibition of AChE and modification of muscular response to indirect and direct stimulation.

Date
%

Inhibition

First stage effects Second stage effects

Augmented
twitch

Augmented tetanus-
2nd and successive
tetani of a series

Augmented
tetanus

1st of a series

Delayed
relaxation

after tetanus

Excessive
contracture

after tetanus

Excessive fatigue
of successive

responses

Nearly complete
fatigue of all

but 1st response

3/22
3/19
3/21
3/25

45, 94
55.38
73.73
75.24

-
±
-I-

±

-
±
+
±

-
+
_

-
-
- -

3/20 79.48 + + + ±
2/7 80. 45 -I- + - - -
3/18 83.94 1- - - + -
2/8 86.35 - + - - -
2/4 90.96 + - + + - -
3/11* 94.86 + - + + + + +

2/22 94.95 + - -F + + + -
2/25 94.95 - + 1- -
3/12* 96.08 + - + 1- + + -I-

3/14* 96.50 - + + + + +

3/13* 96.51 + - 1- + + + -I-

2/19 96.74 - + + 1- 1- +

2/5 96.78 + + + + +

2/11 96.90 - + + -
2/21 96.95 - + + + + +

2/26 97.56 - - -I- + + + +

2/15 97.89 - + + + +

2/28* 98.73 - + + + 1-

2/14 99.33 - + + + -

* Direct stimulation followed by indirect stimulation
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The results of an experiment demonstrating the first

detectable modification are described in Figure 15. The

tendency toward augmentation of successive tetanic responses

of the post-treatment stimulation sequence can be noted. A

significant increase in successive twitch and tetanic res-

ponses over the control sequence is illustrated by Figure

16. Although the inhibition in this case was almost 80%,

no delayed relaxation, contracture or blockade of successive

responses was seen.

Second stage effects are illustrated in Figure 17.

Augmentation of the first post-treatment tetanic response

over control levels occurred in this experiment and was fol-

lowed by delayed relaxation, contracture and severe depres-

sion of successive responses. Stimulation by direct elec-

trodes did not reverse the blocked response. In Figure 18,

indirect stimulation was preceeded by direct stimulation.

Both twitch and tetanus were dramatically augmented during

the first stimulation sequence, while successive responses

were almost completely blocked. Lowering the tetanic fre-

quency to 50 Hz did not improve the response to direct

stimulus but did slightly improve the response to indirect

stimulation.

Discussion and Conclusions

AChE was susceptible in vivo to the inhibitory action

of DFP, however, the lack of complete inhibition in any of
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Figure 15. The effect of DFP (100 mg/kg) on indirectly
stimulated twitch and tetanic responses of the
left pectoral muscle of black bass. Time be-
tween DFP administration and post-treatment
stimulation was 60 minutes. AChE inhibition
was 55.4%. Tetanus is indicated by T. Chart
speed was 5 mm/min except during tetanus when
it was 125 mm/min.
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Figure 16. Effect, of DFP (100 mg/kg) on indirectly stimu-
lated twitch and tetanic responses of the left
pectoral muscle of black bass. Time between DFP
administration and post-treatment stimulation
was 75 minutes. Inhibition was 79.5%. Tetanus
is indicated by T. Chart speed was 5 mm/min ex-
cept during tetanus when it was 125 mm/min.
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Figure 17. Effect of DFP (500 mg/kg) on indirectly and
directly stimulated twitch and tetanic responses
of the left pectoral muscle of black bass. Time
between DFP administration and post-treatment
stimulation was 180 minutes. The preparation
was pretreated with atropine sulfate (10 mg/kg).
AChE inhibition was 97.6%. Indirect tetanus is
indicated by T, direct tetanus by Td. Chart
speed was 5 mm/min except during tetanus when it
was 125 mm/min.
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Figure 18. Effect of DFP (500 mg/kg) on directly and in-
directly stimulated twitch and tetanic responses
of the left pectoral muscle of black bass. Time
between DFP administration and post-treatment
stimulation was 180 minutes. The preparation
was pretreated with atropine sulfate (10 mg/kg).
AChE inhibition was 96.5%. Direct tetanus is
indicated by Td, indirect tetanus by T and re-
duction of tetanic frequency by Tdr and Tr, res-
pectively. Chart speed was 5 mm/min except dur-
ing tetanus when it was 125 mm/min.
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the concentration-time experiments requires some comment.

Two general possibilities may explain the observation.

Firstly, some component of total AChE in fish muscle could

be unavailable to DFP in vivo and yet be reactive after

homogenization. Secondly, treatment time may have been in-

sufficient for complete inhibition of AChE at the given dose

levels.

Total muscle AChE is usually considered to be the com-

bination of an extracellular component, the functional AChE

of the neuromuscular junction, and an intracellular com-

ponent, usually thought of as a storage form of AChE. Lan-

caster (1973) points out that the in vitro and in vivo

accessibility of total AChE is not identical based on the

diffusibility of various anticholinesterase agents. Thus

highly lipid soluble agents would have access to both com

ponents of AChE, while poorly lipid soluble agents, such as

the quaternary inhibitors, would not have access to the in-

tracellular component. DFP is characterized by high lipid

solubility, and its ability to bind both intracellular and

extracellular AChE is well recognized (Faff et al., 1973)

O'Brien, 1960). In fact, the ability of. DFP to penetrate

nerve membrane was used by Koelle (1957) to demonstrate the

non-functional nature of intracellular AChE. It seems un-

likely then, that some component of total AChE in fish

muscle is unavailable to DFP in vivo, provided that
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sufficient inhibitor is available and sufficient time is

allowed for interaction.

Insufficiency of DFP concentration, treatment time or

both appears to be a tenable explanation for the incomplete

inhibition of AChE that was observed. Involved may be such

factors as affinity of the enzyme, for the inhibitor, meta-

bolism of the inhibitor, dynamics of administration route

and systemic diffusion, and reversibility of the enzyme-

inhibitor complex. Since DFP has a very brief reversible

stage (O'Brien, 1960), it is reasonable to expect that the

curves for inhibition could have been extended to 100%.

Time and dose required for action at the junctional area may

not be completely predictable from other vertebrate data,

however, because of the probable dissimilarity of the

cholinesterase enzyme.

The absence of detectable residual activity of DFP was

surprising, particularly considering the magnitude of doses

employed. Loomis and Salafsky (1964) estimated the residual

activity of a related organophosphate, soman, in rats by

utilizing a similar "spiked" sample technique. They ob-

served a dramatic increase in residual activity with in-

creased dose. Their data demonstrated approximately 20%

inhibition of "spike" activity with a dose of soman of 0.06

mg/kg, which was just sufficient to inhibit 100% AChE acti-

vity in the experimental muscle. Inhibition of spike acti-

vity increased to 100% when the dose was increased to 0.08
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mg/kg in the treated muscle. Detectable inhibition of the

experimental muscle was seen at 0.01 mg/kg. The authors

concluded from their data that the action of soman has a

high degree of specificity for muscle AChE. DFP, however,

does not have such a high degree of specificity for muscle

AChE; rather, it binds to a number of extracellular and in-

tracellular structures (Salpeter, 1970; Rogers et al., 1971).

The nature of such non-specific binding could remove, DFP

from an available residual pool and, in fact, could limit-

its binding or rate of binding to AChE. Regardless hbwever-,

of the mechanism limiting residual DFP activity, its limita-

tion alone implies that in vitro analysis of enzyme activity

is an accurate reflection of in vivo activity.

In the final phase of the experiment, modification of

neuromuscular activity, as evidenced by the muscle response,

was produced by DFP. Furthermore, the severity of modifica-

tion appeared to be correlated to AChE inhibition in my

limited sample. Despite hypotheses to the contrary, the

bulk of experimental evidence suggests that the neuromuscu-

lar modification produced by anticholinesterase agents is

due to acetyicholinesterase inhibition (Bowman and Webb,

1972). Correlation between abnormalities of neuromuscular

transmission and the ability of DFP to inhibit AChE has been

recently affirmed by Faff et al. (1973). It is tempting to

suggest therefore, that the correlation between AChE in-

hibition and muscular abnormality in my: data is a cause and
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effect relationship. Before accepting that suggestion, how-

ever, some attention must first be given to the character

of the muscular abnormality.

There are several aspects of the tetanic response

elicited during the influence of very high levels of AChE

inhibition that bear consideration. Basically, these con-

ditions can be described as the presence and maintenance of

the first tetanic response of a series, the augmentation of

that response, and the development of blockade succeeding

that response.

The response of an indirectly elicited, well maintained

tetanus was contradictory to literature reports of the ac-

tion of anticholinesterase agents. The depressive effects

of anticholinesterases have been shown to increase with fre-

quency passing into high frequency or Wedensky inhibition

when fusion frequencies are reached (Barstad 1960). Thus

tetanic contractions are more sensitive than single con-

tractions to AChE inhibition. Holmstedt (1959), reviewing

the pharmacology of organophosphorous compounds notes that

the inability of the muscle to respond with a sustained

contraction to repetitive nerve stimulation is one of the

first effects produced by anticholinesterases at the neuro-

muscular junction. Bowman and Webb (1972) have also in

dicated that depression of tetanic contraction is consis-

tently cited in the literature. More specifically, Faff

t al. (1973) reported that the first depression of tetanic
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responses were observed immediately after administration of

doses of DFP causing pronounced AChE inhibition. Doses of

DFP producing inhibition of AChE in excess of 97%, however,

have always been accompanied by a well maintained tetanus

throughout the duration of the first repetitive stimulation

in my preparation.

Faff et al. (1973) have correlated depression of teta-

nic responses to inhibition of AChE by DFP in rat anterior

tibial muscle in situ. They showed a five to 15% depression

of tetanus with 70% inhibition of AChE and an 85 to 95% de-

pression of tetanus with 85-90% inhibition of AChE. Signi

ficant here, and consistent with the literature, is that de-

pression of the tetanus is the first abnormality seen, and

progression to complete block is the result of DFP action.

On the contrary, I have observed first an augmentation of

later tetanic responses of a series and eventually a drama-

tic augmentation of the first tetanus of a series.

The depression of activity in successive tetani of a

sequence appears to be more typical of classical anticholin-

esterase action. Depression occurs in both tonic and phasic

muscles and is considered to reflect desensitization of both

end plate and muscle fiber. Atypical of phasic muscle,

however, was the maintenance of the tetanic plateau though

amlitude was severely depressed. The contracture associated

with stimulation may reflect the possible presence of tonic

fibers in the system.
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It is of some consequence, when speculating about the

actions of DFP observed in these preparations, to recognize

that inhibition of AChE in each experiment was essentially

complete before the post-treatment stimulation sequence was

initiated. The first tetanic stimulation, therefore, should

have occurred at a point when very little AChE was available,

probably as little as was available for subsequent stimuli.

The classical explanation for anticholinesterase action is

predicated upon the prolongation of life of the transmitter

acetylcholine by elimination of its hydrolyzing enzyme

(Bowman and Webb, 1972). Furthermore, muscle contractility

will reflect degrees of change proportional to the degree of

AChE inhibition as noted above. Although we have seen a

progressive pattern of abnormal muscle responses correlated

with cholinesterase inhibition, the ability of the muscle

to produce and maintain a tetanus was not effected even when

AChE was inhibited to less than one percent of its control

activity. The enzyme considered to be responsible for

transmitter termination has been eliminated, thus producing

the condition for accumulation of transmitter and prolonga

tion of transmitter life. Yet, this condition has not re-

sulted in the classical high frequency inhibition response.

It must be concluded on the basis of this information, that

AChE is not nearly as important for neuromuscular transmis-

sion in black bass as has been established for other verte-

brates. Implicit in this conclusion is the recognition that
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some other mechanism for transmitter termination must

operate with and perhaps predominate over hydrolysis in this

preparation. Transmitter diffusion is perhaps the best ex-

planation consistent with accepted cholinergic theory.

Not only was the first tetanus present and well main-

tained, but it was also considerably augmented over control

levels. Two mechanisms are postulated to account for this

phenomenon. If DFP acts only at the neuromuscular junction

and its action is to lower the threshold for endplate firing

through AChE inhibition, then DFP could induce motor units

not firing before its action to reach threshold and fire

subsequent to its action. Such a mechanism, however, re-

quires incomplete recruitment of all motor units during a

control high frequency stimulation. The probability of that

occurrence seems highly unlikely based on knowledge of other

vertebrate muscles. On the other hand, DFP may act direct

ly on the muscle fiber, somehow inducing a greater potential

for contractility.

In an attempt to separate the two above possibilities,

the muscles in some experiments were stimulated directly as

well as indirectly. Direct stimulation did not improve the

block initiated by indirect stimulation and, when used first

in a sequence, produced essentially the same pattern of

modification as indirect stimulation. This suggests that

the depression and contracture seen in severe modification

and perhaps even the augmented first response can be



88

explained by actions of DFP directly on the muscle fiber.

The bass pectoral muscle, however, is in all probability

polyaxonally innervated by a network of small nerve fibers

ending in numerous diffuse endplates on each fiber (Bone,

1964). It is not unlikely that when stimulating the muscle

directly the nerve network is also stimulated thus firing

the endplates. Furthermore, some evidence with curare has

been obtained indicating that the muscle is not stimulated

directly using this technique. That evidence stems from the

observation in two fish that responses to indirect and

direct stimulation were depressed simultaneously and equally

by curare (see Appendix). If that indication were true,

then the muscle would have been stimulated through its end-

plates whether from direct or indirect electrodes. Resolu-

tion of that problem cannot be made on the basis of present

information.

Reflecting at this point on the original three ex-

planations for the observed inactivity of DFP, it is recog-

nized that they are not now sufficiently descriptive to be

of further use. It has been noted that neuromuscular acti-

vity is modified by adequate doses of DFP, and that the

modification seems to be correlated to AChE inhibition.

These conditions coincide with the second explanation, how

ever, it has also been shown that the observed modification

is not typical of cholinergic systems in that the ability

to produce and maintain a tetanus is never abolished. In
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fact, these data seem to diminish the value of AChE as the

mechanism for transmitter termination. These results have

also pointed to some apparent contradictions between the

response of the bass preparations and the response of typi-

cal vertebrate muscle preparations. These observations sub-

stantiate the third of the possible explanations, and sug-

gest some divergence from the classical cholinergic concept.

It is appropriate now to consider a new set of explanations

for these contradictions and to develop new approaches for

a continued investigation into the nature of the teleost

neuromuscular system.
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Figure 1. Effect of d-tubocurarine at several doses on in -,
directly and directly stimulated twitch responses
of the left pectoral muscle of black bass.
Direct stimulus was synchronized to follow the
indirect stimulus after a 200 ms delay. S indi-
cates beginning of stimulation, e indicates end
of stimulation. Chart speed was 125 mm/min for
30 seconds, followed by 5 mm/min for 60 seconds,
followed by 125 mm/min for 30 seconds.
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