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Extraction and quantitation of myosin light chain

two coupled with myograph recordings from Ascaris muscle

perfused with calmodulin inhibitors and neurotransmitters 
in

conjunction with their respective agonists and antagonists

have been used to establish the regulation of contraction in

this muscle. Densitometric tracings of isolectric focusing

gels separating the regulatory light chain were used

to quantitate phosphorylation in resting, contracted and

flaccid muscle. These studies indicated that inhibitory

neurostimulation is mediated by a true GABA receptor.

Myosin-mediated contraction is responsible for maintaining

the level of tension observed in resting actin-mediated

muscle. Actin-mediated contraction is responsible for the

rapid rise in tension following excitatory stimuli. Both

systems function simultaneously and are independant.
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CHAPTER I

INTRODUCTION

Nematodes are found throughout the environment. They

vary in size from microscopic to over one meter in length.

There are over 12,000 species in this phylum, possibly

making nematodes more numerous than arthropods (1). In pigs

and man, the adult Ascarid parasite is found in the intes-

tines (1). Infections of the human parasite, Ascaris

lumbricoides, are pandemic; the World Health Organization

estimates one-quarter of the world'es population is infected

with these parasites, intensifying the problems of star-

vation and malnutrition in under developed areas (3).

Ascaris lumbricoides var. suum is also very abundant. The

United States Department of Agriculture estimates that

eighty percent of the pigs in America become infected with

Ascaris suum, costing American consumers one billion dollars

annually (4).

Three different, yet interrelated, approaches are taken

to the development of a rational chemotherapy for the

elimination of these parasites. First: control of muscular

activity in the worm. Since Ascaris has no hold-fast organs

with which to attach itself to its host's intestine, it must

maintain its position in the intestine by muscular activity

1-
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against the normal peristaltic movement of its host. If

muscle contraction in Ascaris can be inhibited, the worm

would be excreted from the host by normal intestinal

movement. This is thought to be the mechanism of action of

levamisole and piperazine PPZ, the anti-helminthic drugs of

choice for infected humans (32). Second: regulation of

metabolism. The sole source of energy for muscle con-

traction in this parasite during non-feeding times is

glycogen. In fact, at least 15% of the wet weight of the

muscle is glycogen (33). The control of the synthesis and

degradation of glycogen would also allow for control of

these worms. Third: regulation of egg production. A mature

female Ascaris produces over 1 million eggs a week.

Regulation of egg production would eliminate the parasite.

In this thesis the problem of Ascaris infection is

approached by using physiological, pharmacological and bio-

chemical techniques to study the regulation and control

mechanisms of muscular activity in Ascaris suum.

Contractile fibers, or muscles, are present in all

animals. Locomotion, reproduction, digestion, and main-

tainence of structural integrity are a few of the processes

which require a reversible contractile process. Muscles

are classified according to histological and biochemical

criteria. Histologically, muscles are termed either

striated or non-striated. The striated muscle, so named

because it has a striated appearance when seen under a light
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microscope, is under voluntary control. Non-striated

muscles, cardiac and smooth muscle, have become specialized

for involuntary movements (8).

Muscles may be further categorized based upon biochemi-

cal criteria. There are two major biochemically different

methods of muscle contraction: myosin-mediated and actin-

mediated; both are activated by release of sequestered Ca+2

(6). Actin-mediated contraction is evident in mollusks,

arthropods, primitive chordates and mammalian skeletal

muscle (5). Energy conserving myosin-mediated contraction

(2) is most often associated with non-striated or the smooth

muscle of vertebrates but is also found in molluscan

adductors (6).

Actin filaments in dilute salt solution are composed of

a single polypeptide of molecular weight 42,000. When these

globular actin proteins polymerize, as occurs in solutions

of physiological salinity, long filamentous actin polymers

are formed. These actin filaments are dimers. There is a

rod-shaped protein called tropomyosin which lies in the

groove on either side of the actin filament. In skeletal

muscle cells, there is another protein associated with

actin. It is troponin. Troponin is a complex of three

polypeptides (troponins T, I and C). Troponin T has a

binding site for tropomyosin and is thought to be respon-

sible for positioning the complex. Troponin I, when added

to Troponin T and tropomyosin, inhibits the interaction of
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actin and myosin. Troponin C is the part of the complex

which binds calcium and subsequently allows for interaction

of actin and myosin (8).

Myosin is a long rodlike protein (M.W. 500,000) with

two globular heads. Upon treatment with detergents, myosin

molecules of smooth muscle may be dissociated to yield two

identical chains of 20,000 daltons each and two pairs of

light chains of about 19,000 and 17,000 daltons each. The

19,000 Mr subunit is the regulatory subunit in smooth

muscles cells; phosphorylation and dephosphorylation of

this subunit coordinates contraction in smooth muscle (8).

When a skeletal muscle cell membrane is depolarized in

response to an excitatory stimuli, the Ca+2 which is seques-

tered in the sarcoplasmic reticulum of the muscle cell is

released. This Ca+ 2 binds to the C subunit of the troponin

complex that is bound to the actin filament (8). Once the

Ca+2 is bound to the troponin complex permitting interaction

between the thin actin filament and the thick myosin

filament, ATPase activity is initiated and skeletal muscle

contraction occurs (9). Contraction in this skeletal

muscle system is therefore an actin-mediated event which is

Ca+2 /troponin C dependent.

In the myosin-mediated system, contraction of smooth

muscle is dependent upon phosphorylation of the 19,000 Mr

myosin light chain two (MLC2 ) by the Ca+2 calmodulin (CaM)

dependent activation of myosin light chain kinase (MLCK)
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(6). No troponin complex is present in smooth muscle

cells. In the myosin-mediated system, upon activation by an

excitatory nerve stimulator, sequestered Ca+2 is released

and binds to CaM. The Ca+2 /CaM complex then activates MLCK

which can phosphorylate the MLC2 . Once MLC2 is phosphory-

lated, interaction between actin and myosin occurs and

smooth muscle contraction begins.

Myosin light chains are present in skeletal muscle

also. There are three light chains of approximately 16,000,

19,000 and 21,000 Mr of which the 19,000 Mr light chain is

phosphorylated in resting and contracted muscle and desphos-

phorylated in relaxed muscle.

The phenomenon of myosin light chain phosphorylation in

skeletal muscle cells has been studied in a number of

different animal systems. Upon contraction, varying degrees

of phosphorylation are reported; however, many contend that

myosin light chains isolated from relaxed skeletal muscle

are less phosphorylated than those isolated from contracted

muscle (9, 11, 12, 30). Because the results obtained by

previous investigators of MLC2 phosphorylation were incon-

sistent, the regulatory role of light chain phosphorylation

in skeletal muscle systems has been unresolved.

The experiments presented here were designed to

elucidate in situ which biochemical mechanism of muscle

contraction is dominant in Ascaris suum and to provide some

insight as to the type or types of neuroregulation present
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in this tissue. These goals are met by quantitating both

the level of phosphorylation in MLC2 and the response of the

intact muscle to various drugs. The results of these

investigations indicated that neuronal inhibition or

hyperpolarization is a GABAergic process in Ascaris suum;

contraction beyond resting muscle tension is independent of

MLC2 phosphorylation which suggests Ascaris muscle contrac-

tion is actin-mediated. Resting muscle tension in Ascaris

is dependent upon MLC2 phosphorylation, suggesting that the

phenomenon is myosin-mediated. These data support the

hypothesis that both actin-mediated and myosin-mediated

mechanisms function in the normal maintenance of Ascaris

obliquely striated skeletal muscle.



CHAPTER II

MATERIALS AND METHODS

Collection and Maintainence

Female Ascaris suum were collected at a slaughter house

and transported to the laboratory in a salt solution. The

Ascarids were maintained in the laboratory at 37C in a

buffered salt solution (Ascaris saline) and constantly

gassed with 95% N2 and 5% CO2 as a previously described by

Donahue (25).

Perfusion System

Adult female parasites that were 25-30 cm in length

were used in these experiments. The system was essentially

that used previously in our laboratory (25). Briefly, the

worms were cut posterior to the genital pore and anterior to

the intestinal attachment to the muscle wall. The intes-

tinal and reproductive tracts were dissected from the worms

leaving a hollow muscle-cuticle preparation 10 cm long.

This 10 cm long segment of muscle-cuticle generates two 5 cm

hollow tubes. These tissue preparations were cannulated and

ligated to polyethylene tips mounted on glass tubes with

surgical tubing through which injections were given.

The glass tubes were inserted through rubber inlet and

7



8

outlet stoppers, and attached via surgical tubing to a

pharmacia peristalic pump. The system was constantly gassed

with 95% N2 and 5% CO2 and 37C.

Muscle Tension

Myographic recordings of the muscle's response in each

preparation were made by connecting a surgical thread to a

muscle transducer (myograph B-4178) which in turn was

attached to a Narco Bio-System physiological polygraph model

Four-A.

Preparation of the Extracts

After the introduction of the drugs, the muscle

segments were frozen using a Wollenberg freeze-clamp device

precooled in liquid nitrogen (B.P. = -195C). The frozen

tissue was powdered by percussion in a mortar precooled with

liquid nitrogen. The frozen muscle powder was stored at

-80C or extracted immediately.

Extraction of Myosin Light Chains

The frozen powdered tissue from each muscle segment was

used for the preparation of myosin light chains according to

the method of Manning and Stull (12). Frozen worm segments

were placed in 6M guanidine-HCl, 3 ml/g, and homogenized

using a Brinkman Instruments polytron. The concentration of

guanidine-HCl was then adjusted to 2.5M with glass distilled

water. To this volume, two volumes of ice-cold ethanol were
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slowly added to precipitate the myosin heavy chains. The

slurry was centrifuged at 15,000 RPM in an Eppendorf micro-

centrifuge and the supernatant was dialyzed overnight

against 8 L of 4mM 3-(N-morpholino) propane sulfonic acid

(MOPS), pH 7.0, and 15mM beta-mercaptoethanol (BME). The

dialysate was centrifuged at 15,000 RPM in an Eppendorf

microcentrifuge for 10 minutes and the supernatant lyophi-

lized. The lyophilized samples were resuspended in a small

volume of 4mM MOPS, pH 7.0, and 15mM BME and again dialyzed

against 8 L of the same buffer to remove trace amounts of

guanidine. The dialysate was again lyophilized and stored

at -80C.

Isoelectric Focusing of Myosin Light Chains

Isoelectric focusing (IEF) on polyacrylamide gels with

a pH gradient 4.0 to 6.5, according to the method of Silver

and Stull (28), was used to separate the phosphorylated and

nonphosphorylated forms of MLC2 - For electrofocusing

polyacrylamide slab gels, 1 cm x 14 1mm x 18 cm, consisting

of 5% acrylamide and 0.15% bisacrylamide and 2% ampholine

(Pharmacia) pH 4.0 to 6.5 were used. Approximately 50

micrograms of protein was loaded to each lane. The gels

were prefocused for 1 hour at a constant current of 15 mA.

The samples were then added to the gel and the gel was run

overnight at 250 V. The bands were sharpened 15 hours later

by increasing the power to 1300 V. for 1.5 hours. A running
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temperature of 10C was maintained with a refrigeration unit.

Visualization of the Bands

The proteins are precipitated in the gel with 10%

trichloracetic acid and 5% sulfosalycilic acid solution.

The ampholytes were removed in an electrophorectic de-

stainer, and the gels were rinsed with methanol: water:

glacial acetic acid (3:6:1) before staining. Coomassie Blue

(0.05%) in methanol: water: glacial acetic acid (3:6:1) was

used to visualize the protein bands. Relative amounts of

protein in each band were then quantitated with a Bio-Rad

densitometer Model 1650.

Other

Protein concentrations were determined by the method of

Bradford (15). All drugs were solubilized in Ascaris saline

(Collection and Maintainence). All drugs and chemicals,

except where specified, were pruchased from Sigma Chemical

Company. Avermectins bla and bib were supplied by Merck,

Sharpe, and Dohme. The drug W-7 was the generous gift of

Dr. Rollie Schafer (NTSU).



CHAPTER III

RESULTS

Ascaris suum muscle can exist in three different

states: the resting state, contracted and flaccid. The

resting state is when the muscle-cuticle sections from the

worms are prepared and Ascaris saline alone is perfused

through these sections. During this time, there is a

certain amount of muscle tone which is endogenous to the

muscle preparations. All of the preparations originally

have this endogenous muscle tone. When the muscle is

stimulated to contract, the muscle contracts from this

tonically-active resting state. When the muscle segments

become flaccid, they relax from this tonically active

resting state. The experiments presented here were origi-

nally designed to investigate muscle contraction and muscle

relaxation. Since it was known that Ascaris muscle was a

skeletal muscle-like system (24), the regulatory role, if

any, of the myosin light chain in skeletal muscle system was

examined. Experiments are presented here to investigate the

levels of phosphorylation of the myosin light chains in

resting, contracted and flaccid muscle. Pharmacological

probes were next used to corroborate the findings.

11
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Excitatory and Inhibitory Stimulation

Contraction and relaxation of Ascaris suum muscle occurs

when the muscle is perfused with concentrations above

10-6 M acetylcholine (ACh) and gamma-aminobutyric acid (GABA)

respectively (25).

The muscle sections can be perfused with these neuro-

transmitters and the sections frozen in liquid nitrogen.

The myosin light chains can be extracted from the frozen

muscle as in Materials and Methods and the amount of

phosphate incorporated into MLC2 determined. The amount of

phosphate incorporation in all experiments was quantitated

using densitometric tracings of pH 4.0 to 6.5 IEF gels of

the extracted myosin light chains. The dephosphorylated

myosin light chain two (LC2 ) isofocused at pH 4.87 and the

phosphorylated myosin light chain two (LC2 P) isofocused at

pH 4.82. After quantitating the relative amounts of LC2 P
and LC2 , the ratio (X) of LC2P to MLC2 was determined in all

experiments as described below:

LC2P

LC2 + LC2 P

Values for LC2 P and LC2 are obtained by calculating the

area inside the peaks generated by densitometiric tracings

of IEF gels.

For the purposes of this thesis I have defined the

resting state as tonically active muscle, or muscle-cuticle



sections prepared from control worms that are perfused with
Ascaris saline alone. This resting muscle always exhibits a
certain amount of muscle tension. When these muscle-cuticle

preparations are perfused with ACh they contract, and this
state is referred to here as the contracted state. When the
control muscle-cuticle preparations are perfused with GABA,
they relax and this is referred to as the flaccid state.

Figure 1 is a myograph recording of a saline perfused
Ascaris suum muscle preparation. This muscle was frozen and
the myosin light chains were extracted. There was no change
in muscle tension following saline injection, and the
proportion of phosphate incorporation into MLC2 in this
control muscle was 0.47. Figure 2 is an example of a
densitometric tracing of the myosin light chains as isolated

from this muscle.

In Figure 3, a 1 ml injection of 5 x 10-5 M ACh was
administered to an Ascarid preparation that was continuously

perfused with saline, and this resulted in immediate muscle
contraction. The muscle remained contracted for about 5
minutes. Figure 3 demonstrates the loss of muscle tension
following contraction which continues until the muscle
reaches its original level of tension. For extraction
purposes the muscle was frozen when fully contracted. The
level of phosphate incorporation, 0.49 for ACh contracted
muscle, was similar to that of unstimulated control muscle.
The densitometric tracings of myosin light chains separated

13
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in a representative IEF gel is shown in Figure 4.

The experiment in Figure 5 shows two 1 ml injections of

5 x 10-5M GABA given to saline perfused Ascaris muscle.

Following both injections, the muscle became flaccid and

after about 7 minutes contracted or returned to the level of

resting muscle tension. GABA perfused muscles were frozen

when completely flaccid. The corresponding ratios of phos-

phate incorporation, 0.21, were appreciably lower than

saline perfused control values. A densitometric tracing of

GABA perfused Ascaris is shown in Figure 6.

Combining the previous experiments, Figure 7 demon-

strates the relationship between flaccid GABA perfused,

contracted ACh perfused and resting saline perfused muscle.

The predicted values for moles phosphate per moles LC2 and

LC2P at various points on Figure 7, which is based upon the

preceeding control experiments, are presented in Table I.

Briefly, levels of phosphate incorporation were similar for

saline and ACh perfused Ascaris, 0.47 and 0.49 respec-

tivley. The flaccid GABA perfused preparations were more

dephosphorylated with a value of 0.21. After injection of

GABA, relaxation below the original level of resting muscle

tension occurs. Approximately 7 minutes later the GABA was

washed out and the muscle returned to the original level of

muscle tension. At this point, an injection of ACh induced

contraction and, after 7 minutes, the ACh was washed out and
the muscle returned to the original tonal level.
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In order to determine the physiological concentrations

at which a GABA effect could inhibit an ACh effect and the

concentraction at which an ACh effect could inhibit a GABA

effect, titrations of each drug against the other drug were

done. Figure 8 shows a myograph recording of an experiment

in which 10-5 M ACh was perfused through the Ascaris prepar-

ation while 1 ml injections of increasing concentrations of

GABA were applied. The concentrations of GABA administered

at various points on Figure 8 are presented in Table II.

Figure 8 indicates that 10-5 M GABA is required to reverse

10-5 ACh stimulation, and a concentration of 3 x 10-5 M is

sufficient to cause maximal relaxation in Ascaris muscle

stimulated with 10-5M ACh.

The reverse of this experiment is presented in Figure

9. Continuously perfused 10-5 M GABA was titrated against

1 ml injections increasing concentrations of ACh. The

experiment in Figure 9 indicates that ACh stimulation can

inhibit or reverse GABA stimulation at concentrations

one-tenth that of GAJBA. Based upon the previous two

experiments, it seems that the GABA stimulated system of

relaxation is independent of the ACh stimulated system of

contraction, and that the ACh stimulated system is more

sensitive than the GABA stimulated system.
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GABAergic Investigation

In order to further investigate the GABA stimulated

system in relation to in situ muscle response and MLC2
phosphorylation, the following GABA agonists and antagonists

were injected into the perfusion system: glycine (Gly),

taurine (Tau), strychnine (Stn), bicuculline (Bcc), aver-

mectin bla and blb and PPZ. Of the GABA agonists, only Tau,

PPZ, and the mixture of avermectins initiated a response.

In all cases, muscle relaxation below the level of saline

perfused original muscle tension occurred. Injections of

Tau induced muscle relaxation similar to that of GABA in

that the effect was short lived; however, Tau induced

relaxation is slow and graded when compared to GABA induced

relaxation. As seen in Figure 10, relaxation induced with

PPZ typically occurs after three minute exposure of the

preparation to 5 x 10-5M concentrations. Levels of phosphate

incorporation into MLC2 following PPZ perfusion were very

high, 0.76. This result would indicate that PPZ causes

muscle relaxation in a manner different than that of

GABA stimulated relaxation. The avermectins, like GABA,

initiated rapid muscle relaxation below the level of resting

muscle tone. Levels of phosphate incorporation for aver-

mectin perfused muscle were similar to those reported for

GABA --- 0.23. Of the two GABA antagonists studied, only

Bcc affected the muscle preparation by causing a slow graded

contraction.
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Dose-response curves were generated for Piperazine in

Figure 12, Bcc in Figure 13, and avermectin in Figure 14.

Again, the levels of phosphate incorporation for avermectin

and PPZ were 0.23 and 0.76 respectively. These data and

Figures 10 and 11 indicate that avermectin (M.W. 821) as

preveiously demonstrated (16), is a GABA agonist, and PPZ

causes muscle relaxation in Ascaris by a different mechanism

than that of GABA.

Calmodulin Antagonism

Since phosphorylation of MLC2 is a Ca+2 /CaM mediated

event (7), and this phosphorylation is necessary for con-

traction in myosin-mediated muscle systems, three CaM inhi-

bitors were tested in our system. The first and least

effective inhibitor in our system was trifluroperazine (TFP)

(23). Continuous perfusion with 5 x 10-5 M TFP resulted in

little or no change in muscle tension.

Following TFP perfusion the muscle cuticle preparations

were frozen and extracted as in Methods. The ratio of moles

of LC2 P to moles LC2 and LC2 P (0.40) indicated a slight

decrease in MLC2 phosphorylation from a control value of

0.47. When a mixture of 5 x 10-5 M TFP and 5 x 10-5 M ACh was

injected into continuously flowing Ascaris saline, the

muscle contracted immediately (Figure 15). The MLC2 was

extracted and levels of phosphate incorporation (0.43) were

also found to be slightly less than those of unstimulated
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saline perfused muscle, 0.47.

The second CaM inhibitor tested was 3 -(6-aminohexl)-5-

chloro-l-napthalenesulfonamide (W-7) (25). As seen in

Figure 16, an injection of 5 x 10-5 M W-7 resulted in

muscle relaxation below the level of resting muscle tone. A

densitometric scan of the MLC2 as isolated from this

preparation is depicted in Figure 17. Resulting levels of

phosphate incorporation following exposure to W-7 were

markedly reduced from those of saline perfused control

preparations (0.47) to a value of 0.37. As seen in Figure

18, when a 1 ml mixture of 5 x 10-5 M ACh and 5 x 10-5 M W-7

was injected into continuously flowing saline, the perfused

Ascaris muscle contracted. A representative densitometric

tracing of W-7/ACh perfused Ascaris is presented in Figure

19. After determining the resulting levels of phosphate

incorporation (0.34), it was evident that contraction can

occur in Ascaris independent of MLC2 phosphorylation, and

muscle contraction in Ascaris is probably regulated by an

actin-mediated system and is therefore skeletal muscle-like.

Based upon these results and the results of the

experiment in Figure 7, there appear to be two phases in

the complete contraction of Ascaris muscle: contraction of

flaccid muscle to the level of tonically active muscle

accompanied with increased MLC2 phosphorylation, and

contraction of tonically active muscle to a more fully

contracted state which is not accompanied with increased
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MLC2 phosphorylation.

Chlorpromazine (CPZ), a phenothiazine CaM antagonist

(22), was tested in our system in order to try to produce

an effect similar to that of W-7. Chlorpromazine was

injected into continously flowing saline and the exposed

muscle-cuticle preparation began to relax below the original

level of muscle tension. As seen in Figure 20, an injection

of 5 x 10-7M CPZ relaxed the muscle. During this period of

relaxation and presumed MLC2 dephosphorylation, the muscle

was stimulated with a 1 ml injection of 10-5 M ACh mixed with

10~ 7M CPZ. Similar to the experiment in Figure 18, it was

evident that 10-7M CPZ induced relaxation was independant of

and reversed by exposure to 10-5 M ACh. Dose response curves

for W-7 and CPZ perfused Ascaris muscle are seen in Figures

23 and 24 respectively. These data would indicate that

contraction from a flaccid state in Ascaris to a tonic state

is a myosin-mediated phenomena.

In order to test this hypothesis, two injections of

W-7 were administered during myosin-mediated contraction

(Figure 21). The injections inhibited the contraction and

eventually eliminated the tone of the muscle. This same

muscle was then contracted with 10-5 M ACh to a level greater

than the orignal tonal level. At this point, an injection

of 5 x 10-5 M GABA was given and the muscle returned to the

flaccid level. This verifies, in situ, the presence of an

actin-mediated contractile mechanism which is inhibited by
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GABA stimulation and independant of myosin control.

Following loss of tone due to GABA stimulation

(Figure 21), the same muscle was again stimulated with 10- 5M

ACh. Again the muscle contracted to a level greater than

the original tonal level; however, in order to compare the

effect of muscle preparations that are dephosphorylated

(Figure 20) to those that are phosphorylated (Figure 3), the

muscle was allowed to relax. In this important experiment,

following ACh stimulated contraction, the muscle became

completely flaccid; it did not retain any muscle tone as

did the muscle in Figure 3. This W-7 induced effect was

presumed due to the low levels of phosphate covalently bound

to MLC2 - The dephosphorylated state of the regulatory

myosin light chain was confirmed after freezing the tissue

and quantitating the LC2 and LC2 P content. The resulting

phosphate levels, 0.37, were significantly lower than levels

established for saline perfused control muscle, 0.47 (Figure

22).

A summary of phosphate incorporation and effect on

muscle tension for all probes used in these experiments is

presented in Table III.
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Fig. 1--Myograph recording of saline perfused Ascaris

muscle demonstrating the lack of response in Ascaris muscle

to saline perfusion. Point "A" represents the injection of

1 ml Ascaris saline, and "B" represents the point at which

the muscle was frozen and the MLC2 was extracted as in

Methods.
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Fig. 2--Densitometric tracing of IEF gel separating

MLC2 from saline perfused Ascaris muscle. LC2 and LC2 peaks

represent an increase in absorbance and correspond to the

density or relative amounts of protein in each bond.
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Fig. 3--Myograph recording of ACh perfused Ascaris.

The level of resting, unstimulated, saline perfused muscle

and the point at which a 1 ml injection of 5 x 10- 5M

ACh was given is "A". The area between "B" and "C" repre-

sents the level of contracted muscle. The area between "C"

and "D" represents the return of the muscle to its original

tension.
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Fig. 4--Densitometric tracing of IEF Gel separating

MLC2 isolated from ACh perfused Ascaris muscle. LC2 and

LC2P peaks represent an increase in absorbance and cor-

respond to the density or relative amounts of protein in

each band.
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Fig 5--Myograph recording of GABA perfused Ascaris

muscle. Points "A" and "D" represent the level of resting

muscle tone and the point of injection of 1 ml of 5 x 10- 5M

GABA. The lines between "A" and "B" and between "D" and "E"

represent loss of muscle tone following GABA injection.

Lines between "B" and "C" and "E" and "F" represent the

contraction of the flaccid muscle to the original level of

tension. Both injections were performed on the same muscle

preparation. GABA preparations were frozen for extraction

purposes at levels of muscle tension corresponding to points

"B" and "E".
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Fig. 6--Densitometric tracing of IEF Gel separating

MLC2 isolated from GABA perfused Ascaris muscle. LC2 and

LC2 P peaks represent an increase in absorbance 
and corres-

pond to the density or relative amounts of protein in each

band.
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Fig. 7--Myograph recording comparing flaccid, con-

tracted and resting muscle. At "A" a 1 ml injection of

5 x 10-5M GABA was administered to saline perfused Ascaris.

The line between "B" and "C" represents contraction of the

flaccid muscle to the level of tonically active saline

perfused muscle. At "C", a 1 ml injection of 5 x 10- 5M ACh

was given. The muscle was fully contracted between points

"D" and "E", and at "E" began to return to the level of

resting muscle tension "F". Table I gives values of

phosphate incorporation for positions in Figure 7.
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Fig. 8 -- Myograph recording of GABA titrated against

ACh. Point "A" represents the level of saline perfused

resting muscle tension and the point at which continuous

saline perfusion ends and 10- 5M ACh perfusion begins.

Between points "A" and "G" and points "I" and "S",

increasing concentrations of GABA were given. Point "H"

represents the most complete level of contraction as

stimulated with continuously flowing 10- 5M ACh. Positions

"F" and "L" represent the maximal GABA stimulated relaxa-

tion. For molar concentrations of GABA given during this

experiment, see Table II.
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Fig. 9--Myograph recording of ACh titrated against

GABA. Point "A" represents the original level of muscle

tension and the point at which continuous saline perfusion

ends and continuous 10- 5M GABA perfusion begins. 10- 6M ACh

was administered at "B", and 10- 5 M ACh was administered at

"C". Between points "E" and "F", the muscle relaxed to a

flaccid level--below the level of original muscle tension.
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Fig. 10--Myograph recording of PPZ perfused Ascaris

muscle. The level of original muscle tension and the point

at which saline perfusion ends and continuous 5 x 10- 5 M PPZ

perfusion begins is "A". At "B" the muscle was frozen and

the myosin light chains were extracted as in Methods.
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Fig. 1l--Myograph recording of avermectin perfused

Ascaris preparation showing two injections of avermectin

into continuously flowing saline. 10- 9M avermectin was

injected at "A" and at "B" 10- 8M. At "C" the muscle was

frozen and the MLC2 was extracted as in Methods.
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Fig. 12--Dose response curve for PPZ perfused Ascaris

muscle plotting percent relaxation against the log molar

concentrations; taken at 4 minutes.
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Fig. 13--Dose response curve for avermectin perfused

Ascaris muscle plotting percent relaxation against log molar

concentrations; taken at 2 minutes.
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Fig. 14--Dose response curve for avermectin perfused

Ascaris muscle plotting percent relaxation against log molar

concentration; taken at two minutes.
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Fig. 15--Myograph recording of Ascaris muscle perfused

with a mixture of TFP and ACh. The level of unstimulated

muscle tension and the point of injection of 1 ml of 5 x

10- 5M TFP mixed with equimolar ACh is represented by "A".

The point at which the muscle was frozen and the MLC2

extracted as in Methods is represented by "B".
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Fig. 16--Myograph recording of W-7 perfused Ascaris

muscle. At "A" an injection of 5 x 10-5M W-7 was adminis-

tered. At "B" the muscle was frozen and the MLC2 was

extracted as in Methods.
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Fig. 17 --Densitometric tracing of IEF Gel separating

MLC2 isolated from W-7 perfused Ascaris. LC2 and LC2 P peaks

represent an increase in absorbance and correspond to the

density or relative amounts of protein in each band.
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Fig. 18--Myograph recording of Ascaris perfused with a

mixture of W-7 and ACh. Tension indicative of unstimulated

saline perfused muscle and the point at which a 1 ml

injection of 5 x 10- 5M W-7 mixed with equimolar ACh was

given. The muscle was frozen and the MLC2 extracted as in

Methods at "B".
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Fig. 19--Densitometric tracing of IEF Gel separating

MLC2 isolated from muscle perfused with a mixture of W-7 and

ACh. LC2 and LC2 P peaks represent an increase in absorbance

and correspond to the relative amounts of protein in each

band.
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Fig. 2 0--Myograph recording of CPZ perfused Ascaris

muscle. Point "A" is indicative of saline perfused Ascaris

and the point of injection of 1 ml of 10- 7M CPZ. Between

"A" and "B" the muscle relaxed. At "B" a 1 ml injection of
10- 7M CPZ mixed with 10- 5M ACh was administered. Between

"C" and "D" the muscle was fully contracted, and at "D" the

preparation was frozen and extracted as in Methods.
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Fig. 21--Myograph recording demonstrating independance

and cooperativity of actin and myosin-mediated systems in

Ascaris. Position "A" represents the original unstimulated

muscle tension and the point at which 1 ml of 5 x 10- 5M

GABA was injected. At position "B", myosin-mediated

contraction began and a 1 ml injection of 10- 5M W-7 was

administered. At "C" another 5 x 10- 5 M GABA was given, and

as myosin mediated contraction began at "D", an injection of

2 x 10- 5M W-7 was given. Myosin-mediated contraction was

arrested and abolished at position "E" where a 1 ml injec-

tion of 10- 5M ACh was given. The muscle contracted slightly

beyond its original tension level to "F" where an injection

of 5 x 10- 5M GABA was given to completely relax the tissue.

The muscle contracted less than was evident with the

preceeding ACh injection, but still beyond its original

tension. In contrast to Figures 3 and 7, this ACh con-

tracted muscle did not stop losing tension at the original

tension level, but continued to lose tension until reaching

the level of GABA stimulated tension. At "H" the muscle was

frozen and the MLC2 was isolated as in Methods.
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Fig. 2 2--Densitoometric tracing of IEF Gel separating

MLC2 isolated from the preparation in Figure 21. LC2 and

LC2P peaks represent an increase in absorbance and corre-

spond to the relative amounts of protein in each band.
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Fig. 23--Dose response curve for W-7 perfused Ascaris

muscle plotting percent relaxation against log molar

concentrations; taken at 3 minutes.
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Fig. 24--Dose response curve for CPZ perfused Ascaris

muscle plotting percent relaxation against log molar

concentrations; taken at 3 minutes.
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TABLE I

LEVELS OF PHOSPHATE INCORPORATION
CORRESPONDING TO POSITION IN

FIGURE 7*

Point on
Figure 7

A

B

C

D

E

F

Phosphate
Incorporation
Inoroato

0.47

0.21

0.47

0.49

0.49

0.47

Based upon established control
values (Figures 2, 4, 6)
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TABLE II

MICROMOLAR CONCENTRATIONS OF GABA
ADMINISTERED CORRESPONDING TO

POSITIONS IN
FIGURE 8

Point on Micromolar ConcentrationFigure 8 of GABA Administered
A

B

C 
10

D 
10

E 
20

F 
30

G 
40

H

10

K 
20

L 
30

M 
40

N 
50

0 
60

P 
70

Q 80

R 
90

S 
100

T
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TABLE III

PHOSPHATE INCORPORATION AND ASCARIS
MUSCLE RESPONSE

Probe Phosphate Muscle
Used Incorporation Response

Saline 0.47 (SEM = -01) None

ACh 0.49 (SEM = .01) Contract

GABA 0.21 (SEM =.01) Relax

TFP 0.40 (SEM = .01) None

TFP/ACh 0.43 (SEM = .01) Contract

W-7 0.37 (SEM = .02) Relax

W-7/ACh 0.34 (SEM = .01) Contract

CPZ 
Relax

CPZ/ACh 
Contract

Bcc Contract

Tau 
Relax

Stn None

Gly -None

PPZ 0.76 (SEM = .01) Relax

Avermectin 0.23 (SEM = .01) Relax

W-7 (FIG.21) 0.37 (SEM = .02) Relax



CHAPTER IV

DISCUSSION

The regulation of Ascaris muscle contraction has been

postulated by Lehman and Szent-Gyorgyi to be under both

actin and myosin control (6). However, other investigators

(28) have been unable to demonstrate the presence of a

troponin complex in Ascaris muscle. Donahue et al. (24)

have recently isolated and partially characterized the

troponin complex from Ascaris (24). They were also able to

demonstrate the presence of three isozyme forms of myosin

light chains, and using autoradiographic techniques, the

19,000 Mr light chain was shown to be phosphorylated in the

presence of Ca+2 , CaM and MLCK in vitro (30). This evi-

dence, troponin complex and three myosin light chains,

provided in vitro evidence for the existence of an actin-

mediated, skeletal muscle-like contractile mechanism in

Ascaris.

The data indicate that Ascaris muscle is being regu-

lated by an actin-mediated system. The role of the myosin

light chains in Ascaris muscle contraction is still unre-

solved. In fact, the role of myosin light chains in

skeletal muscle, in general, remains obscure.

By quick-freezing the experimental Ascaris muscle

72
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preparations with clamps precooled in liquid nitrogen the

entire tissue mass, approximately 0.3 g., was instantly

frozen. In this manner, all metabolic processes were

instantly terminated. Since the MLC2 is a small protein

without subunits, it is stable under a variety of condi-

tions. It is also very soluble due to both its size and

charge. These characteristics simplify the isolation of

this covalently modified protein.

The covalent modification of the MLC2 by MLCK and

myosin light chain phosphotase (MLCP) changes the isoelec-

tric point (2, 7). Isoelectric focusing gels were employed

to separate the various phosphorylation states of MLC2 -

There may be more than one phosphorylation state of the

MLC2 (18) which causes the protein to become more acidic,

lowering the isoelectric point about 0.05 units. Laser

densitometric tracings of the resulting IEF gels allow the

quantitation of the relative amount of protein in each band

of the MLC2 which in turn enables the determination of the

phosphorylation values. The experiments presented here

correlate, in situ, the response of intact myoneural

preparations of Ascaris suum with the cellular response or

phosphorylation of the MLC2 -

The experiment in Figure 7 showed the relationship

of muscle tension between flaccid, resting and contracted

muscle. These levels of muscle tension were induced by

perfusion with GABA, saline, or ACh, respectively. This and
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the fact that ACh has been isolated from Ascaris (23)

suggests that Ascaris muscle may be stimulated by a choli-

nergic system and inhibited by a GABAergic system. The

experiment depicted in Figure 8 showed that ACh concen-

trations can be reversed by equimolar concentrations of

GABA. Figure 9 showed that GABA induced muscle relaxation

can be reversed at ACh concentrations at one-tenth the GABA

perfused values. These experiments indicated that the

muscle contraction and muscle relaxation systems in Ascaris

are independent of one another. Further investigation of

the GABA sensitive system indicated that Ascaris prepara-

tions were insensitive to strychnine and glycine and

sensitive to GABA and Bcc, giving positive evidence for a

GABAergic system of inhibition in the nematode (20).

In situ evidence for an actin-mediated contractile

mechanism was presented in Figure 16. Contraction of

Ascaris muscle was stimulated by ACh while the MLC2 simul-

taneously was dephosphorylated. Contraction could not have

occurred in a system under myosin control unless the MLC2
phosphorylation levels increased with contraction. This

data contradicts the myosin regulation theory and supports

the actin-mediated one.

There appeared to be two phases in the complete

muscle: the contraction from a flaccid GABA stimulated

state to a tonically active unstimulated state which is

accompanied by increased MLC2 phosphorylation and therefore
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assumed to be myosin-mediated, and the contraction from the

unstimulated tonic level to the more fully contracted ACh

stimulated level of muscle tension which is not accompanied

by increased MLC2 phosphorylation and assumed to be actin-

mediated.

Dephosphorylation of LC2P was induced with the perfu-

sion of three CaM antagonists (21, 22); TFP, W-7, and CPZ.

The drug W-7, a napthalene sulfonamide (21), was the most

effective drug, and TFP was the least effective (Table

III). The muscle relaxation induced with all three drugs

could be reversed with ACh perfusion; however, the intra-

cellular effect of all three, LC2 P dephosphorylation, was

independent of ACh stimulated contraction. The relaxation

induced by these CaM inhibitors is assumed to be due to the

dephosphorylation of LC2P. The contraction induced by ACh

following perfusion with these CaM inhibitors supports the

theory that Ascaris contraction is not myosin-mediated.

The experiment presented in Figure 21 demonstrates the

cooperation and independence evident between the actin and

myosin mediated systems of muscle contraction. In Figure

21, contraction previously described as myosin-mediated was

again inhibited, and finally arrested, with the CaM anta-

gonist W-7 (21). This same flaccid muscle was then stimu-

lated with ACh to a level of muscle tension greater than its

original muscle tension. The level of tension developed by

stimulation with ACh was less than that stimulated by ACh in
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more phosphorylated preparations (Figure 3). The same

muscle was stimulated with GABA and returned to its flaccid

state. Again, the muscle was contracted with ACh above the

level of its original muscle tension and was not stimulated

to relax. The muscle relaxed without interruption.

However, instead of returning to the original level of

muscle tension, the muscle continued to relax below its

original tension to a level similar to that induced by W-7

or GABA, presumably due to LC2 P dephosphorylation.

This indicated the independence of the actin and myosin

mediated contractile mechanisms in Ascaris because actin-

mediated contraction remained while myosin-mediated contrac-

tion was abolished. The two systems may also be considered

cooperative because both function simultaneously, and phos-

phorylation of MLC2 maximizes the efficiency of actin-

mediated contraction by maintaining the first phase of the

contraction (Figure 7).

By preventing the complete relaxation of the muscle

containing both the actin and myosin contractile systems,

the myosin-mediated contractile mechanism may be thought of

as a fine tuning mechanism for the more evolutionary

advanced and energy consuming actin-mediated contractile

mechanism in Ascaris suum obliquely striated skeletal

muscle. This observation correlates well with the obser-

vations of others that MLC2 phosphorylation potientiates

post tettanic twitch tension and staircase responses (11,
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12). This phenomenon also may have much to do with the

variation of MLC2 phosphate levels and fluctuation of ATPase

activity found in more complex animal systems.

The use of specific chemotherapeutic probes can be used

to investigate biological systems. Using specific CaM

inhibitors and antagonists of GABA, this research was able

to define the role of regulation of actin and myosin

mechanisms in Ascaris, and describe one type of inhibitory

mechanism present in the system. This is one investigative

approach that may lead to eventual control of Ascaris and

other parasites and may also contribute to our fundamental

understanding of the regulation of skeletal muscle con-

traction.
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