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General Introduction

An important feature of molluscan neurophysiology is the 

predominance in many species of central organisation over peripheral 

events. Anatomically there is often a fusion of the central ganglia 

sometimes reaching extreme concentrations as in nudibranch opisthobranchs 

and stylommatophoran pulmonates. Where peripheral ganglionic complexes 

are present they usually act as local reflex centres having control of 

only a limited area and are thus in contrast to other groups such as 

arthropods where the segmental nervous system is able to perform complex

reflex movements in the absence of the brain.

This lack of segmentation in most extant molluscs, both anatomi

cally and physiologically is one reason why investigations of locomotor 

and postural effector mechanisms in molluscs have not been as intense 

as those in the other major invertebrate phyla. Another factor which 

augments the situation is the general paucity of discrete muscle units 

in these animals. In molluscs the structural organisation consists of 

a relatively simple arrangement of antagonistic sheets of muscle 

operating hydraulically around a fluid filled sac with no articulated

skeleton. Only those muscles concerned with retractors, such as radula

or foot are discrete units, (Hoyle 1964).

One striking example of muscular activity in molluscs is the 

passage of very clear regular locomotory waves over the foot of some 

stylommatophorans, (Plate I), Superficial observation of this action 

appears to support the view that stylommatophorans would be an ideal 

subject for an investigation into a locomotory effector mechanism of a 

mollusc. However, because of the neuromuscular limitations described 

above, there has been little study of the nervous factors involved in



PLATE I

Photograph, by reflected light, of the 

locomotory waves of Agriolimax reticulatus 

The grid markings represent 2 cm. squares.

J
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this phenomenon, except by some early workers.

The principal aim of this work was to describe some aspects 

of the nervous processes involved in the control of such a mode of 

locomotion using the pulmonate Agriolimax reticulatus, (the grey

field slug). In this method of non-appendicular locomotion whole
\

body or foot muscular action is essential for postural integrity 

and also for the general mobility of the animal. A further 

objective of this work was the examination of the longitudinal 

movement of the whole foot and body. In addition the anatomy and 

histology of the nerve plexus in the foot and body wall was studied.

In common with other slugs and snails Agriolimax reticulatus 

shows a marked correlation between its activity and the state of 

hydration of its blood, (Pusswald, 1948 and Dainton, 1954). Hughes 

and Kerkut, (1956) and Kerkut and Taylor, (1956) showed that the 

osmotic pressure of the bathing medium has a profound effect on the 

nervous activity of the isolated pedal ganglia of Agriolimax. 

inferring a correlation between the osmotic pressure of the haemolymph 

and the overt activity of the animal. Originally an additional aim 

of the research for this thesis was to determine the effects of 

varying osmotic pressure on the nervous processes controlling locomotion. 

It was hoped to ascertain the nature of these processes during the course 

of the investigations. The results of the work on the isolated pedal 

ganglia described above could perhaps then be explained in terms of 

how the osmotic pressure of the haemolymph could affect a known
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Integrative effector mechanism.

Much time was spent during this investigation in developing 

the techniques required to fulfil the first main objectives, 

especially that of locomotion. Initial experiments involved the 

removal of the viscera except for the nervous system and its attached 

pedal nerves and the pinning out of the body walls, the intention 

being to monitor locomotory waves on the sole whilst experimenting 

on the nervous system. For reasons which will be described in 

Chapter I this method was found to be unsatisfactory for the purpose 

of investigating locomotory activity.

The development of new methods and apparatus was thus 

undertaken and this is described in Chapter II. Eventually a 

suitable preparation was found but its development was hampered by 

the necessity of perfusing the animal with dilutions of ringer so that 

following the description of the processes involved in locomotion, the 

same preparations could be used to study osmotic effects. After 

protracted attempts and with the limited time available for further 

development it was decided to drop this particular objective and 

concentrate entirely on studying the neurophysiological factors 

involved in the control of locomotory and longitudinal body movements.

However, the first type of preparation, i.e. with viscera 

removed and the body walls pinned out, presented an opportunity of 

observing the effect on foot movements by bathing the nervous system 

and the musculature with dilutions of ringer. Even though they are 

of limited value these experiments are introduced and described in 

Chapter I.
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CFAPTER I

The Effects of Varying Concentrations 

of Locke Ringer on the Movement of the 

Sole Musculature.
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Introduction

For many years it has been knovm that the activity of snaJIs 

and slugs increases when the environment is wet and this increased 

activity has been associated with an increase in the body water 

content, Brandt, (1931) showed that the water content of active 

snails was substantially greater than that of inactive ones.

Pusswald, (1948) and Burton, (1964) found that the major part of 

these variations in water content wefe due to changes in the 

hydration of the blood.

The experiments of Dainton, (1954) suggested that high water 

content is not the immediate cause of activity but that it determines 

whether or not a response to a particular sensory stimulus will occur

Hughes and Kerkut, (1956) showed that the spontaneous single 

unit nervous activity of the isolated pedal ganglia of Agriolimax 

reticulatus increased when the Locke ringer bathing the ganglia was 

diluted. The experiments of Kerkut and Taylor, (1956) revealed that 

the changes in nervous activity would occurxin response to gradual 

changes in the concentration of the ringer, and furthermore that a 

pure osmotic effect was at least one factor responsible for this 

effect since solutions of equal ionic strength but varying osmotic 

pressure gave different rates of single unit activity.
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Koshtoyants and Rozsa, (1961) found osmoreceptors on the sole 

of Helix pomatia which when stimulated by water increased the nervous 

activity of the pedal ganglia. Cutting the pedal nerves or 

cocainization of the sole eliminates this effect. Rosza, (1963) 

found similar peripheral osmoreceptors on the soles of Arion and Limax. 

These results suggest that central osmoreception may not be the only 

mechanism responsible for increased activity when external conditions 

are wet,

The osmotic pressure of the haemolymph, measured by the 

depression of freezing point method has been shown to vary greatly in 

snails, (Arvanitaki and Cardot, 1932) Arion, (Roach, 1963) and 

Agriolimax," (Hughes and Kerkut, 1956 and Baily, 1971). Burton, (1965) 

found that water loss from the body by evaporation or slime, production 

in Helix led to an increase in the total concentration of solutes in 

the blood. In addition Burton, (1964) found that large variations in 

blood volume due to water intake are associated with small but 

significant variations in the tissue water.

Thus there is substantial evidence that the osmotic pressure of 

the haemolymph of those animals does vary, and in view of the conclusions 

of Kerlait and Taylor, (1956), this fluctuating osmotic, pressure probably 

has an important part to play in the mediation of overt activity.

However, Burton, (1965) considered that the main osmotic effect 

due to an increase in total solute concentration was the result of the 

organic molecules in the blood, such as haemocyanin. Some of the 

ionic constituents showed variation when water was lost from the body.
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In comparison with blood the slime produced by irritation of the 

sole contains higher concentrations of potassium and magnesium 

but generally lower sodium. The level of sodium in the blood 

tends to remain constant whilst slime is produced, although long

term slime production does give some rise. A faster rise in 

sodium concentration is produced by evaporation. On the other hand 

the level of potassium and magnesium in the blood falls with mucus 

production and water loss due to evaporation leads to a concentration 

of those two ions. Roach, (1963) also found that sodium, together 

with chloride, are the most constant of the haemolymph constituents 

in the slug Arion ater.

In a later paper Burton, (1968) investigated the effect of 

feeding on the ionic balance in the snail Helix aspersa in fully 

hydrated animals. The animals were fully hydrated to minimise 

variation of ionic constituents due to water loss. The levels of 

sodium and magnesium in the blood were not significantly altered by 

feeding whereas potassium and calcium showed a temporary rise. Thus, 

with the exception of sodium, the cations potassium, magnesium and 

calcium showed a variation either due to feeding or loss by mucus 

production. This leads to the conclusion that these ionic variations 

in the blood may lead to variations in nervous and muscular activity 

in addition to the osmotic effect mentioned earlier.

However, the constant levels of sodium in the haemolymph may 

have some relevance to the work of Airapetyan, (1969) and Alving, (1969) 

Airapetyan found that the spontaneous activity of snail giant neurons
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was controlled by an electrogenic sodium pump, and Alving found 

evidence which suggested that the difference between pacemaker 

and non-pacemaker neurons in Aplysia was that the former are 

either dependent on a sodium electrogenic pump or possess a 

greater restricted extra-cellular space. Thus a constant level 

of sodium in the blood would be desirable to such a sodium 

orientated mechanism.

The fastest rise in sodium concentration in the blood of the 

snail occurred when evaporation took place, (Burton, 1965).

Presumably this was a passive release of water with no release of 

sodium. During short term mucus secretion the level of sodium in 

the blood tended to remain constant and the presence of the ion in 

the mucus indicates a controlling mechanism which keeps the sodium 

level constant as water is lost. Sonakina, (1967) found that 90% 

of the electrolytes in the blood of Helix pomatia are in ionized 

form and thus the rise in sodium in the haemolymph during long-term 

mucus loss infers a limit to the amount of the electrolyte which can 

be excreted. Machin, (1964) showed that in Helix aspersa, mucus is 

spread on the surface of the body by muscular activity increasing the 

haemolymph pressure. Under conditions of rapid water loss there is 

more muscular undulatory activity which spreads the mucus. If this 

were the case, mucus production may, in normal conditions, account for 

the total loss of water from the blood and thus the level of sodium in 

the haemolymph would be less likely to fluctuate.

The significance of spontaneous nervous activity and its 

correlation with the behaviour of the animal was assessed in a



- 9 -

recent paper by Taylor, (1972), who elaborates on the work of Fatt 

and Katz, (1952) by introducing a parameter called the spontaneity 

parameter S w/'.ich describes the amount of spontaneous behaviour in 

a neuron or net. In the theoretical network set up each neuron 

is treated as a noise generator due to spontaneous emission of packets 

of transmitter substances at the synapses it makes with other neurons. 

If the value of S is increased there will be more and more random 

behaviour and the predictions of the output for a given input will be 

subject to greater fluctuations. Assuming a connection with effectors 

the network will produce more and more random movements and there would 

appear to be a point where it is unhelpful for the network to have its 

value of S increased further.

This random search pattern may in certain situations be of more 

value to a predator than a linear search pattern, especially if S 

could be reduced after experience has been gained by means of this 

random behaviour. Taylo-'s theoretical nerve not shows a number of 

controlling factors which affect the level of spontaneity. Learning 

can only be said to have taken place when the responses of the net are 

nearly certain, the relevant spontaneity parameters of the net will 

have been reduced in the process. In organisms in which only limited 

learning is possible it may well be that spontaneity parameters are 

not variable enough to achieve a deterministic level of behaviour.

The nature of its behaviour, the relative simplicity of its 

nervous system and the accessibility of its nervous system may make 

the pulmonate an ideal experimental animal to investigate the relation

ship between spontaneous nervous activity and its overt behaviour.
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Observation of the progress of a crawling Agriolimax 

suggests the impression that its behaviour is one of random 

investigations. However, some properties of true learning were 

found by Emson Piers, et al (1971) in Helix. The training 

period brought about a change in behaviour which was not 

transitory and which persisted to extinction.

Taylor's theoretical treatment of the relationship between 

behaviour and spontaneous nervous activity gives added significance 

to the work of Hughes and Kerkut, (1956) and Kerkut and Taylor,

(1956) described above.

The work suggests a link between osmotic pressure variations 

of tJie blood and increased nervous activity which in turn implies 

behavioural consequences. This situation prompted the observation 

of the effects of osmotic pressure on the nervous processes 

controlling locomotion, the prime aim of this work.

The apparatus described below was found to he unsuitable for 

investigating this objective. However, since it gave an opportunity 

to bathe the dissected animal in various concentrations of ringer, 

the experiments described below were carried out before the development 

of a workable method for studying locomotion.

Tl:.is emphasis on locomotion seemed advisable because Agriolimax 

appears to have a pattern of activity similar to much larger Limacidae 

described by Kunkel, (1903) in that the locomotory apparatus possesses 

a degree of autonomy from the central nervous system, an important
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factor in the study of animals belonging to a group tending towards 

central domination. This phenomenon presented the best material 

for investigation and although the detailed nervous mechanisms 

■responsible for producing this autonomy may not be explained, the 

nature of the interaction between the central nervous system and 

this mechanism can be described. The degree of independence of 

the sole in its locomotory role can also be studied.

Quite small pieces of the isolated sole of Agriolimax 

exhibit locomotory waves, albeit of an unco-ordinated nature.

This fact led to the consideration of the possibility that the slug 

could be pinned out open with only the central nervous system,

(the oesophageal nerve ring) the sole and body walls present, so that 

tlie nervous elements would be easily accessible whilst allowing the 

recording of readable locomotory waves. The apparatus described 

below represents an attempt to investigate this possibility.
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Matertais and Methqd^

Procedures Common to all Physiological Experiments

(a) Prior to an experiment all slugs were kept overnight on wet 

filter paper to acclimatise to room temperature. They were fed 

mainly lettuce but occasionally slices of carrot.

(b) No anaesthetics were used at any stage of the experiments.

The possibility of using carbon dioxide to immobilise the animals 

was attempted but it was found that dissection was possible without 

anaesthesia, and although the animal is very active during the initial 

stages of surgery it soon became still .

(c) All the experiments were carried out at room temperature.

This varied between 18°C to 24°C. Tlie greatest rate of rise in 

temperature in the laboratory usually occurred between 1100 and 1400 hrs 

Thus, where possible experiments were performed before 1100 hours, or 

after 1400 hours, the respective temperatures being in the region of 

ISOC to 19°C and 23°C to 24°C.

Locke ringer, first used by Cardot, (1921) in experiments on 

Helix was used in the experiments when required. Standard Locke 

solution was diluted with distilled water to the required 

concentration. The solution was then left overnight at room 

temperature and the glucose dissolved at the concentration of 1' gm./l. 

at least one hour before the experiment commenced. This latter time 

factor was to allow the solution to adjust to room temperature if any 

variation in the temperature of the solution had been caused by the 

addition of the glucose.



FIGURE 1

Side view of the apparatus used to investigate the effects 

of different concentrations of Locke ringer on the foot 

musculature of Agriolimax reticulatus

Key

A Board. Approximately 15 cm. :

B = Rectangular cork block.

C = Dissected slug.

D - Glass lever.

E = Fulcrum.

F = Vane,

G - Mullard <XP 71 phototransistor

H = Screw and spring adjuster.

J = Multiple ringer feed tube.

K = Waste ringer reservoir.
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Apparatus

The apparatus used is shown diagramatically in Figure I.

It consisted of an upright board (A) 15 cm. high and 6 cm. wide 

through which a hole 3 cm. in diameter was drilled near the top. 

Over'this hole rested a rectangular piece of cork (B) and on its 

outer surface was pinned the dissected slug (C). Through a hole 

in the cork one arm of the very light weight glass lever CD)

terminating at the proximal end with a round knob, about 2 mm. in

diameter resting on the surface of the sole of the animal. The 

purpose of the knob was to spread the load of the arm on the sole 

surface. The glass arm nivoted around the fulcrum (E) and at the 

lower end was attached a vane (F) which moved in front of a Mullard 

OcP 71 phototransistor (G) connected to its own standard pre

amplifier circuit. Any movement of the sole was reciprocated by 

the lever (D) and thus the vane obscured part of the phototransistor. 

Tne natural motion of the glass lever was in an anti-clockwise

direction and this movement was moderated by the screw and spring

adjustor (II). The signal from the phototransistor pre-amplifief 

circuit was conducted into a Devices DC 6 amplifier with a sub 02 

unit and thence into a Devices IiI2 two channel pen recorder.

The phototransistor was calibrated as follows:-

By means of the screw and spring adjustor (IT) the knob on the 

end of the lever arm was brought to bear on a piece of card placed 

over the hole of the rectangular cork block (B). This piece of card 

represented the position of the slug’s foot during the experiment.
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After the amplifier settings had been adjusted so that the pen was 

at the middle of the chart paper the whole cork block (B) was 

removed and the knob clamped to a scaled micromanipulator. The tip 

of the arm was then moved in 0,1 mm. steps over the full scale 

deflection of the pen motor. The phototransistor response was linear. 

After calibration the micromanipulator was removed and the amplifier 

settings then remained constant through the whole series of experiments.

T):e multiple ringer feed tube (J) consisted of three fine 

polythene tubes cemented together. Each tube was connected through a 

tap to its own large reservoir of a particular dilution of Locke ringer. 

The changeover period from one solution to another was only 3 to 5 seconds, 

The solutions in the reservoirs were aerated throughout the experiments. 

The ringer issuing from the mouth of the tubes was guided onto the 

animal by a strip of filter paper and collected at the bottom of the 

animal by another strip which drained into the waste reservoir (K)

The procedure for mounting the slug in the apparatus was as follows

The mantle flap of the slug was removed and the animal incised 

medially along its dorsal length. The body walls were pinned out and 

the viscera carefully removed so exposing the nerve ring and the pedal 

nerves. The preparation was kept moist with ringer at all times. The 

dissected animal was then transferred to the rectangular piece of cork (B) 

The body walls were pinned out with a part of the sole being positioned 

over the hole in the cork whilst ensuring that the foot was straight.

The cork was then mounted on the apparatus shown in Figure I,
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After the ringer flow had commenced the glass lever (O) was 

brought to bear on the sole of the animal.

Nature of the Experiments

The initial concentration of the Locke solution bathing any 

preparation in any experiment was 70%. The osmotic pressure of 

slugs taken from the field is assumed to be equivalent to 70̂ 3 Locke 

solution, (Hughes and Kerkut, 1956). In their experiments and 

likewise in those of Kerkut and Taylor, (1956) 70% Locke ringer was 

used to represent normal activity. Similarly in these experiments 

70% Locke solution was used as the reference concentration and after 

changing from 70% to another dilution the ringer feed was returned to 

70% lecke concentration before another change was made. The normal 

period of bathing for each concentration was 30 minutes, although some 

were exceptionally between 15 and 20 minutes. Approximately half way 

through the periods where 70% Locke ringer were being used the ringer 

feed was stopped for a few seconds and then started again to determine 

the effects of mechanical stimuli when the taps were turned.

All the experiments involving dilution of the bathing medium 

were carried out with the nerve ring attached to the foot and body 

walls by means of the pedal nerves. Two types of experiments were 

carried out, one involving changes from 70% to 40% Locke solution, 

and the other changes from 70% to 60% Locke solution.
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The final experiments involved removing the nerve ring by 

severing the pedal nerves after bathing for 30 minutes in 70% Locke 

ringer. The ganglia were pulled away from the sole with forceps 

and the nerves cut with fine scissors. The behaviour of the sole 

was recorded before and after severance of the pedal nerves.



FTGUTÆ 2

The effect of varying the concentration of Locke 

ringer from 70% to 40% on the movement of the 

sole musculature. Figures a, b, c, d and e 

represent one continuous experiment. Time scale 

represents one minute divisions.

(a) Bathing in 70% Locke ringer

(b) Bathing in 40% Locke ringer

(c) Bathing in 70% Locke ringer

(d) Bathing - in 40T̂ Locke ringer

(e) Bathing in 70% Locke ringer



' a)

I 0 1rrm

b)

c)

d)

e)

I 0 1mm.
07

I 0 1mm.

I 01mm.

0 7
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RESULTS

One of the major technical drawbacks found with this method 

was the tendency of the glass knob resting on the foot to damage 

the delicate sole. Even the use of very large, flatter knobs to 

spread the load, a very light weight glass lever to reduce inertia, 

or lubrication of the fulcrum to reduce friction, did not prevent 

this from happening. Careful manipulation of the screw and spring 

adjuster, (H in Figure 1) which controlled the force that the knob 

exerted on the sole did not offer a solution to the problem since 

in most cases the force required to show any movement on the sole 

was so strong that the soft tissues of the sole were destroyed.

Vhien damage to the sole did occur it was usually apparent during the 

first 30 minute period of bathing with 70% Locke solution. In some 

cases, the sole appeared to be intact, and in such preparations the 

experiment continued with changes of the dilutions of the perfusate.

It should be mentioned, however, that even in those preparations where 

the experiment sometimes lasted 3 hours, damage to the sole became 

apparent after about hours.

The trace shown in Figure 2 is typical of the results obtained 

where the dilution of the Locke ringer was changed from 70% to 40%.

The increase in foot muscular activity is apparent when the preparation 

is exposed to the lower concentration of the perfusate. The arrows 

that are shown during the periods of 70% perfusion represent the point 

at which the taps were turned on and off to determinte the effects of 

mechanical stimuli, and it can he seen that the effect is minimal.
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Vertical movement of the pen represents reduced light falling 

on the phototransistor. Reference to Figure 1 shows that this 

involves a movement of the glass arm in an anti-clockwise direction, 

and thus vertical movement of the pen shown in Figure 1 represents 

a thickening of the sole and body walls due to large,longitudinal 

contractions. In spite of frequent visual inspection of the 

preparation no locomotory waves were observed.

Figure 3 shows a representative preparation which gave a 

response when the concentration of the bathing fluid was changed 

from 70f to 60%. The arrow shov/n during the 70% perfusion 

represents the point at which the taps were turned on and off to 

determine the effects of mechanical stimuli, and again it can be 

seen that the effect is minimal. It was far more difficult to 

produce a response in the foot to a smaller change in concentration 

than that involving a greater change in concentration as shown in 

Figure 2. Again, the increased activity of the solo was due to 

longitudinal movements of the foot and body wall and no locomotory 

waves were observed on the sole.

Figure 4 illustrates the effect of removing the nerve ring 

when the preparation was bathed in 70^ Locke ringer. The point 

of severance of the pedal nerves is indicated by the arrow. Some 

foot activity can be seen before cutting the pedal nerves, probably 

due to stimulation from pulling the nerve ring before cutting, in spite 

of every care, but this continues after extirpation of the ganglia 

indicating peripheral irritability. The sudden drop in the level of
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the trace is probably due to a lengthening of the foot associated 

with a reduction in the thickness of the sole. Some central 

excitatory control of tonus is inferred.
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DISCUSSION

The increase in foot muscular activity observed in Figures 2 

and 3 in response to a dilution of the bathing medium could be due 

to (a) ionic and osmotic factors influencing nervous elements and/or

(b) ionic and osmotic factors influencing muscular elements. The

importance of electrolytes to nervous and muscular function is well 

known, (Hodgkin, 1958, Baker et al., 1062, Grinnel, 1972), and the 

effects of rapid changes in osmotic pressure on the pedal ganglia of 

Agriolimax have been described by Hughes and Kerkut, (1956).

Jonsson, (1971) working on rat vascular smooth muscle found that the 

permeability ratio of PNa/PK was increased when the osmolarity was 

lowered. Muscle cells exposed to hypertonicity did not indicate 

any clear cut alteration in either PlTa or PK,

Due to the nature of the above experiments it is impossible 

to postulate which mechanisms are responsible for the increased 

activity of the foot. However, the general trend of hyperactivity 

induced by a dilution of the bathing medium, as found by Hughes and 

Kerkut, (1056) and Hughes and Taylor, (1956) is evident from these 

results. The fact that both nerves and muscles are bathed by the 

haemolymph must mean that these elements are subject to the same 

variations in the concentration of the blood and therefore the above 

results probably represent a phenomenon which is present as a natural 

behavioural response. One criticism of this conclusion is that the 

changes of ringer concentration in the experiments were rapid, 

whereas in nature they would be gradual. However, Kerkut and Taylor,
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(1958) showed that the spontaneous nervous activity of the isolated 

pedal ganglia of Agriolimax did increase with a gradual change of 

concentration of the bathing medium. One variable could have been 

removed by subjecting the denervated foot to the changes in 

concentration of the ringer, but these experiments were only carried 

out because the method was available in which varying dilutions of 

ringer could be applied to the nerve 'luscle preparation.

This preparation did not fulfil the requirements for the 

primary aim, that of studying the nervous control of locomotion and 

thus it was felt more necessary to develoo methods and apparatus 

for this exploration rather than investigate further those dilution 

effects.

The experiment in which the nerve ring was removed demonstrates 

some peripheral motor activity and also possibly reduced tone due to 

t!:e removal of central control. This aspect, however, was 

investigated more fui 1 y in t̂ ê later experiments described in 

Chapter V.

The failure of the preparation to produce locomotory waves may 

have been due to the damage caused to the sole by the force of the 

glass lever but since a slug can crawl over sharp gravel one would not 

expect this to be a problem. Presumably in nature mucus wi11 protect 

the sole from such damoge but in the type of preparation described 

above mucus secretion would probably not he sufficient to afford this 

protection. An artificial lubricant, such as glycerine, may have 

helped to prevent such damage to the sole. A more likely explanation 

for tlie absence of waves during the experiments is that such a drastic
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dissection used in this method affects the abi1ity of the sole to 

give coordinated waves for any length of time, perhaps due to the 

large number of reflex pathways which have been severed and/or the 

l-ch of haemolymnh pressure. This seems t- be supported by the fact 

that cutting the head off a stationary slug leads to the immediate 

production of regularly shaped and well coordinated waves which can 

last for 30 minutes in the structurally intact posterior half of the 

animal. It seemed desirous therefore that any method developed for 

the purpose of studying locomotory waves should allow as much of the 

body of the slug as possible to remain intact.

In view of the apparently delicate nature of the sole it also 

api’cared desirable that any future method for locomotory studies 

should involve some form of non-tactile measurement of the wave action
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CîîAPTGR II

The Development of the Experimental Methods
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Choice of Animals

_Limi^ has a large nervous system but the smaller grey field 

slugs (Agriolimax reticulatus) were used because they were more readily 

available. In addition, if the investigations produced results which 

explained or helped to explain the nervous control of locomotion and 

longitudinal body movement, the experiments involving osmotic pressure 

investigations would be more usefully performed on an animal already 

investigated in this respect by others.

The Development of the Apparatus for the Locomotory Studies

From the experience gained from the apparatus described in 

Chapter I, the revised programme required three criteria to be met.

(a) ^tructur^l Preservation of the Slug - The ability to experiment on

the central nervous system and pedal nerves with ’.most of the body

walld and foot as structurally as complete as possible, so that

well co-ordinated regularly shaped waves could be studied.

(b) Perfusion of the Slug - To be able to investigate the effects of

osmotic pressure on the various processes involved in locomotion,

it was preferable to have a viable preparation with known 

concentrations of ringer bathing all parts of the body.

(c) Measurement of the Waves - To measure the frequency and if possible

the velocity of the waves preferably using a non-tactile method of 

measurement over as large an area of the sole as possible.
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(a) Structural Preservation of the SLu£

This presented no difficulty because ten Cate, (1923) had 

succeeded in stimulating the pedal nerves of ^ i ^  whilst keeping 

the rear half of the animal intact by ligaturing the slug in the 

region of the mantle. The central nervous system and the nerves 

were exposed by an incision in the anterior part of the animal. 

Weevers, (1971) in his experiments on Aplysia used an inflated 

balloon to seal the posterior part of the animal but this technique 

was rejected because of the smallness of Agriolimax. A ligature was

used in all development of methods on this animal.

(b) Perfusion of the Slug

In contrast the second requirement presented a number of very 

difficult problems. To perfuse the open anterior end of the animal 

was a simple matter but to perfuse the rear half and, maintain the 

correct pressure beyond the ligature, proved extremely difficult.

Locke ringer was fed from a constant head device which was 

connected to a large reservoir. Two fine polythene tubes, one for 

inlet and one for outlet of ringer, were ligatured into the rear half 

of the body but it was found that the gut, gut contents and mucus 

blocked the tube openings. In an effort to keep the tubes open, fine 

wire loops were attached to their ends, but these did not prevent mucus 

blockage and in many cases the wire cut the viscera and worsened the 

situation. The viscera formed the main packing of the muscle tube 

and removal of the gut caused a large reduction in tlie diameter of the body
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However, perfusion of the rear half with the viscera removed was 

attempted in the hope that enough pressure could he exerted tc 

swell the posterior portion to normal proportions. Unfortunately, 

the tubes still tended tc clog with mucus and, far more seriously, 

a good seal around the tubes could not be obtained. To seal the 

rear half meant such a tight ligature that the body wall became 

crushed and the pedal nerves destroyed. Where leakage occurred an 

increase in internal pressure could be obtained by raising the constant 

head device to give a high pressure feed, but a constant diameter of 

the rear half of the animal was difficult to maintain due to the 

varving nature of the outlet. Often the nressure would become too 

great and the rear half would swell up to such an extent that the 

delicate sole was stretched, so stopping the activity of the foot.

A third type of perfusion was attempted in which the feed 

pressure was kept low so that the ringer merely bathed the interior of 

the slug through one tube and did not build un any high positive internal 

pressure, the excess merely flowing out through the open incision. Even 

if the animal was in a shrunken state this preparation may have allowed 

observation of wave action on tlie sole. The excess ringer flowing out 

from the rear half was at first sucked away by a vacuum pump, but here 

clogging of tlie tube with mucus was again a problem. Finally, a glass 

sided box was constructed and partly filled with ringer, the rear half 

of the ligatured slug was dipped into the pool and the excess was allowed 

to overflow into it. However, it was found impossible to produce 

regularly shaped waves on the sole adequate for quantitative measurement.
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An additional problem was the coagulation of the mucus on the body 

surface immersed in the ringer. This could be removed by frequent 

wiping but such an action caused contraction of the body.

For the above reasons perfusion and with it the study of 

osmotic effects on the whole system was necessarily dropped. After 

a long series of abortive exploratory attempts it was expedient to 

leave the rear half of the slug intact with blood and viscera present 

and perfuse the dissected anterior portion of the animal. This was 

a compromise in that the posterior half was bathed by its natural 

haemolymph and the anterior nervous system by an artificial medium.

Measurement of Waves

It was preferable to be able to observe as much an area of the 

sole as possible as only in this way could the shape, speed and 

frequency of the waves be measured with any accuracy.

Slugs crawling up a glass plate were filmed under reflected 

light using a Bolex cine camera with a wide angle lens on Kodak Tri-X 

reversal monochrome film. The heat of the lamps was dissipated through 

two large beakers full of water. The films were then analysed on an 

editing machine. Although the waves were visible the amount of 

information that could be gained from this method was limited, the main 

drawback being that the waves were so similar in intensity to the light 

coloured solo that low contrast resulted.

Experiments with vital dyes, (e.g. Evans Blue) impregnated into 

the sole, seemed at first to offer a solution. The animals were left 

to crawl over fiIter paper soaked with the dye for four hours so that



- 28 —

it v/as absorbed by the foot and this technique showed the waves mo^o 

clearly on the cine film. However, tests to measure the activity of 

these dyed animals using the method of Dainton, (1954) showed that even 

the smallest concentration of the dye produced a reduction in activity, 

and the intensity required to reveal the waves on film eventually stopped 

the animal. Topical applications of the stain, either with a brush or 

pipette resulted in an increase in mucus production by the sole making 

interpretation extremely difficult.

During perfusion experiments the slugs were filmed suspended from 

the ligature so that two dimensional waves would yield a better record. 

Here, although a polaroid sheet between the object and the camera lens 

reduced glare from the reflective sole, contrast was still lacking, even 

with oblique lighting to shadow the waves.
f

Because of these difficulties it became necessary to concentrate 

on measuring the passage of a wave at a particular point on the surface 

of the foot rather than try and observe the whole area of the sole. In 

the earlier method described in Chapter I tactile measurement using a 

lever of small cross-sectional area resting on the foot was found to be 

unsn.itable. Hence, some other form of transduction had to be used. 

Several types of photocells were available and their application to the 

assessment of wave activity was investigated. The most convenient 

piece of apparatus proved to be the Devices Isotonic Transducer 2IJ)01. 

Tliis is normally used with an optical density wedge to measure linear 

movement, but it was found that the slug could be placed across the beam 

of light so that the waves yielded a clear oscillatory pattern which was 

a measure of their frequency. To measure the speed of the waves two 

photodiodes close together would have been necessary, but the dimensions
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of the commercial instruments case were too large to permit more than 

one being used simultaneously. A modification of the framework of 

the Devices case may have enabled two instruments to be used close 

together, but the time needed to make this modification was 

prohibitive at this stage of the investigations. The experiments 

proceeded with one transducer in conjunction with the ligatured slug 

preparation finally adopted, and the use of this apparatus for the 

purposes of investigating the nervous control of locomotion in 

Agriolimax reticula,tus is described in Chapter IV.

The Apparatus for the Body Movement Studies

No development was required for this series of experiments 

since only a slight modification of the apparatus used in the 

locomotory studies was needed. Its use is described in Chapter V.
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CHAPTER III

The Anatomy and Histology of the Sole and Body Wall 

Nerve Plexus,



FIGURE 5

Drawing of the nerve plexus of the sole 

and body wall of LImax. Biedermann, (1906)

For explanation see text.
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Introduction

A diagnostic characteristic of land pulrr.onates is the 

possession of some form of nerve plexus in the flat foot.

Pedal nerves from the pedal ganglia descend towards the sole of 

the foot, occasionally branching to connect with the sole plexus.

In Limax when flat longitudinal frozen sections of the foot have 

been stained with formic acid and gold chloride the plexus presents 

a regular pattern, (Biedermann, 1906) see Figure 5. On each side 

of the median line of the sole there is a nerve cord with large 

ganglia spaced epuidistantly along its length. These ganglia are 

linked to those of the opposite cord by cross bridges to form a 

ladder-like appearance over the length of the central strip of sole, 

and these cross bridges are linked by fine, delicate, cell-free, 

longitudinal strands parallel to the two main ganglionic chains.

This regular ganglionic nerve net is continuous with an 

irregular, wide meshed net of the side margins of the foot and the 

body wall. Besides the large paired ganglia, ganglia of smaller 

sizes are present on the cross bridges, at junctions and also in the 

centre of the net.

T!)e distal pedal nerve stems from the pedal nerve ganglia and 

their branches lie in the same plane as the plexus in the thin, flat 

sole. The stems themselves and their proximal branches are completely 

free from ganglionic cells, but the finer branches have many cells
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along their length. Biedermann, (1905) and Schmalz, (1914) have 

both given an account of the pedal innovation of Helix. The snail 

has a thick, fleshy foot and the pedal nerves penetrate this by 

sloping dovm tJirough the dorsal surface of the foot to meet the 

nerve net below. As in Limax the nerves and their proximal 

branchés are free from ganglionic cells. The sole plexus contains 

ganglia proper and consists of a coarse-meshed plexus in no way 

possessing the regularity of that of Limax. However, Biedermann,

(1906) considered that irregular cross bridges were present and what 

is seen in Helix is the same as the nerve net between the longitudinal 

rows of ganglia in Limax, the sole being without this chain, the cross 

bridges stretching over the whole sole width. He considered that the 

irregularity of the nerve plexus of Helix was exaggerated by the 

contraction of the sole musculature.



- 33 -

M a t e r Is and Methods

Anatomy of the nerve plexus in the solo and body v/a^

Slugs were prepared by immersing them in 70% Locke ringer 

solution at a temperature of 35°C containing 1% w/v of propylene 

phenoxetol for 6 hours by which time the musculature had relaxed. 

They were then removed from the ringer and the whole body surface 

was wiped clean of slime with paper tissues. When the nerve plexus 

of the sole was to be studied the slug was placed, ventral side 

downwards on a microscope slide whilst ensuring that the whole of 

the foot surface was pressed firmly into contact with the glass.

In those cases where the body wall was to be examined, an incision 

was made along the whole of the median line of the foot and all the 

internal organs removed. The sheet of body wall thus formed was 

then -flattened onto a microscope slide.

The slides were placed on solid carbon dioxide and when the 

specimen was frozen and adhered to the slide, the slide was 

transferred to a specially designed jig containing a chuck from a 

cryostat microtome. This jig was so arranged that the central axis 

of the chuck was at right angles to the plane of the slide. Thus, 

when the dorsal surface of the slug or body wall was frozen to the 

chuck, the plane of the sole and body wall nerve plexus respectively 

were also at right angles to the central axis of the chuck. This 

orientation was necessary so that the knife of the microtome cuts 

sections parallel to the surface of the foot or body wall, thus
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increasing the probability of the majority of the nerve plexus 

being included in one flat, longitudinal section.

After removing the chuck with the snecimen and slide 

still attached from the jig, the slide was removed from the 

specimen by rubbing a finger along the free surface of the glass 

and melting the ice between the specimen and the glass. The 

chuck and specimen were then placed onto solid carbon dioxide to 

freeze any melted tissue and then the chuck was mounted in a 

cryostat and flat, longitudinal sections cut in a posterior-anterior 

direction at 150 p.

To reveal the nerve plexus the sections were allowed to thaw 

and then flooded with 25% w/v formic acid for 5 minutes. After the 

formic acid had been flushed off with distilled water the specimens 

were stained in 1% w/v gold chloride solution for 20 minutes.

Finally, the sections were photographed under a Zeiss epitechniscope 

using a Zeiss electronic flash and Ilford FP 4 monochrome film.

Histology of the nerve plexus

For this study the slugs were fixed in Bouin's fixative for 

24 hours, embedded in paraffin wax, sectioned transversely at 10 p 

and stained in Mallory’s triple stain. The sections were photomicro

graphed with Agfa CT 18 colour reversal film.



PLATS 2

Transverse horizontal section of the sole of the foot 
of AgrioliTTiax reticnlstus showing the main elements 
of the nerve plexus, x 13. 150 u frozen section
fixed in formic acid and stained with gold chloride.

BW = Body wall

CD = Cross bridge

CG = Ganglia on cross bridge

LG = Longitudinal ganglia

LS = Wngitudinal strands connecting
cross bridges

M = Mid-line of the sole

S = Sole margins
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PLATE 3

Transverse horizontal section of the sole of the foot 

of Agriolir.iax reticulates showing the cross bridges of 

the nerve plexus, x 16. 150 u frozen section fixed

in formic acid and stained with gold chloride.

Key

BYT = Body Wall 

CD = Cross bridges 

CO = Ganglia on cross bridge 

LS = Longitudinal strands 

M = Mid-line of sole
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RESULTS

Using gold chloride the nerve plexus stained cherry red 

with a light red background. Only parts of the plexus in the 

foot or body walls were present in any one section and in no case 

was the plane of cutting so accurate as to include the whole nerve 

matrix. However, by observing all the slides, the general 

morphology of the nerve plexus was established.

In the foot the most striking feature is the presence of 

two longitudinal rows of ganglia either side of the median line 

of the sole. These ganglia are linked by cross bridges and these 

in turn connect by at least two very fine longitudinal strands.

The nerve plexus of the body wall was an irregulaf mesh continuous 

with the long ganglionic chain in the sole.

Plate 2 shows these elements of the sole plexus, and also 

parts of the body wall net. Plate 3 illustrates several cross 

bridges. Besides the large, longitudinal rows of ganglia, smaller 

ganglia were seen on the cross bridges, but the fine, longitudinal 

strands connecting the latter appear to possess no cellular elements

Plate 4 reveals the irregular nerve plexus of the body wall. 

Small ganglia can be seen interspaced along the nerve trunks of the 

network.



PLATE 4

Transverse horizontal section of the sole of 

the foot of Agriolimax reticulatus showing 

the body wall nerve plexus, x 13. 150 u

frozen section fixed in formic acid and 

stained with gold chloride.

Esi

LG = Longitudinal ganglia 

BWP = Nerve fibres of body wall

nerve plexus





PLATE 5

Transverse horizontal section of the sole of 

the foot of Agriolimax reticulatus showing 

the pedal nerve branches to the longitudinal 

ganglia, x 16, 150 u frozen section fixed in

formic acid and stained with gold chlôride.

LG = Longitudinal ganglia 

M = Midline of sole 

MP = Main pedal nerve 

PB = Pedal nerve branch



1 mm



PLATE 6

Transverse section of one of the ganglion present in 

the longitudinal chain of ganglia in the sole of the 

foot of Agriolimax reticulatus, x 400. 10 u section

fixed in Bouin's fluid and stained in Mallory’s triple 

.stain.

Ml
CT = Connective tissue 

N = Neuropile 

NC = Nerve cells 

PN = Pedal nerve

PLATE 7

Transverse section of one of the ganglion present in the 

longitudinal chain of ganglia in the sole of the foot of 

Agriolimax reticulatus, x 100. 10 u section fixed in Bouin's

fluid and stained in Mallory's triple stain.

MZ
CB = Cross bridge

LG = Longitudinal ganglia
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Plate 5 is an illustration of the fine branches of one of 

the main pedal nerves connecting with the longitudinal ganglionic 

chain of the sole. In the few slides that displayed this pattern 

no definite presence of ganglia wes seen in the distal portions of 

the pedal nerves.

Histology of the nerve plexus

After fixation with Bouin's fluid Mallory's triple stain 

coloured the tissues as follows;- muscle fibres, dark purple; 

connective tissue, green/blue; nerve fibres, light purple; nerve 

cells, dark red.

The smaller ganglia present in the nerve plexus were difficult 

to detect in the sections, but the larger, longitudinal ganglia were 

easily found. They vary from 20 to 40 p in diameter, and possess 

tlie basic form of larger, central ganglia. Plates 6 and 7 are 

typical. In the centre of the ganglion is a neuropile w^ich connects 

with the various connectives and commissures of the network and with 

the pedal nerves, Plate 6 shows the fine extension of a pedal nerve 

entering the ganglion, and Plate 7 shows a cross bridge in close 

proximity to the ganglion. Around the neuropile are grouped the 

nerve cells and the ganglion is enclosed by connective tissue. These 

structures are shown well in Plate 6,
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DISCUSSION

The structure of the sole and body wall nerve plexus 

is almost identical to that described for Limax by Biedermann, 

(1906) see Figure 5. The only difference appears to be the 

lack of nerve cells in the fine distal pedal nerves. The 

relationship between the form of these nerve plexuses and 

their function in the animal is discussed in Chapter IV.
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CHAPTER IV

The Study of the Nervous Control of Locomotion
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INTRODUCTION

Structural and physical characteristics of the pulmonate sole 
and locomotory waves

Many gastropod groups possess the primitively wide molluscan 

foot combining stability with the production of a continuous 

locomotor-wave, (Morton, 1964). In the pulmonates the sole 

occupies the whole of the ventral surface and as a rule is very 

muscular, with fibres that intermingle with connective tissue 

fibres to form a complex reticulum with no formed muscles, (Hyman, 

1967), The foot has dorsoventral and transverse muscles inserted 

between the longitudinal elements.

The locomotory waves consist of contracted sections of the 

sole which are lifted off the ground by the transverse or dorso

ventral muscles and these upward ripples move forward whilst 

adjacent elongated areas stay at rest,

Trappman, (1916) suggested an antagonism between transverse 

and longitudinal muscles in the sole, but he believed that the waves 

were convexities of the sole, not, as was proved by Lissmann, (1945, 

1946) concavities, Jones, (1973) has analysed the muscles responsible 

for producing the locomotory waves in Agriolimax reticulatus by 

sectioning the soles of the slugs which had been instantly frozen 

during locomotion and observing the musculature. He found that two 

sets of oblique fibres, acting antagonistically, effected the wave 

action. One set of oblique fibres runs forwards and downwards and
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exerts a posterially directed upward force on the sole epithelium, 

(posterior oblique fibres) and the other set runs backwards and 

forwards and exerts an anteriorally directed upward force,

(anterior oblique fibres). The anterior oblique fibres lift the 

sole upwards and forwards and after the sole epidermis has been 

returned to the substrate the posterior oblique fibres contract 

against this stationary portion of the sole and pull the body of 

the slug forwards. Because of the similarity between the 

musculature of Agriolimax and other slugs Jones suggests that this 

mechanism applies to all terrestrial slugs. However, since the 

musculature of terrestrial snails is more complicated than that of 

slugs it is uncertain whether a similar mechanism may apply.

There are two types of gastropod wave action, that in which 

waves move from the posterior end of the sole to the anterior end, 

(called direct) and that in which waves move from the anterior end 

to the posterior end, (called retrograde). Both types produce a 

forward motion of the animal. In addition in either type there can 

be monotaxic waves where the undulations occupy the whole of the 

active width of the sole and ditaxic waves where separate, though 

co-ordinated waves occur on the left and right halves of the foot. 

Most pulmonates move by the direct monotaxic type.

In Helix eight to twelve dark beuids move over the foot during 

locomotion and these dark bands represent the longitudinally 

contracted sections lifted from the ground and the paler, intervening 

areas are parts of the sole at rest. In Limax eleven to nineteen 

waves, depending on the size and speed of the animal, are present on
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the sole and although the dark elevated regions are the same size 

or even larger than the sections at rest, according to Crozier and 

Pilz, (1924) the same principle holds. A similar ndmber of waves 

is found on the foot of Arion during locomotion, (ten Cate, 1923).

An important difference between Helix and the slugs in the 

distribution of the waves is that those in the snail occupy the 

whole width of the sole, whereas in Limax and Arion a median strip 

is responsible for the locomotory activity. This strip is bordered 

by two quiescent margins along the length of the foot.

The secretion of mucus by the gland at the cephalic end of 

the foot is essential to locomotion in these animals. The foot 

relies upon the adhesive properties of the mucus rather than suction 

to act as a holdfast, (Morton, 1964). Helix aspersa secretes more 

slime on a rough than on a smooth surface, (Walrecht, 1962) said 

temperature can affect the density of the slime and thus its 

viscosity and consequently the speed of the animal, (Crozier and Pilz, 

1924).

The relationship between some wave parameters and speed was 

investigated by Crozier and Pilz, (1924) who found that the wqve 

velocity, wave frequency and the advance due to a single wave was 

directly proportional to the velocity of the vertically upward 

creeping Limax.
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The nervous control of the pedal waves

Studies into the mechanisms into the control of the locomotory 

waves have tended to be qualitative and only broad conclusions on the 

nature of the nervous control of the locomotory waves can be inferred 

from the results. The one point, however, which is conclusive, is 

that the three species studied, i.e., Limax. Helix smd Arion. show 

variation in the ability of the sole to exhibit waves upon extirpation 

of the central ganglia. Each of the three species moves by direct 

monotaxic type waves.

Kunkel, (1903) found that if Limax tenellus is cut up into 

small pieces the isolated sections of the sole will exhibit concise, 

regular waves. Decapitated animals sometimes move faster than the 

normal slug. With some Limacidae Kunkel only observed similar waves 

in the larger pieces of the slug, perhaps indicating some specific 

variation. By stimulating the long pedal nerves with a carefully 

regulated current, Biedermann, (1906) found the intensity of the waves 

could be varied when the muscles of the slug were completely relaxed. 

Bethe^ (1903) stimulated one of the long pedal nerves of a decapitated 

Limax cinereus and Limax variegatus with alternating current and 

observed that the intensity of the waves could be increased.

In contrast, sectioning the pedal nerves of Helix induces a 

strong contraction and the cessation of waves on the sole. By 

adjustment of the stimulus some relaxation can be achieved but the 

production of the waves was impossible, (Biedermann, 1905). He 

proposed that the difference in behaviour of the isolated soles of 

Helix and Limax was due to the more regular nerve plexus of the latter.



- 42 -

Some dependence on continuous peripheral stimulation and hence 

access of receptors to the sole may be inferred from the fact that a 

quiescent isolated foot of Limax will produce wave activity when 

mechanically stimulated, (Biedermann, 1906), This autonomic state 

of the Limax sole is subject to both peripheral and central influence 

but the degree of autonomy may be pronounced as Crozier and Federighi, 

(1925) found. They showed that when a Limax was made to crawl 

vertically with a load there was no alteration of the linear 

proportionality between the speed and frequency of pedal waves or 

that between speed and dimensions of single waves. For equal 

velocities these quantities are the same, regardless of the mass 

lifted. They concluded that the pedal organ, although under the 

control of central influences is an independent effector. It 

appears that the Limax sole may be an exception to the generalisation 

that molluscs tend not to have complex independent peripheral reflex 

mechanisms.

The question arises as to whether the tetanus resulting from 

denervation in Helix prevents the-manifestation of an independent 

locomotory effector mechanism similar to that of Limax. or 

alternatively if the responsibility for integrating and monitoring 

the locomotory action belongs only to the central ganglia. What 

part the ganglionic nerve net plays in the control of terminus in 

the foot of both species is difficult to describe. However, recent 

workers, (Koshtoyants and Volpe, 1962) have found a pacemaker for 

rhythmic activity in the foot of Helix pomentia by cutting and local 

heating.
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It seems that Arion may be intermediate between Limax and Helix 

in the_nature of the control of the locomotory waves because, although 

the pedal waves are stopped by severing all pedal nerves, a very few 

suffice to maintain them, (Bullock, 1965). ten Cate, (1923) did a 

series of experiments on Arion empericorum. One involved cutting a 

crawling Arion into two, three or four pieces and although the 

tonicity of the pieces was considerably augmented, the head piece 

showed normal movement, whereas the other sections, separated from 

the brain, showed more irregular locomotory movements on the sole. 

Smaller pieces go into strong tonus and no waves are visible. He 

also demonstrated a degree of central inhibition by sectioning the 

pedal nerves and leaving the foot entire, which gave a turbulence of 

the sole posterior to the cut. Cutting the foot but not the nerves 

gave no turbulence and, further, the tonicity of the caudal and 

cephalic portions remained the same.

In additional experiments an incision was made and after 

removal of the internal organs the exposed nerves were stimulated. 

Before stimulation such a preparation caused strong contraction of 

the body and no waves were visible on the foot, DC stimulation 

resulted in relaxation of the sole and waves were produced with the 

diminished tonicity, ten Cate, (1923) performed an interesting 

experiment by ligaturing the animal behind the mantle at the moment 

of maximum relaxation whereby the blood and organs in the rear half 

remained intact. Although the euiimal contracted when ligatured 

the rear half slowly relaxed and, if at this stage a small stimulation
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was applied to the pedal nerves, reinforcement of the wave action 

wasi,apparent. Stronger stimulation sometimes gave inhibition, 

the sole remaining relaxed, although the effect was only transient, 

ten Cate also ligatured the pedal nerves and induced inhibition of 

the waves by mechanically stimulating the-'nerve. Ligaturing and 

stimulating one nerve did not cause inhibition.

In his 1923 paper ten Cate observed a phenomenon in Arion 

which, in his opinion, confirmed an hypothesis made by Jordan, (1918) 

who had postulated that in tubular body invertebrates this wave action 

is a primitive form of locomotion. The waves of the sole may be 

considered, according to Jordan, as a specialised phenomenon which, 

although it is most clearly seen on one part of the muscle tube, is 

present in other parts of this tube and can thus be described as 

omnipresent. ten Cate sometimes observed irregular waves of 

relatively short duration on the margins of the foot but which played 

no part in locomotion and could go in the opposite direction to the 

normal waves. Movements of the folds of skin in a limited area, 

associated with contractions of the whole muscular tube could also 

occur. The folds flatten and rise after propagating a wave action 

in a posterior direction. Jordan's proposition may be supported 

because the nerve plexus is regular only in that region where 

regular waves are found, in spite of being present around the whole 

body tube of Limax,
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Locomotory control in Aplysia

The opisthobranch Aplysia is the only other gastropod to have 

received attention in respect of neural locomotory effector 

mechanisms. This animal can use its long ventral sole to give one 

large, retrograde wave which moves the animal forward, (Parker, 1917), 

These animals swim using parapodia. Aplysia fasciata, one of the 

large Europeem species, is a powerful swimmer but also can use its 

foot to produce a single wave at a time.

Weevers, (1971) used this species to study intrasomatic 

stimulation of single neurons. He found 15% of sampled cells 

behave like raotorneurons in the pedal ganglia and concluded that 

these ganglia may contain motorneurons for the greater part of the 

somatic musculature. This number, however, although probably 

sufficient for swimming movements, may be insufficient to co-ordinate 

creeping. Thus either the peripheral plexus must have a degree of 

autonomy in wave production in the foot or some of the cells, having 

peripheral axons yet evoking no apparent musculeir contraction, must 

be small field motor cells.



FIGURE 6

The ligature holder used in the locomotory 

experiments.

Ke^

A = Fabric loop 

B = Extension piece 

C = Long framework 

D = Threads 

E = Axle 

F = Cross member 

J = Holding pins 

K = Sliding spring clamp 

L = Supporting rods
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Materials and Methods

All the experiments in this section involved ligaturisation 

in the mantle region. This allowed access to the central nervous 

system, i.e. the nerve ring containing the cerebral ganglia, pedal 

ganglia emd visceral ganglia, and pedal nerves, in the dissected 

anterior portion whilst recording wave activity on the sole of the 

intact portion of the body posterior to the ligature. The 

experiments differ from one another in the treatment of the anterior 

section of the slug, the method of ligaturing, the method of holding 

the animal for dissection and the measurement of the frequency of the 

locomotory waves was the same in all cases. With only one exception 

the restraint of the rear half of the slug during the recording of 

the waves was the same throughout. These methods were as follows.

Ligaturisation

The apparatus (Figure 6) consists of a perspex framework on 

the end of which is a fabric ligaturing loop (A) attached to the 

extension piece (B). The loop (A) is made of stiff cotton, 

impregnated with rubber solution, which when dry is pliable and 

can grip and yet be impervious to mucus. The two ends of the 

fabric loop are connected on either side of the long framework (C) 

by threads (D) which travel under two guide pieces and meet to form



FIGURE 7

Detail of the fabric loop and the method 

of ligaturing the slug.

Key

G = Loop of cotton 

H = Rear half of slug
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a common cord which is wound around the axle (E). Turning the axle 

clockwise tightens the fabric loop (A). On either side of the 

extension piece (B) are two small holes in the loop and two larger 

ones in the cross-member (F),

Figure 7 shows the method of mounting the slug in ligature 

holder. The procedure was as follows

A needle was threaded and pushed through the left hand hole 

in the cross-member (F) in the direction shown and then on through 

the hole in the ligature loop emd the cotton pulled through the holes. 

The free mantle flap anterior to the mantle hump of a slug was cut 

away with a fine pair of scissors. The threaded needle was then 

Inserted through the pneumostome on the right hand side of the mantle 

to emerge on the other side of the mantle. The needle was inserted 

into the right hand holes of the loop and cross-member (F) and the

cotton pulled towards the axle (E). The cotton thus formed the loop

(G) shown in Figure 7. The above procedure ensured that the 

posterior part of the slug's body (H) ended up on the same side as, 

and facing away from the holding plhs, (J in Figure 6). Pull on 

the two free ends of cotton resulted in the animal being drawn head 

first into the loop and when the mantle roof had been tightened 

against the extension piece (B) the two free ends of cotton were tied 

tightly across the two holes and the excess cotton cut off. This 

method of tying the slug to the fabric loop meant that the animal was 

held firmly in place, the loop merely being a ligature.

The final step was to slowly tighten the fabric loop by turning

the axle (S) clockwise. The tightness of the ligature was judged from



FIGURE 8

Diagram of the apparatus used in the locomotory 

experiments. In the experiments involving decapitation 

alone, and decapitation and perfusion, the anterior 

portion of the slug M was left intact. Where dissection 

and perfusion were carried out the nerve ring S was 

present but not the electrodes, W and X. In the 

stimulation experiments, the electrodes but not the 

nerve ring were present.

H = Posterior body of slug

J = Holding pins 

M = Anterior portion of slug

N = Support 

O = Weighted thread

P = Portion of Devices 2LD01 Photodiode

Q = Ringer drain tube 

R = Double glass hook 

S = Nerve ring 

T = Long glass hook 

U = Ringer feed tube 

W = Stimulating electrode 

X = Earthed electrode

Y = Ligature holder (see Figures 6 and 7)





PLATE 8

The rear of the apparatus used in the 

locomotory experiments.

Key

H = Posterior body of slug

J = Holding pins

K Sliding spring clamp

L = Supporting rods

P Photodiode

Y — Ligature holder





PLATE 9

The front of the apparatus used in the 

locomotory experiments.

Kejr

M = Anterior portion of slug 

N = Support for anterior part of animal 

W = Stimulating electrode 

X = Earthed electrode
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experience, a good ligature being enough to keep the haemolymph and 

viscera behind the constriction but not so tight as to damage the 

continuity of the sole and pedal nerves. During the tightening the 

sole was gently manoeuvered so that the plane of the foot surface was 

as near as possible parallel to the cross-member (F).

Dissection

The ligature holder with the slug attached was mounted in a 

modified dissecting tray which was constructed such that the anterior 

portion of the animal was pointing upwards. Before dissection a 

small hook, 4 mm. long, attached to a long thread, (0 in Figure 8) 

weighted with a 2 gm. weight, was inserted into the tail of the 

animal. The head of the slug was operated on while it was viewed 

through a binocular microscope.

Retention of the posterior portion of the ligatured animal

During the initial decapitation experiments described here 

it was found that the rear half of the body tended to^twist, a 

situation which prevented the photodiode from transducing readable 

traces of the locomotory waves. It was therefore necessary to 

restrain the posterior part of the ligatured body and the following 

procedure was adopted.

After the necessary dissection the ligature holder containing 

the slug was transferred to the main apparatus. See Figure 6 and 8 

and Plates 8 and 9. The anterior part of the animal (M) was rested 

on the support (N). One of the L-shaped holding pins (J) was then 

pushed through the body wall Just above the sole margin, taking care
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to keep the pin shaft parallel to the flat plane of the sole. The 

second holding pin was then pushed through the wall about 5 mm. 

posterior to the first. By careful adjustment the pins were pulled 

through and upwards so that the small arm of the pin was parallel to 

the sole surface and the longer arm pointed upwards. Next, the 

first sliding spring clamp (K) was pushed over the supporting rods (L) 

and the vertical long arm of the anterior pin inserted into the groove 

of the clamp and secured firmly. The second sliding spring clamp was 

then pushed onto the rods and the posterior pin secured similarly.

The pins needed some adjustment in the holder before the shafts in the 

slug were correctly aligned. The cotton thread (O) which had been 

inserted into the tail before dissection was then placed over a pulley 

posterior to the slug and the attached 2 gm. weight stretched the body 

of the animal. This normally took 5 to 10 minutes, during which the 

posterior part became relaxed and elongated but not stretched tightly.

The purpose of this elongation was that a straight euid lengthened sole 

gave much clearer waves than a contracted or wrinkled sole. The holding 

pins during this period were adjusted by sliding the clamps along the 

supporting rods to accommodate the new length.

Measurement of the frequency of the locomotory waves

This was done by using the Devices 2LD 01 isotonic transducer 

shown in Figure 8 and Plates 8 and 9. The photodiode was attached 

to a Devices 2C2D amplifier with a sub 1C subunit and then fed into 

a Devices two channel pen recorder.
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The photodiode was positioned using a micromanipulator so 

that the slug dropped down into the cleft in the photodiode case 

until it was in the correct position, i.e. when the pen moved to 

the centre of the trace paper the photodiode became occluded by 

the foot of the slug. Care had to be taken during this manoeuvre 

so ensure that the slug did not touch the side of the cleft.

Nature of the Experiments

The experimentation can be divided into two sections.

(a) Those in which the central nervous systems were 

removed and the activity of the sole measured before and 

after this event. The main aims were to show the 

inhibitory influence of the central nervous system on a 

quiescent sole sind monitor the ability of the sole to 

give waves after the removal of the central influence.

(b) Stimulation of the cut pedal nerves after the 

removal of the central nervous system to determine some 

aspects of central control on the wave action.

(a) Removal of the Central Nervous System

This can be sub-divided into three sections.

(i) Decapitation. This was to evaluate the apparatus and 

establish a base line for future experiments.

(ii) Perfusion of the intact head followed by decapitation. 

This was to determine the feasibility of perfusion and to 

establish the best concentrations of ringer to use.
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(ill) Dissection of the head, leaving only the central nervous 

system attached to the pedal nerves followed by perfusion of 

the nerve ring and then severance of the pedal nerves. This 

was to establish that the effects seen in (i) and (ii) were due 

to removal of the central nervous system,

(1) Decapitation

The slugs were mounted in a ligature holder as described 

above and then placed in a dissecting tray. In these experiments 

a small slit was cut along the median line of the dorsal surface of 

the head just in front of the buccal mass which relaxed the animal. 

The slit had to be small to prevent parts of the viscera emerging 

through the incision exposing the nerve ring to dehydration.

In these experiments no holding pins were inserted after the 

animal had been mounted in the main apparatus and elongation of the 

rear half was by means of the 2 gm. weight attached to the tail of 

the slug by means of the thread (0) in Figure 8, After elongation 

of the animal the photodiode was placed in position and recording 

started, and a few minutes allowed for the preparation to settle down 

in case any mechanical vibration had stimulated the sole. A new 

scalpel blade was used to sever the head in one quick but gentle 

stroke just in front of the ligature and behind the nerve ring.

In all cases the head had contracted towards the ligature and fine 

forceps were used to pull the head forward just before cutting.

The action of the sole was then recorded for as long as activity was 

present. Any tendency for the sole to move out of range of the
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photodiode was compensated for by moving the photodiode accordingly,

(ii) Perfusion and Decapitation

After ligaturing and making a small slit in the head, the 

animal was mounted on the main apparatus, A fine polythene 

perfusion tube was inserted through the slit and Locke ringer 

allowed to flow from an oxygenated reservoir through a constant 

head device at a pressure head of 25 cm. The head swelled 

slightly and care was taken so that the polythene tube did not 

touch the nerve ring. The support (N) had a tube running through 

it connected to a vacuum pump and excess ringer overflowing from 

the head of the animal flowed over filter paper resting on the 

support (N) and was sucked out through this tube which is shown 

as (Q) in Figure 8,

In these experiments the L-shaped holding pins were used to 

restrain the rear half of the animal and after their insertion, the 

elongation of the slug and the positioning of the photodiode, the 

preparation was left for 30 minutes, when it was decapitated. Again 

the head had to be pulled forward before decapitation. Recording 

continued as long as activity was present on the sole surface.

Because holding pins were used the problem of keqping the foot within 

the range of the photodiode did not arise.

Because the experimental animals were well hydrated the first 

series of experiments was carried out using 50% Locke ringer in an 

attempt to approximate the osmotic pressures of the fluids bathing 

the central nervous system and the enclosed rear half of the animal.
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A second series of experiments was attempted using 70% Locke ringer 

to discover the difference caused to the preparation by a large 

osmotic change.

(iii) Dissection and Perfusion

After a slug was mounted in the dissection holder a median 

incision was made along the top of the head, and the body wall of 

the head region was removed. This initial surgery was with fine 

forceps and scissors, but further dissection used glass instruments 

only. Glass knives were made by fusing slivers of microscope slide 

cover slips into the ends of glass rods and manipulative work was 

carried out with glass hooks and probes, the metal forceps being used 

only to hold pieces of tissue separated from the nerve ring. The use 

of glass instruments was to prevent heavy metal ions contaminating the 

nerve tissue. Throughout the dissection the whole cephalic area was 

flooded frequently with ringer.

After removal of the reproductive system the posterior and 

anterior tentacle retractor muscles were dissected out. The hind 

gut with its opening into the anus was left intact as in most cases 

only a small portion projected anteriorly past the ligature. Next 

the oesophagus was ligatured posterior to the nerve ring and the 

oesophagus cut anterior to this ligature and then the cut stump 

pulled through the nerve ring, liberal doses of ringer being applied 

at this stage to wash away any spilled gut contents. The buccal mass 

was then removed along with its pharangeal contractor muscles.
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This left only the nerve ring attached to the animal by its pedal 

nerves and the final act of the dissection was to insert one end of 

a small glass double ended hook in Figure 8) through the middle 

of the nerve ring (S), The whole ligature holder containing the 

slug was then transferred to the main apparatus.

When the ligature holder was firmly in place the double glass 

hook was dropped over the end of the long hook (T) which was attached 

to a micromanipulator. This long hook was slowly raised so that the 

ganglionic ring was lifted slightly from the dorsal surface of the sole. 

This was necessary to facilitate access when severing the pedal nerves 

so that there would be the minimum of mechanical disturbance.

The ringer was fed down the fine polythene tube (U), the mouth 

of which was placed near the double glass hook (R), the ringer flowing 

down the hook and over the ganglia in a continuous stream and the 

ringer was then removed by the tube <Q) connected to a vacuum pump.

The holding pins were then inserted, elongation allowed and the 

photodiode placed in position. Two sets of experiments were carried 

out using either 50% or 70% Locke ringer to bathe the central nervous 

system for 15 minutes before the pedal nerves were cut with a fine pair 

of scissors. Recording continued until activity in the sole ceased.

b) Stimulation of the Pedal Nerves

The stimulator used was a Palmer Junior Model CFP 8049. The 

pulse mode switch was set on rapid throughout the experiments. The 

electrodes, shown as (W) and (X) in Figure 8 and Plates 8 and 9
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consisted of 0,002'* platinum wire passed through small bore glass 

tubing pulled to a point at one end, the wire being sealed in 

position in the fine end of the tubing by paraffin wax. The 

electrodes were held in gimbal mounted rods fixed on either side 

of the anterior portion of the ligatured slug, (See Plates 8 and 

9) and before each experiment the electrode tips were cleaned by 

placing them in petroleum ether for a few minutes and then

washing them in distilled water.

The dissection was the same as described in the previous 

section except that when the ganglionic ring had been fully 

exposed by removal of the surrounding viscera the two large

posterior pedal nerves were ligatured separately with very fine

thread and then the whole central nervous system removed.

After mounting the ligature holder in the main apparatus the 

two pedal nerves were lifted by their attached thread and placed 

over the stimulating electrode (W), making sure they were well 

separated as they lay on the wire and the two threads placed over 

the long hook (T). The earth electrode (X) was pushed into the 

side margins of the anterior part of the partial body wall. The 

holding pins were then inserted, elongation of the slug allowed and 

the photodiode placed in position. After a short period for the 

preparation to settle down it was stimulated, (DC) at various 

frequencies and amplitudes and the resultant wave activity recorded, 

From the moment the pedal nerves were placed over the electrode 

and between stimulations they were kept moist by applications of 

70% Locke ringer from a fine Pasteur pipette, ensuring that the 

nerves had no excess droplets on them.
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On three occasions instead of stimulating the pedal nerves 

the stimulating electrode was inserted directly into the dorsal 

surface of the anterior aspect of the foot and strong trained 

impulses sent directly into the sole.



FIGURE 9

For explanation see text
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RESULTS

Interpretation of the Locomotory Experimental Results

Before commencing the description of the results obtained 

from the locomotory experiments it is necessary to clarify the 

limitations imposed on the analysis of these results by the method 

used to measure the activity of the waves.

The wave action itself consists of alternating areas of the 

sole which either remain stationary and in contact with the ground 

or are uplifted and moved forward, (see Figure 9a). In the 

locomotory experiments the sole was not in contact with any surface 

and the side view of the foot as presented to the photodiode will 

appear as shown in Figure 9b where it will be seen that the 

stationary segments protrude downwards. In addition it was 

difficult to assess the degree to which the whole sole protruded 

down from the sole margin as shown in Figure 9c, Thus in some 

cases the photodiode may record occlusions due only to the downward 

stationary portions as in Figure 9b but in others the whole wave as 

shown in Figure 9c will be visible. It must be emphasised that the 

stationary segments are only stationary relative to the surface of 

the sole of the animal, they do not in fact appear to the photodiode 

to move in unison with the uplifted waves.

The light sensitive area of the photodiode was a circular 

aperture 15 mm. in diameter, and the question arises as to the
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relationship between the size of the waves or downward projections 

and that of the circular viewing window.

When viewing a sole not in contact with a substrate of a 

recently decapitated animal under a binocular microscope, the 

proportions of the downward projections to the uplifted waves Etre 

in most cases those shown in Figure 9 d. In the normal animal 

crawling in contact with a substrate the uplifted portion is much 

shorter in length thetn the stationary segments. This can be seen 

on the mobile sole of a slug observed through a glass plate under 

reflected light where the uplifted sections appear much paler than 

the stationary portions, (see Plate 1). However, the waves on a 

sole lifted from the substrate in a whole Eunimal show the sEune 

pattern as seen in Figure 9 d, and thus it would appear that in a 

normal animal in contact with a substrate the downwEtrd projections 

Eire pushed upwards Euid outwards and so occupy a proportionally 

greater length of the sole. In Figure 9 d, for the sake of 

clarity, the whole sole is depicted below the sole margin. The 

downward projections seen in Figure 9 d are, in the leurger animals,

0.3 mm. - 0.4 mm. in height, and are approximately 2 mm. apart from 

peak to peak. After a period varying from 30 seconds to 7 minutes

the wave pattern took on the appearance shown in Figure 9 e where the

ratio of the relative lengths of the stationary smd uplifted portions 

approach unity. This wave pattern has downward projecting peaks 0.1 mm.

to 0.2 mm. in height, suid these etre much flatter and longer thEUi

those produced immediately sifter decapitation. It was difficult



FIGURE 10

For explanation see text
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to assess by visual observation the distance apart of the apices 

of these flatter waves. They gradually become more irregular 

with time.

Thus it can be seen that as far as the amplitude of the 

waves is concerned the heighest peaks observed, i.e. 0,4 mm., 

will be adequately observed by the 15 mm. circular photodiode 

aperture, assuming that the sole is correctly positioned in 

front of the window. The size of the oscillations produced in 

the experiments with respect to the full scale deflection of the 

pen indicates that the waves were always fully viewed by the 

photodiode window.

The nature of the trace produced by the passage of a wave 

is illustrated in Figure 10. Fere the type of wave seen 

immediately after decapitation, (as represented in Figure 9d) is 

used as an example since the shape of these waves consisted of 

flat portions interrupted by peaks, a wave form which simplifies 

the analysis of such theoretical diagrams as in Figure 10. The 

circle represents the photodiode window and the shaded area the 

side view of the sole. In Figure 10a one half of a peak has 

entered the aperture and creates the trace seen below the diagram. 

In Figure 10b the whole of the peak has entered and continues the 

trace as shown. As the peak moves across the aperture there will 

be no variation in the light entering the photodiode so a flat
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portion will result as shown in Figure 10c, ’•'Then the peak leaves 

the window the trace will return to its original level and produce 

a flat trace, (Figure lOd) until a new wave enters the aperture,

(Figure lOe) when the trace shown will be produced.

The area under the trace marked A in Figure lOe thus

represents t’e uplifted portion of the wave form. This area

represents the cross-sectional area of the uplifted oortion as 

it passes across the window and not its exact shape and amplitude, 

and therefore care has to be exercised when interpreting the shape 

or amplitude of the traces produced by the locomotory waves. 

Frequency, however, can be quantitatively measured.

Decapitation

In these experiments the rear half of the animal held in 

the ligature holder was unrestrained, and because of this the 

traces recorded for many of them did not yield a flat base line 

thus making interpretation of the frequency of the waves difficult.

However, out of 30 animals experimented upop 16 preparations 

gave sufficiently good base lines and 13 of these were analysed for 

the frequency of the locomotory waves, and some assessment made of 

the type of oscillations produced.



FIGURE 11

The effect of decapitation on the sole of 

Agriolimax reticulatus. The small time scale 

divisions represent 1 second and the large 

divisions 1' minute. The arrow denotes point 

of decapitation.





FIGURE 12

The effect of decapitation on the sole of 

Agriolimax reticulatus. The small time scale 

divisions represent 1 second, and the large 

divisions represent 1 minute. The arrow denotes 

pxDint of decapitation.
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All 16 animals gave some form of increased wave activity 

after decapitation, but two groups could be discerned from the 

pattern of the oscillations produced.

Group 1

Consisting of 13 animals, these all had no wave activity 

on the sole before decapitation and gave regularly shaped 

oscillations immediately after severance of the head. The time 

during which this regularity was present varied, at one extreme 

only 10 seconds but at the other regular oscillations were present 

for 5 minutes. The mean time for all 13 animals being 2.7 minutes. 

After this period the wave pattern became more irregular and 

eventually unreadable.

The shape of these regular wave patterns was of two basic 

types and both arc represented in the traces shown in Figures 11 

and 12. In these and all subsequent t"aces showing locomotory 

wave action a movement of the pen towards the timing trace 

represents the forward moving, uplifted sections of the foot, and 

the downward movement the stationary aspect of the foot.

The oscillations shown in Figure 11 were produced by 7 of 

the preparations and, as can be seen, they are of a regular pattern. 

The arrow represents the point of severance of the head. Three of 

the traces had more rounded waves, not quite so pointed as shown, but 

the same simplicity of shape was present.
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Figure 12, however, shows the other, rather more complicated 

wave potter^. Again, the arrow indicates the point of decapitation. 

The remaining six preparations produced this type of trace, the main 

feature of which is the small, downward projection present on the 

uplifted portion of the wave. After 20 seconds this small, downward 

projection moves across to occupy one side of the larger, uplifted 

portion before being lost in later waves. Two of the preparations 

had the s-all, downward projection on the side of the larger, uplifted 

portion immediately after decapitation. For consistency during the 

counting of the waves for frequency analysis those uplifted portions 

on vdiich a small, downward projection was present, were counted as 

one wave.

Some idea of the nature of these waves can be obtained from 

visual observation under binocular microscope of t’le sole of the slug 

immediately after decapitation. The nature of the wave form is usually 

that shown in Figure 9d, and where this type of wave action is seen, 

a small, downward projection car be observed between the two larger, 

downward projections, (see diagram below).

This small projection appears to move at a faster rate than, but in 

the same direction as the main wave action. Thus, it is highly 

likely that this small projection observed under the microscope, is
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represented in the trace by the snail, downward projection on the 

uplifted portions of the wave, and the drift of this s^all 

projection in the trace to one side of the uplifted portion ray 

represent an out of phase movement with respect to the velocity 

of ■f'he main wave action, or a general loss of co-ordination of 

this small wave. It is interesting to note that the sole lifted 

from the substrate in the normal animal always displays these 

secondary waves. This will be discussed in greater detail below.

Although the waves following the regular oscillations were 

irregular in s^ape some of them were sufficiently discrete to be 

counted for 3 to 4 minutes and one preparation gave readable waves 

for 25 minutes.

An important feature of tliese experiments is t’-'at the head 

had to be pulled forward with forceps so that the incision could 

be made posterior to tie nerve rin^. This resulted in agitation 

of the rear half of the body before the head was cut off. This 

can be seen in Figures 11 and 12. It is therefore likely that some 

form, of stimulation could have caused the waves to appear before the 

nerves were actually cut, and if this is the case the sudden wave 

activity yielded after decapitation would not simply be due to the 

removal of central inhibition, although presumably the latter is 

present before such stimulation occurs. Three control experiments 

were carried out in which the heads of the animals were stretched 

witi' forceps. The results were variable. Two gave waves or the 

solo in the rear half of the ani”,al uuon stimulation but the other did not



FIGURE 13

The frequency of the locomotory waves on the 

sole of the foot of Agrlolimax reticulatus for 

a period of 150 seconds after decapitation.

Each point is the mean frequency over 5 seconds. 

The horizontal lines represent the 95% confidence 

limits of the mean.
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T1 us it is possible that tJ’o sudden appearance of waves upon 

decapitation is due to the removal of central inhibition.

The above does not of course alter the fact that the sole was 

able to produce locomotory waves after removal from the central 

nervous system.

Figure 13 shows the frequency of the locomotory waves of 

the 13 animals in this group after decapitation. The mean 

frequency is given as 5 second intervals for 2A minutes, although 

not all the animals gave readable waves for this time. As can 

be seen, for the first minute the waves have a frequency of around 

1.0/sec. but after this they gradually become slower, ending up at 

about 0.75/sec. The regularly shaped oscillations, such as showm 

in Figures 11 and 12 all appear immediately aft^r decapitation and 

possess higher frccuenci.es than the increasingly irregular patterns 

that follow.

Grouu 2

This consists of three animals. Two of those gave some 

irregular activity before decapitation but after this event there 

was a great increase in the activity, but it was even more irregular 

and unreadable than before. Tlie third animal had the same amount 

of very irregular activity before and after severance of the head 

except for a slight but obvious increase for 10 seconds immediately 

after severance.



FIGURE 14

The effect of decapitation on the sole of the foot 

of Agrlolimax reticulatus after perfusing the 

incised head with 50% Locke ringer for 30 minutes. 

The small time scale divisions represent 1 second, 

the large divisions represent 1 minute. The arrow 

denotes point of decapitation
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Decapitation and Perfusion

All the animals in these experiments had the rear half 

restrained hy the holdinn- pins. This produced more preparations 

with a flatter trace,

50';. Locke ringer perfused animal s

Of the 11 animals in this section none produced locomotory 

’vaves before decapitation, and all mave regular waves afterwards.

The average time for regular wave production was 2.6 minutes.

5 animals gave the regular shaped wave pattern seen in Figure 11.

The remaining 6 had some form of double wave, but never with the 

small projection on the unlifted portion as seen immédiately after 

decapitation in Figure 12. Two of these six animals had the wave 

form shown in Figure 14. The arrow represents the point of 

decapitation. ^ere, soon after decapitation the large downward 

nrojcction has what appears to be a small upward projection imposed 

upon it, which gradually moves across to occupy one side of the 

larger unlifted portion of the main wave form similar to the "lopsided' 

shape seen in Figure 12. When the sole removed from a substrate in 

the decapitated unperfused slug was observed under binocular micro

scope as described above, no small indentations were ever observed 

on thie large downward projections shown in Figure 9d, Nor were any 

observed in the sole of tlie whole slug where the former was not in 

contact with the substrate. It would appear therefore that the 

apparent small upward projections seen on the larger dovmward
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projections in Figure 14 represent a small downward projection 

occupying the lowest position on the side of the large upward 

projection, especially as the later "lopsided" waves resemble 

those shown in Figure 12. (See diagram below).

If the normal wave on the sole raised from the substrate 

is considered to be the type of wave form having the small 

downward projection present on the larger uplifted section of 

the wave, then the following hypothesis is possible: the fact

that this type of wave is more prevalent in the unperfused 

animals immediately after decapitation than in the perfused 

animals, suggests that central effects are responsible for this 

normal wave pattern. The artificial haemolymph bathing the 

central nervous system in the perfused animals may not be 

sufficient to maintain the necessary nervous activity which 

is responsible for the production of this normal wave. Even 

though the sole can produce the normal wave for a short time it 

needs continual central action to preserve it. The latter is 

supported by the fact that the normal wave form is only seen for 

a short period after decapitation in the unperfused animals.

However, except for the above limitation, perfusion of the 

nervous system is possible in an experiment where the effects of 

removing the central nervous system need to be observed since the



FIGURE 15

The frequency of the locomotory waves on the sole 

of Agrlolimax reticulatus for a period of 150 

seconds after decapitation. Each point is the 

mean frequency over 5 seconds. The horizontal 

bars show the 95% confidence limits of the means. 

Prior to decapitation the incised head had been 

perfused with 50% Locke ringer for 30 minutes.
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FIGURE 16

The frequency of the locomotory waves on the sole 

of Agrlolimax reticulatus for a period of 15 minutes 

after decapitation. Prior to decapitation the 

incised head had been perfused with 50% Locke ringer 

for 30 minutes. Each point is the mean frequency 

over 20 seconds. The horizontal bars show the 95% 

confidence limits of the means.
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FIGURE 17

The effect of decapitation on the sole of 

Agrlolimax reticulatus after perfusing the 

incised head for 30 minutes with 70% Locke 

ringer. The large time scale divisions 

represent 1 minute.
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sprte pattern of events was seen in these experinerts as in the 

unperfused animals.

Figure 15 shows the frequency of the waves for 2.5 minutes 

after decapitation. The means of a 5 second count are given.

As can be seen, the frecuen.cies are very similar to those shown in 

Figure 13 for unperfused animals.

Four of the preparations gave readable waves for 15 minutes 

and tliese are shown in Figure 16, The means of a 20 second count 

are given. After the initial drop in frequency during the first 

2 minutes, a very slight but constant rate of decline in frequency 

occurs over the whole 15 minutes. However, this decline is slow 

and Figure 16 does indicate the presence of a fairly constant rate 

of discharge by tlie autonomic mechanism producing the waves on the 

foot.

70% Locke ringer perfused animals

The six animals perfused with 70% Locke ringer produced 

large body and foot contractions before and after decapitation. 

Five of the animals had no locomotory waves before decapitation 

but yielded them after this event. Such a preparation is shown 

in Figure 17. Although the slow time trace does exaggerate 

vertical movement, the effect is very marked and nothing like it 

was seen in the 50% Locke ringer perfused animals. The arrow 

denotes the point of decapitation. Because of this fluctuating
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base line interpretation both of the frequency eind the shape of 

the locomotory waves was difficult and no analysis was made of 

either of these parameters.

The one remaining preparation gave irregular but obvious 

locomotory waves before and after decapitation together with the 

foot contractions. Decapitation had no detectable effect on 

the wave action.

The rear half of the animals in all the experiments 

containing natural haemolymph was well hydrated and probably the 

haemolymph had an osmotic pressure approximating to 50% or 40% 

Locke ringer. Thus the higher osmotic pressure of the 70% Locke 

ringer bathing the central nervous system may have lowered the 

nervous activity in the central nervous system, (Kerkut and Taylor, 

1956) and if such activity was inhibitory with respect to the 

peripheral nervous system in the sole then a decrease would result 

in a manifestation of peripheral irritability.

It thus appears that when the animals are well hydrated 

before an experiment, as was the case in all the physiological 

experiments in this investigation, 50% Locke ringer is a satis

factory concentration of bathing medium for the anterior central 

nervous system in this type of preparation.

Dissected and perfused animals

With 50% Locke ringer bathing the central nervous system it 

was found that body and foot movement similar to those shown in 

Figufe 17 occurred before and after decapitation, although in none



FIGURE 18

The effect of severing the pedal nerves in a 

preparation where the nerve ring was attached 

to the sole by only the pedal nerves. The 

nerve ring was bathed in 40% Locke ringer for 

15 minutes prior to cutting the nerves. The 

large time scale divisions represent 1 minute
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of the animals were locomotory waves present before decapitation.

In this case the removal of the various sensofy inputs and reflex 

mechanisms due to the dissection of the nervous system may have 

reduced central inhibition or increased central excitation. The 

latter may have been the case because the large foot movements 

tended to^disappear after severance of the head.

Several attempts with 40% Locke ringer resulted in a 

reduction of this whole foot activity and a representative trace 

is shown in Figure 18. The arrow denotes the point of cutting 

the pedal nerves. Again, the slower time trace exaggerates vertical 

movement of the pen but the effect of these large contractions is 

still obvious. Only occasional double wave forms were seen in any 

of these experiments with the 50% and 40% Locke ringer perfused 

animals. Figure 18 does show, however, that the central nervous 

system can be responsible for the inhibition of the wave activity.

It is interesting to note that five dissected animals perfused 

with 70% Locke ringer gave clear locomotory waves before and after 

decapitation. This may endorse the previous observation that lower 

concentrations of Locke ringer may bring about a lower level of central 

inhibition.

Stimulation of the pedal nerves

Due to the use of external stimulating electrodes it is 

impossible to predict the effect that a particular stimulation will 

have on the preparation. Such variable factors as the orientation



FIGURE 19

The effect of stimulating the pedal nerves on 

the locomotory wave action of the foot of 

Agriolimax reticulatus. All three traces 

represent one continuous experiment. The small 

divisions of the time trace represent 1 second, 

the large divisions represent 1 minute.

Key to Stimulations

A - Frequency = 28.5 c/s. Amplitude = 23.2 V. 

B - " " 19,0 V.

C - " " 14,5 V,

D - " = '' " 8,8 V,

E - " = " " 3.9 V.
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of the nerve fibres relative to the electrode, the connective tissue 

surrounding the nerve fibres and electrolytic effects between the 

nerve trunk and the electrode will all affect the strength of the 

stimulation arriving at the axonal membrane. An additional 

complicating factor in these experiments is that the duration of 

the applied stimuli was arbitrarily determined and thus comparative 

assessment between stimulations is difficult.

However, some conclusions can be drawn from the results.

The majority of the experiments involve recording the effects of 

stimulation on wave activity already present on the sole. The 

sequence of stimulations usually involved keeping one parameter, 

i.e. amplitude or frequency of the stimulation pulse, constant at 

the maximum output level of the stimulator, whilst varying the other 

between maximum and the lower values.

Figures 19 and 20 are examples of the type of response such a

sequence of stimulations provoked. Not all the preparations yielded

all the effects shown in these two figures, but the general trend of 

events was evident when the overall picture was studied.

Figure 19 shows the trace produced when the frequency is kept 

constant at 28.5 c/s. for five stimulations A to B, emd the amplitude 

varied from the maximum 23.2 V. in the first stimulation A, down to 

3.9 V. in the final stimulation E, Stimulation A is proceeded by 

irregular waves but followed by regular oscillations and this effect

was observed in several, but by no means all the preparations where

the maximum stimulation parameters were used. The raising of the 

base line during this stimulation was due to the whole of the sole



FIGURE 20

The effect of stimulating the pedal nerves on the 

loccwBotory wave action of the foot of Agriolimax 

reticulatus. All three traces represent one 

continuous experiment. The small divisions of 

the time trace represent 1 second, the large 

divisions represent 1 minute.

Key to Stimulations

A - Frequency = 1.4 c/s. Amplitude = 23.3 V.

B - ” = 1.6 c/s. " = "

C - ” = 2.8 c/s. ” = ”

D - " = 4.5 c/s. ” = *’

E - = 28.5 c/s. " = "
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contracting upwards. Some reduction in the size of the irregular 

waves is also observed during this stimulation. Stimulation B 

also results in a contraction of the sole, but here inhibition of 

the waves is very striking. Stimulation C gives an initial 

inhibition of the wave action, but then a recovery appears to take 

place towards the end of the stimulation. Stimulation D also gives 

an initial inhibition but this is followed by very regular waves 

possessing the double wave form seen in the experiments involving 

the decapitation of unperfused animals described above. Stimulation 

E has very little effect on an already degenerating wave pattern. A 

stimulation at the high voltage of 23,2 V. and the high frequency 

28,5 c/s. given soon after stimulation E gave some initial inhibition 

of the very Irregular wave form but regular waves became apparent 

before stimulation had ceased. Thus the lack of inhibition in the 

later stimulations of Figure 19 may, in this preparation at least, 

have been due to fatigue.

Figure 20 illustrates the same type of sequential stimulations 

only here the amplitude of the trained pulses is kept constant at 

23,2V and the frequency raised from 1,4 c/s to 28.5 c/s through five 

stimulations A to B. Stimulations A and B give initial inhibition 

followed by a recovery of the wave form before the stimulation ceases. 

In stimulation C after initial inhibition a very regular double wave 

form is produced. D has only a slight effect on the waves but in E, 

with a maximum stimulation parameter, inhibition occurs.



FIGURE 21

The effect of stimulating the pedal nerves on 

the locomotory wave action of the foot of 

Agriolimax reticulatus. The small divisions 

of the time trace represent 1 second, the 

large divisions represent 1 minute. The 

stimulation parameters are:

Frequency = 2.4 c/s. Amplitude = 8.8 V.
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These two experiments shown in Figures 19 and 20 illustrate 

the two basic features which were evident from other similar 

experiments. These are:- inhibition of the wave action where 

both the stimulus parameters are higher; and the production of 

regular waves, usually after initial inhibition when one parameter 

is high and the other relatively low. It should be mentioned, 

however, that total inhibition for the whole period of stimulation, 

as shown in stimulations A and B in figure 19, and E in Figure 20, 

was seen in only one other stimulation. In other cases where 

inhibition occurred at higher stimulation parameters it was only 

partial with recovery of the waves occurring before stimulation 

ceased. This is discussed in detail below. In addition the 

stimulations D in Figure 19, and C in Figure 20 were the only ones 

to give an obvious double wave form, but the only time such wave 

types were visible to any extent was during these stimulations.

The fact that a significant double wave form is produced only 

by stimulation appears to support the conclusions made from the 

decapitation experiments, that for the manifestation of this wave 

action a continual central effect is needed.

In some experiments the stimulation parameters were both at 

the lower values, frequency was varied from 1.6 c/s to 3.6 c/s and 

amplitude from 3.9 V to 14.5 V. For convenience these are termed 

mid-range stimulations. These usually had little effect on the wave 

forms. The example given in Figure 21 does show the appearance of a 

very slight double wave form but otherwise there is no effect.



FIGURE 22

The effect of stimulating the pedal nerves on the 

locomotory wave action of the sole of Agriolimax 

reticulatus. Both traces represent one continuous 

experiment. The small divisions of the time trace 

represent 1 second, the large divisions represent 

1 minute.

Key to Stimulations

A - Frequency = 2.4 c/s. Amplitude = 8.8 V.

B - " = " " 6.4 V.

C - " 8.8 V.

D - ” = 1 . 8 5  c/s " = 11.5 V.
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FIGURE 23

The effect of directly stimulating the sole on 

the locomotory wave action of the foot of 

Agriolimax reticulatus. The small divisions 

of the time trace represent 1 second, the large 

divisions represent 1 minute. The stimulation 

parameters are:

Frequency = 28,5 c/s. Amplitude = 23.2 V,
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Figure 22 shows the effect of such a mid-range stimulation 

on one of the preparations which displayed irregular, low frequency 

waves. As can be seen, the two stimulations, A and C, where 

amplitude was 8.8 V and frequency 2.4 c/s, gave a regularly shaped 

wave pattern, the other two stimulations, B and I) where the parameters 

were varied slightly, gave little or no regular waves.

Figure 23 is an example of inhibition of the wave action by 

direct stimulation of the sole with stimulation parameters of 23.2 V 

and a frequency of 28,5 c/s. Lower parameters had no measurable 

effect on such a preparation. This stimulation could have affected 

peripheral nerve fibres, ganglia and/or the muscles directly. This 

seems more likely when it is borne in mind that the stimulating 

electrode was inserted into the anterior aspect of the foot where the 

ringer may have increased conductivity.

For the reasons mentioned above it is not possible to explain 

the exact physiological cause of these results but some selective 

stimulation of specific nerve fibres is inferred, especially in the 

case of Figure 22,

Where inhibition occurs it appears to cause either the complete 

dissolution of the waves or a reduction in their size. Frequency on 

the other hand seems to be changed very little during stimulation.

The amount of inhibition during stimulation and the frequencies of 

the waves before, during and after stimulation, were studied in more 

detail as follows.



Table 1

An analysis of the inhibition of the locomotory 

waves on the sole of Agriolimax reticulatus 

when the pedal nerves are stimulated.



Total Stimulation 
time in seconds

Total Inhibition 
time in seconds

% Time of 
Inhibition

Group 1 147 51 34.0

Group 2 431 44 12.0

Group 3 180 11 6.11

Group 4 391 12 3.0
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All the stimulations of the pedal nerves carried out in 

all the experiments were arranged, according to their parameters, 

into four groups.

Group 1) Stimulations with amplitude and frequency both 

at the maximum of the stimulator output, i.e. 23.2 V and 

28.5 c/s respectively.

Group 2) Stimulations with frequency constant at 28,5 c/s

and with the amplitude varying from 3.9 V to 23.2 V.

Group 3) Stimulations with amplitude constant at 23.2 V

and frequency varying from 1.4 c/s to 28.5 c/s.

Group 4) Stimulations with both amplitude and frequency

in the lower values of 3.9 V to 14.5 V and 1.6 c/s to 3>.6 c/s 

respectively, termed mid-range stimulations.

To assess inhibition of the waves for each group the total 

stimulation time was compared to the total amount of inhibition 

occurring during this stimulation time. This is shown in Table 1.

As can be seen Group 1, with the highest stimulation parameter 

elicits 34.0% inhibition of the waves during stimulation. Group 2 

gives the next highest amount of inhibition of 12.0% followed by 

Group 3 with 6.1%. The mid-range stimulations gave the lowest amount 

of inhibition of all with 3.0%.

Table 1 illustrates the strong, subjective impression that 

when both stimulation parameters are highest, the inhibition is 

greatest. Stimulation times varied and because some stimulations



TABI£ 2

An analysis of the frequency of the locomotory 

waves on the sole of Agriolimax reticulatus 

when the pedal nerves are stimulated.
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gave inhibition throughout and others inhibition at the end of 

stimulation, the figures are not statistically comparable. The 

fact that these responses were elicited in 28.0% of the stimulations 

may be purely a reflection of the geometry of the stimulating elec

trodes, for example, but does not detract from the fact that the 

effects did occur. It appears from a comparison of Groups 2 and 3 

that frequency is the more important stimulating factor affecting 

inhibition of the wave form.

The commencement of waves after a stimulation which has 

produced inhibition ceases does not necessarily mean that the 

mechanism present in the sole is suddenly released from inhibition.

In this form of external stimulation excitatory fibres may be 

simultaneously stimulated in the pedal nerve trunk. However, the 

wave producing mechanism does recover in most cases during 

stimulation. This infers electrotonic changes in the nervous 

elements responsible for the locomotory waves.

To assess the frequency of the waves the number of waves in 

a 10 second period before and after stimulation were counted, and 

the waves which were readable during a stimulation, i.e. thosenot 

inhibited, were counted. The frequencies were all expressed as 

waves/second. Because the rate of the waves was being compared and 

not the time during which the waves were visible, these figures could 

be subjected to statistical analysis in the form of a **t” test.

Table 2 shows the results of these analyses. Each group is 

divided into three sub-groups, (a), (b) and (c) representing those
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the frequency before, during and after stimulation. These are 

shown in Column (1). The number of animals used for each 

analysis is given in Column (2),where it will be seen that in 

Groups 1, 2 and 3 the number of stimulations is reduced in sub

group (b). This is because where inhibition was total obviously 

no waves were counted. The mean frequencies for the periods (a)

(b) and (c) in each group are presented in Column 3. Each period 

(a), (b) and (c) was then compared statistically with the other two 

in its group and the fourth column shows the particular comparison 

to which the ” t” test was applied. The results of these tests are 

shown in Column 5.

As can be seen in Group 3, where the amplitude of the applied 

stimulus was kept constant at the maximum level of 23.2 V and the 

frequency varied, the frequency of the locomtory waves during 

stimulation show a significant different at the 5% level of 

probability when compared to the frequencies of the waves before 

and after stimulation. The results suggest that a small increase 

in the frequency of the locomotory waves did occur during stimulation 

with the parameters of Group 3.

The overall picture, however, is that stimulation had very 

little effect on the frequency of the waves and this is certainly 

the subjective impression gained from observation of the traces. 

Inhibition in these experiments seems to affect only the size and 

shape of the oscillations produced by the locomotory waves. It will 

be seen from Table 2 that the mean frequency values approximate to
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those of Figure 16 when the wave frequencies of the latter show a 

slow decline in frequency over a period of 13 minutes. It would 

appear that the stimulatory experiments were performed on waves 

which represent this period after the removal of the nerve ring 

in dissection, and that the stimulations had very little effect 

on the frequency of the waves during this period.

It is interesting to note, however, that in stimulation 

D of Figure 19 and Stimulation C of Figure 20, where double wave 

forms were produced, the frequency increases from 0,8 waves/second 

to 0.9 waves/second and 0.8 waves/second to 0.88 waves/second 

respectively. Thus it may be significant that where the production 

of a double wave form occurs frequency increases.
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DISCUSSION

The double wave form present immediately after denervation 

was always observed on the sole of entire animals when the sole 

was lifted away from the substrate. This infers that this type 

of wave action is the normal pattern of locomotion in the slug. 

Some idea of the nature of this type of wave is obtained from the 

work of Jones (1973), He found that in Agriolimax reticulatus 

the posterior oblique and anterior oblique muscles act 

antagonistically to form the locomotory waves. The anterior 

oblique muscles contract and pull the surface of the sole upwards 

and forwards and after the surface of the sole has been lowered 

back down to the substrate the posterior oblique muscles contract 

against the stationary epidermis of the sole and pull the body of 

the slug forwards. Jones analysed the movement of a crawling 

slug in contact with a substrate and found that the uplifted 

portions of the foot are much smaller in length than the 

stationary portions, (Plate 1). As was seen above (Figure 9 d) 

when the sole of the entire animal is removed frcan the substrate 

the ratio of the length of the uplifted section to the length of 

the downward projecting section is reversed. If the wave action 

is caused by the two sets of antagonistic muscles then they must 

still be exerting their effect when the waves are visible on the 

sole removed from the substrate. However,' the alteration in the
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shape of the wave caused by the loss of a substrate may mean that 

the manifestation of their effect would be different from that in 

the normally crawling slug. Jones found that the uplifted 

portions contained no trace of a small, downward projection and 

yet the presence of the latter on the sole of the normal animal 

removed from its substrate suggests that the small projection may 

be the result of the action of these muscles.

Thus the double wave form in the experiments may well 

represent the true locomotory wave. As mentioned above the 

autonomic locomotory mechanism in the sole is capable of 

producing this wave action but only for short periods immediately 

after the removal of the central nervous system. This, and the 

fact that it cgn only be restored to any great extent by 

stimulation of the pedal nerves suggests that a continual 

enhancement of this type of wave form is necessary. If this 

double wave does represent the normal locomotory action of the sole 

then some fine central control seems logical.

Since well co-ordinated and regularly shaped waves but not 

possessing the double aspect can continue in the isolated foot for 

up to 7 minutes, it appears that there is a basic wave action 

affected by the two sets of antagonistic muscles, which is much less

dependent on the central nervous system for its preservation. Of

course it is possible that the double wave form is an artefact 

produced only in response to the sole being removed from the 

substrate, in which case the simpler shaped waves would represent 

the normal locomotory activity. However, for the sole to produce
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such an artefact in response to being removed from the substrate 

seems to have no physiological function. The production of the 

double wave by stimulating the pedal nerves points to a high 

degree of central control of this wave type, and presumably if 

such an integrative nervous mechanism exists it would not be 

just an artefact.

The simpler wave will still have a locomotory function 

although presumably not as effective as the double wave form, 

but it appears to represent the more autonomic aspect of the 

wave action. Its disappearance in time after decapitation 

could be due to fatigue and not to the lack of central effects. 

However, these simpler waves can be manifested by stimulation of 

the pedal nerves and thus some essential enhancement of this 

autonomic action is inferred.

The demonstration of inhibition by stimulation of the pedal 

nerves indicates that removal of the head or ganglia does remove 

central inhibition. There still exists the real possibility, 

however, that central excitation both in decapitation and ganglia 

extirpation experiments gives an additional impetus to the 

production of the waves once this inhibition is removed.

The most obvious effects of stimulation of the pedal nerves 

were in the case of inhibition the reduction in size or the 

abolition of the waves and in the case of excitation the production 

of more co-ordinated waves. The frequency seemed to be affected
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very little, except in the case of group 3 in Table 2, Frequency 

appears to be under close control of the central nervous system.

It would be logical for such a basic parameter of locomotion to 

be so. The fact that the highest frequencies after decapitation 

immediately after this event, and a decline in the rate of the 

waves followed, would support this. The simpler waves exhibited 

the same frequencies as the double waves and thus there may be 

separate pathways for controlling frequency and for controlling 

the form of the waves, although a relationship between the two 

must exist for normal locomotion.

The overall picture from these experiments is of an 

autonomic fixed action mechanism requiring either intermittent 

or continual central action to modify it to perform useful work 

for the animal.

One very striking example of a peripheral fixed action 

pattern which requires only intermittent central action to induce 

it was found by Willows and Hoyle (1969) in the nudibranch 

Tiritonia. Here a single brief event from the central nervous 

system, lasting no more than a second, causes a whole behavioural 

sequence to occur, and this response may greatly outlast the 

stimulus. The cells which cause this activity form two bilaterally 

symmetrical groups of at least 30 cells in each pleural ganglia. 

These neurons form a network which filters out weak neural activity 

yet responds with a burst of impulses to intensive specific input.
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The double wave form and the frequency of the waves appear 

to be more centrally directed than the basic autonomic wave action, 

although the sole can exhibit the double shape and high frequency 

for short periods after decapitation.

The basic autonomic wave action seems to be able to 

continue without central excitation for up to 30 minutes, but 

where it becomes irregular a short burst of stimulation down the 

pedal nerves can, in some cases, le-establish it, and it will continue 

when stimulation ceases as in stimulation A in Figure 19, Here, 

although inhibition occurs, the excitatory fibres are presumably 

stimulated as well and once the dominant inhibition is removed the 

wave action is re-established and continues. However, due to the 

use of DC pulsed stimulations this may be an electrotonic effect in 

as much that the stimulation of the nerve fibres may cause hypo- 

activity during stimulation and hyper-activity after stimulation.

The stimulating electrode in these experiments was positive 

and the earthed electrode was negative. The earthed electrode 

was inserted into the sole and it is assumed that the whole 

preparation was made negative with respect to the stimulating 

electrode on the pedal nerves. A positive DC pulse (analectrotonus) 

on the nerve would tend to make the outside of the nerve membrane 

relatively more positive with respect to the inside and thus raise 

the resting potential. This would cause hypo-activity of the nerve.
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However, ionic migration across the nerve membrane may re-establish 

the resting potential. Thus, when stimulation ceases, the resting 

potential will be effectively lowered and thus the nerve will be 

hyper-active.

Catalectrotonus, where the stimulating electrode is negative 

would have the reverse effect. The resting potential would be 

lowered during stimulation causing hyper-activity, but when 

stimulation stopped the resting potential would be effectively 

raised, thus lowering the activity of the nerve.

Thus in these experiments the possibility of catalectronic 

effects causing increased activity in the sole following stimulation 

must be taken into account.

However, there is one piece of evidence to suggest that the 

autonomic peripheral nervous system will be triggered off by a short 

stimulus. This is the fact that mechanical stimulation of the 

isolated sole will bring about irregular waves lasting for 3 to 5 

minutes.

Electrogenic effects are probably more important in those 

stimulations where initial inhibition is followed by a recovery of 

the wave action during stimulation. During analectrotonic 

stimulation the membrane will try to restore the resting potential 

by mobilising ions. The time it takes to restore the resting 

potential will depend on the time constants of the membrane. If 

the excitatory fibres have different time constants to inhibitory
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fibres then they would become hyper-active during stimulation.

The action of the locomotory waves on the sole of 

Agriolimax could be due to an independent muscular transmission 

such as found in cardiac muscle, Gordon (1972) and in guinea pig 

smooth muscle (Galenhofen, 1970). The presence of a very regular 

nerve plexus in the sole, coupled with a high degree of autonomy, 

distinct from the central nervous system, suggests however that the 

control of the basic wave action rested with the nerve plexus as 

concluded by Biedermann (1906) for Limax. The results reported in 

Chapter III show that Agriolimax has a sole nerve plexus almost 

identical to Limax. The anatomy of the antagonistic sets of 

muscles producing the wave action, (Jones, 1973) suggests that 

myogenic transmission would be severely hampered. The muscles 

consist of many single fibres which, although they may have points 

of contact, do not possess the close sheet-like quality of other 

muscular systems which are capable of muscular transmission.

Whether the modifying influence of the central nervous system 

on the autonomic action of the nerve plexus acts entirely through the 

latter is difficult to say. Histological and anatomic examination 

of the pedal nerves show branches at regular intervals entering the 

ganglia of the longitudinal chains in the sole nerve plexus. No 

branches were seen to appear anywhere else in the sole, although this 

does not preclude the possibility of fine branches direct to the foot
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musculature, or of nerve axons from the central ganglia passing 

straight through the nerve plexus ganglia. If the nerve plexus 

is responsible for this wave action it seems unlikely that a 

duplicated system would be present in the central nervous system. 

However, rapid inhibition of the wave action, as a defence mechanism, 

seems possible and perhaps desirable in that it effects a much 

quicker response, especially if giant fibres were responsible.

An example of two distinct neuronal mechanisms, one central 

and one peripheral which mediate an effector response was found by 

Kupfermann et al. (1971) in Aplysia. Here the gill withdrawal 

reflex was studied in which a weak tactile stimulus to the mantle 

elicits a centrally controlled gill contraction whereas a localised 

response to a gill pinule elicits a peripherally controlled local 

response. Habituation of one response did not affect the response 

of the other, and the greater part of the central effect could be 

accounted for by two identifiable motor neurons.

Examples of autonomic pacemaker activities responsible for 

locomotion have been found in other phyla, especially in groups with 

segmental nervous systems. Lawry (1970) found pacemakers in each 

nerve cord segment of the polychaete, Hamothoe. and the frequency 

was determined by dominant posterior pacemakers. Davis and Kennedy 

(1972) showed that the movement of each swimmerett appendage of the 

lobster is controlled by a single oscillator in the central nervous
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system and all the command interneurons converge on this 

oscillator,

Tereshkov (1967) has produced an electronic model which 

exemplifies the "stepping” action of the leech in terms of 

complete co-ordination by the peripheral nervous system. The 

model consists of relays to represent suckers and muscles, 

whereby inclusion of current in the winding of any relay will 

correspond to the appearance of pulsation in the motor fibre 

innervating the corresponding muscle. The operation of a relay 

corresponded to contraction of the muscle. For normal work the 

model required a direct connection between the head and tail ends. 

The most interesting aspect of Tereshkov*s model is that this 

peripheral mechanism can be triggered into action by the central 

nervous system and the latter also brings about finer correction of 

movement.

Since two sets of antagonistic muscles may be responsible 

for the wave action a relatively simple arrangement of antagonistic 

reflex pathways could be responsible for the wave action as 

described by Kattegoda (1969) for production of the peristaltic 

action of gut smooth muscle.

It is interesting that such a co-ordinated autonomic action 

of the sole of Agriolimax should be associated with the presence of 

a segmental type peripheral nervous system. The work described 

above on segmental animals could well have significant implications 

in any attempt to elucidate the mechanism of peripheral nervous
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control of locomotion in the grey field slug. Although it may be 

difficult to insert electrodes into the sole ganglia, localised 

cutting and freezing of the sole of Agriolimax would yield useful 

results on the various pathways involved in controlling locomotion.

Further work to investigate locomotory control in pulmonates 

would perhaps be best carried out on the larger Limax species which 

have almost the same peripheral network and autonomy of action of 

this peripheral nervous system. Intracellular stimulation and 

recording of the cells in the central nervous system combined with 

a method of recording the amplitude and velocity of the waves would 

be the most useful avenue to explore. Freezing of the sole after 

a specific stimulation may yield results which would describe 

particular aspects of muscle innervation.

Turner (1966) found, by examining serial sections of the 

central nervous system of Ariolimax, that many, if not most, of 

the larger cells and constellations of cells are identifiable from 

animal to animal. He suggests that the findings are consistent 

with the assumption that basic stereotyped responses most probably 

reflect stereotyped anatomical patterns. Presumably Limax and 

Agriolimax would have similar dispositions of cells and thus 

intracellular stimulation and recording may be specific once the 

nerve cells had been identified.
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CHAPTER V

The longitudinal movement of the whole body
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Introduction

Longitudinal movement of the whole body can be of two types, 

phasic and tonic. The first represents fast transient movement, 

associated with behavioural response, the second represents the 

postural function of the body musculature of haemocoelic animals, 

where a constant tonus acts against the haemolymph to form a 

haemoskeleton.

The tonic aspect of the Helix foot is the only facet of this 

type of body movement studied in a pulmonate, the principle workers 

being, Jordan, Postma and Herter. Although a lengthening and 

shortening of the pulmonate body is the most obvious manifestation 

of whole body musculature activity, and in fact the only type of 

change which has been studied, it must be remembered that 

longitudinal movement is the result of circular and longitudinal 

elements working against one another. This is a point which 

appears to have escaped many earlier workers. Furthermore, the body 

musculature represents a complicated network of muscles and nerves and 

cannot be treated as a simple muscular system.

The foot of the slug is an organ specialised for locomotory 

purposes, whereas the postural function of the animal is carried out 

by the tubular body wall. In comparison, the foot of the snail is 

much thicker and fleshier and more of a discrete organ with very
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Important p>ostural functions.

Jordan was the first worker to study the nervous control of 

tonus in Helix foot in any detail, although many of his earlier 

conclusions were subsequently disproved by Postma. Jordan believed 

that the pedal ganglion was the only one in the nerve ring responsible 

for tonus, (Jordan, 1905), since its removal resulted in a slow 

contraction of the foot leading to complete tonus, the extirpation 

of the cerebral ganglia having no such effect.

Jordan, (1905) used a load to stretch the foot longitudinally, 

the resistance offered to stretch being used as a measure of the tonus 

of the pedal musculature. When the isolated foot, without its pedal 

ganglia is stretched thus, a rapid lengthening occurs followed by a 

much slower phase of further lengthening. This initial rapid 

lengthening was believed by Jordan and Postma, (1934) to be purely 

passive, although some weak muscle action potentials were present, 

representing a mechanical viscoid element of the sole. They based 

their conclusions on the fact that this initial drop in resistance 

behave like inanimate materials in its reaction to temperature 

variations, i.e. a reduction in temperature increased its viscosity, 

and vice versa, and also that the extension curve of this phase of the 

elongation resembles that of a gelatine rubber model, (Postma, 1945). 

The second phase of higher resistance to stretch was considered to be 

due to peripheral tetanic effects.

The Helix foot without a load and with the pedal ganglia 

attached, shows no initial shortening, but on being stretched under
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load it undergoes a very rapid initial extension, much more than the 

isolated foot but offers a strong resistance which produces a trace 

giving a horizontal fluctuating plateau.

Jordan, (1905) initially believed that the role of the ganglia 

in tonus regulation was purely excitatory, no inhibitory impulses 

being transmitted. He based this theory on the fact that the electrical 

stimulation of the foot and pedal nerves produced only contraction, never 

inhibition. The tetanic motor impulses produced by the nerve plexus are 

reinforced by the tetanic contractile impulses from the pedal ganglia.

However, Postma and Jordan, (1942) found evidence which pointed 

to the presence in the pedal ganglia of two topographically isolated 

antagonistic centres, one inhibitory and one excitatory. Subliminal 

direct current passed through the pedal ganglia with the cathode dorsal 

and the anode ventral raises the horizontal plateau of the lengthening 

curve. Reversing the current lowers the plateau and also accentuates 

the initial rapid extension phase. Hypertonic saline solution or 

sodium chloride crystals gave the same effect when applied to the ventral 

part of the pedal ganglia, and cocaine lessened this effect. Ventral 

liminal induction shocks also produced a decrease in tonus, dorsal 

stimulation resulted in a mixed phenomena.

From his experiments on the cerebral ganglia and their influence 

on muscle tone, Postma (1946) postulated that one can distinguish between 

operations of these two opposing centres within the pedal ganglia. Thus, 

one can distinguish between activation of muscle inhibition and with

drawal of muscle excitation which leads to a decrease in muscle tone.
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Similarly one can distinguish activation of muscle excitation from 

withdrawal of muscle inhibition, both leading to an increase in tone,

Postma and Jordem, (1942) also found that diminishment of tone 

could be achieved by stimulating the pedal nerves with a very weak 

current. A stronger stimulus produced contraction. Such a 

diminishment of tone of the foot by stimulation of peripheral nerves 

was observed by ten Cate (1923) in Arion.

De Jong (1945) passed an induction current through the 

musculature of the isolated sole of Helix and found the same 

relationship, i.e. weak stimulus gives inhibition, strong stimulus 

leads to contraction. This could be the result of either nerve plexus 

mediation and/or direct muscular action. Postma (1945) however, 

believes that the inhibitory and excitatory impulses from the pedal 

ganglia merely reinforce the same type of inhibitory and excitatory 

elements of the nerve plexus.

These antagonistic centres are activated by proprioceptive 

stimulation. Herter (1931a) found that a low frequency discharge of 

muscle action potentials in the unloaded foot with the pedal ganglia 

attached was increased in both amplitude and frequency by stretch. 

Turner and Nevius (1951) working on Ariolimax found a burst of impulses 

in the pedal nerves when the foot was stretched, again indicating 

proprioreceptive reflexes.

Jordan (1905) pioneered a method whereby the effect of a 

stimulus to one side of the snail's foot could be observed on the 

other side, the two halves of the sole being connected only by the
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central nervous system, Jordan found that If one half of the foot 

In such a split foot preparation was stretched, the contralateral 

half also lengthened without any alteration of the load. Unloading 

one half results in the contralateral half shortening. Herter (1931b) 

used the same apparatus in a rather more intensive survey and found 

results which were not quite so concise. Stretching one half could 

lead to the other half either lengthening and then shortening, or 

immediately shortening, or after unloading one half the contralateral 

half may immediately shorten or lengthen or show no effect. Not only 

the intensity of the stimulus'but also other unknown factors influence 

the contralateral response, and it appears the size of the ipsilateral 

response plays a part too.

According to Jordan and Postma (1945, 1956) the postural 

function of the pedal musculature is mediated not only by a tetanus 

but also by a passive plastic element present in the musculature.

This plasticity is influenced through a special centre in the pedal 

ganglia according to Jordan, Postma and Herter, (from Bullock, 1965). 

Both Jordan and Postma believe that this plasticity is a means of 

maintaining the tone without excess expenditure of energy, suid Postma 

(1945) quotes an experiment of Jordan's whereby the carbon dioxide 

output does not increase during a strong tonic contraction,

Postma, (1956) presents a possible explanation of the nature of 

this plasticity by using the scheme of Weber (1953-54) in which an 

excess of A.T.P, in the muscular system causes the system to be too 

soft and too low in amount causes rigidity. A.T.P. acts as a 

” tonolysator" and represents the passive plastic element of the snail's
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foot. A.T.P. causes contraction by splitting and releasing energy 

and thus rigidity results, A.T.P. is then resynthesised causing 

relaxation and the loss of rigidity. It is not clear whether the 

fast phasic contractions are a distinct phenomenon from the slow 

tonic contractions, and thus it is only conjecture as to which type 

of contraction will affect the level of A.T.P. in the musculature,

Jordan (1903) however, believed that the phasic and tonal 

contractions were of a different nature since a stretched isolated 

foot can only be restored to its original length by stimulation if 

the load is removed and all friction between the foot and any 

surface is absent. Stimulation of the stretched foot with the 

weight still present produced a contraction, but when stimulation 

ceased the foot elongated emd returned to the length present at the 

end of elongation. Jordan (1905) concluded that this latter type 

of contraction was tonic and the former phasic. In addition Jordan 

(1805) and Postma (1956) make the point that the elongation curve is 

often superimposed with tetanic twitches which appear to be an 

isolated phenomenon from the resistance to stretch.

However, the experiment of Jordan's which showed low carbon 

dioxide output during tonic contraction in Helix, may have relevance 

to the work of Baquet and Gillis (1968) where the anterior byssus 

retractor muscle of Mytilus in a state of contraction gave a low heat 

output and low oxygen intake. These muscles are well known for the 

catch mechanism where, after a DC stimulation, they can maintain 

contraction without further stimulation, as first demonstrated by 

Winton (1937). Wilson and Larimer (1968) point out that this catch
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property can occur in other muscle types and it is unusual only 

in the extent to which they are specialised for catch. Thus it 

may be that a catch mechanism may play some part in the passive 

tonus of the snail's foot.

Postma (1956) experimented on several gastropods to record 

the stretching reaction of their musculature. The animals were,

Arion empericorum, Limax maximus. Milax sowerbii, Limnae stagnalis, 

Planorbis corneus, and Cepea memoralis. Of these only Cepea 

showed a lengthening curve similar to Helix. Milax showed an 

intermediate reaction, whereas the other species showed an initial 

rapid yielding followed by a sudden cessation of yielding. Postma, 

concluded the influence of the superior ganglia was different in these 

species from that in Helix. He noted a much higher spontaneity of 

activity compared with their normal behaviour with only their nerve 

net intact.

As mentioned above Jordan (1905) believed the cerebral ganglia 

played no part in the regulation of tone in the Helix foot. Removing 

the cerebral ganglia need not necessarily change the tone, but the 

behaviour of the foot during extension under load is affected by the 

presence of the brain, Postma (1946), The shortening of the foot 

after releasing a load is also influenced by the cerebral ganglia 

and the muscle tone can in addition be affected by topical applications 

of cocaine or hypertonic saline on the cerebral ganglia. According to 

Postma (1946) the cerebral ganglia can affect the two antagonistic 

inhibitory and stimulatory centres in the pedal ganglia depending on
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FIGURE 24

Pathways inferred from the experiments of 

Postma, (1946)

Key

0  = Increased tonus centre in pedal ganglia 

©  = Decreased tonus centre in pedal ganglia 

+ = Excitatory impulses 

= Inhibitory impulses
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the level of activity in the cerebral ganglia. This is summarised 

in Figure 24. It can inhibit or stimulate the two centres and 

there is evidence of an equilibrium between the inhibitory and the 

stimulatory role of the cerebral ganglia on the two pedal ganglia 

centres. Elongation of the foot causes an increase in the 

cerebral inhibition of the excitatory centre in the pedal ganglia 

and at the same time stimulates the inhibitory centre of the pedal 

ganglia, the nett effect being a decrease in tone.
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Materials and Methods

The methods and apparatus used for these experiraentsfwere 

exactly the same as those used in the study of locomotory control 

as described above. The only difference was that the holding pins,

(J in Figure 6  and 8 ) were not used and an optical density wedge was 

attached to the end of the inserted thread, (0 in Figure 8 ), The 

Devices photodiode was used to measure the linear displacement of 

this wedge and thus determine the longitudinal movement of the rear 

half of the animal. The amplifier and the%pen recorder were the same 

as those used in the locomotory experiments. Before each experiment 

the travel of the optical density wedge was calibrated in 1 mm. steps 

and found to be linear.

Nature of the experiments

These can be divided into three sections,

(i) Elongation of the rear half of the animal by means of 

the 2 gm, weight attached to the thread (O), The rates of 

elongation were monitored in preparations with and without 

the essential ganglia present,

(ii) Mechanical stimulation of a ligatured but whole slug 

to assess the effect of a mechanical stimulation on the 

longitudinal contraction of the rear half of the body 

before and after decapitation,

(iii) Stimulation of the cut pedal nerves to assess the type 

of central control involved in longitudinal body movement.
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(1) Elongation of the rear half

So that the effects of the central nervous system alone could 

be determined in these experiments the anterior portion of the animal 

was dissected as described above. After it was mounted in the main 

apparatus the appearance of the preparation was the same as shown in 

Figure 8 , except that the holding pins and the photodiode were absent.

When mounted in the main framework the thread (0) with its 2 gm. 

weight and optical density wedge was not put immediately over the 

pulley. After the ganglia had been arranged on a system of glass 

hooks (R) and (T) and the ringer flow commenced, the preparation was 

given 5 minutes to settle down. The thread (0) was then placed over 

the pulley, the wedge placed in the cleft of the photodiode and the 

weight allowed to stretch the rear half. Recording lasted for 30 

minutes. Where the effects of the absence of the central nervous 

system were investigated the pedal nerves were cut 1 minute after the 

beginning of stretching. Prior to this the nervous system had been 

bathed for about 10 minutes during dissection and mounting. Four 

preparations had the pedal nerves cut during elongation.

Both 70% and 50% Locke ringer concentrations were used in the 

two types of experiments, i.e. with or without central ganglia,

(ii) Mechanical stimulation of the rear half of the body

The whole slug was mounted on the main apparatus and a small 

slit made in the head as described above for the locomotory experiments.
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The posterior body wall was stimulated three times by brushing with 

the tip of a metal probe* The resultant contractions were then 

recorded. The head was cut off and three more stimulations made 

and the contractions similarly recorded.

(iii) Stimulation of the pedal nerves

The anterior portion was dissected as described above euid 

the stimulator and the amplifier were also the same. After the 

thread (0 ) had been placed over the pulley the preparation was 

allowed 5 minutes to settle down and then stimulated with trained 

(DC) pulses. Stimulations at various amplitudes and frequencies 

and duration were applied and the resultant longitudinal movement 

of the rear half recorded.



FIGURE 25

The lengthening curve of the rear half of the body 

of Agriolimax reticulatus under a 2  gm. load. The 

ganglia were perfused with 50% Locke ringer. The 

horizontal arrow represents the time direction.

The time scale divisions represent 1 minute.
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RESULTS

Lengthening curves

These are the traces that were produced when the rear half 

of the ligatured animal was allowed to stretch under a 2  gm, load. 

In most cases this was carried out with the central ganglia 

present but in eight preparations the pedal nerves were severed 

and the central nervous system removed.

The basic shape of these isotonic lengthening curves over 

a 30 minute period was the same, whether the ganglia were present 

or not. The main characteristics being a fairly rapid initial 

lengthening followed by a much slower rate of stretch, sometimes 

Interrupted by a transient increase in tone. Of the nine animals 

whose ganglia were bathed with 50% Locke ringer, seven had the 

phasic type contractions seen in Figure 25, superimposed on the 

general curve. The other two had the same shaped curves but did 

not possess these phasic contractions.

Three animals whose ganglia were intact were bathed with 

70% Locke solution and these gave a similar type of curve to that 

shown in Figure 25.



FIGURE 26

The lengthening curve of the rear half of the 

body of Agriolimax reticulatus under a 2 gm. load. 

The ganglia were perfused with 50% Locke ringer. 

The horizontal arrow represents the time 

direction. Time scale divisions represent 

1 minute.
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FIGURE 27

The lengthening curve of the rear half of the 

body of Agriolimax reticulatus under a 2  gm, 

load after removal of the central ganglia.

The ganglia were bathed prior to extirpation 

in 50% Locke ringer for 10 minutes. The 

arrow on the trace denotes the point of 

severance of the pedal nerves. The 

horizontal arrow denotes the time direction. 

Time scale divisions represent 1 minute.





FIGURE 28

The elongation curve of the rear half of the 

body of Agriollmax reticulatus under a 2 gm, 

load when the ganglia were removed after 9 

minutes. The ganglia were perfused with 50% 

Locke ringer. The arrow on the trace denotes 

the point of severance of the pedal nerves.

The horizontal arrow denotes the time direction. 

The time scale divisions represent 1 minute.
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In five of the 50% bathed animals a transient rise in 

tonus occurred about 1 0  minutes after lengthening had commenced 

as shown in Figure 26,

Removal of the ganglia had variable effects on the shape 

of the lengthehing curve. Figure 27 shows the trace of a curve 

produced by a preparation in which the ganglia, (bathed in 50% 

Locke ringer during dissection and mounting of the animal) were 

removed one minute after commencing the experiment. As can be 

seen the type of lengthening reaction is much the same as those 

where the central nervous system is left intact, except that the 

localised contractions are absent. The disappearance of these 

phasic contractions always followed extirpation of the central 

ganglia, and this suggests the possibility that the two animals 

with the central nervous system which did not give these phasic 

contractions during elongation may have suffered damage to the 

central nervous tissue rather than necessarily lacked the neuro- 

physiological conditions which presumably cause these effects.

Figure 27 can be compared to Figure 28 where the central 

ganglia (50% perfused) were removed after about 9 minutes, and 

it will be seen that an immediate large reduction in tonus occurs. 

These results point to a control of tone both peripherally and 

centrally with the predominance of one type of control at one



FIGURE 29

The lengthening curve of the rear half of 

the body of Agriollmax reticulatus under 

a 2  gm. load after removal of the central 

ganglia. The ganglia were perfused prior 

to extirpation in 70% Locke ringer for 10 

minutes. The arrow on the trace denotes 

the point of severance of the pedal nerves. 

The horizontal arrow denotes the time 

direction. Time scale divisions represent 

1 minute.
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particular time. A possible criticism of the above statement, that 

there is a real difference between the changes in tone observed in 

Figures 27 and 28, is that slugs of varying length were used in all 

these experiments and therefore comparisons are not valid. The 

lengths of the experimental animals were not recorded before each 

experiment, but animals of less than 15 mm. contracted length were 

rejected since these were too small for the apparatus. The normal 

range of animal sizes being from 15 mm. to 30 mm., most being below 

25 mm. Thus, if it is assumed that the animal in Figure 28 is the 

maximum of 30 mm., the reduction in length in the ninth minute is 

approximately 9 mm., i.e. 30%. If the animal in Figure 27 is only 

15 mm. the 2 mm. lengthening in the first minute represents a 15% 

lengthening, only one half of the previous example. These examples 

are the extremes and most animals were of a similar intermediate size.

Thus it will be seen that the changes in tone upon extirpation of the 

ganglia do represent a real difference.

Figure 29 shows the tonus changes occurring after the removal 

of the ganglia (bathed in 70% Locke ringer during dissection and 

mounting), and reveals evidence pointing to the presence of peripheral 

contractile elements, a slow rise in tone occurring after the initial 

rapid lengthening.

Peripheral stimulation experiments

These were carried out to assess the ability of the sole and 

body wall to respond to mechanical stimuli, before and after decapitation.



FIGURE 30

The effect of peripheral mechanical stimuli 

on the rear half of the body of Agriollmax 

reticulatus before and after decapitation,

P and arrow represent the point of 

decapitation. The two traces represent 

one continuous experiment. Large time sc^le 

divisions represent 1 minute.

Key to mechanical stimulations

SI, 82 and S3 = Mechanical stimulation before 
decapitation

S3, S4 and S5 = Mechanical stimulation after 
decapitation
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FIGURE 31

For explanation see text
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Figure 30 shows the effect of brushing the tip of a metal probe 

along one side of the rear half of the slug's body. Stimulations 

Sj, Sg and Sg before decapitation produced phasic type contractions 

which are very similar to the contractions evoked by stimulations 

8 4 , 8 5  and 8 g given after decapitation. The point P and the arrow 

represent the point of decapitation. These results show that the 

rear half separated from the central nervous system is capable of 

producing a phasic contraction equal to one produced when the central 

nervous system is present. Presumably such a contraction is a reflex 

mechanism and probably represents a defence response. Whether the 

central nervous system has any effect on the contraction before 

decapitation is debatable. Touching the side of the reeir body wall 

of a crawling slug leads to a localised contraction. This, together 

with the presence of the nerve plexus in the body wall and foot seems 

to indicate that such a response to a tactile stimulus was produced 

mainly by a peripheral reflex.

An interesting difference in the nature of the relaxation 

between the contractions before and after decapitation can be seen 

in Figure 31. Here the traces are superimposed on one another, the 

common loci being the position of the trace at the point of stimulation. 

This does not take into account any differences in the level of the 

trace at the commencement of contraction, and thus ignores the fact 

that contractions may be initiated at different lengths of the animal. 

However, 8 ^, Sg and 8 g all commence their contractions on the same part
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of the trace paper and S_ is only slightly lower than and S..O 4 o

Figure 31a shows the contractions before decapitation euid 

it can be seen that there is a faster rate of relaxation in the 

contractions caused by the stimulations and Sg compared to the 

first stimulation . The contraction evoked by does rise 

after 30 seconds, but the initial rate of relaxation is faster 

than Sj.

Figure 31b shows the contractions after decapitation.

Here the relaxation period is slower in the later contractions 

caused by the stimuli Sg and S^, compared to the first contraction 

evoked by S^, The relaxation periods in Figure 31b in fact 

represent a rise in the tonus of the rear half.

A possible criticism of the conclusions drawn from Figure 31a 

is that the two phasic contractions caused by and are smaller 

than that evoked by S^, and thus the induced relaxation period may 

be lower. However, even allowing for this, no initial lowering of 

the relaxation rate would be observed, and in any case the phasic 

contraction caused by Sg in Figure 31b, is not as high as those 

caused by and Sg, These results suggest the presence of central 

inhibition of peripheral tone. Whether this type of tone can only 

be evoked by a phasic contraction due to a mechanical stimulation 

is unknown.



FIGURE 32

The effect on longitudinal movement of stimulating 

the pedal nerves of Agriollmax reticulatus.

Large time scale divisions represent 1 minute.

The traces represent one continuous experiment.

Key to stimulations

A, B, C, and D - Frequency = 7.0 c/s

Amplitude = 14.5 V.
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Stimulation of the pedal nerves

Due to the use of external stimulating electrodes it is 

impossible for the reasons given above to predict the effect that 

a particular stimulation will haveoon the preparation. Again, 

when making comparisons between stimulations, the fact that the 

duration of the stimulations was, in most cases variable, must 

be taken into account.

Analysis of the results was further complicated by 

fatigue and/or adaptation, (See Figure 32). Here a stimulation, 

frequency 7.0 c/s and an amplitude of 14.5 V. was applied at A.

1,minute 40 seconds later the same strength stimulus was applied 

as shown at B for 1 minute. After a short break the stimulation 

C (of the same strength as A and B) elicited only a small

contraction. After resting the preparation for 1 minute 30 seconds,

the stimulation D was given which had the same duration as the first 

stimulation A. The contraction produced by D is much larger than

that of C and almost as large as A.

The presence of peripheral tone shown in Figure 29 and the 

relationship between central enhancement of tone, and this peripheral 

tone (See Figures 27 and 28) must be taken into account when 

analysing these stimulatory experiments. The stimulations were 

carried out after extirpation of the ganglia and thus because of 

the presence of peripheral tone the base line of the trace does not 

necessarily represent a non-active state of the body contractile 

mechanisms.



FIGURE 33

The effect on longitudinal movement of stimulating 

the pedal nerves of Agriollmax reticulatus. The

traces represent one continuous experiment. Large

time scale divisions represent 1 minute, small 

divisions represent 1 second.

Key to stimulations

A - Frequency = 1.4 c/s Amplitude = 23.2 V.

B - " = 1 . 6  c/s

C - *' = 2.4 c/s

D - " = 3.6 c/s

E - " = 7 . 0  c/s

F - ” = 2 8 . 5  c/s
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However, some interesting effects were observed which may 

throw some light on the relationship between peripheral and 

central tone. Figure 33 shows the effects of increasing the 

frequency of stimulations whilst keeping the amplitude constant 

at 23.2 V. Contractions produced by stimulations A, B, C and D, 

show a sudden contraction followed by an increasingly slower rate 

of relaxation as the frequency of the stimulation is increased.

The contractions caused by stimulations E and P show a sudden 

increased contraction after stimulation ceases. This implies 

that the peripheral contractile elements were inhibited during 

stimulation, but simultaneous excitation of these elements during 

stimulation produces the peripheral contraction once the dominant 

inhibition is removed. However, it must be remembered that 

catalectrotonus may produce hyper-activity after stimulation has 

ceased. The type of contraction seen in Figure 33 was observed 

in 90% of contractions caused by stimulations having parameters the 

same as F. However, assuming no catalectrotonic effect the actual 

physiological events observed in stimulations E and F may not be 

simply a dominant inhibition working against an autonomic peripheral 

motor mechanism. For instance, the inhibition could be a separate 

and direct central effect on the musculature which masks the 

excitation of the tonus producing elements of the foot.



FIGURE 34

The effect on longitudinal movement of stimulating the 

pedal nerves of Agriolimax reticulatus. The traces 

represent one continuous experiment. Large time scale 

divisions represent 1 minute, small divisions 1 second.

Key to stimulations

A - Frequency = 1.4 c/s Amplitude 6.4 V

B II = 1 . 6 c/s II tl

C II = 3.6 c/s II It

D II = 7.0 c/s II ft.

E II = 28.5 c/s II ft
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FIGURE 36

For explanation see text
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Alternatively, the inhibition which produces the after 

contraction may not be that manifested by the reduced amplitude 

showed during stimulation in E and F, but that the reduced 

height is due to fatigue or adaptation effects. Likewise the 

progressively reduced amplitudes of contractions A, B, C and D 

could be genuine inhibition or fatigue effects.

Figure 33 does however show that the peripheral contractile 

mechanism can be influenced by central effects and agaic^ assuming 

no catalectrotonic effects, this influence continues after the 

removal of this central effect.

Figure 34 shows the effect of increasing the frequency of 

the stimulation whilst keeping the amplitude constant at 6,4 V,

The contraction caused at A is interesting in that it is the only 

one which showed sustained tonus upon cessation of the stimulation. 

The contractions B, C and D show relaxation rates which did not 

restore the length of the rear half to the level before the first 

stimulation at the same rate as the final stimulation E, This is 

shown in Figure 35 where the five contractions are superimposed on 

one another. In Figure 35a, the common locus of the contractions 

is the position of the trace at the point of stimulation. As can 

be seen, there is a gradual increase in the rate of relaxation of 

the contractions even allowing for the delayed relaxation of the 

last contraction E, Figure 35b shows the first and last



FIGURE 36

The effect of prolonged stimulation of the pedal nerves 

of Agriolimax reticulatus on the lengthehing curve of 

the rear half of the body. Before unloading large 

divisions of time scale represent 1 minute. During 

unloading and elongation time scale divisions 

represent 1 minute.

Key to stimulations

A - Frequency = 3,6 c/s Amplitude = 14,5 V,

B - " = 7.0 c/s " = 14,5 V.

C - ” = 7,0 c/s ’’ = 14.5 V.

Key to events

X = Removal from load 

y = Replacement of load 

Z = Cessation of current
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contractions superimposed with the common locus being the bottom 

of the graduated trace paper. This is to allow for the fact 

that the stimulations commenced when the animal was at different 

lengths. As can be seen the tonus produced by contraction A 

is eliminated by the final contraction E, These effects may be 

due to fatigue of the peripheral tone producing mechanism but 

they may have some significance which will be discussed below.

The fact that central effects could possibly be one 

mechanism by which peripheral tone is enhanced, led to experiments 

in which peripheral tone was increased by prolonged stimulation 

and then a lengthening of the rear half under load observed.

The result of one of these experiments is shown in 

Figure 36, The contraction caused by the stimulation at A showed 

that the peripheral tone was enhanced after stimulation. The 

rear half was then released from the 2 gm, weight at point X and 

stimulated for 5 minutes before being placed back under load at 

point Y, As can be seen the tone of the body musculature was 

increased during stimulation whilst the animal was unloaded. One 

minute after elongation had commenced the current was stopped at 

point 2, It will be seen that the effect on the curve is minimal 

and after elongation has ceased the plateau is higher than before 

removal from the load. As described above, although the time 

constants of the pedal nerves are not known, emd therefore this 

enhanced peripheral tone could be due to cataelectrotonic effects 

one would not have expected this effect to last over several minutes



FIGURE 37

The effect of prolonged stimulation of the pedal nerves 

of Agriolimax reticulatus on the lengthening curve of 

the rear half of the body. Before unloading and 

after cessation of current large divisions of the 

time scale represent one minute. During unloading 

and before cessation of current time scale divisions 

represent 1 minute.

Key to stimulations

A - Frequency * 2 . 8  c/s

Amplitude = 14.5 V.

Key to events

X = Removal from load 

y = Replacement of load 

Z = Cessation of current
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The preparation was removed from the load in an attempt to 

approximate conditions with those existing before elongation 

occurs in the experiments described above. The rise of tone 

during the removal of the rear half from the weight could 

mediate a very weak peripheral tone and/or proprioceptive 

inhibition of this tone. The stimulations B and C in 

Figure 36 had a higher frequency than A and produced 

contractions of large amplitude, but which show a much slower 

relaxation rate unobserved in other preparations. It appears 

that this particular preparation showed than the normal 

manifestation of enhanced peripheral tone which may have been 

due to central stimulation. This could have been due to a 

better orientation of specific fibres to the electrode and/or a 

better state of excitation of the mechanism in the periphery.

Figure 36 can be compared to Figure 37 which illustrates a 

similar experiment. Here the initial stimulation A did not cause 

such a prolonged tone as seen in contraction A of Figure 36. The 

preparation was stimulated for 3 minutes without load and after 

reloading and stretching for one minute the current was stopped at 

point Z, Here the drop in tonus is much more noticeable than in 

Figure 35. However, there are factors which make direct comparison 

difficult. The stimulation time in the unloaded condition is shorter 

and the rise in tone during this unloaded condition is greater in



FIGURE 38

The effect on longitudinal movement of stimulating 

the pedal nerves of Agriolimax reticulatus.

Time scale divisions represent 1 minute. The 

stimulating parameters were - Frequency = 17 c/s

Amplitude = 19 V,
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Figure 37 than in Figure 36. This could be due to a more active 

central effect but equally the increase in peripheral tone could 

be dependent on the length of the stimulation.

Although the experiments represented in Figures 36 and 37 

are obviously open to criticism they may offer some explanation 

for the events observed in Figures 27 and 28 above where removal 

of the ganglia resulted in different effects on the elongation 

curve.

One final example of a stimulation is shown in Figure 38. 

Here a stimulation of nearly 2 minutes did not result in any 

enhancement of peripheral tone after stimulation had ceased.

This emphasises the differences stimulation of the pedal nerves 

had on the contraction of the rear half.

In these experiments only contraction was produced from 

the base line by stimulations, never relaxation.
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DISCUSSION

The same constraints which limited the interpretation of 

the locoraotory results apply equally to the results in this 

chapter. Although definite effects are manifested by the 

experiments the exact relationship between each of the various 

physiological events is virtually impossible to describe.

The presence of a peripheral contractile element in the 

sole is seen in stimulations E and P in Figure 33 and in the 

elongation curve in Figure 29, However, these peripheral 

contractions produced by stimulation were evoked by a phasic 

type of contraction and it is not known whether the type of 

post-stimulation contraction observed represents a phasic aspect 

of the peripheral nervous system or the same factors which are 

responsible for the slow tonic contraction seen in Figure 29.

The presence of localised phasic contractions observed in 

the elongation curves in Figures 25 and 26 and the disappearance 

of these, but not the tone, with ganglia extirpation would seem to 

indicate that the centrally induced phasic contractions were a 

separate phenomenon from the tonic phase. These phasic contractions 

may be the same as those observed in the 50% and 40% Locke ringer 

perfusions of the dissected animals in the locomotory experiments.
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since these tended to disappear with extirpation.

The only time that phasic contractions can be said with 

certainty to be produced by the peripheral nervous system is in 

the case of Figure 30 where the stimulus is mechanical. Thus 

the contractions of the foot observed during 70% perfusion of the 

nervous system in the locomotory experiments, and which in most 

cases continued after eitherLdecapitation or severemceof the pedal 

nerves may have been due to a peripheral response to the holding 

pins.

That the tone of the body musculature can be manifested 

by either central or peripheral centres is shown by a comparison 

of Figures 27 and 28 , Proprioreceptive factors would presumably 

play an important part in determining which particular centre 

dominates at any one point. Sincd the animals were of unequal 

size but were stretched by an equal load variations in such a 

response would be expected.

Whether central tone and peripheral tone are two separate 

entities is a matter of speculation, if they are one would expect 

some interaction between the two to produce a useful physiological 

mechanism.
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If the effects of enhanced peripheral tone seen in 

Figures 36 and 37 are not due to electrotonic effects, or other 

unknown experimental artefacts, then one factor which could 

influence peripheral tone is a direct central effect.

Thus far all the manifestations of tone can be attributed 

to either the central nervous system or the peripheral nervous 

system. There is a possibility, however, that some type of 

passive tone of the body could be due to some form of catch 

mechanism as observed in Mytilus ABRM by Winton (1937). These 

muscles can be made to contract with a DC stimulation and the 

contraction is maintained for prolonged periods after stimulation 

ceases. AC stimulation gives a phasic type of contraction.

Twarog (1954) made the observation that acetylcholine 

depolarizes the muscle and causes a contraction, the contraction 

however, greatly outlasts the depolarisation and she suggested 

that a "catch" mechanism had been set up in the muscle. She also 

found that 5-HT in very low concentrations causes the immediate 

relaxation of the tonically contracted muscle.

Lowy and Millman (1959a, b) proposed that catch is due to a 

set of tonic linkages between the sliding actin and myosin filaments. 

Millman cuid Elliott (1972) have recently shown evidence which they 

suggest demonstrates that interaction between actin and paramyocin 

filaments is the method of maintaining catch. However, Johnson (1962)
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believed tension was developed by the actomyocin system and 

conserved by the formation of cross-links between paramyocin 

molecules, Schumacher (1972) has found that an increased 

holding economy may be based on the interraction of the thick 

paramyocin filaments.

The different effects produced by AC and DC stimulation 

can be explained by the fact that DC stimulation only 

stimulates the excitatory fibres, AC on the other hand 

stimulates the excitatory fibres and also fibres which release 

a relaxing substance. York and Twarog (1973) have found that 

serotonin is probably the relaxing transmitter responsible for 

the release of catch.

The only prolonged contraction observed in these experiments 

on Agriolimax were found in stimulation A of Figure 35. This was 

produced by stimulations of low parameters and it may be possible 

that a constant DC pulse was stimulating the preparation, as the 

frequency is increased the stimulation takes on the form of a 

definite pulsed mode. Thus, this first prolonged contraction may 

be due to a catch mechanism, the latter being diminished at higher 

frequencies. Postma (1945) quotes an experiment of Jordan's 

whereby the carbon dioxide output does not increase during strong
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tonic contraction of the foot of Helix, and this indicates a 

passive form of tone. In animals such as a slug where long 

periods are spent in the contracted state some form of energy 

economy in tonic contractions would be expected.

Miller and Aidley (1973) have found a tonic contraction 

with DC current in the dorsal longitudinal muscles of the leech, 

and a phasic contraction with pulsed DC and AC. Thus the catch 

mechanism may be displayed by many types of muscles in a wide 

variety of animal types.

Useful experiments may be performed on Agriolimax by 

differentiated use of AC and DC stimulations to investigate the 

possibility of the existence of a catch mechanism. However, such 

experiments may well be complicated by the presence of the nerve 

plexus. Selective use of drugs could possibly help to eliminate 

the latter.

The presence of circular and transverse muscles as well as 

the longitudinal muscles also adds an additional restraint to any 

interpretation of longitudinal movement in the slug. For example, 

a rapid lengthening may well be due to the contraction of circular 

muscles rather than the release of excitatory or inhibitory factors 

controlling the longitudinal muscles. Some of the parameters of 

the different muscle manifestations could perhaps be obtained in
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the slug by adopting a method similar to that of Seymour (1969) 

who found that circular contraction and longitudinal contraction 

in the earthworm produced differential haemocoelic pressure effects.
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SUMMARY

Some aspects of the nervous factors controlling locomotion 

and longitudinal body movement in the grey field slug, Agriolimax 

reticulatus, are described.

Initial experiments on the nervous system coincided with 

the recording of locomotory waves on the foot. The main draw

back with this method was the irregularity of the locomotory waves. 

However, because of the relationship between haemolyraph 

concentration and the activity of the slug, it was bathed in 

different dilutions of Locke ringer during the experiments.

The results described are difficult to interpret fully because of 

the number of variables inevitably present. The preparations 

show an increase of sole activity with increased dilution, a fact 

which corresponds with the results of earlier workers.

After this exploratory apparatus was developed to quantitatively 

locomotion and longitudinal body movement.

The sole produced locomotory waves after the central ganglia 

had been removed. The stimulation of the pedal nerves indicated 

the presence of inhibitory and excitatory fibres influencing this
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basic autonomic wave action. It is suggested that an effective 

locomotory wave and its frequency is under central control. The 

basic wave pattern, although autonomous, probably requires constant 

central action to preserve its integrity.

There.is evidence of active peripheral contractile elements 

in the sole, both phasic and tonic, which produce longitudinal 

movement. There is also evidence of central inhibition of some 

form of peripheral contractability. Central tone is also 

demonstrated and this and peripheral tone can predominate at any 

one time. There is some evidence that central effects can enhance 

peripheral tone such that the latter is still manifested after 

removal of this central effect.

The significance of these observations is discussed.

The autonomy of the sole in both locomotion and longitudinal 

movement is attributed to the peripheral nerve plexus. This is 

shown to possess, by histological and anatomical studies, a form 

almost identical to that of Limax.
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