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Oh, the depth of the riches of the wisdom and knowledge of
God!
How unsearchable his judgements, and his paths beyond
tracing out!

*Who has known the mind of the Lord?

Or who has been his counsellor?

Who has ever given to God; that God should repay him?*
For from him and throush him and to him are all things.

To him be the glory.

ss3sss S0 that in everything he might have the supremacy.
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Summary.

The statocyst organ in Decapod crustaceans detects body tilt.
It is a powerful input to various equilibrium pathways. A range
of techniques have been used to study the transmission of
statocyst information and the effects of this information on
thoracic and abdominal motor systems in Nephrops norvegicus.

Interneurons carrying information from the statocysts were
recorded in the circumoesophageal connectives. Three different
types of interneuron were recorded; of these, one responded best
to tilt in the roll plane, while the other two responded best to
tilt in the pitch plane but with opposite polarities.
Combinations of pitch and roll, produced responses in these
interneurons which, while maintaining the same phase position,
decreased in size as the preparation was moved out of the
preferred plane of tilt. These interneurons showed little or no
response to various types aof leg stimulation.

The responses of intgct animals to body tilt were invest@ated
by tilting animals in a large seawater tankj responses were
recorded on videotape. Tilt in the roll plane produced a range of
responses, the most prominent of which was an asymmetric leg
response. Legs on the lowered side cycled in a patterned manner
while legs on the raised side were held in a protracted and
levated position. This response is distinct from‘previously
reported patterns of leg activity such as walking and “waving”.
After leg autotomy, this pattern of leg activity was abolished.

Coordination was found between the cycling of the legs and the
beating of the swimmerets during tilt in the roll plane. This was

compared with the coordination between legs and swimmerets during



walking.

Tilts in the pitch plane resulted in systematic alterations of
abdominal posture. Head-down tilt produced a marked abdominal
$lexiaon and head-up @ilt produced extension. AnN examination of
the responses of swimmerets to tilt in this plane showed that the
angle of the powerstroke during head-down tilt was intermediate
between the laterally directed powerstroke seen during tilt in
the roll plane, and the rearward beat seen during head-up tilt.
Recordings made in the swimmeret system revealed at least one
tonically active returnstroke motoneuron ﬁhich received input
from the statocysts. Pitching the preparation head down caused
an increase of firing frequency in this unit. This unit has been
anatomically and physiologically identified as one of the
returnstroke motoneurons.

Recordings made from the clow abdominal flexor motoneurons
revealed a sensitivity to tilt in the pitch plane. However, they
responded in an opposite manner to the tonic returnstroke unit.
The peripheral inhibitor to this muscle was also recorded. It
fired in phase with the tonic returnstroke unit.

Interactions between statocysts, legs and swimmerets were
investigated at the behavioural level. Substrate contact
prevented expression of asymmetric swimmeret responses to roll.
However it was possible to demonstrate that this effect 1is not
due to physical contact between the substrate and the terminal
segment of the leg, the dactylopodite.

In the absence of substrate contact, swimmeret beating was
nevertheless inhibited when leg cycling was prevented by blocking

leg movement at the proximal joints. Blocking leg movement on one
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cide of the body was sufficient to suppress the swimmeret
responses on both sides.

In conclusion, information from the statocysts is carried by
unimodal interneurons. This information is available to both the
swimmerets and the abdominal posture system. In the absence of
swimmeret beating, statocyst infaormation continues to reach the
swimmeret system where it determines the output of a tonic
returnstroke motoneuron. Substrate contact radically alters the
effect of statocyst input. This finding poses specific guestions
as to the precise nature of the interaction between descending
statocyst information, leg input and output patterns, and the
cswimmeret and abdominal posture motor systems. This may be an
ideal system for investigating interactions between the pattern
generators of two different systems, specifically the legs and
swimmerets, and the role of different types of sensory input in

these systems.
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1. Introduction.

The role of the nervous system in the initiation, control and
termination of behaviour has long been the subject of intensive
study. To enable such study to take place it has been necessary
to find preparations which allow access to the nervous system
while still producing recognizable patterns of behaviour. The
mammalian nervous system is extremely complex and man)y Processes
take place within a relatively inaccessible central nervous
system. A preparation which allows neurophysiological recordings
to be made from specific neurones may need to be dissected to an
extent that prevents the expressicon of recognizable behaviour.
Perhaps for this reason much of the early work performed using
mammals looked at aspects of the peripheral nervous system such
as control of muscle and reflexes involving peripheral receptor

vetems such as muscle spindles, tendon organ& and joint
receptorz (e3 Creed et al 19325 Matthews, 19233; Laporte and
Lloyd, 19523 Boyd, 1954). This work has more recently be&en
complemented by recordings from the spinal cord and higher
control centres (Harrison and Jankowska; 19853 Shik and Orlovely,
197¢), Lower vertebrates exhibit similar problems as their
nervous systems are still relatively inaccessible (see Wallen and
Williams, 1986). Frog preparations for example were used to study
spindle physiology and neuramuscular transmissiony but very
1ittle worl: has been done on the nervous control of behaviour.
Intacrt human studies have been poscsible with the advent of
micronsurography (Vallbo and Hagbarth, 1967,1968),. Studies in
clinically abnormal human nervous systems have also made a

contribution (Halliday, 19475 Hallett, 1279} .



Invertebrate preparations; by contrast, have a relatively
arcessible nervous system. In comparison to the mammalian nervaous
system there are relatively emall numbers of neurons involved.
Processing within the central nervous system is distributed
between segmental ganglia rather than concentrated at one site.
Furthermore, even in a dissected state the invertebrate nervous
svstem will continuse to produce recognizable motor output. The
behavioural repertoire of some invertebrates is extremaly
limited, =0 attention has forussed on particular groups which do
chow easily recognizable patterns of behaviour. As early a& the
latter decades of the nineteenth century the valua of arthropods;
and in particular crustaceans; was recognized. The crustaceans
exibit a range of complex behaviours such as= various types of
jocomotion, mating behavour; escape reactions and even social
behaviour. They also have many of the advantages discussed above
in terms of an accessible nervous &ystem, relatively few neurons

{compared to mammals) and good survival in o dissected state.

2. Historical Perpsective:

"By the end of the 19th cantury, basic concepts of nervous
activity were being worked out using the crayfish claw. Using
such a preparation Richet,; upon finding that increased stimulation
of the opener muscle caused the strength of contraction to
diminish, rightly invoked the concept pf inhibition (Richet,
1879). Others extended these Ffindings (Biederman, 1889):. The
picture was further clarified when, in the garly years of this
century, Lucas showed that two excitatory pProceEses Were occurring
in the same muscle {Lucas, 1907, 1217},

By the 1930’ more subtle cffects were becoming clear. The



timing of pulses and their temporal patterns were shown to be of
great importance (Blaschko et al, 12315 Wiersma 1933). This was
later investigated using microelectrodes to study single fibres
{Fatt and Katz; 1953),

But perhaps of greatest significance was the technique
developed by Wiersma at this time of splitting nerve ﬁundles to
the point where only single axons were being stimulated. Fast and
slow axons innervating the crayfich claw closer muscle were
demonstrated by van Harreveld and Wiersma (1936). It was not long
before the inhibitory axon to the same muscle was also
demonstrated (van Harreveld and Wiersma; 1937}).

The technigque of testing single axons, whether stimulating
motor axons to produce a2 muscle contraction or sensory axons
recorded during various types pf stimulation; was and ie of the
greatest importance, particularly with the advent of single unit
recording using intracellular microelectrodes.

As well as being used to look at neuromuscular mechanisms,
rructacean preparations were from the outset used to study the
central control of behaviour. GCentral neurons were found to
@licit recognizable behaviours when stimulated electrically
(Wiersma, 192383 Wiersma and Novitshki, 1942), This led to the
concept of the command neuron (Wiersma and Ikeda, 1964} which has
proved to be one cof the most powerful concepts in comparative
nsurobiology over the last few decades.

Another important aspect that was beginning to be stressed was
the importance of comparison between speties:. This was
particularly due to Wiersma and his co-workers. The need was
recognized to argue from the general to the specific, rather than
the other way around. Here again, crustaceans played a role, as

it was possible to compare a wide range of species, from various



ecological niches, all with & fundamentally s&imilar nervous
system (Wiersma, 1941). This has continued to be a valuable

approach.

3. Behavioural Context.

Before continuing this review of the current state of knowledge
concerning various aspects of invertebrate neurcbiology there is
another important factor to be borne in mind. With advances in
pur understanding of neural mechanismse has come a danger of
secing these as entities in their own right, separate from the
behaviours they control and underlie. However, components that
have been discussed above; namely sensory input systems, centres
of integration and metor output systems, are all biended
togather. This blend is the behaviour that we observe in the real
world. Moreover; very often, not merely the behaviour, but the
context within which that behaviour takes place also has tb be
taken into account before a true understanding of the behaviour

is poscible.

4. The Control of Movement.

The control of movement has continued to excite great interest,
and has been aided by advances in technique. A wide range of
species, from humans to arthropods, can now be compared and
contrasted.

Data obtained for mammalian systems has bean complemented by
that obtained utilising invertebrate prepafatiop:. In some
cases, concepts developed using invertebrate preparations have

been successfully transferred to vertebrates, notably the concept



of central pattern generation (see belowl.

a.Locomotory Systems.

Within the general context of the control of movement, the
study of locomotion has been of great significance. Here again
the use of invertebrates has been crucial.

Insects have been used for the study of both +flight and
walking. Various approaches have been used. Fixed; dissected
preparations have been used to look in detail at reflexes
involved in the control and coordination of leg movements (ag
cockroach walking leg, Wilson, 1965, 19665 Delcomyn, 1971).:. But
this approach has the disadvantage that patterns of activity
recorded may not occur during normal movement, and therefore
there is some doubt as to ths relevance of such findings to the
actual situation in walking or flight. So free-walking
preparations have also been developed; allowing @ither study of
the gross movements using high speed cine technigues or vidso, or
study of particular muscles and nerves in the performing animal
{Purnion and Usherwood 19663 Burns, 1973).

Thess approaches have been used to gather data on basic
mechanisms in various species. Locusts and grasshoppers were used
to investigate the contrecl and coordination of leg movements
{Hov1la, 19643 Usherwood et a1,19468) as were cockroaches (Hughes,

1952 and 1957) and stick insects (Wendler, 1963},

b.Central Pattern Generation.

Arn early observation of the greatest importance was that the

flight system of the locust was capable of generating rhythmic



motor activity in the absence of sensory feedback (Wilson,; 1961)};
this led to the concept of central pattern generation. This
concept has been widely applied both to other systems in insects
teg. cockroach walking, Pearson and Iles, 1270, 1973) and
crustaceans teg. crayfish swimmerets, Heitler and Pearson, 1980}
and also to other non-arthropods including higher species such as
the cat and man (Egger and Wyman; 19695 Grillner and Zaqner,1974;

Forssberg, 1986).

c.Importance of Sensory Input.

It has become increasingly clear that the concept of central
pattern generation alone is not capable of explaining the
locomotory behaviours observed in those systems studied so far.
Mor does it explain how the nervous system deals with unexpected
events such as would occur due to some external blockage of a
movement or unexpected change in the environment.

In the flight system of the locust the pattern or rhythm
recorded in completely deafferentated preparations is different
from that observed in the precence of sensory feedback {Pearson;
1985), Furthermore the difference is not that the absence of
tonic sensory input simply slows down an otherwise normal
pattern; but rather that the whole pattern is altered. There is
undoubtedly important information reaching the nervous system
which is phasic in character {Mohl; 1985b! and it has become
clear that phasic sensory input from various sense organs alters
the timing of the motor activity (Meumannet al, 1982).

The +$ocus of attention has gradually moved to the role of
sensory input in the production of useful motor patterns.

K¥nowledge of the sense organs themselves, their structure and



function, is clearly necessary. Specific stimulation ar ablation
with a3 view to observing gross effects on the pattern of movement
under cunsideratianvalsn has a role. In studying the interactions
of sensory input and motor output, other types of patterned
movement have been studied besides rhythmic locomotory patterns.

Of importance here are various types of reflexes.

d.Interaction of Sensory Mpodalities.

In many opf the systems discussed above, sensory input will
usually originate from more than one source. Where there is the
clear invclvement of several modalities the question arises as to
how and where they interact, such that the final response of the
target motor system is consistent with requirements. Two
possibilities emerge. In one case the sensory information could
converge onto a restricted set of multimodal interneurons, which
eseentialy serve to integrate the balance of inputs before
synapsing orto motor neurons. The other possibility is that the
sensory information could be carried down unimodal channels to
some integrating centre such as the brain or a segmental
ganglion, where the information would be processed and the
requisite instructions sent to the motor system.

In the locucst, the jump employed as an escape response is
triggered via an interneuron receiving visual, auditaory
proprioceptive and tactile input (M-interneuron, Pearson et al,
1980). This system could be compared with the crayfish escape
system where the medial giant +fibres respond to tactile and
visual stimuli. The non-giant escape system responds to a wide
range of modalities but no single interneuron has Yyet been

identified which produces this escape response.



Recent work in the locust flight system, shows quite clearly
the involvement of multimodal interneurons, receiving sensory
input from any two or all of ocelli, compound eyes and head hairs
{Rowell et al, 198%). These interneurons only respond to specitic
combinations of stimuli to the three modalities and in effect
carry out an editing process. These correct combinations are
fpund to occur when behaviourally compatible stimuli are given,
ie the three modalities reinforce each other by signalling a
similar course deviation. When these interneurons fire, they
control appropriate corrective steering. So these interneurons
are acting in an integrative fashion. Clearly then there is
evidence that the first strategy outlined above is used in
certain situations. Hawever, as will be shown, this strategy is

not necessarily used in all situations.

5. Crustaceans as Model Systems.

Crustareans cffer advantages in terms of the requirements and
themez discussed above. They possess many sense organs the
locatian, structure and in many cases the function of which are
known (Alexandrowicz and Whitear, 1957; Whitear, 19682; Wales et
al, 1970; Hartman and Austin, 1972). The movements of crustacean
appendages, for example the legs and antennae, can in most cases
be broken down into the constituent movements of a series of
single joints, the movement of which is limited to one plane.
This means that many movements can be quantified with re;ative
ease (see +or example chapter 3, leg movements; chapter 4,
abdominal movements). Crustaceans also exhibit a wide range of
both locomotory and reflex behavioures.

Crustacean wallking has been used as a model system to study



interactions between centrally-generated motor patterns and
feedback from the periphery (Clarac, 1982, 1986). Most i+ not all
of this feedback 1is phasic in character eg feedback from
receptors detecting substrate contact will only operate during
the stance phase in a given leg (eg see Klarner and Barnes,
1986} Therefore there may be similarities with systems such
as the lpocust +Flight system where much of the feedback is also
phasic. The implications of this are being explored in the
walking system of crayfish (eg. Sillar and Skorupski, 1986).

The swimmeret system of crayfish and lobsters is another
rhythmic system which has been studied in some detail (Davis,
19487 Heitler and Pearson, 19280; Miyan and Neil, 19865 Neil and
Miyan, 1986). While in some species the swimmerets have ceased
to be important for locomotion, (eg Jasus), in others they are
still important, particularly within the context of eqguilibrium

reactions (eq Homarus, Nephrops).

a.The Equilibrium Reactions of Decapods.

The study pf equilibrium reactions has played an important part
in understanding the control of movement, and more specifically
the role of sensory input. Several sensory modalities may be
involved in the contrel of a particular reflex, allowing
guestions involving the interaction of sensory inputs to be
investigated. Several motor systems may be involved, raising
guestions concerning interactions on the output side of the
response.

Equilibrium reactions have been divided into two catagories:
compensatory and righting responses (Davis, 1958). Compensatory
responses, which counteract movements away from the normal

orientation, have been exhaustively studied, particularly at a

_10_.



behavioural ievel {Stein and Schbne, 19723 Schibne et al, 1974;
Neil and Schone, 19277). Righting responses serve to restore
normal body orientation by the coordinated movement of legs,
swimmerets and uropods. These responses have received
comparatively little attention t(but see Newland, 1985).

The reactions themselves are usually fairly stereotyped. It is
often possible to manipulate the sensory input which gives rise
tc them. Different sensory modalities, such as the eyes,
statocysts and leg proprioceptors are often involved and it is
possible to study each modality individually and in concert with
the whole system. So it is possible to build up a complex picture
from several less complex components.

There is already a large body of data available on various of
these components. In many decapod species input from the
statocysts is known to be very important. Consequently, the
statocyst Drgan,.its structure, function and output connections,
thac been the subject of much study. Much of this work has been
done on the crayfish, Procambarus clarkiir ({Takahata, 1981;
Takahata and Hisada, 1979; Yoshino et al, 1980; Hisada and Neil,
1985) although there is some information available for #Homarus
{Cohen, 1953,1961) and also the fine structure of the statocyst
irn Astacus {(Schbne and Steinbrecht, 1948).

In Procambarus four pairs of descending interneurons have been
located which respond teo statocyst stimulation. The interneurons
respond in a phaso-tonic manner to tilt; the tonic component of
the response codes the magnitude of the tilt (Takahata et al,
1982). The connections from the sensory hairs in the statocyst to
the intarneurons have been examined (Takahata and Hisada, 1982)
as well as the output connections to uropod muscles (Takahata et

al, 1985).

_11_



Several sensory modalities in addition to the statocysts are
involved in detecting variations in orientation. The legs are
known to monitor body position with respect to the ground in
decapods (Alverdes, 19265 Schiine et al, 1976) as in many species
other species (Magnus 19245 Sherrington, 19475 Wendler, 122735).
The eyes also play a role (Neil et a1,1983).

It has become clear that the various sensory modalities
interact. Substrate contact is known to have an important
influence on responses to gravity and light (Kuhn, 19145 Alverdes
19243 Schbne et al, 1978; see also chapter 5). The compensatory
responses of eyes and antennae are influenced by leg
proprioceptors and inputs from statocysts {(Schone et al, 1983;
Prie st, 1983).

Interneurons similar in some respects to those in Procambarus

have been reported in the rcrabs, Carcinus nmaenas and Scylla
serc2t s (Fraser, 1275). However these interneurons, called
egquilibrium interneurons, alsop received input from leg
prapriocceptors and a non-specific input involving optic

pathways. The Procambarus statocyst interneurons responded poorly
i¥ at all to other inputs.

Important differences emerge between the interneurons
discussed above which occur in crustacea, and those discussed
earlier which are found in the flight system of the locust. The
integrative function performed by the locust interneurons has yet
tc be demonstrated in crustaceans. Furthermore, the statocyst
interneurons of lpbsters and crayfish respond poorly if at all to
other sernsory modalities; they are not as clearly multimodal as
are the crab and locust interneurons (Takahata and Hisada , 1982;
see ch2).

There are other important differences in terms of the output

-12-



of the $light system as compared with swimmerets or 1legs in
decapods. The 4light system output is complex in that even small
temporal or spatial changes can have major conseguences. In
contrast the swimmerets, while a rhythmic system, are fairly
stereotyped in their movements, although as will become clear
perhaps not as stereotyped as once thought (see chapter 4). Their
capacity, and indeed their need to make fine adjustments is
limited. There are also differences in the time course over wWhich
changes in output need to be made. In the flight system course or
orientation correction has to be made guickly, perhaps within a
few milliseconds. In the crayfish escape pathway, where there is
a time constraint of a similar magritude {(though for a different
reasor ie the need to avoid capture by a predator), a degree of
mulitmodality operates. In the equilibrium pathways of decapods,
corrections which take place over several seconds are
cufficient. For this reason equilibrium pathways may utilise
other strategies #for dealing with the problem of obtaining and
integrating the relevant sensory information and passing

instructions to the relevant motor systems.
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6. The Norway laobster; ANephrops rnorvegrcus

There are four major families of lobsters, the Palinuridae (or
spiny lobeters), the Synaxidae f(or coral lobsters!, the
Scyllaridae (or slipper lobsters) and the Mephropidae (or clawed
lobeters)., As its name suggests NepiArops norvegicus, the subject
of the experiments reported in this thesis, belongs to the last
family:

Neptrops is widely distributed on the continental shelf of
Europe; ite geographical range extends from Morocco to Iceland,
and in the Mediterranean as Ffar @ast as Egypt. In commercial
terme it is now the most important shellfish &pecies in the

United Mingdom (Howard; 1982}

2. Ecolosy.

Murh p¥ the rescarch so far carried out on ANephrops has been
ficheries-related, aimed at understanding ite ecolagy and
behaviour in the +Ffield.: Its distribution is related to the
availability of a substrate composed of Ffine cohesive mud in
whick it can construct burrows: Thes burrows extend 20 to 30cm
bereath the sediment surface and can be guite complex. The animal
spends much of its time inside the burrow which provides shelter
and protection (Howard, 1982),. It emerges to feed and to mate.
The emersence rhythms are reflected in the peak catches recorded
zrnd have been related to the light intensity at the sea bed. At
depths of between 40 and 50m peak catches occur at dusk and dawn.
Az the depth increases the times of peak capture shift towards

midday (Arechiga and Atkinson, 19755 Atkinson and Naylor, 1276},
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The Nerhrops eye haz been found to be very sensitive to light.
Indeed erposure to daylight for only short periods of time; or to
artificial light, bleaches ths pigment in the retina causing
irreversible damage (Loew, 19765 Shelton et al, 19839). As animals
used in this study had been exposed to both daylight and
artificial 1light over a long period, visual inputs into the
various eguilibrium pathwars played no role in the experiments
described in this thesic:

{ aboratory evperiments have complemented the finding that in
the field, water currents affect catches. Experiments performed
in a <flume tank have demonstrated that animals do indeed have a
preferred orientation in & water current {Mewland,; 1985). They
adopt a head down current orientation with respect to the water

movement.

b, Meurobioclogy:

The nervous system of Aepsrops follows the familiar Decapod
plan (for review, sée Sandeman, 1982): a chain of segmaental
ganglia which are joined by paired connectives. These are
separate in the thorax; but share the zame sheath in the abdomeén.

Crogscs-sections of the nerve cord at various levels show some
degree of organisation (Fig. 1). The clearest featurec are the
medial and lateral 3giarnt Ffibres. The general rule of larger
+ibres'lyin5 dorsally and smaller fibres lying ventrally can also
be meen to apply (Sitobe and HMunnemacher, 1971). In the spinal
cord of mammals; clear fibre tracte can be distingﬁinhed
furnctionally and anataomically (Rexed, 1952,19541) . In Nephrops
vwhile there iz not the eame clear distinction into discrete

tractz, there is some evidence to sujgest that similar types of
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activity are found in the same area of the nerve cord (Priest,
19825 chapter 2§ see also Sandeman; 1982).

Nerptrops has been the subject of three major neurobiological
studies to date. These have investigated the neuromuscular basis
of swimmeret equilibrium reflexes (Miyan; 192825 Miyan and Neil,
19843 Meil and Miyan, 1986); the role of leg proprioceptors in
the control of antennal reflexes (Priest, 1983), and the control
of escape behaviour (Newland; 1985)!. A considerable body of data
has been built up on this species; on its various sensory and
motor systeme and on ite equilibrium responses:

Two sensory systeme have been examined in these studies. The
CP chordotonal organ at the base of each walking leg gives rice
to a;large group of both primary afferents and interneurons which
run ir the nerve cord. These units, which ascend to the brain,
respond -to either levation or depression of the legs at
intermediate to low freguencies (2.021-0.5Hz). This system; which
provides information to the antennae, may also feed onto other
refley systems {Priest, 1923), Similar units have been recorded
which descend into the abdomen {tWiersmz and Bush, 1963 wee
chapter 3).

The structure and effects of the statocycsts have also been
studied. Thev were found to provide powerful inputs to the
sHWimmerets (Neil and Miyan, 1986) and also the uropods (Newland,
1985}, However, these findinge raised the question opf how the
statocyst input affected these systems, and also where and how it
interarted with other sensory modalities. Thus the study of
descending statocyst pathuays served as a starting point for the
e¥periments in this thesis (chapter 2). Clear differences emaerged
between ANephrops and the published work on crayfish in terms of

the mode of trancmission and effects of statocyst information.



The effects of statocyst input on various motor systems was
examined. Particular attention was paid to responses in the pitch
plane which, unitl now, have received comparatively little
attention. This proved to be a particularly fruitful avenue of
study showing that statocyst input has specific and important
effects on legs (chapter 3) and abdominal posture (chapters 4&&),
as well as previously unreported effects on the swimmeraets
tchapter 4). These findings allowed further study of interactions
between descending statocyst input and sensory inputs from the

legs (chapter 3}.
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Fig. 1

Cross-sections of the nervous system of Nephrops narvegicus;

A. Circumocesophageal level. 4 ' -

B. Thoracic level.

€. Abdominal level. i 3

W






Chapter 2:

TRANSMISSION OF TILT INFORMATION.
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A. Introduction.

Many of the most important sensory systems in macrurous,
decapod crustaceans are at the anterior end of the body, while
most of the motor systems they influence lie caudally. Thus there
iz a need for the transmisesion of information obtained by these
sensory systems to the relevant integrating or motor centres.

The statocysts are one such cephalic sensory system. They lie
in the baczes o©f one of the cephalic appendages, the antennules
and have been shown to provide information for various
eguilibrium reactions involving abdominal motor systems such as
the swimmerets (Neil and Miyan, 1986) and uropods (Yoshino et al,
19805 Newland, 1985). Thus the statocyst system pravides
ppportunities for studying the means by which information is
transmitted to motor systems.

Other probleme can a}sn be addressed by studying the statocyst
sycstem. The reflexes in which they participate involve other
sensory systems. In the case of swimmeret reflexes, substrate
contact alters the effect of statocyst information on the
swimmeret system (chapter 5). The guestion arises as to where the
tus types of information, one from the legs and one from the
statocysts, interact. As was pointed out in  the Introduction,
various sites or means o©f interaction are possible. By
investigating the statocyst pathway, characterising its operation
and then investigating other inputs it has been possible to
reject one of these possibilities and to suggest the likely
strategy adopted by Nephrops for bringing together various

sensory modalities.
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Therefore a search of the nervous system of Nephrops was
undertaken in an attempt to locate neurons responsible for
transmitting the statocyst information to the motor systems such
as the swimmerets, abdomen and uropocds. Both circumoesophageal
and abdominal connectives were investigated. Once found, other

inputs to these interneurons were investigated.

v

i
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B. Materials and methods.

a.Statocyst stimulation.

The statpcysts were stimulated physiologically by tilting in
various directions and at various frequencies. Two preparations
were used to allow tilting while recording from connectives. One
of these also offered the advantage of also allowing controlled
stimulation of the legs as well as a stable recording site for

intrarelliular penetrations.

(i) Whele animal tilts.

The preparation which was used most freguently, and indeed
yielded the bulk of the results reported here, allowed tilting of
the whole animal while recording from the ventral nerve cord, and
particularly the circumoesophageal connectives. This was achieved
by clamping the animal in an inverted position into a tilting
frame wmounted on an annulus. By rotating the frame relative to
thke annulus the axis of rotation about which the animal was
tilted rould be altered (Fig 1). Tilt about the longitudinal axis
tie roll, Fig. 1B), the transverse axis (ie pitch, Fig. 1C) and
various intermediate axes in between were used to provide a
detailed picture of the response of statocyst interneurons. These
varipus axes pf tilt were expressed in terms of the angle adopted
by the animal in the yaw plane. Thus tilt about the longitudinal
arxis was denoted as tilt at 0° . Movement of 90° in a clockwise
direction meant tilt about the tranverse axis.

Once fixed at a particular position the annulus on which the
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frame rotated was oscillated. The parameters of this oscillation
were set using a microprocessor-based function generator
(Strathkelvin Instruments!), which allowed either sinusoidal or
ramp tilts to be administered over a wide range of frequencies
and angular velocities. The amplitude could also be controlled.
The maximum amplitude available was 20°but the amplitudes most
commonly used were between 10° and 15 . This range of amplitude
was adequate +for eliciting interneuron responses to tilt. The
output from the function generator was +fed to a galvanometric
movement device which was connected by drive rods to the annulus
and provided a feedback signal of position. Thus the actual
movemert rather than the intended movement of the apparatus could
be monitored.

This apparatus was placed in a tank which contained cooled

circulating saline.

(ii). Head tilt.

To allow investigation of interactions between statocysts and
sensory input from the 1legs, and also to facilitate stable
intracellular penetrations of the abdominal connectives, a
preparation which =allowed tilt of the head and therefore the
statocysts, while keeping the rest of the thorax and the abdomen
firmly anchored, was used (Miyan, 1982). This entailed cutting
round the cuticle approximately 0.5cm posterior to the eyes and
detaching this anterior portion of the cephalothorax {or the
"head*) From the rest of the cephalothorax. The head could then
be clamped into the tilting apparatus and tilted in roll,
independently of the rest of the body. As well as stimulating

the statocysts, leg proprioceptors couvld also be stimulated. To
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accomplish thie the 1legs of one side were autotomised and the
joints cf the legs on the intact side were immobilised such that
movement was only possible at the €CB and TC joints. Each leg was
then glued to a small piece of rigid plastic tubiné‘ which was
slipped over a bar. Thice allowed depression and levation of all
or some of the legs on the side being stimulated while preventing
movement at the TC joint.

The head tilt and the movement of the legs were driven by
separate galvanometric devicres, which were controlled by the
ramp/sine generator described above. One of the outputs could be
inverted with respect to the other, allowing in-phase and

anti-phase stimulation of the two sensory systems.

L. Investigation of other inputs to respanding units.

Tilting of the whole animal was the most effective method for
recording statecyst  interneuroncs. In this preparation other
inputs to these interneurons were alsoc investigated. In several
cases the ventral surface of the antennules was scratched or
iapped to ascertain the response of a particular unit to
vibration as opposed to tilt. The antennules were also deflected
tc ensure that the responses recarded were not generated by
novements of the antennules.

Te invesztigate the effects of leg inputs, legs were moved
either singly or in various combinations about the CB joint. An
attempt was made to discriminate between this stimulus and the

tartile stimulus produced by holding the legs.

c. Recording techniques.

* At peiar 3 CHS Fig VA
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Mast of the successful interneuron recordings were made in the
circumnesophageal connectives, slightly anterior to the
pesophageal commissure. The connectives could be reached by
either a ventral or a dorsal route.

The ventral dissection was used in most cases. The advantage
of this dissection was that it left the main artery to the brain
intact. Thus the onset of ancxia in the brain was delayed. The
dissection entailed the removal of the mouthparts, oesophagus and
various other tissues to ensure clear and unrestricted access to
the connectives. A black metal platform coated with "Sylgard® was
placed under the connective which was to be used for recording.
This improved visibility and aided desheathing. Most of the
recardings were made from the desheathed surface of the
connective. It could also be split if necessary and pinned out.
Despite the seemingly extreme nature of the dissection, in most
cases the preparation was viable for several hpours provided the
temperature was maintained around 9<C.

Extracellular recordings were made using suction electrodes.
Tips were hand pulled in a bunsen flame from 'Pnrtex" tubing.
Tips down to SOum were used to obtain recordings of single or few
units. The electrodes were held in micromanipulators which were
mounted on the tilting frame.

Signals from the suction electrodes were amplified, displayed
or an oscillpscope and stored along with the output of the
movement monitor on 3 FM tape recorder.

It also proved possible to obtain intracelldar recordings from
the abdominal connectives with the head tilt preparation.
Electrodes were pulled from 1.5mm OD glass capillaries (Clark

lectromedicall)l. These were filled with 3M KC1 and used the same

day. The electrodes were mounted in a 1D Narishige hydraulic

x 'Pa\.,l-\\mc W0 ot x oo .23,
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manipulator which itself was attached to a coarse manipulator
operating in three dimensions. This allowed both coarse and fine
contol of the microelectrode. The recorded signal was fed into a
Nzurolog DC preamplifier. The amplified signal was displayed and

stored as previously described for extracellular recordings..

d.Analysis.

Data was analysed using a laboratory microcomputer system.
Spikes were fed via an interface to the computer. They were
counted automatically and time histograms constructed. These were
stored on disc. A second programme analysed the data. Where the
stimulus was sinusoidal, circular statistics were employed to
analyse phase histograme constructed +rom the data. Various
perameters were calculated such as circular mean, standard
deviation and magnitude of the mean vector (Batschelet, 1981) and
b o (sez2 Priest, 1?83?. Thics allowed detailed comparisons to be
made of the responses of the units recorded.

Ramp-and-hold stimuli allowed examination of different
components of the responses. Tonic levels of firing during the
plateau segments of the stimuli were investigated statistically
by calculating wean bin heights and comparing these using a "D~
test.

Impulse <freguency was measured using an instantaneous
ratemeter (Neurolog NL250!'. The output of the meter was summed
over several cycles to show systematic variations of the firing

frequency of a unit during different parts of the stimulus.
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C.Results.

1.The preparations.

As oputlined above, both animal preparations used in the study

of interneuron responses were inverted. The various equilibrium

responses that the statocysts control, particularly the
swimmerets and uropods, have been shown to operate in a
consistent manner at inverted positions. This has been

established at both a behavioural level (Newland, 1985; see also
chapter 3) and for the swimmerets at the neuromuscular level
(Miyan, 1982).

Most of the identifiable responses to tilt were recorded +from
the circumoeophageal connectives. It proved difficult to record
statocyst interneuron responses in the abdominal cord. Reasons
4or this are discussed belaw.

Attempts tp record intracellularly from statocyst interneurons
in the abdominal cord were unsuccessful. However stable
penetrationsc$dﬁdneurnns in the abdominal connectives were
achieved, suggesting that this preparation could be used for
intracellular recording of more readily located interneurons.

Fig. 2 shows two types of activity recorded from the
connectives, slightly anterior to the third abdominal ganglian.
The unit in Fig. 2a fired on penetration at a relatively high
rate. This declined over several minutes to a lower tonic rate of
f¥iring. Other units did not fire on penetration.

Fig. 2b is an example of sub-threshold activity recorded from a

similar electrode position in a different preparation. The
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resting membrane potential in this case was approximately -65mV.

2. Types of interneuron.

The various types of interneuron encountered in the
circumoesophageal connectives will be described in the +following
sections. Interneurons which were recorded in the abdominal
connectives will be dealt with later.

Various types of statocyst interneuron were identified on the
basis of their responses to different types of tilt. The response
of a particular interneuron to tilt in different planes was
tested over several cycles of stimulation at fixed amplitude and
frequency. None of the interneurons tested responded equally well
when tilted in different planes; each showed a preferred plane af
tilt. Three different types of interneuron were found. Two of
these responded to tilt in the pitch plane. These could be
distinguished from each other as one responded to head-up pitch
while the other responded to head-down pitch. These interneurons
showed very 1little response to roll. On several occasions they
were recorded simultaneously (see Fig 11.). The third type of
interneuron responded to tilt in the roll plane (Fig. 2).

The tonic level of +iring observed in these interneurons
varied from experiment to experiment, and also in any particular
interneuron, fregquently during the course of an experiment. As
the frequency of firing increased the modulation due to tilt
tended to decrease. This was taken to be a sign of fatigue or
damage and a unit which showed such activity was left to recover
for a short time before being tested again. I+ no improvement
could be seen its responses were disregarded. |

In some cases, particularly after a prolonged series of tilts,
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the respaonse of a unit declined and even disappeared. In such a
case the preparation was alsc left to recover for a short time
after which the response sometimes reappeared. The response could
also be restored on some occasions by 9g9iving a general
mechanosensory stimulus such as scraping the thorax or moving the

legs.

2(i). Nature of response.

The pitch interneurons responded in a phaso-tonic manner to
ramp stimuli ie an interneuron fired at a high rate during the
movement phase and this rate declined to a resting level once the
new position had been reached. The unit shown in Fig. 3a clearly
+ires at a higher rate during the ramp than during the hold. Fig.
4a. shows the plot of instantaneous freguency against time for
this data. The tonic component of the response seemed more prone
to habituation than the phasic component. Problems such as this
were avoided by tilting over a limited number of cycles (ten
cycles unless otherwise stated).

To investigate these responses further various tests were
performed. To investigate effects of alteration in absolute
position, the set point about which the animal was tilted was
altered. Fig. 3 shows the result of such a test. This is a unit
which responds to head-up tilt, and in all three traces the two
components o0f the response can be clearly seen. Positive and
negative angles denote positions above and below horizontal
respectively. Therefore in a. the animal is held head-down on
both plateaus. There is a very little effect on either the tonic
level of activity or the phasic response on the ramp. The plots

of instantaneous frequency (Fig. 4) suggest slight increase in




the firing level as the test is performed at increasingly head-up
angles. The slope of the response during the ramp is similar in
all three plots.

Factors which might influence the phasic component of the
response were investigated. One of these was the angular velocity
of tilt. Tests were carried out over a limited range of
velocities. Fig. 5 shows an example of the activity seen at
different velocities. These traces also illustrate the finding
that on some occasions the tonic element of the response
habituated while the phasic response remained clear. The
histograms in Fig 6. were constructed by superimposing ten cycles
at each angular velocity for the unit depicted in Fig 5. These
suggest that the peak frequency decreased with decreasing
velocity of tilt.

It should be noted that the amplitudes used in these tests are
relatively small ( of the order of 10 ). It is not surprising
that effects of absolute angle of tilt are relatively small,
while other elements of the response, such as the phasic response
during the movement are qguite clear.

The frequency response éf these units was also investigated
using sinuspidal tilts. Use of this type of stimulus allowed the
data obtained to be analysed using circular statistics. Typical
results are shown in Figs. 7 and 8. A smail number of test
frequencies were used ranging from 0.14 Hz to 0.63Hz. Over this
limited range the effects observed were small. The magnitude of
the mean vector remained relatively constant, while *"X" decreased
with increasing frequency. An empirical investigation into this
use of these two parameters by Priest (1983) showed that with the
magnitude o©f the mean vector greater than 0.5, a decrease in "X*

signified a decrease in the strength of the response. Thus these
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two taken together suggest a slightly stronger response in these
interneurons to tilts at the lower frequencies. This is similar
to what has been found for other populations aof sensory

interneurons in Nephkrops (Priest, 1983).

2(ii) .Response at different angles.

Tilting the animal in either pitch or roll planes allows a
picture of typical responses to be built up and various other
parameters to be investigated. It is hawever limiting in that the
statocyst must, under natural conditions, be responsive to tilt
in combinations of these planes. To build up a complete picture
of the operation of the interneurons, these intermediate angles
must be investigated. The bulk of the experiments performed on
the statocyst interneurons were of this type. Once a unit which
responded to tilt was located, its response at other angles was
tested. Approximately twenty interneurons were held long enough
to be tested at a range of angles. Eighty tests performed on
these interneurons yielded clear information on the responses of
units about particular angles.

Two examples are shown; the unit pictured in Fig. 9 responded
best to roll, whereas the two units shown in Fig 11 responded
best to pitch. However it is clear from these figures that these
interneurons are also firing at intermediate angles. The unit
tested in Fig. 9 (see also the instantaneous frequency plots in
Fig. 10), responded to tilt in the roll plane, but also to tilt
45 either side of rall. The frequency with which it fired was
very similar at all three test angles (Fig. 10).

As the two units shown in Fig. 11 were recorded simultaneously

they clearly lie close together in the connective. They were
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tested round 3802 , moving from 270° (pitch starting head-down)
in a clockwise direction (see Fig. 1). This meant the response at
270 was tested twice, once at the beginning and once at the end
of the series. While the best responses occur at 270° for both
units, they carry tilt information over a wide range of angles.

Sets of phase histograms for these interneuron responses are
shown for unit 1. in Fig. 12 and for unit 2. in Fig. 13. The
phase of the responses switches by 0.5 units around 0° . They
maintain a phase difference relative to each other of
approximately 0.5 phase units at all angles.

These two units were recorded in several preparations,
although not always simultaneously. On all occasions they
responded in an almost identical manner. The phase position at
270° serves to illustrate this. The circular mean of unit 1 in
Fig. 12 is 0.89+/-0.02. This particular unit was tested on eight
occasions in different preparations. The circular mean was
similar on all these pbccasions only varying from 0.87+/-0.01 to
0.92+/-0.04. The other unit also showed little variation from
preparation to preparation.

Data collected from these two interneurons in a number of
preparations was pooled to give a more complete picture of their
responses to tilt. The phase position of the circular mean was
plotted against the angle of the plane of tilt in which the
animal was tilted (see Fig. 1). In any one experiment it was
difficult to test a particular unit at all angles. Over a number
of experiments however, a complete composite picture was
obtained.

Fig. 14 shows the response of the head-up interneuron (see
Fig. 13) at the various angles. This represents one experiment,

with a large number of tests being done over the first 180° . The
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phase shift in the response occurs at 10° . This interneuron
fired when the body was tilted in the roll plane. Although the
modulation was limited, it was sufficiently systematic to allow a
circular mean to be calculated. Fig. 15b also represents the
response of this interneuron, although this plot is constructed
from two experiments. Again, there were responses to roll (0= and
180° )3 the phase shifts in the response occur after these
points.

Fig. 15a. shows the plot of the response of the head-down
interneuron {see Fig. 1233 this was constructed from data
obtained in three experiments. The response is clearly inverted
relative to the response in the other interneuron (Fig. 15b).
This interneuron was either completely tonic when tilted in the
roll plane, or as in Fig. 11, did not fire at all.

Tilt around any axis therefore causes a combination of these
interneurons to fire eg tilt in a plane 45 gut of pitch will
cause a pitch interneuron to fire (depending on the direction of
tilt) as well as perhaps at least one roll interneuron (eg Fig.
). However +for any single pitch interneuron the strongest

responses are seen in pure pitch.

2(iii). Abdominal units.

The interneurons discussed above were all recorded in the
circumoesophageal connectives. However, two units of interest
were recorded in the abdominal connectives while using the head
tilt preparation outlined above.

Fig. 164 shows the response of two units to head tilt (ie
roll). Both of these units fired tonically. However there were

significant differences between them. The unit shown in Fig. |6A




was switched on by tilt to the right and off by tilt to the left.
Apart from this it showed no modulation. It was therefore unlike
any of the units recorded at the circumoesophageal level. The
unit in Fig. '16B was tonically active. Its <frequency of +firing
was increased by tilt to the left. It is very similar to the unit

shown in Fig. 9.

I.Investigation of other inputs.

Various other inputs to the statocyst interneurons were
investigated. The most important of these was leg input. After an
interneuron had been tested and its response to tilt defined,
legs were manually levated and depressed in various combinations.
Mone of the interneurons which responded to tilt responded to
this leg stimulation.

In other experiments units were found which did respond to leg
stimulation (Figs. 17&18). In Fig. 17 the first burst is due to
contact with thke dactyl. Subsequent depression of the leg
produces modulation of the activity. The units shown in Fig 18.
responded best tc depression of all the legs on the left side.
Depression of the legs on the right side while producing some
spikes, is not as effective. However, tilting these preparations
produced very little response. So while leg interneurons exist in
very close proximity to the statocyst interneurons the two types
are distinct in terms of their input modalities.

Scratching the leg bases had little or no effect on statocyst
interneurons, although on occasion it did serve to alter the
tornic level of firing. This was assumed to be a general effect.

One other type of unit was demonstrated and is n; interest in

the precent context. The statocyets sit within the base of the
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antennules which can move in a dorso-ventral direction. Although
in Nephrrops such movement is slight, it is important in other
species {Neil, 1982). In preparations where statocyst
interneurons had been recorded, the antennules were deflected by
pulling ventrally. This produced 1little or no response in the
statocyst interneurons but did clearly stimulate other neurons,
possibly from proprioceptors at the basal joint of the
antennules. One such unit is shown in Fig 19. This received input
from both lett and right antennules.

The statocyst interneurons showed a poor response to vibration
either of the whole animal or of the antennules. This did however
occasionally recruit large phasic units which fired with only one

or two spikes.

4.Statocyst structure,

Although not the main focus of attention in this study, the
structure opf the statocyst itself was briefly examined in an
attempt to further understand the operation of the interneurons.
Alsc +or comparison the statocysts of anocther of the lobsters
(Homarus americanus) and a crayfish {(Pacrfastacus lenfusculus)
were looked &at. Examples of the statocyst of these species are
shown in Fig. 20 after removal of lith material.

The statocyst itself is a chitinous sar containing two main
elements, a crescent of sensory hairs and a statolith. The
hairs form a number of rows and tend to be slightly bent towards
the +$loor pf the sac. The statolith sits on top of the hairs.
Tilt causez the lith to move in a characteristic manner. As the

sensory hairs are worghologically and functionally polarised
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towards the centre of the crescent (Stein, 19753 Takahata and
Hisada, 1979), particular hairs detect tilt in particular planes.
Thus tilt is detected in terms of the pattern of excitation of
hairs around the crescent.

While the statocysts of all three species are constructed on
the same basic plan, clear differences emerge. The major division
seems to be between the lobsters and the crayfish. The
Pacritastacus statocyst is quite similar to the statocyst in
Procambarus which has received mast of the attention in the
literature to date.

0f the several rows of hairs in the Nephrops statocyst only
the inner two rows are in contact with the lith. The
puter rows are particularly well developed in Nephrops. In
Homarus, while the two inner rows can be seen, outside of these
the hairs form small clumps with three to five hairs per clump.

The overall shape of the sensory crescent in the two laobster
species is "rectangular® when compared with the more rounded
crescent in Pacrfastacus, and indesd Procambarus {Takahata,
1980). In the two lobster statocysts there are a large
number of sensory hairz which could be assigned to either pitch
or roll categories.

Parrifastacus also lacks the triangular patch of hairs at the
anterior end of the crescent. However as most of the patch is not
in contact with the 1ith this probably has no bearing on the

operation of the different interneurons in these species.




D. Digcussion:

Several types of statocyst interneuron have been identified in
the course of these experiments. 0Of these the pitch interneurons
have been extensively studied. The interneurons differ chiefly in
terms of the planes of tilt in which they respond; rather than
the mannzsr in which they respond to tilt.

Comparison with the responses of statocyst interneurons in
other =pscies is now possible. The statocyst interneurons of

Bropcapbarus clarkii have received a good deal of attention (&g.

Takahata and Hisada, 1982a;b). While there are similarities
between the jnterneurone of Procambarus clarki?i and those
described in this chagpter for Nephrops, there are also
differences: One ¢ceource of difficulty in comparing the two

speciesz is the difference in the methods used to study them.

The tilts used by Takahata and Hisada (1982) were of large
ampiitude (typically 1802 ) and limited to only two planes of
tilt, pure roll and pure pitch. Dsta was presented in terms of
single cycles cf stimulation. They found the phasic component of
the response fluctuated and this was not investigated. They did
show rclearly that the tonic component coded for magnitude of
tilt. Interestingly they found that in one interneuron the phasic
component was more marked in pitch than in roll. They related
their wvarious findings to the properties of the sensory hairs in
the statocyst.

How similar are the statocyst interneurons of Procamdarus
clartif and Nephrops ? There is clearly a phaso-tonic response to

tilt in the pitch interneurons of both species. However, those
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units which responded to roll in Nepfrops responded in a tonic
manner, ie there was no phacsic peal: at or during the movement to
which they responded (see Figs. 9%&10). It is likely, although it
vias not tested here, that the interneurons in Aephrops would
responrd in 2 simila~ manner to large amplitude tilts. Tilt
information is rcertainly availabtle to various motor systems
outside the angular rangecs tested here (Newland, 1985; see
chapter 3). For example, asymmetric responses in the roll plane
are maintained through to iaverted fmskos. The response only
switches to the other side once this position is passed.

There ic =zlso the possibility that the interneurons reported
here are only a sample of a larger population of interneurons
responding in essentially the same manner, outsidect erange
tected here. The apparatus used did not allow many of these
aspects to be investigated. However within the constraints
imposed by the method emploved important new aspects of the
response of those units which were found were examined ie the
reporse of units to intermediate angles of tilt.

Difficulty in locating statocyst interneurons at the level of
the abdominal connectives could be due to several factors. Cord
splitting was rnot utilised in these experiments as it greatly
reduced the survival times of the preparation. It may be that the
statocyst units are smaller in the abdominal connectives and
theretore their extracellular spikes are more easily obscured by
other activity. Indeed in the work on statocyst inteneurons in
the crayfish most of the tests were carried out on interneurons
recorded in the circumcesophageal connectives (Takahata and
Hisada, 1982). Although the same units were located in the
abdomen they seemed to be more dispersed.

Of the units recorded in the abdomen which did respond to head




tilt, only one responded in a similar manner to units recorded at
the circumocesophageal level {the unit shown in Fig. 16b). The
response of the other unit, of simply switching on and of+f, is
sufficiently different to suggest that it be regarded with
caution, at least for the moment.

Pesults obtsined allow us to build up a picture of how the
system operates in a complex three-dimensioral context ie not
limited to only pitch and roll. Takahata and Hisada (1982a)
describe the functien of their interneurons in terms such as
head-up, same side down, the implication being that the
interneurons, esy cCH1, responded equally well to both
these angles of tilt. If this is indeed the case, then what of
intermediate angles? An interneuron responding in this fashion
has an acceptance angle of at least 20° . However, as the results
reported in this chapter show, the interneurons in Nephrops
respond to tilt 45 either side of the most sensitive angle. If
the same hnolds for the crayfish system the interneurons will
respond round a full 1802 in the vyaw plane. All of the
interneurons reported in Procambarus have similar wide ranging
sensitivity and therefore similar extremely wide acceptance
argles.

Contrast this with the interneurons in Nephrops. The pitch
interneurons clearly responded most strongly to pitch. In the
roll plane these interneurons either did not fire, or were almost
tonic. Also they responded to either head-up or head-down tilt,
never both. In Prorambarus the two interneurons responding to
pitch (C2 and 1I1) responded to both head-up and head-down tilt.

Mary of these differerces are almcost certainly due to the
difference on the structure of the cstatocysts as discussed above.

The crayfish with smaller numbers of sensory hairs and with a
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more rounded crescent is not able to resolve differences between
pitch and roll as clearly as Nepirops. Each sensory hair will
have a relatively 1large intfluence on the interneuron (or
interneurons) with which it synapses. Therefore, the input of
those hairs whose plane of polarisation is congruent with either
pitch or roll will make up only part of the input to a particular
interneuron. Other inputs from hairs whose planes of polarisation
lie at different angles will influence and even dominate the
ocutput of the interneuron. In Nephrops with the more
"rectanrgular® crescent, lith hairs may Fall into two almost
distinct types, those whose plane of polarisation falls in aor
nezr the roll plane and those whose plane of polarisation falls
in or near the pitch plane. Furthgmore, with the greater number
of hairs, the influence any single hair may have will be reduced.
Hernce the importance af input from hairs which have an
intermediate polarisation plare will be less than is the case in
Procambarus clarkir.

Compsriscn of the ststocyst systems of the two species
suggests that Nephrops, and by implication the other clawed
lebsters, possess an advanced tilt detecting system, whereas
Procanpzrus, and perhaps tke c¢rayfizh in general, possess a
relatively undevelopesZ system. In the spiny lobster, Palinurus
the svstem is more primitive yet, vwiith an ill-defined sensory
crescent, and instead of one lith a collection of separate grains
(Meil, 1985). Clearly there is a need for more comparative study
cf both structure and function of statocysts from a wider r;nge
of species.

The statocyst interneurons in Procambarus were named on the
bacsic of the main input statpcyst. This was not investigated here

as the inverted preparatior used did not allow easy stimulation




of individual statocysts either electrically or by deflection of
the antennule. Furthermore attempts to electrically stimulate the
sensory nerve by entering the base of the antennule dorsally in
an upright preparation were defeated by the extremely short
tength and small! size of the statocyst sensory nerve. Therefore
the precise inputs to these interneurons remain to be
investigated. Develapment of & more dissected preparation
allowing manipulation of the sensory hairs themselves, and access
to the sensory nerve, as well as recording +from the
circumoesophageal connectives would be a helpul progression. It
cshould be noted howvever, that in pitch the information coming
from ~2ither statocyst will be substantially similar, whereas in
roll, esch statocyst will provide very different information; the
side up statocyst will show a marked increase in activity, while
the side down statocvyst shows a decrease.

Other inputs to the statocyst interneurons in ANephrops have
also been investigated. Inputs from CB joint receptors
eftectively allow the nervous system to detect changes in  body
crientaticon relative to the substrate. Stimulation of these
receptors elicits egquilibrium reactions which are similar to and
consistent with those seen during tilt. In an extensive study of
interneurons carrying this information +from the 1legs, Priest
(1983) fourd cnly wesl, it any, inputs from the statocysts.
However the stimulus used was not tilt, but deflection of the
antennule. This type of stimulus may not sufficiently stimulate
the statocyst to produce activity in the statocyst interneurons.

In this study it is clear that statocyst interneurons receive
pnly very weak if any input +from the legs. Furthermore,
interneurons which clearly do respond to leg input do not respond

to tilt. And tactile inputs from the legs, which will be shown
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later to have wide ranging effects on the expression of tilt
driven reflexes (chapter 5), also have very little effect on the
statocyst interneurons.

At this point it ies wise to bear in mind that multimodal
interneurons in another context, the locust flight system, which
deal with orientation, or more specifically course correctiaon,
respond to only very specific combinations of inputs (Rowell et
all, 19385). This was taken into account in this study by using
"censzible” combirations of leg stimulation eg. in the case of an
interneurcn respaonding toc pitch, the 1legs were levated and
depressed in combirations that would occcur in pitch.

The picture which emerges in Nephrops is one in which sensory
informaticern is carried down essentially unimodal channels. In
Procambarus weak lea input to one of the statocyst interneurons
was found (Takahata and Hisada, 1982a) but it was variable and
the experimental arrangement was such that it could be either
proricceptive or tactile input. Visual stimuli were also
investigated and found to have weak effects. The experiments
condurted above were orn blinded animals and so this could not be
leoked at in Nsphrops.

The similarity betweer the statocyst interneurons and the leg
interneurons is not confined to their unimodality. Both
populations also show a similar freguency response. Priest (1983)
found that the strength of the response of leg interneurons to
leg levation and depression decreased at higher frequencies. One
motor system that both these sensory systems feed onto is the
oculomotor system (Meil, 1982). Both substrate tilt and body tilt
cause compensatory eyestalk movements. It has been shown in
Pslrinurus elephas that the responses of the eyestalks to

substrate tilt decrease at higher freqguencies. The same is5 true




ot the response to body tilt in crayfish (Fay, 1973). This type
of frequency response is clearly manifested at the level of the
sensory interneurons in both the legs and the statocysts in
Nephrops.

The freguency response of the compensatory responses of the
eyestalks, and by implication of the the sensory systems that
subserve these responses, has been related to the behavioural
context in which they take place. Long-bodied macruran Decapods
are relatively unstable in roll (Alexander, 19271). In its habitat
Nephrops may be subject to lateral disturbances of freguencies
in the range within which the legs and the statocysts operate
{(see Meil, 1982).

The other context in which the statocystsplay a majer role is
in righting reactions, particularly after a bout of escape
swimming which takes the animal up into the water column
{Newland, 1985). Under these cicumstances the animal is observed
to stabilise its position in roll and then swim down to the
substrate at a slightly head-down angle. Clearly, accurate
information +from the statocysts is vital in controlling this
proccecs as even small deviations if not corrected could have
serinuse concegquences. This is perhaps a situation analagous to
th=t in the locust flight system except that most of the sensory
irformation comes from one system, ie. the statocysts. It is vital
thst the resplution offered by the detecting apparatus is not
dicssipated by arn inefficient transmission system. As has been
shown, the resolution at the level of the interneurons is clear
enough tc distinguish between pitch and roll, and certainly in
pitch to distinguish between head-up and head-down. The system at
a1t levels is capable of controlling orientation in a2 complex

three-dimensional environment.
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Fig. 1

Apparatus used in whole animal tilt experiments (see Methods for

detailed description}.

A. Animal was held in central +frame which could be rotated
relative to annulus. Thus the effective plane in which the animal
wae tilted could be systematically altered.
Angles were assigned as &hown. Thus tilt of the animal in
pozition diagrammed, at 270° represents tilt in the pitch plane.
Thick arrow represente animal with arrowhead at anterior @nd.

Thin arrow represents axis nf tilt for apparatus.

B. Tilt in the roll plane, ie around longitudinal axis (&)

tAssigned angle 0/360) -

€. Tilt in the pitch planeg; ie around tranverse axis (al

-~

Azsigned angle 270 @ ),

e
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Figa 2

Examples of intracellular activity raénrdod in

a. Spikes fired in response to penetration.

b. Subthreshcld activity.

Scale identical fpor a and b.

Detziled description in text.

4
i
#
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Effect of absolute position on pitch interneuran. Upwar(
deflection in movement trace denotes head-up tilt. Negativ

argles denote head-down range of tilt.
a: Response of unit to tilt in head-down range:

b. Response of urit tc tilt around 0° (ie S5° head-down to 5°

head-up.

c. Pesponze of unit to tilt in head-up range.

( AC"'\VE('Y f‘ecoeAgé - P«Ssaw\“' ?M-l (P drc-—‘v:::—bcé“ ac.».\ u;-\acé'iv;),




d

il
‘ul'l‘llllll‘lll W |

r ‘; A
| l '”H ;4'11 v i ‘.
H‘ ‘H.!l!mlu.ll..h.l i I wfml..u“ﬂ”; i f it mﬂn.; 1

-10° -0

b

Foatpibibig

j a

it

T ~— T T~ T~/

T | il i
mnlllllnuuu KRR ill i | I l]“ 11| Illil “ ”Hl H mn‘ llllll i I
=50 +5°
ettt | i T
[l |lHlngﬂnglliHllllll llli | .Il! l i llllllllnimiﬂiﬂlllllll !u] i Jh{;ﬁ'n.@;;in
r

0° +8°

- | e #



Fig. 4

Instantaneous frequency of firing of unit shown in Fig., 3. Dat

collected over ten cycles. §

S
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10 ., Velocities as shown.

Dounwvard deflection denotes head-up tilt.







Fig. 6

Hictograms constructed from ten cycles of data in Fig. §

Velocities as in Fig. 5. .

Powunward deflection denotes head-up tilt.

Spikes were fed through a window discrimipator and
counted into 100 histogram bins. ‘

. 1. cycle time
Bin width= 700

(In this example 0.2s)
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Fig. 7

Example of response of pitch interneuroné) (which respond. f

head-up tilt) to tilt at different frequencies.

a. 0.463H=z.

b. 0.50H=z.

€. 0.33Hz.

g, 0.14H=z.







Fig. 8

Plot of magnitude o©of mean vector and gtatistical parameter mé
against frequency for data shown in Fig., 7 (see Methods ﬂ%
details of these parameters). J

Circles and dotted line: magnitude of mean vector.

Sguares and dashed line: "X°
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FIG. @¢

Rezponze of a reoll interneuron recorded in the lett connective t

tilt in different planes.

2. 315= ,

c: 4A5° .

{For evplanation of angles see Fig. l‘and text,)
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Fig. 10

Instantaneous frequency plots for data shown in Fig. 9. Angles

a,btc ag in Fig. 9.
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Fig, 11

Two unite responding to tilt in the pitch plane tested in other

planes:. Unit 1 (large spikes) responds to head-down tilt,

tsmall spikes! responds to head-up tilt. Upwara deflection on

movement trace in a:. denotes head-down tilt.

Preparation tested at following angles
a. 270°.
BE. 31%=.

c. 0=,

Alteration in spike - gize is an aﬁtefact produced
when apparatus is rotated to each angle. Same
units are firing throughout.

unit 2
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Phase histograms of activity of unit 1. Data collected

cycles at each angle (detailed description in text).

Statistics were calculated on these histograms
such as the phase position of the circular
mean. These are plotted on subsequent fi gures.

over
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Phase histograms of activity of unit 2. Data collected over tan

cycles at each angle {detniled description in textl.







Fi3. 14

Response of a head-up interneuron to tilt. Phase position of the

circular mean f(+/-circular standard deviation) plotted against

argle of the plane of tilt (see Fig. 1), This unit responded in a

manner similar to unit 2 (see Figs 11&13).
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Compoeite figures of responses of pitch interneurons to tilt in

different planes. Phaee position of circular wmean (+/-csd.}

plotted against angle pf plane of tilt (see Fig. 1).

A. Head-down interneuron (see Fig. 11, unit ().

B. Hsad-up interneuron (see Fig. 11, unit 2).

Tn each plot, a particular symbol represents result pbtained in a

particular experiment.

Detailed description in text..
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Fig. 16

Units recorded +from abdominal connectives using head-tilt
technigue (see Methods). Upward deflection on movement trace

denotes head-tilt to the left. Timescale identical in ALB.

Ai

1.Effect of ramp stimuli !(compare with Fig. 3).

2. E+fect of holding tilted to the right.

3. Effect of sine stimuli (compare with Fig. 12)

Bi

Toric unit responding to head-tilt to the left (compare with Fig.

obY.
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Pesponse ©OFf unit recorded in the left circumoesophageal

connective to leg movement and tilt.

a. Response to depression (DEP.) of legs on the left side.

b. Example o0of responszse to roll tilt. Upward deflection in

movement trace denotes tilt to right side. Unit was also tested

in pitch with similar result.
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Fig. 18

Responses o0f circumecesophageal connective units to depression

combinations of lege. Barcs indicate depression.

2. DPepression of variocus legs on the left side.

b. Deprecssion of all legs on the right side.

c. Depression of all legs on the left side.

d. Response to tilt. Upward deflection denotes head-down.

of
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Fig. 19

Recspanse of left circumoesophageal unit to ventral deflection of

antennules. Bars represent ventral deflection as shoun.
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Fig. 20

Statocyst sensory crescents of !

A. Nephrops norvegrcus

B. Homrarus gammarus

Q“ .
€. Pacifasacus lenfusculus






A:. Intrpoduction.

In many decapod crustacean species; imposed movements of the
body with respect to gravity, produce two types of responce:
These are righting responses, &0 called because they act to
restore normal orientation, and compensatory reponses which act
to compensate for the imposed movement without restoring normal
bod;’ orientation. Cructaceaons, and in particular crayfish and
lobster=z, kave beer widely used in studying these responses: Most
attention has focusesed on responees involving abdominal
sppendages such as swimmerets (Davis; 1952 Miyan 1982} and
urogpods (Yogshino et al, 128035 Hizsada, 19831}, ;nd cephalic
sppendages such as the antennae (Priest, 1983}, and:the eyes (so@
Meil 1982).

The most important appendages for normal substrate-bound
locomotion in the adult forms of most of the lobsters are the
legs. Decapod crustaceans show great flexibility and variety in
the patterns of leg activity uscd in walking (Clarac and Barnes,
1985), Most sre capable of bachkward, forward and sideways walking
over a mide ranae of velocities. The activity of the legs in
relation to walking has been the subject of much study (eg. Ayers

and Davis, 19773 Clarac, 1982). The mechanisms responsible for

coordination between legs are also many and varied, with both

central and peripheral mechanisms involved. The concept of

central pattern generation haz been invoked to explain the

underlving pattern of le3 activity in walking in insects

{pesrticularly cockroaches, Pearson and Iles; 1970, 19273).

- under attack (notably by

However; this idea has come increasingl;
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Pearson himeelf, Pearcon, 1985), as the motor output produced by
completely deafferented preparations differs in important aspects
from that seen in preparations where sensory feedback is present.
In crustaceans, as it has been difficult ts demonstrate segmental
central oecillators in completely deafferented thoracic
preparations (but see Sillar and Skorupski, 1986), the importance
of sensory feedbaclk +From the periphery has been stressed (Evoy
and Ayere, 1952).

The role of sensory input in the initiation and control of
thoracic wmotor systems has figured heavily in many studies. (far
reviewsz =ee Evoy &and Ayars, 12823 Clarac and Barnes; 1985;
Clarac; 19285). However this is uvsually sensory feedback from the
le3zs themzelves; from receptors such a5 ths the‘ thoraco-coxal
mus—le receptor organ (TCMRO) or the cuticular stress detectors
{CSN’cs). Some of this feedbaclk has been recorded chronically in
behkaving animals {eg for CSD’s see Klirner and Barnes, 1986) and
some is inferred from behavioural experiments (see Clarac, 1983).
Ane interplay between these sourcez of sensary information and
nther sourrez outwitk the legs has involved looking at a third

surh as the eyves (eg Schone et al, 1983).

=
=z

tem

i}

Ed

Comparatively 1little attention has been directed towards
loolring at the effects of "oxtrinsic” senszory input on the legs.
Work on the caudal photoreceptor in crayfish would perhaps come

ints this category (Prosser, 1934). The reasons for this lack of

attention may be that in walking, the effects of such extrinic

inputs are dominated by the type of inpute described above,

®intrin=ic” toc the welling system itself. Other patterns of leg

activity are therefore needed toO investigate the effects of

extrinzic inputs.

A pattern of leg =activity, different from walking in both the
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velocity and phase relationships of the movements, has been
reported for several species of lobzter. It takes the form of
slow leg waving and is thought to aid gill function (Pasztor and
Clarac, 1983). However these authorz reported that this activity
was not observed in ANersrops.

Another diztinct pattern of activity is induced when the animal
ie subjected to tilting in the roll plane. Although known for
some time (eg see Schone, 1764), no quantitative study of this
pattern of movements has been made. Rather, most attention was
directed to the righting responses of the swimmerets and uropods
which ocecur under these conditions. The characteristics of this
leg response to tilt will be described for Nepsrops in  this

chapter, and compared with both wallking; and with waving which

ha=z been observed in this gpecies.




B.Materialz and Methods.

Adult male ANephrops were attached to a tilting <Frame as
follows., A stainlesscteel! rod, 8cm long » Amm diameter, was glued
halfway along the cephalothorax in  the midline using dental
cement. The rod was then attacrhed to the tilting frame using an
v-blocl:. The frame could be tilted by hand, such that the animal
viaz tilted about ite longitudinal axis by up to 30° @ither side
of the normal upright position (Fig 1}.

Les movements were observed and recorded using a video system.
Thic mired a timing ®ignal with the video signal, allaowing
movemerits to be timed in hundredths of seconds if necessary.

Te allow more guantitative analysis, particularly of phase
relaticnshipe between active legs, & movement monitor system was
used. A length of cnppeé viire (diameter 0.003 in.) was taken and
ore erd melted in a bunsen flame to form a small sphere. The wire
was then attached to 2 leg by aluing with *Cyanoacrylate G3" such
that the saohcre lar at the distal end of the meropodite. This
usuzlly entailed wrapping the wire around the legs several times,

aluina it in place, and also gluing it to the dental cement

[

*caddlie”. Provided sufficiently lons lengths were used, movement

was not impeded in any wWaly tsee Fig. 1}.

Two aluminium plates were attached to the tilting frame,

parallel to the long axis of the animal such that they were

equidistant from the midline (Fig. {B}. These were connected to a

signal generator anrd a signal of 47kHz and SV passed between

them. The detector wire on the leg produced a voltage
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proportional to its position between the plates. The plates and
the animal were tilted together, keeping their same relative
positions.

The signals from up to four appendages could be recorded at any
one time. These were recorded on a Racal "Store 4" FM tape
recorder, To produce a hard copy the tape was replayed and the
signale fed via amplifierse tob a Devices four channel pen
recorder. The information w3z digitised using a bitpad. The
topmost pointe of each cycle, which corresponded to the leg at
its most levated position, were used to calculate cycle and
rumulative period times of up to fifty cycles of four curves. A
program;,; written in MBasic calculated and produced a printout of
the period of each cycle; and for up te three curves the
cycle-te-cycle phase relationship of movements within the
referenre rurve. This dota could then be further analysed to
produce infcrmatipn pn mean pericds and mean phase relationships
for various combinations of legs.

Pata s plotted in two forms to illustrate the various
relationshipse. Lingar plots ghow the variations observed with

time and circular phase plots show variations of phase in

relation to the period of movement.
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C. Results.

1. Gezneral anatomy of the walking legs.

Although all decapod crustacean walking legs are constructed
to the same basic pattern, there is still great variability and
in some species they have become specialised to perform certain
tasks. The basal leg anatomy has already been described in some
detail for Nepiropese (Priect; 1983):. There is also information on
a more general level! for various other species (see Page, 1982;
Evow and Ayers, 1982). A brief description of the grose external
aratomy of the lege in NepSrops will be provided, To prevent
confusipn with other published worlg the 1legs; or strictly
perciopods, will be numbered in +five pairs Ffrom anterior to
posterior. The +our pairs of wallting less (pairs 2 - 3}
corsizt of seven segments and s5ix joints (see Fig 2). Thaese are
the T-C, C-B, I-M, M-C, C-F and P-D joints (Fig. 2B). The joint
betweer the tasipodite and ischiopodite is fused. Each joint
allows movement in one plane, coordinated actions at more than
one jeint producing a resultant complex movement in three
dimensions. The degree of movement possible at each joint is
shown in Fia. 3 and compared with other published data.

When animals performed spontaneous walking, the anterior pairs

of walking legs, (L2&3) tended to take up a more protracted

position. This meant that much of the movement was produced by

flexion and extension of MC. The posterior pairs (L4%S) were held

cut at 902 tg the body, and protraction and retraction was

accompanied by a lesser degree of flexion and extension of MC.
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2. Asymmetric leg cycling respaonse.

2.(i). Position of the legs ir the absence of tilt.

In the absence of tilt and substrate, active animals
positicned the legs in a characteristic manner. The meropodite
was held horizontal and the MC jpoint slightly flexed. Legs were
held such that the tips were approximately egqually spaced around
the thorax. This poeition was also adopted as the animal passed
througsh 0° between tilts,

In lese active or fatigued animals, or during bouts of
tharatosis tdeath feigning), the legs hung beneath the animal, ie
they were more depressed relative to the position described

above.

2.(ii).Respaonse to tilt in the roll plane.

Tilt in the roll plane produced a clear asymmetric response of
the legs in most preparations, although there was a degree of
variability in other aspects cf the response, particularly in

fatigued animals.
The asymmetric leg response wWas elicited by relatively small

tilts away from the normal upright position. Measurements showed

thzt the response was triggered by tilting the animal more than

approximately 10° (10.31° +/-3.15°, n=15) either side of 0°

{normal upright position). The effect of tilt at other angles is

discussed below.

The response of the legs that were tilted side-up was postural

and “"tonic® in character. The respanse of the legs tilted side




Z2.(iv) Side-down legs.

Side-down legs moved in a characteristic patterned manner

tFig. 4b). They were held out from the thorax, in contrast to the
side-up legs.
Activity during the cycling was confined to the T-C, C-B and M-C
jaoints, Muscle actior at these joints produces
protraction-retraction, levation-depression and extension-flexion
movements respectively.

The main features of the response are illustrated in Fig. 6.
Thie chows the response of legs 2,3%4 on the right side.
Side-down tilt produced a lateral movement as the legs moved out
from the thorax. Cycling continued while side-down tilt
continued. Side-up tilt caused the legs to be held against the
thorax, producing a medial movement. Note that in this particular
case, leg 2 cvcled weally while tilted side-upg.

The clearest cnmpoﬁent of the cycling is the large degree of
levation/depression. However there is also flexion/extension of
the MC joint (Fig. 7). Measurement from video tape showed that
the meropodite levated through an arc of 80.75+/-156.80= due to
zction of the CB joint, while at the most levated position the MC
argle wss 40.50+/-6.20° . puring depression of the leg the MC

jeint extended, and at the limit of the depression the MC joint

angle was 144.0+/-13.92° .

The protraciion and retraction of the leg was more difficult

to resolve. However, most of this movement seemed to occur wWith

the leg at the limit of levation.




3. Quantitative analysis of cycling pattern.

3.(i). Period of cycling.

The period of the cycling pattern was defined as the time
talkken for a leg to move from the limit of levation to the limit
of the successive levation. The period was not only stable in any
particular animal, but was very similar from animal to animal.
Mean values for the periocd of movement are shown in Table 1;
these were calculated from 200 individual period times. The two
middle pairs of walking legs (L3%4) seemed to cycle slightb more
slopwly than L2 and LS.

To investigste any systematic wvariation in the period with
time the test animal was held at a tilted position for up to 30s.
During thics time the pergod was fairly constant. However there
was a slight oscillation in the values. If the animal remained
tilted for a matter cf minutes all the righting responses began
to wane, including those of the uropods and swimmerets. They
could be restored by raising the level of activity. This was
usually done either by tapping the bar to which the animal was
attached., or by administering a tactile stimulus to the animal by
gently tapping the thorax.

The period was plotted against time for one set of data on
which further analysis was carried out {Fig. 8.). This shows data

for approximately 25 cycles. While L2,4%5 show relatively little

variation, the cycling of L3 is both slower and more irregular.

3.(ii). Phase relationships in cycling.

to attempt

The phase relationships of the legs were examined
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to reveal any coordination between legs.

The plots show clearly that some coordination between legs
does occur. However the precise nature of this coordination is
more difficult to define. Phase values were calculated for L3, 445
in L2 (Fig. 9), and also for each leg in its anterior neighbour
{Fig. 10). Between L2 and L3 there seems to be very little
relationship. However both L4 and LS show coordinatiaon. The
pattern which emergecs is very different from that which would be
expecrted if there was no coordination betuween the legs. Perhaps
most reveéing is the pattern seen for L4 in L3 (Fig. 10). L3
cycles with a very unstable period, yet there is still evidence
of coordination betweern it and L4.

The circular plots reveal the stability of the period of the
the legs with the excepticrn of L3. Both of the lower plots in
Figs. 11 and 12 show that 14 and LS have preferred phase
ppeitione relative to beth L2 and alsc their anterior neighbour.
Furthermore, Fig. 12 suggests that where differences in the
period of two adjacent legsproduce more than one cycle of the
test leg within the base leg, some coordinating influence forces
the extra cycle intc a particular phase position 0.5 phase

units, or 180° , from the preferred phase position.
4. Effect of different types of tilt.

4.(i). Range of roll tilts.

The asymmetric leg response was switched on at 10° as stated

above® The animal was rolled through 360° to investigate the

response at other roll angles. The response did not switch again

until 180 was reached. Here again there was a region of 10°

¥ See Z(i's)
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either side of inverted where there was no response. At these

angles where the animal was inverted the response was weaker but
still recognizable. The strongest response was seen in the first
90= either side o0of +the normal positian. However clearly
directional information was available at all points round 360° .

Occasionaﬂy Wwith the animal held inverted at 180° the leg
response would switch from one side to the other. There was never
an appearance of an intermediate response or the respanse seen in
the absence pf tilt. Significantly this "hunting” in the leg

response wWas always accompanied by hunting in the uropod and

ssimmeret responses.

4.¢(1i'. Tilt in pther planes,

Tke response of the legs was also investigated by tilting the
arnima! putwith the roll plane. Tilting the animal in the pitch
plare produced very little response in the legs. Pitch head-down
did produce a small degree of protraction, and head-up a small
degree pf retrsction, but these responses were very variable from
animal to animal.

The response of the legs to tilts at intermediate angles was
more revealing. The asymmetric response persisted as the animal
wzs moved away from pure roll. It continued except in a narrow

region each side of pure pitch. The width o+ this region was an

arc of between 10 and 20° either side of pure pitch.

S. Effect of 1ith removal.

The abtcve firndings led to the speculation that the leg system

would respond in  the 5éme manner as the swimmerets and uropads
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when the 1lith from one of the statocysts was removed. In these
other systems the removal of the lith of one of the statocysts
causes a 30° shift in the response to tiltf This means that at
the normal position an asymmetric response is elicited. This can
be corrected by rbMﬁS 30° away from the operated side. The same
was observed for the asymmetric leg cycling response.

When the liths f-om both statocysts were removed the asymmetry
in the leg response was abolished. The legs were held in a
positicr similar to that observed in the unoperated animal in the
absence of tiltf*ﬂn some opccasions weak cycling was observed. It

wac of very small amplitude, and only involved basal joints.

6. Effect of leg autotomy.

1t was not possible to look in detail at +the effect of
sutotomy opf single 1legs on the cycling of the other legs. On
several occasions however, all the legs on one side were remaved.
I moct rasee this had very little effect on the response of the

intsrt side to tilt. On on occasion the pattern of the remaining

lege was changed markedly. The legs on the intact side still
cycled strongly, but in a very depressed position. The effect of

thiz wasz ta bring the tips of the iegs under the animal and

almost to the midlire.

The cffect of autotomising all legs was looked at in  two

animals. There was no clear response to tilt. When the stumps

moved, they seemed to move together either in phase, or with only

very small phase differences between stumps. In general however,

thic procedure seemed to depress all activity.

* Miyaf\ Rt A %% See 2(1)
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7. Comparison with other patterns of leg activity.

Two other patterns of leg activity will be compared here with
leg cycling. These are the patterns seen during walking and 1leg

waving.

7.(i). Walking.

Pats o©orn the periocd of movements and phase relationships of
legs during walking was o©bhtained +from cine film of Nephrops
walking on a treadmill. It should be noted that in cycling and in
leg waving (see below) the active legs carried out essentially
the same movement; in walking different legs are moving in
different ways. The anterior pair of walking legs produce forces
by flexion and extension of MC, pulling the animal forward during
the powerstroke. In contrast L4 and LS tend to be held at 90° to
the body:i movement at the TC jcint is important for producing
forces and the more dists] segments act as struts.

The period of movement is both stable (Fig. 13) and similar
for 2!1 the 1legs. The middle pairs (L3 and L4) step slightly
clower than the other pairs (L2 and L5). The step period in
walking is wvery similar to the periocd of cycling, and very much
faster than the period of movement faor waving (table ). The
plets in Figs. 14 and 15 show good coordination between legs
during walking. There is a delay of approximately 0.2 phase units

betweenl3 and L4. and L4 and LS, with L3 showing 3 larger delay

relative to L2.
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7.(ii) Leg waving.

Leg waving was observed on several occasions, and it proved
possible to record this pattern with monitor wires attached to
the legs. Fig. 16. illustrates the pattern of activity observed.
The animal slowly protracted and retracted the three anterior
pairs of walking legs, while the most posterior pair were used
for support.

The necessary condition for this pattern to be expressed was
that the animal was left undisturbed. If during the waving, the
bar to which the animal was attached was tapped lightly, the
normal stance was taken up.

Pericd and phase plects were constructed as for cycling and
walking to allow comparison. Three features emerged from this
snalysis. Firstly the period of the movement is very much more
irregular tharn for cycling and walking (Figs. 17&18). Secandly
the period is muchk longer than that for cycling and walking.
Thirdly, there is only a very small phase difference between the

movements of the legs (table 2).

The circular mean and circular standard deviation for each leg
in esarh of the three patterns are compared in Fig. 19. These
plots serve to emphasise much of what has been discussed above.

In waving, circular means of legs 3 and 4 are close together, ie

a small phase difference between 1&g movements. The small

standard deviations suggest close coupling between the different

legs. In walking the circular means are further apart and there

is a larger degree of variability in the phase relationships

between leas. The new pattern analysed in this chapter, leg

cyecling, is more clasely related to walking than waving. The
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circular means of the legs are relatively widely separated, with
large standard deviations SUQQESﬁfﬂG\ greater degree of variability
in the phase relationships adopted than in either waving or

walking.




D. Discussion.

The 1leg cycling response described in this chapter clearly
should be regarded as a patterned movement. Guantitative analysis
so far carried out provides evidence of this and allows
caomparisons to be drawn between leg cycling and both walking and
leg waving. In their paper on leg waving Pasztor and Clarac
(1983) state that the only pattern seen when the animal is
removed from the substrate, apart from struggling, is slow leg
waving. They alsm failed to find leg waving in ANephrops. These
avuthors were not concerned with the effect of tilt and the term
struggling was not defined. It should be noted that in this
study undefinable struggling movements were infrequent. In the
absesnce of tilt and substrate active animals adopted a
characteristic posture rather than struggled.

Three wair types of movement have been defined for decapods so
far in *he literature. These are locomotory movements, such as
walking or rearward swimmeret beating, compenstory responses,
suck as demcnstirated for the eyes and antennae, and righting
responses, cuch az demonstrated by uropods and asymmetric
euimmeret beating. Clearly there is considerable overlap between
In the Spiny lobsters, movements of the

these various categories.

antennas mzy function a=s effective righting responses (Neil,

1985:, and tke cuimmerets clearly contribute to locomotion wWhen

they beat zevymmetrically.

The question arises as to which category, if any, the leg

responze described above fits. This raises a further guestion as

tc itz fumction. Other gtato:ystainduced responses such as those
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of the swimmerets and uropods produce a righting torque. However
the 1legs of Nephrops show no signs of the specialisation that
might be expected if the legs were to produce effective +forces
against water. Such specialisation of walking legs does exist in
those species which use their legs for swimming (eg Callrinectes
sapidus, Spirito, 1972). The legs of Nephrops probably produce
very small! amounts of righting torque. Furthermore, the direction
of cycling is only appropriate during the +first 90° of tilt
either side o©of 0° . While the chelipeds with their greater mass
might be thought to be of some assistance, experiments elsewhere
have shown their effectiveness in aiding righting to be minimal
{Newland, 198%5). It is alsa difficult to conceive the leg
respcrnee ats & compensatory response.

However, there is another possibility that was indicated by
ore ot the results reported above. When the legs on one side were
autotomised, this affected the pattern of the intact legs in an
unexpected manner. The cycling demoncstrated by the intact legs

wher tilted side-dosn would in effect compensate for the absence of

b

cycling caused by the sutatosised legs. This leads to the proposal

that the leg cycling response performs the tunction of searching

for subetrate.

Ac will be shown later (chapter 5}, the presence or absence of

cubstrate is a crucial determinant for the type of reactions

displaved to various stimuli. Nephrops has been shown previously

to respond immediately to any appendage detecting substrate by

adopting the normal stance (Newland, 1985). The appendages best

placed to detect substrate are the legs, and the cycling may

ircrease the opportunities for detecting substrate. The pattern

of cycling means that at any one time, at least one leg would be

at its most depressed position.
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The pattern of motor output which produces the cycling might
be that produced by a thoracic chain of central pattern
generators. Until recently, the crustacean thoracic system had
not been demonstrated to be able to produce rhythmic motor output
in the absence of sensory feedback (but see Sillar and Skorupski,
1986). Assuming rhythm generation in the thorax is similar to
that in the abdomen, each hemiganglion in the thorax would have
circuitey capable of generating rhythmic wmotor output (Miyan,
1982). Howevar, the pattern of activity seen in the asymmetric
response toc tilt gives us further clues as to the operation of
these centres. While 1legs tilted side-down express a rhythmic
motor cutput, any rhythmic output is suppressed in the side-up
legs. Thie situaticn is perhaps analagous to that in the
swimmeret svstem where the side-up swimmerets beat with a strong
laterz1 beat, whereas the side-down swimmerets tend to stop
bzatins. In the case of the asymmetric leg response, it may be
thet the l1aclk of excitatiocn of the segmental hemiganglion,
coupled with what might be termed a postural input, prevents a
Fhﬁﬁmi: moter cutput on the side-up. This suggests that couplling
zcross the ganglion is relatively weal: one hal¥ ganglion can
produce  rhythmic motor cutput while the other is prevented from
doing =o.

Much interest has been shown in the influence af sensory
ceystems. Indeed this aspect has been

feedbark o©on rhythmic

particularly important in studies on the control of crustacean

walking (Clarac, 1982, 1985). Clearly there will be differences

in the feedbsck reaching the nervous system in the three types of

lec movement described in this chapter. In leg cycling and leg

i the legs
waving, much of the Feedback from receptors 1n 9

trhemzelves mucst be reafferent, that is feedback which is produced



by the movements the animal itself makes. In both of these
conditions the only external force the legs act against is the
recistance of the water. In walking, much of the sensory feedback
is phasic in nature, generated by receptors detecting load during
the powerstroke of legs (eg see Klarner and Barnes, 1986). It has
been suggested that in the presence of sensory +eedback, the
wallking pattern is selected, whereas a diminubon in feedback
causas the waving pattern to be selected (Pasztor and Clarac,
19€3). The role that the sensory feedback serves in walking is
suggested by these authors to increase the general level of
excitation, alter interlimb coordination, and alter the output of

the CPG.

m

Cvcling clearly is more analagous to the walking pattern both
in terms of the period of movement and the coordination seen. Yet
in terms of the feedback gererated it is closer to waving.
However there ie one type of sensory input teeding into the
system during cycling that is not present during waving, that Iis
the etatocyst input.

The role of the statocyst input may be to raise the level of
exitation of the thoracic oscillaters, a role played by other
inpute irn walking such as contact and lozd on the legs.

In the swimmeret system there are interneurons running between
garglia which produce the metachronal pattern seen in swimmeret

beztirng (Paul and Mulloney, 1986). AnYy two ganglia demonstrate

ths aprropriate delay. However the legs are clearly not as

stzreptyped in their movements as the cwimmerets. To produce the

degree of coordination seer ir the leg system it has been thought

that the whole range of sensory input is necessary. Load has been

shbwn to be ane of the most important factors {Clarac and Barnes,

1985). 1In 1leg cycling there 1S essentially no load on the legs,
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and this may be sufficient to explain the greater variability in
cycle to cycrle period and phase position seen in cycling than in
walling.

Postural control of 1legs has been explained in terms of
command fibres. Interneurons have been stimulated electrically
to produce flexion or promotion of the 1legs (Page, 1982). The
side-up legs respond posturally amd in a manner very similar to
that seen in the tail-flick. There are various possibilities as
to how the system might be constructed to produce this response.
The statccyst interneurcns carrying the directional information
could svnapse onto premotor internevrons that produce this
response. In the tailflick the giant fibres which are involved
may use the same premotor system to produce the desired posture
of the lesgs,

One other observaticon deserves comment. As mentioned above,
huriting was occasiocnally observed at angles where the animal was
inverted. The hunting involved the uropods, swimmerets and legs.
A switch in one was alwaye accompanied by a switch in all. This
suggests beth  that ahy confusion that arises at inverted
pcsitions iz not rooted in the motor systems themselves and that
=11 of these systems are driven by similar inputs from the
statocyst system, perhaps the same interneurons. As the responses

nf =tatocvst internsurons were unambiguous to tilt at inverted

positions, the presence of hunting suggests the involvement of

nther systems in these eguilibrium pathways. Other candidates for

the spurce of “noise® in the system which might produce this

confused motor output are perhaps the premotor networks of local

interneurons. These are known to have an important involvement in

both the swimmeret and uropod systems {Nagayama et al, 1984; Paul

ard Mullponey, 1985).
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Table 1.

Mzan (+/-sd.) period times for the three patterns of leg activity

described in this chapter:

Tsble 2.

Circular mean (+/-csd.) of phase values of legs
for the three patterns of leg activity. R=

=

parameter (Batschelet, 1981).

measured in L2

concentration
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Fig.

1

Tilt apparatus.

Tilt bar.
Monitor plates.
Monitor uwires.
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A.

Front view of the second left

B.

Abreviations used in the text

vialking leg of Nephrops.

to refer to joints.
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Fig. 3

Range of movements at the joints of the walking leg in ANephrops

as compared with #Homarus gammarus {(Page; 19821, Measurments were

obtained by hand on a s=ingle medium-sized male animal. *

indicates those joints which are active in cycling.
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Fig. 4.

The asymmetric leg cycling response.

A. Side-up legs.

P
o
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B. Side-down legs.






Fig. S

Effect of roll on chelipeds.






Fig. &

Effect of roll on lejs 2-¢ on the right side.

LSD, left side down; RSD, right side down} MED, medialj; LAT,

lateral.
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Figt 7

Joint angles (mean +/-standard deviation) during cycling. Frontal

view of left L2,
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Figl 8

Plots of

side-douwn.

a L2
b : L3
c i L4

d LS

period

against time for L2-5 during cycling ie tilted
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Plots of phase against time for L3-5 in L2. Same data set as

shown in previous figure.
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Fig. 10

Plot of phase against time for L3 in L2, L4 in L3, and LS in L4,

Same data as shown in Figs. 847 .
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Same data as shown in Fig. 9; replotted as circular plot. Axes;

period ts). Angle; phase pozitinn?ﬁ
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Fig., 12

Dats +raom Fig. 10 replotted as circular plot. Axes, perind*(s).

Angle, phase positionfa

(* of tasr appcnéﬂgff\l



L3/L2

L&/L3 270

LS/L4 270

0/360



Fig. 13

Plots of period against time for L2-5 during walking.

a2 ! L2
2} : L3
c ! L4
d : LS
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Fig. 14

Plots of phase against time for L3-LS5 in L2; same data set as

Fig. 13.
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Fig. 15

Circular plots of the data in Fig., 14. Axes, period (s). Angle,

phase position.
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Fig. 16

Slow waving activity in L2-4. LS rewmzined on the substrate,
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Fig. 17

Plots of period againcst time; and composite plot of L3&4 in L2

during slow waving.

a L2
B I L3
o i L4

d : Phase plot. (L34uy ‘-'13
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Circular plots of phase data in Fig. 17. Axes, period (s). Angle,

-

phase position.
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Fig. 19

Comparison of mean phase relationshipse of legz during the three

patterns of leg activity reported in this chapter. Circular plots

of circular mzan +/- circular standard devistion for each active

15‘3;
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Chapter 4 @

EFFECT OF TILT ON ABDOMINAL SYSTEMNS.
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A. Introduction.

Abdominal motor systems will be dizcusszed in this chapter: The
uropod TreGEPONGEE in both pitch and roll have been described
elsernhers and will not bes considered in any detail here (zea
Menland, 198%5). Suwimmerets have received some sttention in regsrd
te their responses in the roll plane (Miyan, 1982); but in this
chapter their responzes in the pitch plane will be examined: The
cther gwstem  of importance is the axizal abdominal musculaturs
itzelf ond the effect of tilt on skdominal posture will be deslt
nith in some detail:.

fbdominal motor systems have besern studied from various points

cf view. Perhaps the best knowrn worit has been on  the escaps

-

reflex o0+ the crayfish wthich cowprizes single or sequential fast

IJ

flegxirnz and externcionz of the abdomen (Wine and Krasng, 1982}

Work on  this particular aspect haz now been extended to other
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.:tabWr=e:kr5p5 (Memland, 1e85) and fxlatbez strigoss
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and Heitler; 1985a,blc?.
The axial mu-clez of the sbdomen may bEe divided into two main

sroups’! the low or tonic muscles which are utilised for postural

o

movemsntz, and thes f2=t or phasic muscle=z which are involved in

[

ECaps responses. Both groupe may be further divided into those

3

uzCles vhich arec responzible for flexion, and thase which are
resporzitle for evternzion of the abdonen.

Variouz mecthods of stimolotion have been employed to activate
botk the fast and the slowm muscle eystems. Tactile inpute are
importart +$5r gliciting tho @=C3ape reflexes of both crayfish

fLes

‘Wine ard Krasne, 1972) and Nepsrops (Meuland, 1985). Tactile
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inputs aleo play a role in the abdominal postural system (Kotak
and Pamec; 1986}, However the moszt widely used technigue has been
that o©of command fibre activation. The command fibres for ezcape
responses arc the giant fibres; which run the len3th of the nerve
cord. Becaouse of their larse eize, they are relatively easily
stimulated zlectrically (Johnzon, 192£3 Larimer &t al, 1271). The
response  to electrical stimulatior is very similar to that
produced by tactile stimulastion (Wine and Krasne, 19382).

Flertrical stimulation was slso used to discover interneurons
in the circumbesophaszcal connectives which produced a range of
sbdominal postures (Bowerman and Larimer; 1971).

One methed for producing abdominal extensien that has bercomc
widel>» used i the removal of substrate contact (Page; 19753
Williams and Larimer, 192!; Takahata and Hisada, 1#85):. A=z the
resulte in thiszs chapter will demonstrates in Nephsrops this

responsc i5 dependont on tilt as well as the 1loss of substrate

frnother 4inding reported in  the literature is of interest,
That ie tre interaction of abdominsl pecture with cther abdominal
motor svstems. It was noted b vyoshiro et al, (1980) that wuropod
rezponses to tilt were only erxpreszcd when the abdomen was cithor
evtendcd or in the process of extending. However,; the statocyst
informotion recessary for the uropod response has becn shown to
be present regardlesz=s af the abdomin2l posture (Takahata and
Hizada, 1985). It is still uncertain az to where the interaction
betwesn the two systems takes place. Similar observations have
al=o becon made for the swimmercts (zee also chapter &!. It is not
€lcar whether the observed interaction bztwesn abdominal posture

arn?d

svimmerets is mechanical ar neuronal in nature.

Mozt ztudics of abdominal extension have been carried out from




the point of view of command +fibre involvement (e3. Williams and
Larimer, 19813 Miall and Larimer, 1982). This chapter ©iill report
the effect of tilt on the abdomen.

In some species rotation about the thoraco-abdominal joint has
been observed in response to tilt in  the roll plane. This
rotation of the abdomen has not been observed in Nephrops.
However it will be shoun that there is a clear abdominal postural
rezponse in the pitch plane:

The swimmerets are well known for their asymmetric rezponse to
$tiit in the roll plane (Davis; 1968). As a system they have also
attracted attention from the point of viaw cf central pattern
generation (Heitler and Pearson, 19803 Heitler, 19837, command
fibre controcl feq. Ikedo and Wiersma;, 192445 Davisz and Kennedy,
1972 and intersegmental coordination {Davis, 194693 Stein, 19715
Pau! ard Mulleoney, 198&). Fecently & mode! of the system uas
nroposzz”  (Meil and Miyan; 1986). The importance of statocyst

input ik this wodel is clzar, but thers has been an assumption

ul

ttst +the cutput of the svstem it ctereotyped: The swimmerets are

3

m
4]

[*8

um=d to evhibit only two type of best, cither lateral, in

re

11

ponse to roll, or rearward bacl: in moet other circumetances.
Howeover nmtil now the swimmoret responses to tilt in other planes
tiave not heen s=vestematically investigated. Az will be zhoun, the
tvpez nf cmimmeret beat observed in response to tilt in the pitch
plane =uggest modifications in thke model of Mcil and Miyan

(19845 .
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g. Materials and methods.

The responzez of both abdomen =and suwimmerets to tilt were
recorded using a video system which allowed single frame analysic
from tape. The tilting apparatus uzed was the =ame as that
descrited in the previous chepter. To allow measurement of
abdomiral posture; the animzl was vigwed from the side during
tilting. When the reporses of eviimmercts were recorded the camera
waz hzn? held such that it was perpendicular to the most caudal
pair of swimmerets. To improve visuaslization of the stimmerets,
the lzst pair uere painted blachk using = mirture of black paint
and cyanoacrvlate €2 3lue. It wmaz found that the paint alone

flsbend -4+ 2fter 3 short timz. The midpoints  on the tuc most
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ternal ribts were a2lsc painted as calibration points.
The <widee dota chtairsd sllowed guantitastive measurements to
ke mzdc  of worious aspscts  of tte abdominal posture. vThe
coaordirates of variosus pecints on +the screen werc obtained from
single $ramesz wusin3 2 video analyser, comprising crosshairs
contrpllcd by a jovsticlh. roordinates obtained in this manner
nere dumped via an interface tc a computer; where they could te
stored or dioc or print
Fig. 1 shpus +the cizht points of which coordinates were talien.
Tte rcoordinates were plotted, and joined by lines in the manner
shoim in Fig 1. The angle of tilt was measured as the angle
betwcer horizontal and 2 line drawun from the tip of the rostrum
to the dorsasl end of the cephalo-thorax {points 1 and 2, an3le of

tilt ie anagle a. Fig 1}. The angle between ¢och line joining
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n
n
)
n

4]

L

1]

points from 2 to g3 and the line defining the an3le of

the *horaw {between points 1 and 2) was meacured: This




ctfectively provided a measure of the angle*enhabdnminal cegment
<-4 and the telson. The positicons of the thoraco-abdominal joint
and the first abdominal joint could not be resolved separately.
Houever, the angle of line 2-F provided the resultant of the
ansles of these joints. Thus in the figures of segmental angles
thz segments orce designated 172,3,4,5,5 and the telson T. As the
finz! position adopted by the telson is the cumulative resultant
of the anzles of the individeal segments, the angle between the
telscn (line 7?-8) and the thorax (lins 1-2) provided a useful
paramester for preliminary investigation cf the effect of tilt on
posture. Flexion is denoted by neaative values in degrees and
extenzion by pesitive values.

Two tvpes of anslysic were performed on the swimmerets. Using
the —nordinate system described atove, the coordinates of the
pocints =zhown in Fig. Fa. were obtained ie the coordinates of the
ends of the rami (Fig. Sa. points 1&2) the dizstal end of the
basipgdite (3 and the r=likration pocints (4&5). The angle of the

powerzirole phase of +he bBeat was defined as the the angle

1-2-2 =z=nd the midline {the

m

the bisector of ang

The ezrpo=d  type of analysis performed on swimmerets was
texporz! anslveic of the period ot beating. A timing signal mixed

with the video signal provided individual times for each frame to

~
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m
i
m
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v

n.02s. This was adequate for resolving the time taken
for hoth +he power- and returnstrokes.

Information on the period of the beat was also cbtained using
the movemernt monitor system described in the previous chapter.
Thiz metkod ollowed the simultaneous monitoring of sSevera
Suimmercsts

, and thus swimmerst phase relationships undei various

cenditiore could be examined.
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In some experiments the statolith, ie the clump of loosely
aggregsted sandgrains which lies on the floor ot the statocyst
sar was remcved as follows. The arimal was removed from the tank
ard clamped, by means of the rod attached to is back, underneath
a dissecting microscope such that the dorsal surface of the base
of the antennule rould be seen. The eye on the side to be
operated upecn wWaEs held out of the way by a loop of thread. The
dorsal surface of the statecyst sac was removed with a scalpel
and 2 fire jet of water directed intec the lumen cf the sac. This

wae usually sufficient to remove all the 1ith material.
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1.Ab2ominal posture in the absence of tilt.

Trhe abdomen of Nephrops consicts of six segments and the
post-szgmerntal telscn. Segments 2-5 bear paired swimmerets and
segment £ the paired uropods. The uropods are homologous with the
cyimmerats. Contractions of axial muscles in each segment produce
flewien and evternsion about each segmental joint.

fArimals were observed in holding tanks and walking freely on
the bettom of the experimental tank to cbtain some impression as

tr th=z nerms! abdomiral posture. Animals standing guietiy held
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aktly +lewesd. Thics usuz1ly meant that the heairs

zlorg  the pestericr fringss -f the uropcds were in caontact with

unrestrainzd walking the cephalocthorax was also held

Yol  up. The abdomern retained the same posture as that seen
during vist etanding on most cccasions, but sometimes,

particularly when *he animals wzre moving guickly, the abdomen

Ac hz= besn reported in the literature for crayfish (Williams
and Larimer, 1981), and for Homarus {Davis, 1968} the removal of
substrate slso csused a marked abdominal extension in Nephrops.
In the shcerce of tilt, the abdomen flexed after a short time and

seimmerst beating cesse’.
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2.1i). Effect of tilt on abdominal posture.

The patterns of postural activity that will be described could
be elicted $rom 211 2nimals with no great difficulty. Although rno
asyvmmetric abdominal rotation was ocbserved in response to roll,
relling an animal about the lengitudinal axie did produce an
extension of the abdomen along with the other characteristic
equilibrium recpponses; eg asymmetric responses of the swimmerets,
upcprds 3rd legs (chapter 3). When the animal was brought back to
the normal pocsition the ewtencsicrn posture was held and
symmetrical swimmeret beating cortinued for a few seconds (or up
to = mirute ir fresk animals), folleowed by zbdominal flexion and

the tessztion cf beating.
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:rz1 response of the abdomen to tilt in
tke pitck plane. The head-up response consisted of a marked
flexic» of thke sbdomen, wheress the head-down response involved a

=lezr zhdeominal evtension (Fig 21.
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i1+ reponzes irn pitch were abolished with slight tilt
in the roll plane f(as small as 50 in some cases). The relevant
roll response accompanied by abdomirnal extension then appeared.
1t ceemed that the head-up responRsSe Was mOre easily dominated by

roll recporses than thke head-down ~esponse.
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Relstionskip betusen posture and tilt.

The tntal extent of flexior/extension of the abdomen tas
defined in Methods! was plotted against the magnitude of tilt

{Fig. I). The difference betweern head-up and head-down is clear.




While there 1is some variability in the response, it can be seen
that increases in the extent of tilt either head-up or head-down
doec not produce greater +flexion or extension. Rather the
response seems to be "all or nothing”. Tilting head down by only
a few degrees produces extensiorn. To produce flexion, the animal
muct be tilted head-up by more than 10 . Head-up tilt of less

than 10° produces extension, so that the switch between the two

recponses occurs not at 0° but at approximately 10° head-up.

2.{iii). Differences betueen segments.

To $further study thess postural responses, the state of
evtencion/flexion of individual szgments was studied during tilt
=t various argles. Once again there is a degree of variability,
but a clear pattern emargecs.

The anrcle wmessured for the abdominal segmerts and telson (as
definsd in Metho&s) relative to the thorax is illustrated in

grephical form in Fig =2.5. These exclude data from tests of

)
n

.zngles pf less than 10° head-up which is dealt with separately.
Gives +hat the oversll posture is not dependant orn the magnitude
of tilt but g=ly whether it is head-up OF head-down, the data

from  a  number nf tects at different angles are superimposed for

esch of theee teoc conditicns (Fig. 4a & Sal. A mean and standard

davistior for each segment WaS coalculated and plotted (Figs

s

4525b) . Trese mlots show that although the overall posture looks

very different in  the two canditions, ie flexion or extension,

the underlying state of the individual segments relative to each
Dt"'*g-r- 3 -

i= cimilar in both head-up and head-down tilt. Looking at

th= pattern zlch: the more posteriar segments tend

J

the segments,

,

to be loee evtended or more +1eved. Caomparing the twe curves, any




segmert will be less xtended o©r meore flexed in head-up tilt
compared with tiead-down tilt. Fig. 7 shows the mean values for
each segment. When these are compared using the standard t-test
tthe differences between the means are all highly significant,
with the exceptior of segments 3 and 4.

Four tilts of less *han 10° head-up were plotted and analysed
in the same manner as discussed above (Fig 6, see also Fig. 7c).
It iz clesr that the pattern seen st these angles is very similar
te the head-down pattern. Indeed, t values obpbtained for
comparizons between these tilts and head-down are low showing no
cigriificant difference, whareae those ohtained for the compariscn
witk head-us  tilts  esre high giving significant differences for

searents 1/2,4. 6 and the telsen tfcr details of Fig. 7. see

D.(iy). Effect of statolith removal.

The lithe were removed bilaterally from the statocysts and the
animale +ilted as before. There WaE ho difference in the normal
rectinc posture when the legs were in contact with the substrate.
Homever there was no postural response of the abdomen to tilt.

The posture adopted by the ardomen in the asbsence of normal
statozyst input consieted of evtersion of the anterior segments
and flerign nof the posterior ores. This resulted in a posture
whick wee an evtencion in terms of the criterion used above. Two
exanples zre shown (Fig.8, s=2e also Fig.3X, diamonds). Fig. 8a.
=hows tke comparisen of 2 10 tilt head-down with the liths
removed (eolid line) with the similar response befere lith
remcval. Fig. 8h. compzres titts of 36&° betfore and after

s*210lith removal. The effect of the procedure is to produce a
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posture intermediate between that normally seen in response to

the two types of tilt.

2, Eftect of tilt on swimmerets.

The neuromuscular basis of the response of swimmerets to tilt
in the roll plane has already been described in some detail
elsewhere (Neil and Miyan, 198&). However no guantitative measure
of the beating itsel¥ was made. Thus for the purpose of
comparispor between the responses to tilt in the pitch and rotll
plares variouvs parameters of the swimmerst beat were measured

undsr three condit

[0

erns: rel!l, head-up pitch and head-down pitch.

The mpst rnoticable feature of the swimmeret response to roll
ie the asymmetry of the response. The cide-up swimmerets beat
Yy ard  the side-down suimmsrets either stop beating, or
hest straight back. The angle of the zzymmetric lateral beat was

7, sees Melhoduy! =nd wae found to be 41+/-6% (see

£ ¥:

n

11 == the ana'e of the beat, the period of the beat Iis

mn
W)

17}
s
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i

=¥ interect. The overall mear pericd calculated for lateral

ting during roll was 0.34+4/-0.04cec tn=12&; see also Fig. 2Z2}.
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Howsver, variations of period of the beat were found with time.
ig. 10, shows ths period of the lateral beat plotted over
tusnty seconds and comprises fifty-+five beats following side-up
titt o zoe Clearly in this C38% 2c time proceeds the period

: ' -
intreases, This phenomenon of tke beat cslowing oworred

i i es of the
fremquentls. Howsver there was 2150 evidence in cther cas ]




best period decreasing with time (eg see Fig. 11). Only very
rarely in roll did the side-up swimmerets stop beating

completely, and when this did occur, it was in fatigued animals.

3.(ii). Head-up pitch.

The swimnerets were active during tilt in the pitch plane. As
might be expected, the tvype o©f beat observed wWas always
symmetrical. Head-up pitch produced a form of beating in which
the cwimmerets moved directly backwards and forwards o©on each
cide. The arngle of the powerstroke (as defired in methods) was

I+/-2° {(ge=s F

bds

22).

Tvz mean period of swimmeret beating during head-up pitch
measured over a large number of samples in several animals was
0.35+7/-0.07 sec. This was not significantly different to that for
rpll teee Fig. 22). However on several grcesions a very slow form
of bezting was obesrved, and in some Cases there was no beating

¥ oaty,

m

Tnfcrmation sbhout the cswimmerets in head-up pitch was also

]

pbtained neing the movement monitor system described in chapter
3. The maior sdvantags of the movement moniteor was that it

be studied simultaneously. Thus it

rmerets t
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was  possible %t
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=2ther come data on phase ~elaticnships between

ciimmevcte inm both head-up ard head-doun beating. Fig. 11. shows
: : oo -

2 plzt of periecd against time for three cwimmerets, 52, S3 and

=

%4, during head-up tilt. The mean periocd for each swimmeret is

2.5S¢ex

i

2 {sees F

oy

3. 17}.
F i ‘g2
Cheea  valuss were calculated for =3 and 34 in S2 and these

uere plotted againet time (Fig. 11.). The circular plot of this

d

H

ta is echrwer in Fig. 12. The cocordination of the system is
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demonstrated by the close packing of the data points. The phase

difference between S3 and S4 ic approximately 0.5 phase units.

3.(iii}. Head down pitch.

pPitching the animal head-down alwsys produced swimmeret'
beating. The beating wusually continued until the animal was
returned to the normal position. The beating was bilateral ie.
the swimrerste beat with a laterslly directed paowerstoke. The
anglz of tks beat was z5+/-8° (Fig. 9a}. This angle of beat is
very muct less thamn that seen in asymmetric beating in response
te roll ( 41+/-g° Fiq. 9c, Fig. 22).

The period of beating calculated from the video was again very
cimilar *o the otker *wo types of beating at 0.374/-0.05 sec. The
neriod calculated on dats obtained using the movement monitor was
greater than this at 0.47sec. tFig. 17).

There is again a good deal of variation in the period when
plotted asgainst times and also variation in the phass wvalues
ceiculated for S3 and S4 in S2 (Fig. 13). The circular plots show
the zame gerneral pattern as in head-up teating {Fig. 14).

Fios 15, and 14. are circular rlote of the circular mean and
circular standard deviation of the ph#se positions of the
zwirmerets during both hesd-up and head-down: tilts. Note that in

oth  psepe ©3 and €4 are separated by approximately 0.5 phase

4. Power and returnstroke variation.

To further investigate the various types of swimmeret beat

= . . - kes ws
cbzepvpd’ the relationship between power and returnstro a5




examined. It is of interest to discover whether the variation and
the slowing of the beat, is accomplished by systematic variaticn
of one or other part of the cycle.

The plots of the vzlues ohbtained for asymmetric beating in
roll arz shown in Fig. 12 ang the regression values are shown 1in
Fig. 21. Roth the returnstroke arnd pawerstroke durations increase
with increasing period. However, the2 returnstroke gradient is
cteeper than the powerstrolke (Fig. 21).

The eame rosult is found $or both head-up beating (fig. 12}
arnd hzzd-dowr beating (Fig.20; see Fig 21). In all three types,
the gradiznt of the regression line is steeper for returnstroke
thar powercstrole. The correlatiorn coefficient is also greater for
zark returrnstreke plot than the corresponding powerstroke plot.

differznces are not statistically significant.

However thes

b
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D. Discussion.

The results reported in this chapter show that tilt in the
pitch plane praoduces effects not yet described in the literature,
which complement the findings already made on the effects of tilt
in the roll plane (eg. swimmeret reflexes, Davis, 1968; Miyan,
19823 uropods Yoshino, 19803 Newland, 1985) . Some of these
effects are clear eg. the effect of tilt on abdominal posture and
the angle of the swimmeret beat. However, some of the results are
not clear and these will be discussed first.

Measurements of swimmeret beating parameters using the
movement monitor system entailed increased load on the swimmerets
used due to the monitor wires. This may explain the increased
period of the beats and the cycle to cycle variation or*"jitter”
in the period ﬁeasured. However, trends in the drift of period
with time appeared not only in the data obtained using this
method, but also that obtained from the video teg Figs. 10kll).

Data concerning phase relationships of swWwimmerets was obtained
using the monitor system. However in this case, all the
swimmerets are subjected to similar conditions, and the
comparison is between these swimmerets. The period is very
similar for the three swimmerets in each of the two experiments
illustrated (Fig. 17), although it is longer than the mean
periods calculated from the video data. The phase calculations
show that S2 and S3 beat in phase or 0.25 units out of phase in
head-up and head-down beating respectively. However, the relative
difference between S3 and S4 is very similar in both conditions

(approxiamtely 0.5 phase units). gualitative observation of the
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phase relationships did suggest that particularly in head-up
beating the swimmerets did beat almost in antiphase with their
neighbours. Thus the phase relationships between sWwimmerets may
be different in certain conditions from the value of 0.25 phase
units, which has appeared in the literature (eg. Laverack et al,
19763 Paul and Mulloney, 1986).

The overall function of statocyst-mediated extension and
flexion ot the abdomen, along with the action of the swimmerets
under these conditions, clearly has to be seen in terms of the
control of body orientation in concert with the equilibrium
reflexes of uropods, swimmerets and perhaps also the legs (see
chapter 3).

The swimmeret beating in head-up tilt occurs along with the
abdominal flexion. However the flexion is never soO pronounced
that it mechanically impedes swimmeret beating to any extent,
except perhaps in the case of the most caudal pair of swimmerets.
The +orces produced by the beating which is directed straight
back will be significantly shaped by the posture of the abdomen
and the telson and uropods. This positioning may be designed to
redirect the forces in a downward direction, helping to correct
for the head wup attitude. The uropods are symmetrically open
during head-up tilt and this may aid redirection of the +Flow
produced by the beating of the swimmerets.

The type of beating observed in head-down tilts is perhaps of
greater significance. This type of "half-lateral” beating is
distinct from the fully laterally directed beat seen in roll. If
the latter is assumed to be to produce a righting torgque to
torrect for the imposed tilt, then the function of the
half-lateral beat may not simply be to produce forces which would

act to bring about the normal posture. Other studies have shown
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that when Nephrops is released in mid-water and allowed to
sfree-fall”, it will often control orientation in the roll
plane, and then swim to the substrate with a slightly head-down
attitude. Thus the function of the type of beat observed in
head-down tilt may be to produce forces which will both stabilise
and propel.

The lateral beat is produced by the contraction of particular
muscles (M?,10&13) in the basipodite of the swimmeret in response
to descending statocyst input (Miyan and Neil, 1986). It may be
that statocyst input in pitch is organised to produce only a
certain degree of contraction in these muscles, not the full
extent seen in roll. This poses various guestions about the
organisation of the neuromuscular apparatus as it operates in
pitch.

Protraction and retraction of the swimmeret are monitored by a
sensory receptor known as strand B; this receptor is involved in
a negative feedback reflex with powerstroke motoneurons. Lateral
beating however is monitored by the twisting muscle receptor
(THMR) {Miyan and Neil, 1986). This receptor is involved in a
positive +feedback reflex with muscle 10, one of the main
swimmeret twisting muscles, and it is suggested that this refiex
ensures complete lateral beating in response to roll. However,
tlearly in pitch, the positive feedback does not act to produce
the magnitude of lateral beating observed in roll. The angle of
the halt 1lateral beat is constant, which suggests there is a
Specific degree of excitation to the muscle. Therefore the
effectiveness of input +from the TMR must be reduced either by
efterent control of the TMR itself, or centrally in the
Segmental ganglion.

There is a precise switch between these patterns, with no



intermediate stage, as soon as a few degrees of roll are
introduced into the stimulus tilt . This switch suggests that
weak input from roll interneurons is able to override strong
input from pitch interneurons.

The results of experiments on abdominal posture also provide
new insights into the operation of this system. Instead of
considering a single joint about which flexion and extension
takes place we are dealing with several joints. I+ in a
particular condition the joints assume a particular degree of
flexion and extension we are dealing with spatial patterning.
This raises quesf.ions concerning the neuronal machinery for
achieving the underlying motor output. Other neuronal systems for
producing temporal patterns of motor output (eg locust +light,
cockroach walking) have shown the importance of interaction
between central and peripheral elements. In the abdominal posture
system, these same elements may be involved in producing the
pattern of motor output to the various segments which make up
the overall posture.

Studies on the control of abdominal posture in crustaceans
have 1looked at command fibres for abdominal posture (Evoy and
Kennedy, 1967; Bowerman and Larimer, 1974; Page, 19795) and how
the large numbers of fibres that have been found interact to form
an efficient abdominal positioning system (Jellies and Larimer,
1985, 1984). Many of these studies were performed on isolated
abdominal nervous systems using electrical stimulation. Other
Studies looked at the effect of sensory input into the system.
Recently the +finding that the loss of substrate contact causes
abdominal extension (Larimer and Eggleston, 1971) has been
exploited in experimental situations (Williams and Larimer, 1981;

Takahata and Hisada, 1985). Tactile inputs from swimmerets have
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also been examined (Kotak and Page, 1986). Within the abdomen
jitself there are a range of reflex effects which contribute to
the development of posture. In Nephrops +lexion af the joint
between segments four and five causes a marked flexion of the
telson {(personal observations). Fields {1966) found that
discharge of the tonic (lateral) abdominal muscle receptor nrgan‘
{MRO) produced firing in one of the +five motoneurons supplying
the tonic superficial extensor muscles. This same motoneuron had
a low threshold to tactile stimulation.

We may be able to bring this information together to form an
pverall picture of the operation of the various elements which
make up the abdominal positioning system. Thus statocyst inputs
resulting from head-up or head-down tilt may act as command
signals to trigger particular sub-systems for either +flexion or
extension postures. These sub-systems may generate the specific
segmental motor output required, which may in turn be modulated
where necessary by input from abdominal MRO’s.

The +inding that the angle of tilt in the pitch plane is an
important determinant u.f the posture adopted by the abdomen has
implications for some of the published work on this system. Most
of this work has been carried out on the crayfish Procambarus
clarkii. The normal alert posture of this species is similar to
”ephr‘aps, ie with the cephalo-thorax held head-up (Wine et al,
1974). When Neprrops is held in this position in midwater the
abdomen remains flexed. If the animal is tilted until the
tarapace is level, then the abdomen extends. Page (1975) shows
drawings ogf the postures adopted by Procambarus when’ the
Substrate is removed. An extension of the abdomen is observed.
HDWever, all the drawings show the animal held with the carapace

level. The extension is discussed by Page in terms of an
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increased level of excitation within extension motor centres in

the abdomen caused by the difference in afferent feedback due to

the loss of substrate contact. However, an alternative explanation
is suggested by the experiments described here: maintained

abdominal extension could be due to the expression of statocyst

jnput into the abdominal positioning system (see also chapter 5).
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Fig. 1

Top.

Sketch of Nephrops in normal posture. Note head-up position of

cephalothorax. Chelipeds not shown.

Coordinates were taken at numbered points shown.

Bottom.

Points were plotted and joined. Angle of tilt and the angles of

the various segments were then measured by hand. Further details

in Methods.






Fig. 2

Postures adopted at three postions, head-up, normal (ie slightly
head-up, see Fig. 1) and head-down. Traced from single video

frames of same animal and superimposed.
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Effect of tilt on overall angle of abdomen (as defined in
Methods). Head-up tilt produces flexioni note that at less than

10° head-up the response switches to an extension. Head-down tilt

produces extension.

Diamonds represent the results of tilting after lith removal.
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Fig. 4

a. Angles measured for segments 1/2, 3-6, and telson during

head-down tilt at various angles.

b. Mean (+/-sd.) of above angles for each segment.

(See F‘g‘)
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Fig. 5

a. Angles weasured for segments 1/2, 3I-6, and telson during

-]
head-up tilt at various angles =’10

b. Mean (+/-sd.) of above angles for each segment.
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Fig. &

a. Angles measured for segments 1/2, 3-6, and telson during

head-up tilt at four angles of less than 10°

b. Mean (+/-sd.) of above angles for each segment.
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Fig. 7

a. Mean (+/-sd.) angles for segments 1/2, 3-6 and telson

during head-up tilt. Negative angles denote flexion.

b. Mean (+/-sd.) angles for segments 1/2, 3-6 and telson

during head-down tilt.

€. Mean (+/-sd.) angles for segments 1/2, 3-6 and telson

during head-up tilt at four angles of less than 10 .

d. 7. values calculated on above data.
a. Comparison of head-up and head-down.

b. Comparison of head-down and head-up <10

c. Comparison of head-up <102 with head-up tie a.).

(T

(T)
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Fig. 8
Effect of statolith removal (see also Fig. 3).
a. Effect of tilt 10 head-down.

b. Effect of tilt 36 head-up.
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Fig. 9

Effect of tilt in the pitch plane on swimmerets.

A. Angle of powerstroke during head-down tilt. Note uropod

response f(Newland, 1983). Coordinates were taken at numbered

points shown. Angle of the beat was defined as angle a. {see

Methods).

B. Response to head-up tilt.

C. Response to roll, left side-up.
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Fig. 10

Plot of period (s) against time (s) during side-up tilt of S5,
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Fig. 11

Plots of period against time and composite plot of phase against

time for S3 and S4 in S2 during head-up tilt.

a ¢ 82
b T 83
c T S4

d ! Phase plot.
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Fig. 12

Circular plots of phase data in Fig. 11. S3 and S4 in S2.






Fig. 13

Plots of period against time and composite plot of phase against

time for S3 and S4 in S2 during head-down tilt.

a : S2
b : S3
[ T S4

d : Phase plot.
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Fig. 14

Circular plots of phase data in Fig. 13. S3 and S4 in S2,
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Fig. 15

Mean phase positions of S3 and S4 in S2 during head-up tilt.
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Fig. 16

Mean phase positions of S3 and S4 in S2 during head-down tilt,
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Fig. 17

Mean period times for S2-54 during tilt in the pitch plane. These

figures were obtained using the movement monitaor system (see text

for details).
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Fig. 18

Plots of duration against period +for powerstroke (top) and
returnstroke (bottom) during asymmetric swimmeret beating in

roll. Regression parameters in Fig. 21.
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Fig. 19

Plots of duration against period +for powerstroke (top) and

returnstroke (bottom) during head-up tilt. Regression parameters

in Fig. 21.
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Fig. 20

Plots of duration against period for powerstroke (top) and
returnstroke {bottom) during head-down tilt. Regression

parameters in Fig. 21.
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Fig. 21

Regression parameters for previous figures.
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RETURNSTROKE

a b r
ROLL | -1-60 | 0-53 | 0-80
HU 134 | 0-61 | 0-76
HD 147 | 057 | 0-79




Fig. 22

Summary of efects of tilt on both swimmerets and abdominal

posture.
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Chapter S @

INTERACTIONS BETWEEN SYSTEMS.
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A. Introduction.

The nervous system of any organism has to deal with many types
of interaction. It has to deal with sensory input from many
ditferent systems at the one time. This information has to be
brought together in an organised and controlled manner and
processed. The nervous system also has to deal with sensory
feedback from movements that the organism itself initiates.
Information as to whether the desired movement or action has been
achieved has to be collated and the appropriate alterations in
output produced.

Many éf these interactions occur in the initiation and control
of crustacean equilibrium reactions. As these reactions often
involve appendage movements (eg legs, antennae, swimmerets), they
allow investigation and analysis of underlying neuronal
interactions at a behavioural level. Results obtained using this
experimental approach are reported in this chapter. Of particular
interest were interactions of statocyst—induced responses oOf the
swimmerets and the abdamen with various types of sensory

information provided by the legs.

Three types of interaction involving sensory inputs from the

legs which have effects on other motor systems have been reported

in the literature. Firstly, removal of substrate contact has been

noted to produce alterations in abdominal posture (Larimer and

Eggleston, 1971 Sokolov, 1973; Page, 1975). Substrate contact is

also known to reduce the response of the eyestalks 1in spiny

lobsters to tilt ie statocyst input (Schéne et al, 1978).
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Substrate contact receptors have been reported in the crab,
carcinus maenas (Zill, et al, 1985), and have been implicated in
the switching between the motor programs for walking and swimming
seen when intact animals lose contact with the substrate
{Bevengut et al, 1986). Thus it was of interest to investigate
the effect of substrate contact on the output of various wmotor
systems in Nephrops, particularly those already known to exhibit
statocyst-driven reflexes, e9. the swimmerets.

Secondly, movements of various joints in the legs have been
reported to have particular effects. Imposed joint movements
produce resistance reflexes (Bush, 1962) which are dependent on
artivation of chordotonal organs and act against the imposed
movement of the particular joint. But movements at particular
joints also have effects at other joints in the same leg, and
also in other legs (for review see Page, 1982). Joint mavements
also have effects on other motor systems. Flexion of the MC joint
in Procanbarus clarkii has been shown to have an excitatory
effect on motoneurons sgpplying the postural muscles of the
abdomen (Page and Jones, 1982). However, Neil (1985) has argued
that this effect is a type of "startle" response, and should not

be confused with true proprioceptive reflexes. These reflexes,

particularly those arising ¢rom receptors at the CB joints (CB

chordotonal organs), are involved in antennal reflexes and

compensatory movements of the eyes (eg antennal responses, Barnes

and Neil, 1982; compensatory €Yye movements, Scapini et al, 1978).

There are alsc what might be termed *dynamic” interactions

between the walking legs and the swimmerets. cattaert and Clarac

£
(1984), have shown in Homarus gammarus that the pattern O
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peating in the swimmerets is altered when the animal begins to

walk. Therefore, the discovery of another dynamic pattern of leg
activity in Nephrops (chapter 3), leads to the question as to
whether this activity has any effect on the swimmeret system.
Further interest is added as both the leg cycling and the
asymmetric swimmeret beating are initiated and controlled by the
statocysts.

Thirdly, evidence will also be presented for another type of
interaction. Field studies have shown that NepArops orientates in
a specific manner in a water current with respect to the
direction of water movement {(Newland and Chapman, 1985). These
$ield observations have been comp lemented by laboratory
investigations (Newland, 1985) . Orientation towards water
currents has also been studied in crayfish (Ebina and Wiese,
1984). There are +fields of sensory hairs on various appendages
and on the body of Decapods which detect water movement
{Laverack, 1962; Wiese, 1976). These feed on to large numbers of
interneurons which trigger escape and orientation responses
(Ebina and Wiesechl1984). The guestion then arises as to the role
this system might play in the absence of substrate contact and
how it might interact with the statocyst information in
maintaining and correcting prientation in midwater.

To complement observations of behavioural responses of

Nephrops, some attempt has been made to obtain recordings of

various neuronal elements that may play a role in the responses.
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B. Materials and Methods.

Most of the materials and wmethods employed 1in the work
reported in this chapter have already been described in other
chapters. Responses of intact animals were studied utilising the
system outlined in chapter 3. To examine the effect of substrate
contact on the various responses a footboard was also attached to
the frame, providing support for the animal and allowing it to
adopt a normal posture. The footboard could be fixed and tilted
with the whole assembly so that no relative movement occurred
between the tilt bar, animal and footboard. The footboard could
also be tilted alone, causing levation and depression of the
legs.

Two types of leg/swimmeret interaction were investigated. The
first of these was the interaction between leg cycling and
swimmeret beating. The movement monitor system was used to abtain
information about the timing of leg cycling and swimmeret beating
in the same animal. The phase position of a series of beats from
particular swimmerets was calculated within the cycle of the leg
movements. The method used was jdentical to that outlined in
chapter 3. This was compared with the pattern observed in
walking.

The etfect of reducing the extent of leg cycling was

investigated in two ways. In early experiments, movements of legs

on one or both sides were prevented by wrapping stiff wire around

these legs and attaching the wire to the frame. Leg cycling WwWas

also reduced by selectively blocking particular joints. Movement

at joints was prevented by gluing 2 small balsa wood spar at

particular points. In practice the particular joint being
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examined was blocked in all legs. Thus all the CB joints could be
blocked by securely attaching the spar across the joint itself on
each leg ie at points 1 and 2 in Fig. la. TC movement was
prevented by attaching a spar down the longitudinal axis to each
leg base at point 1 in each segment. It could also be blocked
distally by attaching the spar between the meri of each leg,
slightly proximal to the MC joint (point 3). The animal was
tilted in mid-water and the response of the swimmerets to tilt
noted.

The interaction between leg contact with the substrate and
swimmeret responses to tilt was investigated by tilting the
animal both with and without the footboard. Physical contact was
prevented by fitting small plastic funnels over the ends of the
legs (Fig 1b). These were attached to the propus and did not
impede the PD joint in any way, but prevented any physical
contact between the end of the leg and the substrate. Animals
were then tilted both with and without the footboard in place.

Two other preparations provided electrophysiological data
reported in this chapter. The inverted "head-tilt" preparation
putlined in chapter 2 allowed recording in the ventral
connectives between the last thoracic ganglion and the first
abdominal ganglion tie the Ts-A1 connective) while applying

levation and depression movements to the tegs. This preparation

also allowed a brief investigation to be made of the effects of

stimulation of various mechanosensory hairs by both direct

mechanical stimulation and water movement. The recording

techniques involved in this were gutlined in chapter 2.

Data from the legs and swimmerets wWas recorded and analysed as

described in chapter 3. However the circular plots of the phases

0f swimmeret beats within the leg cycle show @ bimodal pattern of
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distribution. Thus it is not valid to perform simple circular
statistics on this data. However methods are available +or
dealing with such distributions allowing the calculation of
simple statistical parameters.

The method used here assumes that the two clusters of points
are 180 at opposite ends of an axis through the circle
(Batschelet, 1981). The two groups can then be combined to allow
the calculation of the angle of the axis around which the points
are clustered and the spread of the points on either side of it.
Effectively this is the calculation of the circular mean and the
circular standard deviation for this data.

Using this method, the circular wmean and circular standard
deviation of the data shown in Fig. 4 was calculated and the
results depicted in Fig. 5. Note that each circular mean could be
plotted ét two points, one 180° shifted relative to the other.

For clarity however only one is plotted for each set of data.
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C. Results.

i1.Interactions between legs and swimmerets.

1{i). "Dynamic”™ interactions.

Clear evidence was uncovered of a strong correlation between
the cycling activity of the 1legs and the beating of the
swimmerets. Fig. 2 shows plots o©of the phase positions of
swimmeret beats pf swimmerets 2 and 3 (S2 and S3) within the
cycle of movement of the second walking leg (L2), plptted against
time. Circular plots of the data are also shown (Fig 4); the
angle of a particular beat represents its phase position, and the
distance from the centre of the plot its period. 1t should be
noted that the leg cycling response involves the side-down legs,
whereas the cwimmeret response to tilt involves the side-up
swimmerets. Table A shows the mean periods of the movements of
leg and swimmerets.

A comparison of the mean periods shows that the swimmeret
period is approximately 45% that of the leg cycling period. The
periods are O©0.28+/-0.05s and 0.29+/-0.06s #for 82 and s3
respectively, compared with 0.66+/-0.12s for the leg. However the

period times themselves do not explain the relationship between

the beats and the leg cycle.

Fig. 2 suggests that the preferred relationship is that of two

swimmeret beats to each leg cycle. This is emphasised by the

bimndal distribution of points in the circular plots (Fig. 4).

Some of the details of the relationship begin to emerge when the

plots of phase against time (Fig. 2) are compared with those of
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period against time (Fig. 3). At 2, 4, 6 and 8s in Fig. 2 there
are three S2 beats within one leg cycle. Fig. 3 shows that these
points correspond to the slowest of the leg movements which occur
every few cycles. At 10s where there are four swimmeret beats,
there is not only a slow base cycle, but also several swimmeret
beats with very short periods. Just after this point (from 1ils
on})y, the 1leg cycling settles down over five cycles top a steady
period. This is matched in the plots of swimmeret phase by a
segment of exactly two beats to each cycle.

The pattern for the third swimmeret is not as clear. The plot
of period against time for this swimmeret (Fig. 3. §3) shows a
greater degree of variability than that for S2. There is some
evidence to suggest that one of the beats occupies a fairly
constant phase relationship within the base cycle, with the other
showing a high degree of variabilty. The circular plot (Fig. 4.
§3) shows one group of points rather spread out while the other
is well concentrated. Compare this with the plot for S2 which
shows both groups of points well concentrated. At the end of this
set of data, where both the swimmeret and the leg settle into a
more even rhythm, there are two beats within the cycle.

The circular plots (Fig. 4) show this clearly. The period of
the beats remains relatively constant over the whole range of
phase values. For each swimmeret the two phase positions are
approximately 180= apart.

Fig. S shows the circular mean and circular standard deviation

calculated for the two swimmerets. The difference between these

is 92= pr 0.25 phase units.

The 1limited data available for walking (see chapter 3) was

analysed from the point of view of the interaction between

swimmerets and legs. Plots of phase against time are shown in
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Fig. 6, and period against time in Fig. 7. Table B. shows the
mean period times for leg and swimmerets. 1In this case the
beating of 52, S3 and S4 is compared with the cycle of the +fifth
walking leg, ie the one closest to the swimmerets.

The movement of the leg and the beating of the swimmerets is
slower than found in cycling. However the swimmeret periods aré
now only 35% of the leg period, compared with 45% in cycling. The
periods are also less variable with time. The phase plots (Fig.
6) show a drift in the phase positions occupied by the swimmeret
beats in the leg cycle. Over the first few cycles the drift is
relatively slow but from 2s onwards it increases. Examination of
Fig. 7 shows that the period of the beat lengthens in all three
swimmerets while the period of the leg movement remains constant.

Comparing walking and cycling, it becomes clear that there is
coordination between the legs and swimmerets in cycling which is
not present during walking. While there is evidence of phase
"jitter® in the relationship between swimmerets and legs in
cycling, there is some factor or factors which draw the swWwimmeret

beats into particular phase positions.

1¢ii). Effect of prevention of cycling on swimmeret responses to

tilt.

When leg cycling was prevented by wrapping wire round the legs

on each side and the animal was tilted, there was very little

Swimmeret beating and complete absence of asymmetric swimmeret

responcses. When the wire was removed $from one side, the swimmeret

response on both sides was slightly improved, asymmetric beating

occurring during and just after tilt. However, this response was

transient and when the body was held in a tilted position the
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swimmerets ceased to beat within a short space of time. The
response of the unimpeded legs to tilt was also reduced (see Fig.
8).

Removal of the wire from the remaining side restored the
normal tilt responses of legs and swimmerets. This procedure of
binding then freeing the legs was repeated between five and ten
times on several animals, with the same result in each case.

To further investigate these +findings, movements were
prevented at various joints (Fig. 8). Blockage of all the MC
joints tended to reduce the leg cycling response while having
only a small effect on the swimmerets. However, marked reductions
in swimmeret responses were produced by blocking either the TC or
CB joints. When both TC and CB joints were blocked, preventing
leg cycling, swimmeret responses to tilt were abolished. When all
the (B, TC or CB and TC joints were blocked on aone side, the
effect on the swimmerets was a general decrease in activity on
both sides. These effects were completely reversible: when the
joints were unblocked individually there was a gradual return of
the swimmeret response to tilt, until when all the joints were
freed there was a full response.

These results are presented in tabular form in Fig. 8. The
monitor of the effectiveness of the joint blockage was the
strength of swimmeret beating on the side-up during tilt. The
normal response was scored as ten points (see Fig. 9).
1tiii). Effect of substrate contact on swimmeret responses to
tilt,

The animal always stood on the substrate when this was

Provided, irrespective of the angle of the substrate relative to
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the body, or the orientation of the body to gravity. When the
animal was tilted in roll with its legs in contact with the
footboard, there were no asymmetric swimmeret responses. On some
occasions there were bouts of beating, particularly during the
tilt movement, but this appeared to be bilateral beating. The
exact nature of this beating was not determined and it was not
possible to establish whether this was the type of beating seen
in head-down tilt (see chapter 4).

In order to investigate the basis of the effects of substrate
contact, physical contact between the dactyl and the footboard
was prevented by fitting funnels over the ends of the walking
legs (Fig 1b). Animals still sought and maintained "contact®” with
the footboard. Thus although there was no physical contact
between the dactyl tip and the footboard, the Forces generated by
the legs against the footboard remained.

Animals prepared in this way were tilted in roll both with and
without the fngtboard in place (Fig. ©9). In both cases the
responses were identical to those seen in the unoperated animal.
With the footboard in place there was still complete suppression
of the tilt responses. Therefore, inhibition of the tilt
responses did not depend on tactile contact between dactyl tips

and the subistrate. Without the footboard the normal asymmetric

responses occurred.

1(iv). Effect of footboard tilt.

The effect of footboard tilt, ie. imposed levation and

depression movements of the legs, was also examined. No clear

directional response was seen in the swimmerets. During the tilt,

the swimmerets did beat, but beating ceased very guickly. The
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type of beating was difficult to resaolve. Both lateral beats and
straight beating was observed, but no clear pattern of response
emerged.

It was possible to record from the swimmeret muscles during
footboard tilts. Fig. 10 compares the effect of bady and
footboard tilt on the returnstroke muscile myogram. Tilting the
body side-up produced clear rhythmic activity (Fig. 10a). With
footboard tilts of a similar magnitude there was a small amount
of activity on both ramps, but no sustained ar rhythmic activity

{Fig. 10b).
2. Descending leg information.

During the course of these experiments it was possible tao
record .descending leg activity. Three examples are shown in Fig.
11. All of these neurons responded to depression of the legs on
one cide of the body. They were recorded between the thorax and
the first abdominal ganglion, with the connectives below the
first abdominal ganglion cut. Fig. 1la shows two units which only
responded during the movement (note élsn the small unit in 1ilc).
They show a strong response to levation and also an  “of+”
response on depression. In cnntrastﬁn—kg«'wéo shown in Figs.
11b&c are more tonic in their response to levation. The unit in

Fig 11b does not produce an "off" response. Similar units have

previously been recorded in Nephraps which ascended from the

thorax and were recorded in the circumoesophageal connectives

(Priest, 1983; see chapter 2).

3. Dther types of interaction.




3(i). Effect of directed water jets.

One other stimulus was observed to interact with tilt in a
gignificant manner. When an intact animal was held level in
midwater, there was normally no asymmetric activity or
disposition of appendages ie no leg cycling, or asymmetric
swimmeret beating. In practice it was sometimes difficult to find
this position as relatively small tilts from 5° to 10° were
sufficient to produce the whole range of righting responses.
However, with the animal sitting quietly in midwater, asymmetric
responses of swimmerets and legs could be produced by directing
water jets from appropriate angles at the animal. A jet of water
directed from above and in front of the animal down its right
side produced lateral beating in the swimmerets on the right, and
leg cycling from the legs on the left ie the normal right side up
response. If the jet was directed down the midline, noc asymmetric
responses were produced. In this situation there was sometimes a
clear abdominal flexiaon. In cases where no clear response Was
produced by water jets, the general excitability of the animal
was nevertheless increased.

I+ an animal was tilted a few degrees, such that asymmetric
responses began to appear, these could be switched to the
inappropriate side by directing the water jet to the opposite
side as outlined above.

When water jets were directed at animals standing on the

footboard the only effect was a general excitatory one.

3{ii). Responses of sensory hairs to mechanical stimuli and water

movements.
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Of the various sensory receptors which may provide the input
to the above responses, sensory hairs, particdarly those on the
uropods and telson were the most easily studied. Various aspects
of these receptors were investigated.

Fig. 12 shows the responses of interneurons recorded in the
:%unnectives to mechanical stimulation of the uropod. Fig. 12a
shows the response produced by pressing on the right endopodite.
There is & clear increase in the activity of two spontanecusly
active units. A more dramatic effect was produced by pressing
down on the right exopodite. The activity in both units is
inhibited. The activity gradually returned to the resting state
after several seconds. There is some evidence that such stimuli
produce effects in the swimmeret system.

Other interneurons were recorded which received input from the
thick fringe of sensory hairs which is found at the end of the
telson and uropods. 1In Fig. 13 it ran be seen that the strongest
respaonses in these units were produced by gently stroking the
hairs of the endopodites on both sides (Fig. 13akb) with weaker
responses being produced by stroking the exopodites (c&d).
However, these units were relatively insensitive to water
movements, Fig. 14 shows the effect of disturbing the water both
adjacent to the tail (Fig 14a) and the head (Fig. 14b). This does
not produce firing of the larger units which responded to the

direct stimulation. Rather a smaller unit is recuited. This unit

is of a similar size as the smaller unit which can be seen

firing in Fig.13b & c.

Units responding to water movement were recorded usually from

* . - s
the ventrolateral area of both connectives. Other units of this

type are shown in Fig. 15. These units responded best to water

movements on the ipsilateral side of the body. Disturbing the

¥ abdominal
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water adjacent to the tail {Fig 15a) caused the firing of both large
units together. When the water was disturbed near the head {Fig
15b), the large wunit fired, but the smalier unit fired after a
short delay. The smaller unit fired spontaneously, in the absence
of any stimulus, at a relatively low but constant frequency. When
the whole animal was tilted, its firing pattern was disrupted;
While the tilt could not be said to produce a modulation in the
firing pattern, it did have an effect. In fact in other
experiments, "contamination® due to units responding to water

movement rather than tilt, was a major difficulty.
3(iii). Centrally generated rhythms.

In view of the interaction reported above between leg cycling
and swimmeret beating it is of interest to note that rhythmic
activity waslrecnrded in the connectives at the T6-A1 positian.
As cutting the connectives below the recording site had no
effect, this was established as decending activity. Two examples
are shown in Fig 16l The mean periods are very different; 0.4s
for a2 and 1.5s for b. Both of these examples continued for many

minutes with little or no variation. The source of this activity

is unknown.
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P. Piscussion.

The asymmetric leg cycling response has offered important new
opportunities for the study of interactions between different
rhythmic motor systems and also interactions between various
types of sensory feedback. There are clear interactions between
the rhythmic movements of the legs and swimmerets, and also
interactions between sensory information provided by various
receptors in the legs and descending statocyst information.

Coordination between swimmeret beating and walking has been
reported previously (Cattaert and Clarac, 1983). These authors
reported two types of coordinated activity which they labelled
"loose relative®™ and "tight relative®" coordination. The former
occurs when the swimmeret beating is relatively rapid, with
approximately three swimmeret beats to each step of the leg.
Sequences of “*stable preferential phase” were interspersed with
"phase glide”. This is very similar to the pattern observed in
the leg cycling experiments reported above.

The tight relative coordination was only seen during bouts of
Slow leg movement and slow swimmeret beating. In these
circumstances the swimmerets and legs exhibited a 1:1 pattern of
activity, with a 2:1 pattern occasionally being seen.

The period of both the tilt-driven leg cycling and
SWwimmeret beating seen in ANepArops is very stable and there were

no bouts of significantly slower activity observed.
The particular set of walking data presented here showed very

little evidence of coordination between the two systems. This

tould be because it is taken from a relatively short bout of
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walking, and the two motor systems do not have an opportunity to
settle into a coordinated pattern. Hnueyer, ctoordination during
walking does tend to\heweak and only appears in certain conditions
(Cattaert and Clarac, 1983).

The basis of the coordination between the leg cyclng and
swimmeret beating is not yet clear. However two suggestions made
by Cattaert and Clarac (1983) as the basis for the interaction
they demonstrated in walking lobsters may well apply here. They
proposed either an anatomical connection between the two systems
by way of interneurons, or identical sensory inputs perhaps via
the command fibre system. There is reason to believe that both of
these mechanisms are involved in the coordination of swimmeret
beating with leg cycling. Clearly both systems receive input from
statocyst interneurons. Furthermore, it appears from the results
in chapter 3, that this input comes from very similar, perhaps
identical statocyst interneurons. However, it would be difficult
to account for the ongoing coordination by this mechanism alone
as the descending statocyst input has to act on two rhythmic
systems cycling with different periods. Specific sensaory inputs
from the legs may provide another element in the control of the
interaction. A large number of interneurons receiving information
from CB joint receptors have been recorded in the
circumoesophageal connectives in Nephrops (Priest, 1983). Similar

interneurons have been recorded here, but descending into the

abdomen (see also Wiersma and Bush, 1943). These neurons and

others perhaps carrying feedback from the TCMRO, could be

involved in the coordination.

There is also the possibility that specific coordinating

interneurons, such as those which regulate the intersegmental

SWwimmeret rhythm (Paul and Mulloney, 1985), carry information
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from oscillatory circuits in the leg system to swimmeret
oscillators. This possibility is supported by the recordings of
descending rhythmic activity from the abdominal connectives.
Sensory input from the legs to the swimmerets not only has an
important role in coordinating swimmeret beating, but it is also
important in determining whether swimmeret beating will occur at
all. This was a completely unexpected but unambiguous result of
experiments aimed at reducing or preventing leg cycling. The
sensory feedback coming from the cycling legs will originate from
various receptor systems. Most of the movement is levation and
depression at the CB joint, accompanied to a lesser degree by
extension/flexion of the MC joint, and protraction/retraction at
the TC joint (chapter 3). Such movements will produce a wealth of
sensory information. Chordotonal organs such as those at the CB
and MC joints are able to provide informalion concerning direction
and velocity of joint movement, as well as monitor joint position
{(for reviewwse Bushrlaeak1982). In leg cycling, a complication is
that much of the information will be of a phasic nature. Studies
on this type of sensory feedback have involved predominantly the
TCMRO. Reflexes evoked by stretch of the TCMRO are phase
dependent. During activity of the promoter muscle, TCMRO stretch
produces a régistance reflex, but during activity in the remotor
muscle stretch produces an assistance reflex (Sillar and
Skorupski, 1986). Thus the type of reflex produced is dependent
to the on-going

on the relationship of the sensory feedback

rhythmic activity.
Effects of proprioceptive feedback that are dependent on the

Phase of on-going activity have also been demonstrated at the

behavioural level. If the leg of a walking rock lobster is

blocked during the powerstroke movement, stepping of the leg is
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inhibited, the leg exerts force against the block, and stepping
in the other legs is reduced. If the leg is blocked during the
returnstroke movement, stepping continues at reduced amplitude,
very little force is exerted against the block, and the other
legs are hardly affected (Clarac, 1985). Thus sensory feedback
has different effects at different points in the cycle.

The blockage used in the leg cycling experiments was
maintained at all parts of the cycle. However, the effect of the
blockage will be to disrupt phasic sensory feedback. It may be
that the absence of this feedback prevents proper patterning of
the motor output to the legs, and perhaps also abolishes phasic
input from the leg pbscillators to the swimmeret system. Certainly
there is still +feedback from the periphery to the CNS, but it
Wwill no longer be phasic. It may alsoc be that feedback from
systems not normally active, such as those which might detect
stresses on the cuticle due to the wire used to wrap the legs, or
the spars at the joints, actually inhibits swimmeret beating.

The pattern of sensory feedback to the CNS when the animal is
in contact with the substrate will of course be dramatically
different. While the animal is standing gquietly sensory feedback
will be tonic rather than phasic. The experiments with the
funnels have shown that feedback from contact receptors at the
end of the leg is not the basis of contact effects. This finding
Provides an interesting contrast with +findings in the crab

Carcinus maenas where units in the dactyl have been recorded

during locomotion and shown to be capable of monitoring both

external +orces such as those caused by contact, and internally

generated forces generated by muscle contraction (Zill et al,

1985) ., Feedback from these units has been shown to be important

in determining whether the motor programs for walking or swimming
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are employed (Bevengut et al, 19864).

The basis of the substrate contact effect in Nephrops wmay
actually be the detection of load or force at points on the leg
other than the dactyl. Klarner and Barnes (1984) have shown that
in crayfish the cuticular stress detectors (CSD’s) which are
found in the basal part of the leg, can monitor contact of the
leg with the substrate, and forces during the powerstroke of the
leg. If these or similar receptors were responsible for the
observed substrate contact effects, this would explain why
physical contact is not important, but contact in terms of
transmission of load is essential.

An extension of this would be that the procedures used to
block joints or prevent legs from moving may well have simulated
the 1load present on the leg when substrate is present. Against
this is the finding that, when cycling is prevented, swimmeret
beating is abolished, whereas substrate contact only removes the
asymmetric responses of the swimmerets without necessarily
preventing swimmeret beating.

The effects observed by directing water jets at animals
suspended in mid-water also merit further comment. Mechanosensory
hairs so far studied are distributed over much of the dorsal
surfacre of both crayfish and lobsters. The most carefully studied
are the hairs which are found on the rostrolateral region of the
telson of the crayfish. These have a dual innervation and respond
to currents in both rostral and caudal directions (Wiese et al,
1976). 1In Palinurus the hairs on the body lie approximately

Parallel to the rostrocaudal axis, while those on the 1legs lie

Parallel to the longitudinal axis of the segment on which they

are found (Vedel and Clarac, 1976). To produce the responses

observed from both the swimmerets and the legs, information as to
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direction of the water jet must be available. Hairs on the telson
in Procambarus respond maximally to currents along the
longitudinal axis (Wiese et al, 1974). However, the afferents
from hairs on the telson are arranged such that they project to
side specific interneurons, and these are organised such that
they are excited by water movements on their own side and
inhibited by movements on the contralateral side (Wiese et al,
19765 Reichert et al, 1982). Thus interneurons in this system are
already known to extract some directional information from
waterborne stimuli. It may be that these interneurons contribute
to higher order interneurons integrating information from a wider
area of the body surface and feeding the information obtained
into the relevant equilibrium pathways.

Substrate contact clearly interacts with descending statocyst
input. It gates out the statocyst input to the swimmerets, and
also the abdomen. It must also interact with input coming from
the sensory hair fields. The results of the water jet experiments
show that in the absence of substrate contact, inputs from
systems detecting water'currents, almost certainly the sensory
hairs sensitive to water movements, reinforce or even act against
statocyst input to produce the asymmetric responses of the legs
and swimmerets. However, water currents directed at an animal
free to move and in contact with the substrate produce orientaion
to the current (Newland, 1985; Ebina and Wiese, 1984). It would

be of interest to know whether, under these circumstances,

asymmetric responses of the swimmerets and uropods can be

observed. Thus the presence or absence of substrate determines

not only the effectiveness of the statocyst input to various

motor systems, but also the effect of inputs from sensory hairs.
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Table A

Mean (+/-standard deviation) period times for L2 and S2 and S3

during cycling.

Table B

Mean (+/-standard deviation) period times for L2 and S$2,S3kS4

during walking -~



LEG 2 | SWM 2 SwM 3
A 10-66%012|0-28£0-05/029+0-06
B
LEG 5 SWM 2 SWM 3 SwM 4
108£0-31 |0-37£0:08|0-37£0-02 |0-35%0-08




Fig. 1

A. Frontal view of L2, Ppoints 1,2 and 3 show points of attachment

of spars in joint blockage experiments (see text for details).

B. Attachment of funnel to leg such that there is no contact

between the dactyl tip and the substrate.
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Fig. 2

Plots of phase against time for 82 and S3 in L2 during cycling.
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Fig. 3

Plots of period against time for S2 and S3and L2 during cycling.
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Fig. 4

Ciccular plot of data in Fig. 3. Axes, period of beat (s). Angle

represents phase.
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Fig. S5

Mean phase positions of S2 and S3 in L2 during cycling.
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Fig. &

Plots of phase against time for S2-S4 in L2 during walking.
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Fig. 7

Plots of period against time for §2-4 and L2 during walking.
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Fig. 9

Effect of substrate contact on swimmeret responses to tilt in the

roll plane. Full response was scored as ten points (eg as in body

roll alone).

Fig. 8

Effect of joint blockage on swimmeret responses to tilt in the

roll plane. Full response scored as ten points.
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Fig. 10

Comparison of effects of body tilt and footboard tilt on

swimmerets. Myogram of swimmeret muscle activity.

A. Effect of body tilt. Upward deflection in wmovement trace

denotes tilt side-up.

B. Effect of footboard tilt. Upward deflection denotes left side

up.






Fig. 11

Recordings bof descending leg activity. Upward deflection denotes

leg levation.

A. Phasic units.

B. Tonic unit.

C. Tonic unit.

Further description in text.
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Fig. 12

Units responding to mechanical stimulation of

represents pressing on veabeal sorfice £z

A. Right endopodite.

B. Right exopodite.
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Fig. 13

Responses of units to stroking fringe hairs of uropods.
A. Right endopaodite.

B. Left .

C. Right exopodite.

D. Left =
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Fig. 14

Response to water movement. Same recording as in Fig. 13.

A. Water disturbance at tail.

‘B. Water disturbance at head.
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Fig. 15

Response of units to water movement and tilt.

A. Water disturbance at tail.
B. Water disturbance at head.
Cc. Tilt in the pitch plane.

tilt.

(Rwéeé Com T5-4 ce—\—\zc\ﬁoe—s)

Upward deflection denotes head-down
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Fig. 16

Recordings of centrally generated rhythms.

A. Period approx. O.4sec.

B. Period approx. l.5sec.
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Chapter 6 ¢

EFFECT OF TILT ON ABDOMINAL MOTOR OUTPUTS.
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A. Introduction.

The reactions of the abdomen and swimmerets to tilt have
already been described at a behavioural level (chapter 4). It was
shown that certain responses observed to tilt in the pitch plane
are distinct from those in the roll plane. It was suggested that
these systems wmight offer opportunities to study interactions of
various types. The wmost obvious of these is the interaction
between the postural state of the abdomen and the expression of
swimmeret reflexes.

The existence opf interactions between the postural state of
the abdomen and other motor sytems has been known for some time.
Yoshino et al, (1980) noted that uropod steering responses only
occurred when the animal, Procambarus clarkrii in this case, was
actively extending or flexing its abdomen. A similar relationship
also exists in Nepprops (Newland, 1985). It has been suggested
that facilitation <from command interneurons for abdominal

extension is necessary to allow statocyst inputs to reach uropod

motoneurons (Takahata and Hisada, 1985). Interaction between

swimmerets and abdominal posture has received some attention

also. Williams and Larimer (1981) noted in Procambarus that

extension of the abdomen produced by removal of substrate (or a

combination of substrate removal and tilt as argued in chapter 4)

was accompanied by swimmeret beating in 86% of trials. More

recently it has been reported that mechanosensory stimulation of

the swimmerets in AHomarus produces abdominal extension (Kotak and

Page, 1986). Thus an examination of the nature of the interaction

between abdominal posture and swimmerets in Nephraps was

undertaken.
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Recording from both the swimmerets and the motor neurons to
the tonic superficial flexor muscles (SFM's) will reveal whether
the interaction between the two systems is nechanical,ie that the
swimmeret system is suppressed when the abdomen flexes because it
is mechanically impeded, or neuronal. In the first case the motor
activity in the swimmeret system might not be expected to decline.
until after abdominal flexion commences, whereas in the later
case the two effects would be expected to occur simultaneously.

The major factor which governs both abdominal posture and the
expression of swimmeret reflexes, in the absence of substrate
cantact, is input <from the statocyst system (chapter q).
Therefore it is reasonable to hypothesise that under such
conditions the statocysts may also control the interaction.

Another aspect of the interaction is that of a rhythmic system
{(the swimmerets) interacting with a tonic system (the abdomen).
In fact such an interaction occurs within the swimmeret system
itself. As well as a large number of motoneurons which are only
active during beating, there is at least one tonically active
returnstroke motoneuron which continues to fire in the absence of
beating (Miyan, 1982; Neil and Miyan, 1986). This unit merits

detailed study for two reasons. Firstly, in the absence of

beating, it continues to receive input from the statocysts, and

is modulated in its activity in a predictable manner. As such it

acts as a useful monitor of statocyst input in the absence of

beating. Secondly, when beating occurs this unit fires along with

the main returnstroke group, while still exhibiting tonic

characteristics. Thus it is also a monitor of the output of the

swimmeret central pattern generator (CPG) .

Activity may be recorded from both the swimmeret and the SFM

motoneurons using the inverted preparation outlined in chapter 2.
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Furthermore, the use of this particular method allowed the same

type of analysis to be carried out on these motor systems in
relation to tilt around different axes as was performed on the
statocyst interneurons. Such an analysis takes us much further
than the behavioural analysis described in chapter 4. There it
was demonstrated that pitch responses are only expressed in a
narrow region at or near pure pitch. However, the pitch
interneurons discussed in chapter 2 carry information outwith
this narrrow band. By recording from the motor systems themselves
it should be possible to throw further 1light on this apparent
discrepancy.

Much is known already about the anatomy of both the swimmerets
(for Homarus see Davis, 19685 Nepkhrops see Miyan, 1982) and the
SFM’s (for Procambarus see Wine et al, 19745 +for Homarus see
Thompson and Page, 1982). For completeness the central anatomy of

these two systems in Nephrops has also been briefly investigated

here.
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B. Materials and methods.

The preparation used was the same as that described in the
Methods for chapterl(am@.Only the dissection will be described
here.

The abdominal nervous system of Nephrops consists of a chain
of six segmental ganglia. The paired inter-ganglionic connectives
run within a common outer sheath just beneath ie dorsal to the
ventral membrane. The 9anglion in each segment 1lies in the
midline beneath or slightly anterior to the sternal rib. The
ganglionic root innervating the swimmeret muscles, ie root 1,
runs along the surface of the abdominal musculature just below
the rib (see Fig. 2). Therefore to obtain access to the root the
rib had to be removed. In early experiments the rib was removed
along its whaole length. However as attention focussed on the more
distal branches,'the bulk of the rib was left intact. Instead

both the swimmeret itself and the cuticle at its base were

removed revealing the nerve branches to both power- and

returnstroke muscles.

Access to the motor supply of the SFM's, the superficial

branch of root 3 (3s), was obtained by removing the ventral

membrane +from between two sternal ribs. No other dissection was

necessary.

In most preparations only one of the motor systems was

examined. In some cases however, simultaneous recordings were

made from both root 1 and root 3s.

To reveal the central anatomy of the motoneurones supplying

the two systems, the cut motor axons were backfilled with cobalt

chloride. The branch to be f§illed was carefully cleaned of
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surrounding tissue and any blood that had collected. A small
piece of Parafilm was place under it, and a pool constructed by
applying a Vaseline/paraffin o0il mixture $rom a syringe. Two
viscosities of Vaseline were used; one to actually construct the
pool tapproximately 50:50 Vaseline/paraffin oil) and the other to
run down the outside of the pool to seal it (approximately 20:80
Vaseline paraffin pil). A solution of 100mM CoCl was then placed
in the pool. The pool was sealed and left in a refrigerator,
usually overnight although some were left for as 1long as 42
hours. The protocol used to develop the backfill is shown in
table 1. The preparations were examined before being mounted in
thick aluminium slides using the mounting medium "Histomount®" for

storage and photography.
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€. Results.

The general anatomy of the abdominal ganglionic roots is shown
in Figs §| and 2. The swimmeret motor axons leave the ganglion by
root 1, and the wmotor axons to the SFM's by the superficial
branch of root 3 (3s). All three ganglionic roots are clearly
visible when viewed from the ventral surface. While two divisions
of root 1 are visible a short distance +rom the ganglion,
particularly when the root is flattened against underlying
structures, they run together as +far as the base of the
swimmeret. Only at this point are clearly separate branches
visible (Fig 2). Hence removal of the swimmeret and the distal
portions of the rib was sufficient to gain access to the branches
of interest. A numbering system was adopted to aid in the
identitication of various branches. A note was made of the
position at which various types of activity was recorded using
this system. 0f the two main divisions, the anterior branch
supplies the returnstroke muscles and the posterior branch the
powerstroke muscles; these were called branches a and p
respectively (fig 2). Branch a2 curves to follow the powerstroke

branch at the base of the swimmeret, while branch al continues in

a more anterior and dorsal course and gives rise to finer

branches supplying various returnstroke muscles. Branch al22

tontinues laterally towards the abdominal wall.

1. Central swimmeret anatomy.

Backfills of the whole of root 1 show two features of

interest. Two distinct groups of cell bodies can be seen which
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lie ventro-laterally in the ganglion (Fig 3 but see also Fig 5).

0f the two the posterior group is more closely packed while the
anterior group seems more spread. The other feature of interest
is that two fibre tracts curve round to the dorsal region of the
ganglion. When the anterior branch ta is backfilled, only the
anterior group of cell bodies can be seen, in addition to the
anterior fibre tract (fig 35). Axons can be seen running
anteriorly +from the region of the anterior fibre tract (fig &).
At a higher magnification it appears that there are several,
possibly as wmany as four, axons running together. In some
specimens there is a separate projection, also running
aﬁteriorly, but along a path that is ventral to that of the other

tibres (fig. 7).

2. Swimmeret motor activity.

2.1{i) Rhythmic responses.

Beating of the swimmerets is produced by alternating bursts of
activity in power- and returnstoke motoneurons. Spontaneous
bursting, ie rhythmic activity, of this type was recorded in some
active preparations from branches 1a and 1p in the absence of any
stimulus. Such spontaneous activity is shown in Fig. 8A. This
activity was recorded from branches 3Ria (Fig. 8Al1l) and 3Rlp

(Fig. 8A2). When the electrode is attached medially to branch la,

tonic activity is usually present in the form of one unit which

is smaller than the units involved in the bursts (Fig. 8Al). The

tonic unit in the returnstroke group becomes rhythmic when

Spontaneous beating occurs (Fig. 8b and c).

1t has been shown that tilt is a very effective way to induce
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beating in the swimmeret system (Miyan, 1982). When the
preparation was tilted head-down the swimmeret tonic returnstroke
motoneuron fired rhythmically; when tilted head-up the tonic
pattern was exhibited (Fig. 9). This activity was recorded from a
distal branch (3R1al2) and hence the spike amplitude of the the
tonic unit is increased relative to the other units. The rhythmi:.
bursts of the tonic unit are not as tightly coupled as that of the
more phasic units.

When histograms are constructed for this response in pitch, a
clear pattern emerges. Rhythmic activity only occurs in one part
of the cycle, at head-down (Fig. 10a). For comparison a histogram
constructed +from rhythmic activity recorded in the powerstroke
branch is also shown. In this case the stimulus for beating was
provided by side-up roll (Fig. 10b). The appearance of distinct
peaks in both histograms demonstrates that the bursts which make
up the rhythmic activity occur at the same points within each
cycle. This has implications for our view on the effect of tilt

on the CPG for the swimmeret system (see Discussion).

2.t{ii) Tonic responses to tilt.

The tonic swimmeret returnstroke unit is aof particular

interest as it continues to receive input from the statocysts in

the absence of beating. Therefore the tonic response of this

unit to tilt was investigated. The most noticeable response is an

increase in activity due to head-down tilt. On some occasions

side-up tilt also produced a tonic increase in activity.

The effect of tilt in the pitch plane at different velocities

was investigated. The result of one such series of tests is shown

in Fig. 11. and the histograms constructed from the data in Fig.
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12, The amplitude of tilt was the same in each test. At the
highest velocity (20 ©/g) the first head-down ramp caused
several beats. This effect was less pronounced or absent in the
subsequent cycles at the same velocity. The response consisted of
four main components: a phasic peak on the head-down ramp, a
decline to a tonic level of firing, a smaller phasic peak on the
head-up ramp, a tonic level on the head-up plateau lower than
that seen during the head-down plateau. In each case, and in
other tests of the same type, the tonic level of firing on the
head-down plateau was higher than that on head-up. However as the
examples in Figs. 11i&12 demonstrate, the velocity of tilt clearly
has a bearing on the tonic level as well as the height of the
pealt at the beginning and end of the response. Over a number of
cycles the activity in the unit tends to decrease. 1In other
recordings this decrease continued until the activity was
confined to a response to the movement.

Bilateral recordings of tonic returnstroke activity were made
$rom branches 1al on both sides of the third abdominal ganglion.
Spontaneous beating in these recordings pccurred in synchrony
demonstrating the bilateral symmetry of the system under these

conditions (Fig 13a). Head-down tilt in the pitch plane, which

did not induce beating, did produce an equal increase in the

tonic level of firing on both sides {Fig. 13b). When held in a

head-down position, the firing continued at a high level with no

modulation (Fig. 13c).

The effect of tilting this preparation in different planes was

investigated and the results are shown in Figs. 14 and 15. The

recording from the right side is clearest throughout the various

tests (top trace). Comparison of Fig. 14a with 14b shows that the

response on the right side is no longer concentrated in one part

-117-



of the cycle. Rather it has both spread over a wider area, and
its mean phase position has moved (Fig. i1Sb top histogram). On
the 1left side the response is complicated by the appearance of
weak rhythmic activity. It is significant that this appears in a
particular part of the cycle where the effects of head-down pitch
and side-up roll might be expected to combine. On the left side
there is no shift in the phase position of the response. Thus at
the +first intermediate position the tonic response in the twe
roots is now in antiphase.

Side-up roll produces beating in active preparations and a
tonic increase in activity in more inactive preparations. Thus
response to roll seen in the bilateral recording is what might be
expected. The activity on both sides is increased on side-up
(Fig. 14c and 1S5c). The response is less clear on the left side, but
the histogram shows a concentration of activity in antiphase to
that seen on the right.

The phase pusftion of the response on the right side remains
unchanged through the remaining planes of tilt. Comparing the
response in roll (Fig. 15c) with the response in the intermediate

plane of tilt (Fig 15d) the activity is increased. On the left

side the response i§ spread, although the phase position remains

substantially unaltered. However between here and the last test

there is a phase shift such that the two sides show bilateral

symmetry in the last test.

The phase position of the response for each side was plotted

against the angle of the plane of tilt with respect to yaw. The

result is shown in Fig. 24 and discussed later.

All modulation seen during tilt was abolished by cutting the

tonnectives anterior to the recording site.
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3. Central anatomy of motor axons to SFM’s.

The other motor system that was investigated in these
experiments was the superficial flexor muscles (SFM's). The
bilaterally symmetrical motor roots to these muscles leave the
abdominal connectives by way of the superficial branch of the
third root (3s). Cobalt chloride backfills revealed five axons
which travelled anteriorly to the ganglion of that segment, and
one axon which travelled posteriorly. The anterior-going axons
travelled in the dorsal region of the ipsilateral connective and
gave rise to five cell bodies in the ventral region of the
ganglion (fig. 148). The cell body of the axon that projects
posteriorly was observed to be located in the anterior region of
the next posterior ganglion. This corresponds well with the
homologous system in both Procambarus (Wine et al, 1974) and

Homarus americanus (Thompson and Page, 1982).

4. SFM motor activity.

Spontaneous activity in the superficial branch of the third
root (3s) usually consisted of one to three units. However, of

these the smallest unit fired throughout experiments, whereas the

others tended to drop out. Up to four units were recorded on any

one opccasion {Fig. 17). Unit a. was usually present, and this

unit responded to tilt as described below. Firing in the other

units in this recording, labelled b to d on the basis of spike

amplitude, could be elicited by mechanosmsory stimulation.

The motoneurons in this system are conventionally labelled #£1

to 6. However, it has been shown that f6 activity in Homarus is

difficult to obtain by natural stimulation and that 1 and +2
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spikes usually have very similar amplitudes (Thompson and Page,
1982). Thus if the unit labelled a in Fig. 17 represents either
+1 of £2, and f6 is assumed not to be firing, it is reasonable to
assume that b represents 3, c ¥4, and d #3. Thus d must also be
the peripheral inhibitor. Further evidence for the identification
of the peripheral inhibitor will be presented below. |

The smallest of the SFM units responded to head-up tilt (Fig.
18). During the +first series of tilts in pitch two other units
responded; the largest unit fired with the small unit, ie to
head-up tilt, while the other unit of intermediate spike
amplitude fired in antiphase to the small unit,ie it responded to
head-down tilt.

The response of the small unit was recorded during tilt in
different planes (Fig 18). The mpodulation in the activity due to
tilt clearly decreases as the plane of tilt moves away from pitch
until, when tilted in the roll plane, there is a tonic level of
firing but not modulation. As the unit continues to fire during
roll as it does in the absence of any kind of tilt, the reduction
in activity seen during.head—dawn tilt may be due to inhibition.

Fig. 19 shows the histograms construcrted from this data. Also

shown are the histograms constructed from activity recorded at

planes opf tilt intermediate to those shown in Fig. 18. These

demonstrate that the modulation in activity is present well away

from pure pitch and that the switch in the phase of the response

occurs at or near roll.

The activities of both the motor axons to the SFM’s and the

orded
tonic swimmeret returnstroke  motoneuron were rec

simultaneocusly to confirm similarities and reveal differences in

i i d th
their respective responses. This data is shown 1n Fig. 20 an e

ig. 20 the to
histograms constructed from it in Fig. 21. In Fig p
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trace (labelled 1) is the activity recorded from branch 3R1at,
and the bottom trace (labelled 2) is the activity recorded from
3R3s.

It is clear that both the tonic swimmeret returnstroke
motoneuron and the larger SFM unit in the recording from branch
3R3s respond to head-down tilt. This provides +further evidence
that the larger SFM unit is in fact the peripheral inhibitor, as
during head-down an abdominal extension is normally observed.
Careful examination of the rest of the activity in the lower
trace suggests that there may be two units responding to head-up
tilt. As the function of this activily is to produce flexion of
the abdomen in response to head-up tilt, this will be treated as
one entity ie +flexion activity. The histograms in Fig. 21(2)
represent the combined activity of these twp units.

There is a high degree of synchrony in the response of the
tonic swimmeret returnstroke and flexor inhibitor wunits to
head-up tilt, although careful examination shows that the
relationship is not one-to-one. At the slower velocities where
influences other than tilt may begin to have effects, increase in
the discharge of the tonic returnstroke motoneuron is accompanied

by an increase in the flexor inhibitor, eg Fig. 20e. Both  units

fire together, possibly stimulated by an accidental tactile

stimulus.
The discharge patterns of all three types of activity are best

at the higher tilt velocities. Both the tonic returnstoke

motoneuron and the flexor inhibitor show "off® responses while

the flexor excitatory motoneurons shows no such response. Of the

two types of activity recorded from branch 3R3s, the flexor

motoneurons maintained a high level of activity at all velocities

the response is reduced at Ilower

although the clarity of
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velocities. The inhibitor activity decreased at the lower
velocities. The activity of the tonic returnstroke motoneuron
also decreased at the lower velocities although a tonic level of
activity was always maintained. The response in the tonic
swimmeret returnstroke motoneuron disappears at velocities below
2.5° (Fig. 2lel) while the SFM motoneuron responds at the
lowest velpcities.

As noted above, modulation of tonic activity by tilt was
abolished by cutting the connectives anterior to the recording

site. However, tonic activity continued at both recording sites.
5. Interactions between systems.

To further investigate the basis of the interaction noted
above the motor roots involved were stimulated electrically. The
stimulus was sufficient to produce contraction in flexor muscle
fibres. No respn&se was seen in the activity of the tonic
returnstroke unit to stimulation of 3R3s, and there was no

response recorded in 3R3s to stimulation of 3R1al.

The legs were manually stimulated either by pinching or by

levating and depressing them about the CB joint. The clearest

effects were general in character, taking the form of a rise in

the tonic level of activity. In the case of the swimmeret

motoneurons, stimulation of the legs was sometimes sufficient to

produce phasic activity.

Fig. 22 shows the effect of pinching the dactyls of contruo- and

ipsilateral L2. In Fig. 22a the contralateral leg with respect to

the side being recorded was used; in 22b the ipsilateral leg is

stimulated. The stimulus causes a rise in the tonic activity in

both the tonic swimmeret returnstroke unit (3Rial large unit) and
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the SFM wunit (3R3s small unit). The activity rises in both
systems simultaneously. Other SFM units are recruited in response
to the stimulus. In another recording of SFM moto neuron response
to leg stimulation (Fig. 23), three units are recruited. However,
the smallest unit (which responds to tilt) shows the clearest

response, firing at a high frequency for a considerable period.
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p. Discussion.

The results reported in this chapter have implications for
various types of systems. The patterns of activity demonstrated
by the swimmeret system must be compared and contrasted with
other information on the &ame system in the literature
{particularly that of Miyan, 1982); and also with ideas
concerning other rhythmic systems (eg FPearson, 1985}, The
a;tivit)r manifested by the tonic superficial flexor system must
aleso be borne in mind particularly as there is & very Cclose

relationship between the two systems both behaviourally (Williams
and Larimer, 1981) and neuronally (Kotak and Page, 1986).

There are basic differences between the action of the

swimmeret muscles and abdominal flexor muscles. _Behavinurly the

SFM's  are only active in pitch where their line of action, which

lies along the longitudinal axis of the animal, coincides with

the plane of tilt. Outside of this plane they serve no clear

function, and as the results reported above indicate, they cease

to be modulated by tilt. This reflects the input they receive

from descending statocyst interneurons. In chapter 2 it was shawn

. . . ith
that pitch interneurons continue to provide information outwil

t
the pitch plane. Fig. 18 demaonstrates that the motor output to

y tilt outwith the pitch

the SFM's continues to be modulated b

i . SFM’s
Plane, but is not modulated by tilt in the roll plane. The

i terneurons
may therefore receive input from only the pitch in

already described in chapter 2.

i pilaterally
The outputs of both motor systems are anatomically

or axons to the

ot
Symmetrical. The motor output pattern of the m
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SFM’s on both sides of the midline would be expected to be
symmetrical at all angles of tilt. The tonic output of the
swimmeret system is clearly not bilterally symmetrical under all
conditions. As with the motor output to the SFM’s, the tonic
response of the swimmerets to tilt in one direction in the pitch
plane is symmetrical, while in roll the side-up fires while the
side down is silent. At intermediate planes of tilt two aspects
of the response are of interest; one is where the phase shifts in
activity take place, the other is the way the nature of the
activity changes whithin the cycle of movement.

The activity of the swimmerets in the roll plane is probably
initiated by statocyst interneurons carrying information about
tilt in the roll plane. Such interneurons have been recorded in
Procambarus and are implicated in uropod steering (Takahata et
al, 1985). Thus in aécnunting for the bilateral pattern of tonic
activity there are now two routes by which excitatory inputs
reach the swimmeret system; both derive from the statocysts, but
this does not necessarily mean that their effects will always be

congruent. 1In fact the results presented in this chapter suggest

that when both effects are combined they add together to provide

a greater degree of excitation to the swimmeret system than would

otherwise be the case. When they occur at different points they

can be seen separately. It may be that in the intact animal

either effect separately is sufficient to produce beating in the

SWimmeret system whereas in a dissected and fixed preparation

their combined effects are necessary to produce beating.

The phase shifts exhibited by the two motor systems are very

different. This again may be the effect of two types of statocyst

pattern seen in the swimmeret

input combining to produce the

i i ’ (Fig 24).
system, whereas Dnly one type of lnput drives the SFM’s g9 ‘F
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Whereas the phase shift in the SFM motoneuron occurs about roll,
in the swimmeret system it occurs at or about pitch. While the
pattern exhibited by the SFM motoneuron is consistent with the
hypothesis of it being driven by pitch interneurons, these
interneurons alone could not produce the pattern seen in either
of the plots for the tonic swimmeret returnstroke motoneurans
(see also chapter 7).

We are now in a position to comment on the interaction between
the swimmeret system and the abdominal posture system in
Nephrops. The close connection between the responses of the
swimmeret tonic returnstroke motoneuron and the SFM peripheral
inhibitor suggest that there are neuronal connections between the
two systems. The electrical stimulation experiments show that
this is probably not in the form of collaterals from one set of
motoneurons synapsing on the other set and vice versa. However
one possibility is that the interaction occurs at the level of
separate pools of premotor local interneurons which separately
receive statocyst input, as well as input from other systems such

as the legs. Such local interneurons are knawn to exist in the

SWimmeret system (Paul and Mulloney, 1985) and are also of

importance in the uropod steering system (Nagayama et al, 1984).

The <functional significance of the responses discussed is not

yet clear. It is probable that the responses of the abdomen to

tilt should be seen within the context of control of mid-water

equilibrium (see chapter 4). Alterations of abdominal posture

could have two important effects. Firstly, abdominal posture will

affect the flow of water around the body and thus itself promote

righting and control of equilibrium. Secondly however abdominal

Posture will interact with the effectiveness of other systems

ie i ts and
Which have a role within this context ie the swimmere
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uropods.

The significance of the tonic swimmeret returnstroke activity
again is not clear. Tonic activity of the returnstroke muscles
would serve to hold the swimmeret in a protracted position
against the ventral surface of the abdomen. Behavioural
observations of such effects have been reported (Miyan, 1982)..
While this may affect righting and equilibrium, such a
contribution would be expected to be small.

The +finding that tilt is a major factor in the production of
abdominal posture also has wide implications, as has already been
discussed (chapter 4). The findings in this chapter complement
those already discussed and extend them. Various factors emerge
from the motor records which were unclear from the behavioural
studies. The records suggest that in pitch the motor activity
recorded from motoneurons supplying the superficial tonic flexors
does not begin until later in the imposed head-up tilts than, for
example, the tonic swimmeret motor activity occurs in the
head-down tilts. The timecourse of the behavioural response was
not studied. However ih some cases it was clear that in the case
of both head-up and head-down tilt abdominal movement continued
to a final position after the end of the imposed tilt.

The peripheral inhibitor, present in some of the traces, which

fires in an opposite manner to the small unit in the flexor

recordings and in the same manner os the tonic returnstroke unit

is of particular interest. Abdominal posture is the product of

two systems, only one of which has been looked & in these

éxperiments, ie the SFM’s and the slow extensor muscles (SEM’s) .

. . th
The implication of the results reported in this chapter and those

ivi i hese muscles too is
ot chopter 4, is that the activity in the

d i
modulated in the pitch plane by tilt. However, as they respond in
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the opposite manner to the SFM’s, the flexor inhibitor may serve
as being representative of the SEM activity.

As was shown in chapter 4, in considering abdominal posture,
we are considering a patterned movement; it is a pattern in space
as much as in time. Each of the jointed segments assumes, in a
given condition, a particular state of flexion/extension with
respect to its neighbours. The motor activity recorded in these
experiments has to be regarded as only a preliminary step, as it
constitutes a “"snap-shot®™ of the overall pattern. It is of
interest that the wmotor activity in the <fourth segment is
slightly delayed relative to the tilt. Of further interest is the
timing of the output in other segments during similar tilts.

There is another element in the control of abdominal posture
that has not been studied in these experiments. Each abdominal
segment posseses a pair of muscle receptor organs (MRO’s). One of
these, the lateral or tonic MRO, has a high sensitivity to
stretch and a low rate of adaplation. It responds readily to

abdominal movements produced by the SEM's and SFM’s (Fields,

1966). This receptor is known to be involved in the reflex

control of abdominal posture (for review see Page, 1982). However

the preparation used to study SFM motoneuron responses to tilt

was fixed, therefore reflex effects were not seen. However the

existence of such a sensory system would allow the production of

meaningful patterns of motor output to the abdomen, which could

be monitored and controlled.

Two types of neuronal element are included in theoretical

models of many motor and equilibrium systems. One is the command

inﬁerneurun, and the other is the central pattern generator. For

various reasons, the orthodox understanding of what these terms

mean has come under attack recently (for review see Davis, 1985,
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and Pearson, 1983). The reasons for this will be dealt with in
more detail in chapter 7. However, the results described in this
chapter, for both systems, have implications for ideas concerning
these elements.

The tonic swimmeret returnstroke unit is both tonically
modulated by statocyst input in the absence of beating, and is
affected by rhythmic output +rom the swimmeret oscillator
circuitry which itself is affected by the same statocyst input.
It has been suggested that this unit is isolated from the output
of the oscillator. However, Figs. 8,9&10 suggest a clear if
variable invnlvement.‘ What is also clear is that the
effectiveness of the rhythmic drive onto this particular
motoneuron is not as great as for the other motor units in the
system. This is manifested as a low intra-burst frequency and
small inter-burst interval. The spikes of the aother wmotoneurons
are clopsely packed in the bursts with a relatively longer
inter-burst interval. The response of the tonic unit is, however,
somewhat variable, both from preparation to preparation, and

within one preparation throughout the experiment.

The tonic modulation of the unit is less variable, and acts as

a monitor of decending statocyst input into the system. Thus in

the absence of rhythmic activity statocyst information is still

available to the motor system. This finding clearly has

implications for the central pattern generator (CPG) for this

system. When there is no rhythmic output, the CPG is either not

operating, or is operating but is disconnected at a premotor

level from the output of the system. In this case, a parallel

Pathway must exist by which statocyst information bypasses the

CPG to reach the tonic motoneuron (Neil and Miyan, 1986) .

However, tilt not only initiates beating, but must reset the
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CPG. To produce the type of histograms illustrated in Fig. 1o the
rhythmic activity has to start at the same point and proceed with
the same frequency during each cycle, otherwise clear peaks would
not occur. The set of data obtained by Neil and Miyan (1986) in
roll over a wider range of stimulus frequencies than emplayed
here shows the same effects. Therefore, statocyst input into the
swimmeret CPG must both gate and reset the rhythm of the CPG and
couple it to the motoneurons, or switch on the CPG itsel+.

In intracellular studies of neurons in rhythmic systems one of
the criteria used to determine if a particular neuron is part of
the CPG is to establish whether it is capable of resetting the
rhythm of the motor output. On this basis, if the first of the
options presented above is accepted then descending statocyst
input, perhaps even particular statocyst interneurons, must be

firmly included as part of the CPG.

I+ the second of the options presented above is preferred then

the statocyst input is clearly acting as the command signal for

beating. The interneumons carrying the information must therefore

be described as command interneurons or elements. Furthermore, in

the control of abdominal posture, another area dominated by

command fibre concepts, the statocyst input clearly has a command

function. Head-up pitch interneurons act as command iterneurons

for abdominal flexion, and head-down internejons act as command

interneurons for abdominal extension.

These conclusions demonstrate a problem that is also emerging

in other areas of interest to invertebrate neurobiology.

Regardiess of which of the above schemes is shown to be the case

by +turther study, distinctions between cells are beginning to

break down. Therefore the idea of the CPG as a distinct group of

. . . 1 d
cells within an abdominal hemiganglion 1S properly being replace
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by the concept of a large number of cells having a role in the
determination of the pattern of motor output. There is clear
evidence that hemiganglionic centres operate in the crayfish
swimmeret system (Paul and Mulloney, 1985). But it is also
clearly accepted that each centre is influenced by inputs both
from the contralateral hemicentre and extra-segmental centres.

Thus the suggestion that descending statocyst interneurons act

not simply as an input to a major determinant of the

pattern of motor oputput in the swWwimmeret system fits into the

currently accepted concept of pattern generation.

Part of the difficuity concerni assigning certain functions
to particular parts of the system is that each pa;t may be
responsible for or involved in more than one function. These
invoblvements may be obscured rather than revealed by the use of
isolated preparations. Throughout these experiments an almost
intact preparation has been used, and more importantly, the
stimulus emplnyedAhaS been a physiological stimulus shown at a
behaviogal 1level to have effetts consistent with those described
here. Thus it may be that in/this preparation, the interneurons

carrying information from the statocysts act both as sensory

interneurons and command interneurons. The precise function

aSSignEd to them may depend on the context within which they are

viewed. Thus, within the context of a consideration of the

Swimmeret system they act as command interneurons, whereas within

the context of tonic reactions of the uropods they convey

directional information but are dependant on the command signal

of another system (that for abdominal extension) for the

infaormation they carry to be expressed (see Takahata and Hisada,

1985) .,
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Table 1.

A. Protocol for development of CoCl backfills (see text $or

details).



A. Protocol for Developing Cobalt Chloride Backfills,

Remove tissue and pin out in "Sylgard® lined dish.

1.Add fresh saline + 2-3 drops conc. ammonium sulphide (10 mins-1
hour).

2.Wash in fresh saline (3x5 mins).

3.Fix in acetic alcochol (10 mins).

4,.95% alcohol (10 mins).

5.70% alcohol (10 mins).

6.2% sodium tungstate soln. (10-30 mins).

7.Intensification soln. (see below). Remove after 10 mins. or on
appearance of non-specific deposition of silver.

8.Wash in distilled water (3x5 mins).

9. 0.1M spdium hydroxide. Remove once tissue cleared ar after 5
mins.

10.Wash in distilled water (3x5 mins).

11.30% alcohol (10 mins).

12.50% alcohol (10 mins).

13.70% alcohol (10 mins).

14.100% alcohol (10 mins).

15.100% alcohol (10 mins).

16.Clear in *Histoclear"®, mount in thick slides using

*Histomount®.



Table 1.

B. Intensification solution (see A.).




B. Intensification Solution.

Soln. A.

Distilled water ......... 355m1
1% Triton X 100 ......... 15m1
Sodium acetate ......... 1.5g

Acetic acid (Glacial) ... 30m1

Silver nitrate .......... 0.5g9

{Keep refridgerated)

Socln. B.

5% Sadium tungstate.

Soln. C.

0.25% ascorbic acid. (Must be freshly made)

These solutions are mixed in the following prnprt?uns 8A:B:C.

(Technique modified from Davis, 1982)



Fig. 1

General anatomy of an abdominal ganglion showing the ganglionic

roots. Root 1 is the motor supply to the swimmeret system and

root 3s the motor supply to the tonic superficial flexor muscles

(SFM’s).
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Fig. 2

Top.

Relationship between the ganglion, root 1 and gross external

structures such as the sternal rib and base of the swimmeret (B).

Bottom.

Division of root 1 into finer branches at base of the swimmeret

(B). Explanation in text.
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Fig. 3

Backfill of whole of root 1. Detailed description in text.

Fig. 4

Camera lucida drawing of above.
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Fig. S

Backfill of anterior branch, branch a. Detailed description in

text.






Fig. 6

Dorsal projections from swimmeret motoneurons.

Fig. 7

e

Ventral projections from swimmeret motoneurons.






Fig. 8

A. Spontaneous activity recorded from root 1 on the right side of
the third abdominal ganglion. (Rewrded CM-PV“SS“"Q

Al : Recording from 3Rla.

A2 ! Recording from 3Rip. (See Fig. 2)

. Arrows indicate activity in the tonic returnstroke unit,.

B&C. Magnification of returnstroke (3Rla) recording.
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Fig. 9

AXB. Effect of tilt in the pitch plane on activity of tonic

returnstroke unit.

Upward deflection denotes tilt head-up.

C. Same record, faster sweep speed.






Fig. 10

A. Histogram of activity in tonic returnstroke unit constructed

aver ten cycles during tilt in the pitch plane. Upward detlecton

denotes head-up.

B. Histoéram of powerstroke activity constructed over ten cycles

during tilt in the roll plane. Upward deflecton denotes side-up.

Detailed description of both histograms in text.
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Fig. 11

Effect of tilt in the pitch plane at different velocities on

tonic returnstraoke unit.
Velocities :

a. 20° /s.

b. 10° /s.

c. 5° /s.

d. 3°/s.

Upward deflection denotes tilt head-up.
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Fig. 12

Histograms constructed from data in Fig. 11. Data collected over

ten cycles. Velocities as shown.

Upward deflection denotes tilt head-up.
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Fig. 13

Bilateral recording (from branch 1lal on both sides) of tonic

returnstroke activity. Top trace ! right side.

a. Spontanepus activity.

b. Response to tilt in the pitch plane. NB. Upward deflection

denotes head-down tilt.

C. Response to being held head-down at the end of series of

tilts.
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Fig. 14

Bilateral recording of response of tonic returnstroke motoneuron

to tilt in different planes. Top trace : right side.

A. 270° (Pitch; see chapter 2, Fig. 1) Upwadd deffechion : head down
B. 315=

C. 0° (Roll). Upward deflection denotes left side up.

D. 45=

E. 90° (Pitch). Upward defleRan : haad vp






Fig. 15

Histograms constructed from the data shown in Fig. 14, collected

over ten cycles. Top histogram : right side.

a. 270° (Pitch; see chapter 2, Fig. 1)

b. 315=
c. 0° (Roll).
d. 45=° , .

e. 90 (Pitch).






Fig. 16

Cobalt backfill of motor supply to SFM's. Detailed description in

text.






Fig. 17

Spontaneous activity recorded from 3R3s.

a. f1/+%2

b. €3

c. ¥4

Explanation in text.
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Fig. 18

Response af SFM units to tilt in different planes.

a. 270 (Pitch; see chapter 2, Fig. 1). Upward deflection denotes

head-dawn.

b. 315°

c. 0° (Roll).
d. 45= .,

e. 90 (Pitch).
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Fig. 19

Histograms of data in Fig. 18 and two other intermediate angles.

a. 280 (Pitch; see chapter 2, Fig. 1)
b. 305°

c. 315

d. 0° (Roll).

e. 45° .,

f. &0=

g. 90= (Pitch).
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Fig. 20

Simultaneous recording of activity of tonic returnstroke unit,
(3R1al, 1) and SFM activity (3R3s, 2) during tilt in the pitch
plane over a range of velocities.

NB. Upward deflection denotes head-down.

a. 15° /s.
b. 10° /s.
c. 5.0° /s
d. 2.5° [/s.
e. 2.0° /s.
. 1.4° /s,

g. 1.1° /s.
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Fig. 21

Histograms of data shown in Fig.
motoneuron; 2: flexion ativity; 3:
1s. Data collected over ten cycles.

Upward deflection denotes head-up.

a. 15° /s.
b. 12.5° [/s.
c. 10° (s.
d. 5.0° /s
e. 2.5 /s.
. 2.0° [/s.
g. 1.4° /[/s.

h. 1.1° /s.

20. 1: tonic returnstroke

flexor inhibitor.

Time bar,
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Fig. 22

Effect of pinching dactyl of L2 on both sides on activity of

tonic returnstroke unit, (3R1al, 1) and SFM activity (3R3s, 2).

A. Contralateral ie left leg.

B. Ipsilateral ie right leg.

Arrows indicate stimulus.
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Fig. 23

Recording of SFM activity during pinch of ipsilateral L2.

Detailed description in text.
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Fig. 24
Summary diagram of responses of the two motor systems to tilt in
different planes. Phase position of the circular mean

t+/-circular standard deviation) plotted against angle of the

plane of tilt (as defined in chapter 2).

Top.

Response of tonic swimmeret returnstroke motoneuron on right

side.
Mid.

Response of tonic swimmeret returnstroke motoneuron on left side.

Bot.

Response of tonic flexor motoneuron.
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Discussion.
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1. Introduction.

The objective of this final chapter is to pull together the
findings reported in the different chapters of this thesis and
explore further some of the issues raised. In each chapter a
particular aspect of the effect of tilt has been examined. Thus
in thapter 2 the effect of tilt on particular statocyst
interneurons was considered, and in chapters 3 and 4 the effect
of this input on particular motor systems was examined. There are
inherent differences between the various motor systems studied.
Firstly movements of the 1legs depend o©on the coordination of
muscles at several different joints (chapter 3), whereas the main
movements of the swimmerets depend to a great extent on muscles
acting at one joint. Secondly the motor output to swimmerets
demontrates a clear temporal pattern, whereas as was argued in
chapter 4, the motor output to the abdominal segments might be
viewed as a spatial pattern. However, despite these differences,
the responses to tilt exhibited by these various motor systems do
share common features.

As well as the effects of tilt, the interactions between the
descending tilt information and other inputs have been
investigated. Basic questions can be asked about the organisation
of these pathways and tentative answers given which will allow
comparison with other species and systems, and also suggest the
types ot experiment which could advance our understanding.

The detailed patterns of output seen in the motor systems
studied not only depend on the organisation of the motor systems

themselves but also reflect the properties of the input systems,
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and the strategies o#f integration of these different inputs.

2. Experimental approach.

Before dealing in detail with the results obtained, it is
worth considering the experimental approaches employed to obtain
these results.

A major advantage of invertebrate preparations is that they
allow studies of single identifiable neurons which have
consistent effects when stimulated. This has led to considerable
advances in our understanding of the operation of nervous systems
tsee chapter 1 for a more detailed review). However, this has had
the disadvantage of overemphasising the effects of single cells
in isolated preparations. The approach in the work reported in
this thesis has been to utilise preparations which are as intact
as possible, and use physiological stimuli where paossible. This
has provided new insights into the operation of well-worked
systems.

A case in point is the abdominal system. The literature on the
control of abdominal posture has focussed on the effects of
command interneurons (eg. Kennedy et al, 1967; Evoy and Kennedy,
19673 Miall and Larimer, 1982; Jellies and Larimer, 1986). Most
of these studies were carried out in isolated abdominal
preparations. While this avenue of study has been most fruitful
in terms of elucidating the basic components of the abdominal
posture system, very little attempt has been made to relate this
to the control of posture in the intact behaving animal. Only
;ecently have questions been asked about the inputs to the

command interneurons (Jellies and Larimer, 19865 Kotak and Page,

19864).
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Many experiments reported in this thesis utilised the intact
animal, capable of as near normal behaviour as could be arranged
in an experimental situation. This animal was then subjected to a

physiological stimulus eg tilt, substrate removal etc. The
results of these basic behavioural experiments allowed the
formulation of specific questions about the operation of the
various systems under consideration. These could then be tackled
by experimental manipulation of the stimuli employed or by

resorting to a fixed and dissected preparation.
3. The importance of statocyst input.

Experiments on intact animals have revealed the importance of
statocyst input in determining the output of several motor
systems in Nephrops. The effects of tilt are summarised in Fig.
1. It has become clear that the type of tilt has to be specified
not only in terms of the plane of tilt, but also the directian of
tilt in that plane. Thus tilt in the pitch plane has distinct
effects depending on whether it is head-up or head-down tilt.

As Fig. 1 illustrates, statocyst input has important effects
on the legs and the abdomen. The first provides an example of
the effect of a descending signal on a rhythmic system which
might be analogous to the interaction between the statocyst input
and the swimmerets (eg see Neil and Miyan, 19848); the second is
an example of statocyst input driving a postural system which may
be more analogous to the uropods (Newland, 1985; Yoshino et al,
1980).

One question of interest is why the statocysts in Nephrops
should have such wide-ranging effects. The answe; is probably

related to the finding of Newland (19835) that the animal can,
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during the tail-flick, propel itsel+f up into the water column. In
an escape situation it would be vital not to waste the advantage
this provided by a chaotic descent to the seabed. As vision is
possibly of limited value as a means of detecting orientation in
a relatively featureless enviranment, the statocysts will come
into their ouwn. Essentially they provide information regarding
the animal’'s relationship to a constant parameter, ie. gravity.
Thus they may be the main source of information utilised during
the descent to the seabed, and therefore may have wide-ranging
control of many motor systems under these circumstances. These
conclusions are at present speculative but suggest that
comparative studies +from this perspective would be of great

interest.

4. Statocyst operation.

As was pointed out in chapter 2, the statocyst anatomy of
Nephrops and Procambarus clarkifr (in terms of the shape and
number of sensory hairs in the sensory crescents) is very
different. However, in general, sensory hairs detecting tilt in
the pitch plane must be in the rostral and caudal regions of the
crescent, and those detecting roll around the lateral edge (see
Stein, 1975; Takahata and Hisada, 1982b). Note the important
difference between these two: each individual statocyst will be
able to detect both head-up and head-down pitch but only side-up
roll. In pitch the output of the two statocysts will be
essentially identical, while in roll it will be different. In
A;acanbarus the pitch interneurons receive input from only one
statocyst, although they subsequently cross to run in the

contralateral connective. One of the roll interneurons receives
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input from both statocysts, while the other, 12, receives input
from the ipsilateral statocyst (Takahata and Hisada, 1982b).

The crossing of statocyst information occurs in the brain.
Cobalt chloride backfilling of the crayfish statocyst sensory
nerve showed that sensory neurons from the posterior part of the
crescent projected to the ipsilateral hal¥ of the brain while
those <from the anterior region projected to contralateral areas
in the brain (Yoshino et al, 1983). As this information does not
exist for Nephrops, and there are differences in the operation of
the interneuraons in these two species, it would be of
considerable interest to compare the connections between the
sensory neurons and the interneurons.

One way of doing this would be to combine extracellular
methods of cobalt marking as used by Yoshino et al. (1983) with
intracellular recording and dye-filling of the sensory neurons.
Attempts to record from the somata of the sensory cells in
Procambarus have met with limited success, due to the dispersion
of sensory cells amongst large numbers of connective tissue cells
and their relatively =small size {(Takahata, 1981). Another
approach might be to penetrate the axons in the sensory nerve.
This would entail a ventral approach, and mean that the sac could
be opened allowing access to individual or groups of hairs. A
wide ranging comparative study of this sensory system is needed,
along with careful examination of the connections to the
interneurons in the brain.

Interneurons receiving statocyst input were first described in
Procanbarus by Wiersma (1958); three interneurons were found
(?4,C84 and C87) which were thought, on the basis of their
location within the nerve cord, to descend to abdominal ganglia

(Wiersma, 1958, Wiersma and Bush, 19635 Wiersma and Mill, 1965).
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However, there are important differences between the interneurons
described in Weirsma’s studies on the one hand, and those found
by Takahata and Hisada (1982a,b) and in the present study on the
other (chapter 2). The clearest difference is in the manner of
response to statocycst stimulation. The interneurons described by
Wiersma (1958) responded in a phasic manner to the stimuli,
whereas those decribed by Takahata and Hisada (1982a,b), and
those described in this thesis responded in a phaso-tonic manner
to stimuli. However, Weirsma suggested that his failure to +ind
tonically responding fibres was due to the experimental method
employed, which did not allow sustained tilting of the
preparation (Wiersma, 1958).

Taylor (1968,1970) reported that two of the statocyst fibres
(C87 and C4q) responded to various types of vibration. C4 was
studied under a variety of conditions and <+ound to respond to
vibration in air caused by tapping the table, or to waterborne
vibration. However it only +fired sporadically during tilt
(Taylor, 1970). As pointed out by Takahata and Hisada (1982a),
although this interneuron has been found in a similar area of the
cord as their interneuron C1l, on the basis of their very
different response charateristics, the two cannot be identical.
They suggest that Weirsma, in his original work, inadvertantly
stimulated some of the mechanosensory hairs of the antennule
(Takahata and Hisada, 1982a). The interneurons found in MNephrops
showed very little response to vibration.

Interneurons receiving statocyst input have also been shown to
play an impartant role in the control of eguilibrium of crabs.
A;wever, these interneurons are multimodal equilibrium
interneurons, receiving input not only from statocysts, but also

leg proprioceptors and central neuropils (Fraser, 1974,1975). The
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interneurons investigated in Nephrops are essentially unimodal.
No inputs could be found from legs, which are known to
participate with the statocysts in the control of various
equilibrium responses. This complements the findings of Priest
(1983) that leg interneurons in the circumoesophageal
connectives in NepArops are not sensitive to statocyst input.
Therefore an interesting comparison may exist between the
channelling of sensory information in Nephrops and perhaps the
lobsters in general, and the strategy adopted in crabs. In the
former case, input from various receptor systems involved in the
control of particular responses may be conducted by unimodal
interneurons through the whole length of the nervous system,
providing this information to the various motor systems
involved. In crabs the evidence suggests that the information is
fed to several pairs of equilibrium interneurons which then act
as command pathways for the equilibrium responses required

(Fraser, 1982).
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5. Multimodality and interneurons.

Many processes rightly qualify to be called multimodal.
However, two questions arise; firstly what do we mean by this
term, and secondly in what situations does it apply to individual
interneurons as opposed to a particular pathway?

A working definition of the term multimodal would be
"involving more than one modality". However, this merely leads to
the question of what constitutes modality ? Statocyst input could
be defined as a single input modality only on the basis of its
origin +from a particvlar sense organ since functionally one type
of statocyst input, eg raoll, has very different effects Ffrom
another, eg. pitch. Another intriguing possibility emerges from
work already mentioned on the locust flight system (Rowell et al,
1985). Here, there is convergence from several different sources
onto particular interneurons, which are thus effectively acting
to detect one entity in the real world. Therefore although a
thoracic interneuron in the locust may receive input from
ocellar, compound evye and wind hair units, all three are
stimulated in a coherent manner by the same stimulus, eg. roll to
the left, and thus produce activity in the interneuron. Is this
then a multimodal interneuron, or a roll-to-the-left interneuron?
This sort of analysis may be relevant to the crab equilibrium
interneurons. The answer is dependant on whether we choose to
relate the term to the behaviour of the animal, or to our

understanding of the neurophysiology which underlies the

behaviour.

Situations in which multimodal interneurons have been found to
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occur +fall into several distinct categories. There are those
interneurons involved in escape responses; eg the medial giant
interneurons of crayfish (Wine and Krasne, 1982), and the
interneurons mediating the locust jump {M-neurons, Pearson et al,
1980). Multimodal interneurons are thought to occur in the flight
system of dipterous insects as well as in the locust +flight
system (Strausfeld and Bacon, 1983).

In Crustacea such multimodal interneurons, with the exception
of the giant fibres and crab equlibrium interneurons, seem to be

relatively few. Wiersma tentatively suggested in 1958 that :

*...integration of similar sensory impulses
must take place much more extensively than
integration of dissimilar ones."”

In a later study the number of multimodal sensory interneurons
was estimated at between 10% and 15% at each level in the nervous
system (Weirsma and Mill, 1965). While in the lobsters there are
many‘multimodal pathways (eg antennal responses, Priest, 1983),
multimodal interneurons appear to be the exception, rather than

the rule.

6. Strategies of integration.

Integration has to occur at many levels before a +final wmotor
output is produced. Incoming information may be divided into two
categories: information coming into a given motor system from a
source external to the motor system itself, eg the statocysts, and
information from sources within the motor system monitoring the
ongoing activity of the system, ie reafferent information. In both

categories the nervous system must be able to resolve conflicts
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and contradictions. In the first category, conflicting
information may come from two (or more) different sources, eg.
statocysts and leg proprioceptors. One approach may be to
"ignore® one type of input in certain circumstances, giving
preference ta the other. This may be the case in various
equilibrium pathways in Nephrops (chapter 5, Priest, 1983).

In the second category, differences between the intended
effect of a motor act, the actual effect, and the mechanisms
which compare the two and produce required alterations have been
widely studied in many systems (eg Barnes and Neil, 1982; Barnes
et al, 1972 DiCaprio and Clarac, 19813 Bush, 1962,1963,1965).
The basis of these mechanisms (assistance and resistance reflexes
in arthropods) has in most cases been explained in terms of
premotor comparison between incoming information and an efference
copy signal {von Holst and Mittelstaedt, 1950) where the
dif#erenée between the two produces the corrective motor output
(see Barnes, 1975; Barnes and Neil, 1982). However, in one case,
it has been suggested that central mechanisms are not sufficient
to explain experimental observations, and a form of peripheral
mechanical integration has been proposed (Neil et al, 1982).

In the equilibrium pathways of Nephrops these processes must
occur postsynaptically to the statocyst interneurons that have
been described. One site for such processing of information is in
premotor local interneurons. Spiking local interneurons have been
found which integrate primary sensory input in the locust (eg
Burrows and Seigler, 1982,1983,1984) and the crayfish (Reichert
et al, 1982). Non-spiking local interneurons have been implicated
of motor output in the uropods (Takahata et al,

in the control

19281), and in the generation of rhythmic output in the swimmeret

system (Heitler and Pearson, 1980).
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This study has not investigated at a neurophysiological level
the integration that is performed in eqguilibrium pathways.
However the behavioural results obtained provide strong
indications about the type of integration that takes place. The
central interaction that has been highlighted in earlier
chapters, and particularly in chapter S, is the interaction
between substrate contact and descending tilt information. Fig. 2
illustrates the type of processes which may form the basis of the
observed effects. The aim is not to show connections between the
various elements, but rather to suggest the way in which
information may flow and decisions taken.

As has already been discussed, tilt has wide-ranging effects
only in the absence of substrate contact. However, tilt will
always be detected by the statocysts. As no stimulus was found
which altered the effect of input from the statocysts onto the
interneurons, the information from the statocysts will probably
be carried by the interneurons whenever tilt is detected.
Substrate effects must therefore occur post-synaptically to the
interneurons. Also, as water movements were not found to enhance
the response of the interneurons but fire a separate population
of cells, the interaction between current detection and tilt must
occur post-synaptically to the interneurons.

These two diagrams are not intended to be exclusive; indeed
many connections may be made between them. They suggest that the
presence or absence of substrate contact is the major factor in
determining the pattern of motor output observed. The neuronal
elements which subserve these interactions (with the exception of
particular interneurons discussed above) may well be shared
between different pathways. A similar situation arises in the

spinal cord of the cat where populations of interneurons may be
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shared by two or more reflexes (Jankowska et al, 1981).

As it has been difficult to precisely label the leg cycling
response as a compensatory, righting or substrate search
response, this has been taken together with the righting
responses in Fig. 2. However the effect of the cycling 1legs has
been related to the detection of substrate, rather than the

restoration of orientation.

7. Strategies of coordination.

The swimmerets and the legs are two systems which show various
types of coordination. For both of these systems to work
effectively, whether in locomotion, righting or detecting of
substrate, precise coordination has to be achieved.

In the swimmerets, this coordination is wunderpinned by
coordinating interneurons. The existence of such elements was
inferred by Stein (1971,1974) and has lately been directly
confirmed by Paul and Mulloney (1986). What is not clear in the
swimmeret system is the role of sensory feedback. As pointed out
in chapter 4, the swimmerets possess sensory structures which are
involved in swimmeret reflexes both during rearward beating, and
asymmetric beating (Miyan and Neil, 1986). However the role of
the sensory information these receptors provide in the
coordination between ganglia is not clear. It has been suggested
that it perhaps serves to make fine adjustment in the output
produced by the CPG.

Coordination of the legs in walking, in comparison to the
swimmerets, is more dependent on sensory feedback from the
periphery. Although the basis of the pattern may well be a

centrally generated rhythm (see Sillar and Skorupski, 1986;
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Clarac, 1982), contact, locad, and the positions of neighbouring
legs all have important effects (Klirner and Barnes, 1986; Cruse
and Miller, 198&). However during cycling (as distinct from
walking), the active legs are in some respects similar to the
swimmerets. Most of the feedback is reafferent since the legs are
moving in a relatively homogeneous medium. It is perhaps’
significant that it is under these circumstances that evidence of
toupling between the legs and swimmerets is clear, while there is
very little coupling during walking. Cycling also demonstrates
that the sensory input mentioned above is not necessary for
coordinated output from the legs. An interesting extension of the
experiments conducted here would be to disrupt the cycling
pattern by blocking legs. If sensory feedback blays the same role
as in walking, there will be a disruption of the pattern, perhaps
in a phase-dependent manner (Cruse and Miller, 19863 Clarac,

1985).

8. Patterns of motor output.

The patterns of motor output seen in response to tilt reflect
on many of the issues raised above. Some motor systems appear to
receive only one type of input from the statocysts, eg. the legs
in roll (chapter 3) and abdominal muscles in pitch (chapters
4%6). Others receive input from the statocysts in both pitch and
roll, specifically the swimmerets but also the uropods (chapter
6; see also Newland, 1985). Interaction between pitch and roll
input very clearly manifests itself in terms of the motor output
seen. If, then, several parallel channels of statocyst input
affect directly the pattern of motor output, this may suggest

relatively 1little interference from other elements such as
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premotor local interneurons on the output side of the system (see
Neil et al, 1982).

There is another pattern that has emerged during these
experiments. Although the pitch interneurons clearh carry a good
deal of information about tilt in intermediate planes, at the
level of the motor outputs it is clearly roll information which
dominates (Fig. 3). Thus, roll responses occur where the pitch
interneurons are still strongly mbodulated by tilt.

Such conclusions about the pattern of motor outputs is
possible because many of the responses are either present or not;
the legs are either asymmetrically disposed or spread evenly, the
sWwimmeret beat and the uropods clearly switch between different
states dependent on the type of tilt, the abdomen is either
flexed or extended. Such clear switching of systems is a
characteristic of outputs of equilibrium pathways. This may be a

reflection of relatively simple processing at the neuronal level.

?. Models of motor systems.

The swimmerets have been extensively investigated and a model
proposed {Neil and Miyan, 1986). The minimum modifications to
this model suggested by the results reported in this thesis
involve taking into account the effects of preventing leg
cycling, which abolishes beating, and substrate contact, which
abolishes asymmetric responses to tilt, without necessarily
preventing beating. This can be done by representing these
eéffects as gating the statocyst input in or out at specific
points (Fig. 4). Thus during leg cycling, phasic input from the

legs acts on the rhythmic side of the model. It is not yet clear
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whether this couples the output of an already functioning CPG to
the motoneurons, or is necessary to ensure the operation of the
CPG itself under these circumstances (chapter 6).

Another important alteration to the model is that whereas
Neil and Miyan show statocyst input acting as a gate for CPG
activity, in this versionitolsc acts directly on the CPG (see
chapter 6é). Tonic input <rom the legs, involved in detecting
substrate contact, now acts as a gate between descending statocyst
input and the steering muscles. Thus disruption of leg cycling
might prevent the CPG coming to threshold and producing rhythmic
output, whereas subsirate contact might prevent statocyst
information reaching the steering muscles, without necessarily
affecting the CPG. There are other findings which have yet to be
incorporated eg the basis of coordination between leg cyeling and
sWwimmeret beating (which may reguire rhythmic inputs into the CPG
see chapter 3), and contralateral effects.

A simpler model has been proposed for the interaction between
the abdominal posture system and the uropods in crayfish where
statocyst-driven uropod respanses to tilt are only expressed when
a facilitatory signal +from the command pathway for abdominal
extension is present (Takahata and Hisada, 19835). Results
obtained from ANephrops suggest that, at least in midwater tilt in
the pitch plane, both the swimmerets and abdomen are activated by
input +from statocyst interneurons. The results in chapter 6
suggest a very close relation between the activity in these two
systems. However, even when one, the abdomen, is held rigid, this
does not prevent the other, the swimmerets, from responding. Thus
the model might be wmodified as in Fig. S5 where, while not
denying interactions between the the swimmerets and abdomen, the

important factor is statocyst input. Again, however, substrate
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contact appears to gate out this input. These suggestions da not
preclude other mechanisms dominating the interaction between
abdominal posture and swimmerets in other circumstances such as

walking.

10. Comparative aspects.

Clear differences have emerged between ANephrops and various
crayfish species worked on by others. There are differences in
the statocyst interneurons and differences in the outputs which
tilt produces. The uropods in Procambarus follow a sinusoidal
relation to tilt (Yoshino et al, 1980) whereas in Nephrops the
pattern is one of switching between distinct positions (Newland,
19835). Although Procambarus seems to be capable of asymmetrical
swimmeret beating, no reports have appeared of this opccurring in
response' to tilt, and so it is difficult to compare this aspect
of behaviour. While Procambarus does show abdominal extension
and swimmeret beating in response to head-down tilt, no
information is available on the angle of the swimmeret beat under
these conditions, or quantitatively on the head-up response of
the abdomen.

It has been suggested that such differences relate to the
behavioural context of the animals in their natural surroundings
(Page, 19755 Yoshino et al, 1982). Nephrops is found where there
is a substrate composed of soft cohesive mud which allows burrows
to be constructed (Howard, 1982). It may be that in NepArops

inputs from the legs other than those reporting substrate contact

are relatively unimportant, whereas inputs from the statocysts

are enhanced. Procambarus is found in habitats with a marshy

bottom and rarely swim freely (Penn, 1943). The latter
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observation may be the most important when comparing these two
species.

Contrasts have also been drawn between Pracambarus and other
crayfish species such as Orconectes rusticus which inhabits
streams and rivers with rocky bottoms (Page, 1975). A similar
comparison among lobsters would be between Nephrops and Homarus

ganmnarus (Philips et al, 1980).

11. Conclusions.

Inputs from the statocysts are of paramount importance in the
control of the orientation of ANepirops in midwater. The
statocysts control not only the swimmerets and uropods in this
situation, but alsoc the legs and abdomen.

When the animal is in contact with the substrate the
statocysts appear to be of more limited importance. Indeed,
substrate contact also appears to affect other systems such as
the current detecting system, changing the effects of its
outputs.

There 1is a clear need for further comparative study of the
statocysts, means of integration and behavioural contexts of a

wide range of crustacean species.
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Fig. 1

Summary table of effects of tilt on the various systems

investigated.



TYPE OF TILT

SYSTEM

HEAD- UP HEAD-DOWN SIDE-UP SIDE-DOWN

STRAIGHT  [HALF-LATERAL | LATERAL  |STRAIGHT/NO
SWIMMERETS

SYMMETRICAL | SYMMETRICAL | BEAT BEAT
BEAT BEAT
ABOOMEN FLEXION EXTENSION — —

POSTURAL CYCLING

LEGS — !. RESPONSE | RESPONSE




Fig. 2

Flow diagrams illustrating the inputs, interactions and outputs
observed in these experiments.

Detailed description in text.
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o]  CURRENT
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SUBSTRATE 7

ORIENTATE HEAD OOQWN
T0
CURRENT

REINFORCE (INITIATE)
RIGHTING RESPONSES

SWIMMERETS UROPODS A3DOMEN

[ CYCLE LEGS




Fig. 3

Patterns of response in pitch interneurons (dotted lines)

compared with output of roll responses in motaor systems (dashed

line).

Detailed description in text.
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Fig. 4

Possible model of the swimmeret system in the 1light

results rep ted in this thesis.

P/S ! Main powerstroke muscles.
R/S : Main returnstroke muscles.
RP/S ! Rearward powerstroke muscles.
M13

LAT M10 : Phasic steering muscles.
Mo

MED M10 : Tonic steering muscles.

TR/S : Tonic returnstroke muscles.

(Adapted from Neil and Miyan, 1986)
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" Fig. S

Model of statocyst inputs in pitch (Sp) and roll (Sr) into the
abdominal posture system (ABD) and swimmerets (SWM). Substrate
contact prevents the expression of tilt responses in both

systems.
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