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ABSTRACT

1. This thesis examines the anatomy, ultrastructure and mechanical
propertles of the metathoracic femoral chordotonal organ (mtFCO) in the

~ locusts Schistocerca gregaria and Locusta migratoria. Some measurements
were also made on the mtFCO of the giant grass hopper Tropidacris
collaris. The mtFCO is of interest because of its complex mechanical
linkages (the apodeme complex, Shelton et al., 1992) and its wide range of
receptor response types (Zill, 1985; Field and Pfliiger, 1989; Matheson, 1990).

2 Electron miéroséopy has been used in conjunction with modern image
analysis techniques to provide the first comprehensive description of the
composition of each of the mtFCO's mechanical linkages.

3. This thesis provides the best evidence so far that the mtFCO of the locust
- is formed from two fused scoloparia, each of which is innervated by a
 separate branch of the CO nerve (nerve 5b1). It has been shown for the

~ first time that the neurones of the mtFCO can be subdivided consistently
into 6 discrete populations, each of which is innervated by a separate

bundle of axons. Neurone size, shape and orientation vary between the

populations.

4. The dendrites of the sensory neurones terminate in pairs in specialised
scolopale cells in a manner similar to that previously described in other
insect COs. This thesis provides the first description of the dendritic
distortions which occur upon stimulation of an unfixed sense organ.

5. Biomechanical investigations have revealed that the mtFCO is a
viscoelastic system. The results from this thesis suggest that the organ's
mechanical properties are likely to be partly or wholly responsible for two

~ documented phenomena common to all COs: hysteresis of the sensory
output in response to cyclic elongation/relaxation (Burns, 1974; Matheson,
1990, 1992) and adaptation in firing rate following a step displacement
(Usherwood et al., 1968; Theophilidis, 1986).
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Chapter 1

Chapter 1: Introduction

In order to achieve co-ordinated and efficient movement, animals require
sensory feedback from their appendages to determine their positions and
patterns of motion. With respect to insect appendages, sense organs
associated with each joint provide proprioceptive information that is
centrally integrated and is used to generate appropriate motor output.
Sensory information concerning the position and displacement of the
metathoracic femoro-tibial joint of the locust is derived from a variety of
mechanoreceptors. These include: the metathoracic femoral chordotonal
organ (mtFCO) (Slifer, 1935; Usherwood et al., 1968); a 'strand’ type
receptor associated with the mtFCO called the flexor strand (Usherwood et
al., 1968; Braunig, 1985); tactile hairs around the femoro-tibial joint;
campaniform sensilla (which signal cuticular stress) (Moran et al., 1976); a
muscle tension receptor (Theophilidis and Burns, 1979; Matheson and
Field, 1995); and five multipolar sensory cells referred to as 'multipolar
joint receptors’ (Pfliiger and Burrows, 1987) arranged in three groups
(Coillot and Boistel, 1968). Of these, the mtFCO is almost certainly the
most important source of sensory information concerning rotational
movements of the tibia with respect to the femur (Usherwood et al., 1968;
Burns, 1974; Field and Rind, 1977, 1981; Hofmann et al., 1985; Hofmann
and Koch, 1985; Field and Pfliiger, 1989; Matheson and Field, 1990;
Matheson, 1990; Biischges, 1994; Kondoh et al., 1995; Matheson, 1997;
Newland and Kondoh, 1997a, b).

This thesis is a detailed study of the mtFCO of the locust. It describes its
functional connections with other components of the leg; it shows how
rotation of the tibia with respect to the femur results in displacement at
the level of the mtFCO; it shows that it consists of identifiable groups of
sensory neurones; it describes the ultrastructure, and it provides the first
account of the way that the dendrites of these sensory neurones are
displaced during tibial flexion. In addition, an investigation of the
mechanical properties of the mtFCO sheds light on the way in which the
neurones are stimulated.

Rotation of the femoro-tibial joint is governed by a neuronal network that
modulates activity in the femoral muscles by processing sensory
information about tibial position and movement largely provided by



Chapter 1

afferents of the mtFCO. In the case of the locust mtFCO, the neurones can
be broadly classified into two response types: tonic units which discharge
continually at a given leg angle and whose rate may vary depending upon
tibia position, and phasic units which discharge in response to changes in
tibial position (Usherwood et al., 1968; Zill, 1985a; Matheson 1990;
Matheson and Field, 1990; Biischges, 1994; Kondoh et al., 1995). The
encoding properties of the locust mtFCO neurones vary across the entire

- population from units whose output varies with position (position
sensitive units), through those that discharge during movement (velocity
sensitive units) to those that discharge only at the start or end of
displacements (acceleration sensitive units). Between the extremes of
purely positional sensitive or purely acceleration sensitive units, there are
cells that respond to mixtures of two or three of these parameters
(Matheson, 1990; Kondoh et al., 1995). The physiological basis for the
differences between neurones is largely unknown (but see Zill, 1985a;
Matheson, 1997).

The mtFCO is of particular interest because its morphology appears to play
an intrinsic part in its functional operation, (e.g. Field, 1991; Shelton et al.,
1992; Nowel et al., 1995). It lends itself to investigation, because it is
comparatively large and is structurally complex. In addition, comparative
information is available regarding the operation of its pro- and
mesothoracic homologues. The study of the mtFCO should help in the
understanding of general mechanisms associated with the control of limb
position in animals.

iversity of i F
Chordotonal organs (COs) in insect appendages each consist of an elastic
ligament which spans the joint whose activity it monitors. Joint rotation
causes extension or relaxation of the ligament so that bipolar sensory
neurones embedded within the strand are induced to fire by the resulting
mechanical distortion.

The locust mtFCO contains approximately 100 sensory neurones which
form the 'scoloparium’ which is located at the proximal end of the elastic
strand. Previous studies have shown that the mtFCO is unusual in
having a more complex morphology (Field, 1991; Shelton et al., 1992) than
that found in the chordotonal organs of the pro- and mesothoracic femora.
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Theophilidis (1986a, b) showed that insects in which the limbs have not
divergently evolved to perform specialised tasks (such as jumping) have
similar COs in all femora. In particular, the common innervation patterns
in all three (pro-, meso- and metathoracic) femora of Decticus albifrons led
Theophilidis (1986a) to propose that in the early stages of orthopteran
evolution, the hind legs were similar in structure to those of the pro- and
mesothoracic segments, and that they subsequently became modified to
meet the behavioural requirements of the insect. In the case of the locust
the metathoracic leg is specialised for kicking and jumping. The
distinctive morphology of the mtFCO is almost certainly a reflection of
this. Since the pro- and mesothoracic legs are least functionally specialised
and their FCOs have a simpler organisation, it is assumed that they are
closer to the ancestral form. .

A comparison of a variety of FCOs (locust- msFCO Burns, 1974; Field and
Pfliiger, 1989; mtFCO Matheson, 1990; Matheson and Field, 1990; Field,
1991; Shelton et al., 1992: and stick insect- Fiiller and Ernst, 1973; see
Hofmann et al., 1985) has shown that they contain two separate scoloparia
(a scoloparium is the name given to an organ containing a group of
scolopidial-type receptors). This morphological subdivision of the FCO is
often associated with functional specialisation (Kittmann and Schmitz,
1992). Thus, in the mesothoracic leg of the locust one scoloparium with
large neurones is involved in mediation of resistance reflexes associated
with the motor neurones driving the extensor and flexor tibiae muscles
whilst the other one, containing smaller neurones, has been presumed to
function as a vibration detector (Field and Burrows, 1982; Zill, 1987).

Similarities between the different insect orders in types and distribution of
homologous mechanoreceptors (Finlayson, 1968; Howse, 1968; Wright,
1976) indicate that proprioceptive mechanisms evolved early and were
conserved during phyldgeny (Brdunig, 1982b). This is also probably true of
the FCOs in different legs in spite of the obvious gross differences between
the mtFCO and those in the femora of pro- and mesothoracic segments. If
the fundamental properties of scolopidial receptors are similar in COs with
different functions, it is likely that receptor specificity is heavily dependent
upon the ways in which the receptors are mechanically connected to the
joints with which they are associated. A significant part of this thesis
examines the extent to which the mtFCO's mechanical linkages affect
displacement of the. receptor cell dendrites.
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1.2 Physiological output of the mtFCO
Adrian (1926) was the first to use electrical amplification techniques to

detect the pattern of impulses that passes up a sensory nerve when its
end-organ is stimulated. The development of intracellular recording and
staining techniques has enabled subsequent researchers to characterise the
stimulus specificities of identified peripheral neurones and to determine
the nature and locations of their central projections (e.g. in the locust:
Braunig, 1982a; Matheson, 1992a; Miicke and Lakes-Harlan, 1995).

The mtFCO is now one of the most intensively studied proprioceptors in
insects. Proprioceptive output from the mtFCO is transmitted to the
metathoracic ganglia via nerve 5b1 (Campbell, 1961) where synaptic
connections are made with spiking (Burrows, 1987a) and non-spiking local
interneurones (Burrows, 1987a, b). In addition, sensory neurones from the
mtFCO make monosynaptic connections with the motor neurones that
innervate the femoral muscles (Burrows, 1987b). Such connections enable
the mtFCO to contribute to the reflex control of movements of the tibia
(Burrows and Horridge, 1974; Field and Burrows, 1982) and other joints of
the same limb (Field and Rind, 1981). For example upon forced flexion of
the femoro-tibial joint the activity of the mtFCO results in excitation of the
extensor tibiae motor neurones and inhibition of the flexor tibiae motor
neurones (Burrows and Horridge, 1974; Field and Burrows, 1982). This
results in resistance to imposed joint rotation and provides postural
stability. In addition, mtFCO output is carried by intersegmental
interneurones to other ganglia (Laurent, 1986; Laurent and Burrows, 1988)
to influence reflex movements of adjacent legs (Laurent and

Burrows, 1989b).

1.3 Evolution of chordotonal organs
A number of genes are required for the correct differentiation of the

precursor cell and specification of sensillum type, one of which is the ‘cut’
gene. It produces a homeodomain protein involved in determining cell
identity. Manipulation of cut (Blochlinger et al., 1991) allowed researchers
to transform COs into sense organs that resembled trichoid sensilla and
vice versa. This demonstrates that the two receptor types and their
accessory cells are homologous with one another.

Sugawara (1996) proposed that the ancestral chordotonal organ consisted of
an epidermally embedded scolopidium lacking any cuticular apparatus.
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Previous authors had also speculated on the evolutionary origins of
scolopidial mechanoreceptors. Schmidt and Gnatzy (1984) suggested that
free sensory hairs like those found in Crustacea were the original
mechanosensilla with scolopidial structure, whilst Rice (1975) suggested
that either hair or campaniform sensilla could have been the ancestral
form. Sugawara (1996) reasoned that such primitive scolopidia were at
some point withdrawn into the body cavity to become chordotonal organs.
Whilst the mechanism of mechanoelectric transduction has been
investigated in some depth in the case of the epithelial sensilla (Thurm
and Kiippers, 1980; Erler and Thurm, 1981), there is considerable
speculation as to the mechanism of transduction in COs (Moran and
Varela, 1971; Rice et al., 1973; Atema, 1973; Moran et al., 1976; Wiederhold,
1976; Moran et al., 1977; Wensler, 1977; Erler and Thurm, 1981; Thurm,
1981; French; 1988). This thesis investigates the ultrastructure of mtFCO
sensilla. Comparison of the structure of the primary sensory cells in the
mtFCO and epithelial sensilla is used to obtain insights into the possible
mechanism of sensory transduction.

1.4 Development of chordotonal organs
Each chordotonal organ is comprised of many sensilla, the cells within

each sensillum being derived from a single precursor cell (Bodmer et al.,
1987). Each of these precursors differentiates from an individual
undifferentiated ectodermal cell (Okabe and Okano, 1997; Brewster and
Bodmer, 1995, 1996) and gives rise to four cells: one bipolar neurone and
three glial accessory cells (cap, scolopale and ligament) (Mclver, 1985;
Moulins, 1976). Lineage studies on Drosophila (Bodmer et al., 1989; Jan
and Jan, 1993) revealed the following pattern of divisions: first the CO
precursor cell divides to form a ligament cell and another precursor cell.
This precursor divides to give the cap cell and another precursor, which
subsequently divides to give rise to the neurone and to a scolopale cell.
The scolopale cell and neurone repose end to end, the neurone dendrite
inserting into a central cavity that develops within the scolpale cell during
development (Bodmer et al., 1989). Initially the organ containing such
four cell units begins to differentiate close to the organ's distal site of
attachment on the integument. Subsequently the organ becomes
proximally elongated so that the sensory cells come to lie in their final
position (Hartenstein, 1988). Tibial 'pioneer' axons proceed proximally
towards the CNS along specific pathways (Berlot and Goodman, 1984)
thought to be based upon chemical gradients (Purves and Lichtman, 1985;
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Serafini et al., 1994; Kennedy et al., 1994), cell to cell interactions (Taghert
et al., 1982; Bentley and Caudy, 1983; Condic et al., 1989), and growth factors
(Purves, 1986; Rohrer, 1990). The path established by the pioneer neurones
is followed by subsequent developing afferent and efferent neurones
during development (Edwards et al., 1981), including those of the FCO
(Klose, 1996).

1.5 The current study
The current study is an investigation of the structure and mechanical

relations of the mtFCO in the locust. Most of the investigation
concentrated on Schistocerca gregaria but comparisons were made with the
same organ in Locusta migratoria. Some data were obtained from the
large tropical grasshopper Tropidacris collaris. The study begins with a
gross description of the connections of the mtFCO scoloparium with other
parts of the leg. The behaviour of each of these connections during tibial
rotation was studied using photography of living preparations. This part
of the study was designed to characterise the gross input to the mtFCO
scoloparium. It was hoped that this would indicate which components of
leg displacement the organ is likely to monitor. This study shows that in
addition to its linkage with the proximal end of the tibia, the mtFCO is also
mechanically coupled to the apodeme of the flexor tibiae muscle via two
separate connections. Thus, there is the possibility that the mtFCO
responds not only to changing femoro-tibial angle, but also to flexor tibiae
muscle tone. This thesis provides the first detailed description of the
ultrastructure of the mtFCQO's mechanical connections, as well as the
ultrastructure of the scoloparium itself. In the past ultrastructural studies
of this nature have been shown to provide valuable information
regarding the way in which mechanical stimuli are transmitted to the
transduction site. Thus, a number of authors have revealed the
mechanical filtering role played by the lamella layers of the Pacinian
corpusle (Pease and Quilliam, 1957; Loewenstein and Rathkamp, 1958;
Loewenstein and Skalak, 1966). Such studies also allow insight into the
possible mechanisms of sensory transduction itself. For instance, Moran et
al. (1977) demonstrated distortion of dendritic cilia in electron micrographs
of transversely sectioned dendrites from the pro- and mesothoracic FCOs
of the grasshopper Melanoplus bivittatus fixed in different states of
stimulation.



Chapter 1

In the current study, light microscopy was used to show that the neurones
of the mtFCO are divided into at least six groups. Neurones in these
groups probably correspond to functionally different groups as identified
by Matheson (1990) on the basis of their electrophysiological properties. To
investigate whether the different neurone groups receive differential
stimulation, the neurones were stained with fluorescent dye and
visualised using confocal microscopy whilst the femoro-tibial angle was
rotated to a range of different positions. The dendrites of each group of
neurones was found to undergo characteristic buckling upon extension of
the tibia.

There is little known regarding the mechanisms of mechanoreception,
although there have been studies on hair receptors both external (Thurm,
1965; Gaffal et al., 1975; Gaffal and Theiss, 1978; French and Sanders, 1979;
Gnatzy and Tautz, 1980) and within the vestibular system (Vidal et al, 1971;
Wilson and Peterson, 1980) and in muscle spindles (Lennerstrand, 1968;
Kostyukov and Cherkassky, 1992). In order to reveal the nature of the
forces to which the scoloparium is subjected, the mechanical properties of
the mtFCO have been characterised using a small strain gauge. These
investigations reveal that the mtFCO has viscoelastic properties which are
likely to affect the organ's response properties.

In addition to investigating the ultrastructure of the mtFCO scoloparium,
the ultrastucture of the neuronal component of the mtFCO flexor strand is
described for the first time. The discharge of this receptor has been
demonstrated to complement that of the mtFCO scoloparium (Zill, 1985a).
In addition, a completely new mechanoreceptor was also revealed during
this study. Its structure resembles that of the flexor strand. This receptor is
situated distally in the femur at the level at which the mtFCO's cuticular
apodeme arises from the proximal tip of the tibia. The receptor's structure
suggests that its function may be to monitor the angle between the
cuticular apodeme and the tibia as the tibia is rotated.
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Chapter 2: Displacement of the mtFCO mechanical connections

2.1 SUMMARY

* As the input displacement at the femoro-tibial joint is transmitted
proximally along the apodeme complex, the magnitude of the
displacement corresponding to different ranges of femoro-tibial
articulation is reduced differentially. The largest displacements at the
level of the scoloparium are over the femoro-tibial range of 60°- 90°.

* Despite the fusion between the dorsal and ventral ligaments of the
mtFCO, dorsal ligament loop formation causes some degree of
differential displacement between them. In addition, the fibres within
the ventral ligament are organised so that they tighten sequentially
during tibial flexion, further contributing to differential displacement
across the apodeme complex ligaments. These phenomena may help
to explain why different mtFCO neurones respond over different
ranges of joint angle and represent a mechanical mechanism by which
range fractionation could occur.

* The ventral attachment and the flexor strand both have mechanical
roles relating to scoloparium distortion. Morphing maps show that the
largest distortions occur in the distal most region of the scoloparium
and that the pattern of distortion varies throughout the scoloparium.

2.2 INTRODUCTION

In order to understand how tibial displacement results in physiologically
relevant levels of displacement at the level of the sensory neurones in the
mtFCO, it is necessary to characterise the way in which the sensory units
are mechanically coupled to the joint. Previous studies of the mtFCO
have been incomplete in this respect (Field, 1991; Shelton et al., 1992), and
the current work provides the first comprehensive description of the
connections of the mtFCO to other parts of the leg and the way in which
they are mechanically displaced in response to tibial rotation with respect
to the femur.

Slifer (1935) provided one of the earliest accounts of femoral chordotonal
organs in a study of the orthopteran Melanoplus differentialis. The study
was largely concerned with their development in the femora of
developing embryos. In addition, the gross morphology of the pro-, meso-
and metathoracic organs in the adult was described. Few details of the
structure and mechanical attachment of the organs were provided.
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Usherwood et al. (1968) gave the first detailed description of the mtFCO in
the locust. The account included a low resolution study of organ anatomy
including a count of the number of sensory neurones present. Conclusive
electrophysiological evidence that the function of the mtFCO was to
monitor rotation of the tibia with respect to the femur was also provided.
However, this description was incomplete and contained several errors.
The mtFCO was described as being anchored dorsally via a short ligament
to the posterior wall of the femur rather than to the anterior wall (Field
and Burrows, 1982). Usherwood et al. (1968) also believed that the sensory
neurones were mechanically connected to the tibia via a single
filamentous apodeme. However, later workers (Field, 1991; Shelton et al.,
1992) have shown that the coupling consists of a thin cuticular apodeme
arising from the proximal tip of the tibia. Proximally the apodeme is
replaced by a pair of closely associated ligaments. This arrangement of
twin ligaments and cuticular rod (named the 'apodeme complex' by
Shelton et al., 1992) exhibits a characteristic buckling behaviour at some
femoro-tibial angles. Usherwood et al. (1968) also described the presence of
numerous connective ligaments associating the mtFCO apodeme with the
tibial extensor and flexor muscles. Shelton et al. (1992) found a cluster of
these ligaments associated with the apodeme complex just proximal to the
buckling region. They called them 'guy-rope fibres' and described them as
being attached to unspecified connective tissue elements in the distal
femur. The nature of the fibres and their distal termination were not fully
understood and are investigated in this thesis. Apodeme complex
buckling behaviour has been described in Locusta migratoria (Field, 1991)
and Schistocerca gregaria (Shelton et al., 1992). Comparison of these
descriptions suggests that there are differences between the two species
with respect to this aspect of mtFCO behaviour. In the current study
comparison between the two species were made. It has been suggested that
the anatomical arrangement of the apodeme complex provides the
mechanical basis for range fractionation at the levels of the sensory
neurones (Field, 1991; Shelton et al., 1992). One of the aims of this thesis is
to investigate whether the twin ligaments provide differential input to
different populations of sensory neurones. Differences in buckling
behaviour could affect the way in which differential inputs are generated.

The mtFCO is attached ventrally to the apodeme of the flexor tibiae muscle
via a ligamentous ventral attachment (Usherwood et al., 1968; Matheson
and Field, 1990; Shelton et al., 1992). The functional implications of
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connections between the mtFCO and muscles within the femur have been
discussed briefly by several authors (Field, 1991; Shelton et al., 1992) but the
role of the ventral attachment ligament has previously been overlooked.
The first description of the behaviour of this attachment in response to
changes in femoro-tibial angle will be given in this chapter. In addition to
the ventral attachment, the mtFCO is also linked to the apodeme of the
flexor tibiae by the flexor strand (Usherwood et al., 1968; Field and
Burrows, 1982). This strand both transmits displacements to the mtFCO
and contains a single extension-sensitive strand receptor (Braunig, 1985)
whose axon joins the chordotonal organ nerve (nerve 5b1l: nomenclature
of Campbell, 1961). The displacements of the flexor strand are described in
this chapter. Its ultrastructure has not been previously described and is
discussed elsewhere (see Chapter 7).

For an understanding of how the input displacement causes sensory
discharge from the mtFCO neurones, it is necessary to know in what way
the sensory dendrites themselves are displaced as the femoro-tibial joint
rotates. Although Usherwood et al. (1968) counted a population of 24
sensory neurones within the mtFCO, subsequent authors have found
increasingly large numbers of neurones by using more critical techniques
(Zill, 1985a; Grosch, 1985; Burrows, 1987; Pfliiger et al., 1988). Matheson
and Field's (1990) study increased the total number of neurones within
the mtFCO to approximately 100 and described how the neurones were
subdivided into two distinct populations. This led them to conclude that
the mtFCO may be composed of two fused scoloparia. The lack of
knowledge regarding the displacement of the sensory dendrites has made
it impossible to speculate on whether the neurones in the two scoloparia
are stimulated over different ranges of joint movement. This thesis
addresses the problem by mapping the relative displacement in different
regions of the sensory scoloparia and by visualising the dendrites at
different femoro-tibial angles.

This chapter contains a description of the behaviour of the main mtFCO
mechanical linkages, followed by a quantitative analysis of the way in
which the input displacement is transmitted to the sensory cells via the
apodeme complex. Most of the description is based upon observations of
the mtFCO in S. gregaria. Some differences were found between the
situation in S. gregaria and L. migratoria and where these are significant
these are described. Rotational movement of the joint results in relatively
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large (1.2 mm) proximo-distal displacements of the mtFCO's cuticular
apodeme (Field and Burrows, 1982). This report considers the way in
which such large displacements of the apodeme lead to relatively small
displacements in the vicinity of the sensory neurones. The nature of the
input to the mtFCO is examined, and static displacements are used to show
how rotation of the joint results in displacements of the mtFCO apodeme
complex and the sensory scoloparium.

Previous authors have attempted to characterise the natural input to the
mtFCO by analysing the locust walking cycle. Burns (1973) investigated the
locust walking cycle using cinematography techniques. However,
excessive heat from his cinematography lights almost certainly influenced
the animal's behaviour. The walking cycle was investigated in this thesis
using modern video image analysis methods.

2.3 METHODS

2.3.1 Dissection

Adult male and female specimens of two genera of locusts, S. gregaria and
L. migratoria, were obtained from laboratory cultures. Metathoracic legs
were removed and dissected under a Schott cold light source using a
binocular dissecting microscope. The legs were dissected on a glass slide
using Plasticine to secure the proximal end of the femur in each case.
Insect saline (see Appendix 1) was added at intervals to prevent
desiccation. Minimal dissections were performed by removing the cuticle
overlying the organ on the anterior side of the femur, whilst leaving the
epidermis intact. Some features of the mtFCO could then be observed
through the epidermis with the use of strong incident light illuminating
from an oblique angle. More extensive dissections were performed by
removing a window of cuticle level with the mtFCO from the posterior
face of the femur. The mtFCO was revealed lying against the anterior
femur wall by the removal of the flexor tibiae muscle and femoral
tracheae. Such preparations were viewed using an Olympus compound
microscope. Illumination was provided using a single 1 mm diameter
fibre-optic light guide attached to the side of the microscope objective by an
adjustable collar. Preparations to be photographed were further dissected
by removing another window of cuticle level with the organ from the
anterior face of the femur. The extensor tibiae muscle, tracheae and

11
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connective tissue were cleared away to give an unobstructed view of the
mtFCO which was illuminated using transmitted light.

All preparations for microscopical observation were mounted on a slide,
using quick-setting epoxy resin (Araldite) to secure the femur by its
proximal end. As the Araldite dried, a Plasticine/Blue-tak bath was
constructed on the slide around the leg. The preparation was then flooded
with insect saline to prevent desiccation when it was placed on the
microscope stage. Before measurements were made, the distal end of the
tibia was amputated to make the leg easier to manipulate. A paper
protractor aligned with the centre of rotation of the joint, was attached to
the underside of the slide and orientated so that the femur lay along the
base-line. This arrangement allowed the femoro-tibial angle to be
measured over the full range of articulation (full flexion = 0°; full
extension = 150°).

To enable displacements of the mtFCO attachments to be measured, fine
grade carborundum powder (2 - 5 um diameter granules) was gently
spread onto the organ using a mounted hair. Many of the carborundum
grains adhered to the organ and the excess grains were washed away. As
the joint was rotated through 10° increments, the carborundum granules
enabled displacements of points on the apodeme, ligaments and the
scoloparia to be tracked. Displacement of the attachments at different
femoro-tibial angles was measured either photographically using x10 and
x40 objectives on a Zeiss S.L. photoscope or directly using a long working
distance x10 water immersion objective in conjunction with a digital
measuring eyepiece. A small Plasticine pellet was used to hold the tibia at
10° intervals of joint rotation. Some preparations were viewed using an
inverted epifluorescence microscope equipped with a BioRad Lasersharp
MRC 400 confocal laser scanning system fitted with a blue high-sensitive
filter block to excite at 488 nm. The autofluorescent emission from the
cuticular rod of the apodeme complex was detected at 515 nm and above.
Images were stored on optical disc.

2.3.2 Morphing maps
In order to build up a picture of the relative displacements at the level of

the sensory neurones, morphing maps were constructed from a series of
photographs in which the scoloparia were marked with many
carborundum markers. Successive images of the scoloparia at different
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femoro-tibial angles were projected onto a sheet of graph paper using a
photographic enlarger, and the locations of the carborundum markers
were recorded. A grid was then plotted over the outline of the scoloparia
at a femoro-tibial angle of 0° in which carborundum grains marked the
location of the grid intersects. The grid was then re-plotted at different
femoro-tibial angle placing the grid intersects upon the original markers.
Differential movement between the markers resulted in two-dimensional
distortion of the grid. Not every grid intersect could be associated with a
marker. Such grid intersects were relocated after the tibia was rotated by
plotting them at a proportional location between existing markers.
Morphing maps were constructed at 30° intervals over the full range of
femoro-tibial articulation (0° - 150°).

2.3.3 Analysis of the locust walking cycle

Locusts were filmed walking along a narrow runway. To allow filming,
one side of the runway was made of Perspex. The floor of the runway was
made of rough hardboard to provide a suitable surface to grip. The
animals were persuaded to walk by lightly prodding the abdomen with a
rod. The enclosure was rearranged vertically to obtain video records of
climbing animals. A bench lamp was used to maintain the temperature at
approximately 30°C. Video footage was analysed using a Panasonic
AG6024 time-lapse video recorder with adjustable picture definition
enabling each frame to be displayed as sharply as possible. A 24-inch
screen Panasonic Prism Al high resolution television was used to display
the images. The tape was advanced a frame at a time to analyse the
walking cycle and determine the maximum and minimum femoro-tibial
angles whilst the animals were walking or climbing. These measurements
were made on the screen using a protractor and measuring arm.

The sections of video tape that were analysed were selected from periods of
continuous walking as both the maximum and minimum femoro-tibial
angles decreased as the animals started or stopped.

2.4 RESULTS

2.4.1 General Anatomy
The mtFCO is located dorsally within the femur on the anterior side. The

femur is internally organised so that the CO is positioned within an
unobstructed longitudinal channel. The channel forms part of the dorsal
haemolymph canal (Friedman, 1972a) and extends distally from the
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sensory cell region of the organ towards the femoro-tibial joint. Laterally
the dorsal haemolymph canal is bounded by the cuticular femur wall on
the anterior side and by a trachea associated with the flexor-tibiae muscle
apodeme on the posterior side. The CO is confined within the dorsal part
of the femur by a septum of connective tissue interconnecting several
tracheae which run along the longitudinal axis of the leg (Fig. 2.1). Whilst
the mtFCO apodeme complex is dorsal to the septum, the flexor strand is
ventral to it within the ventral haemolymph canal.

The main mechanical linkages of the mtFCO with other parts of the distal
femur and proximal tibia are shown in Figure 2.2. The main mechanical
connection joining the sensory cells of the CO to the tibia across the
femoro-tibial joint is formed by the apodeme complex (Shelton et al.,
1992). Distally it consists of a cuticular rod that arises from the proximal
tip of the tibia. Its origin is adjacent to that of the flexor-tibiae muscle
apodeme and is located upon a projected cuticular process (Usherwood et
al., 1968; Field and Burrows, 1982). Proximally the cuticular rod tapers and
gives rise to a pair of fused ligaments composed of elongated attachment
cells. The dorsal ligament forms a continuation of the cuticular rod whist
the ventral ligament is attached to the side of the rod near its proximal
end.

The most distal elements of the ventral ligament arise approximately

500 pm from the proximal end of the rod and consists of a small cluster of
attachment cells. Proximally the ventral ligament is supplemented by
additional separate bundles of attachment cells arising from the side of the
rod at regular intervals (Shelton et al., 1992). When the apodeme complex
is stretched (the tibia is flexed), both the ligaments lie parallel to one
another. When the apodeme complex relaxes (tibia is extended), the
dorsal ligament buckles to form a loop. Some of the fibres comprising the
ventral ligament also slacken when the tibia is extended (Field, 1991;
Shelton et al., 1992) (see Figure 2.2). Associated with the apodeme complex
is a cluster of approximately 20 guy-rope fibres. These fibres arise from the
dorsal ligament immediately proximal to the loop-forming region and run
distally to terminate dorsally near the femoro-tibial joint. The exact
location of these distal terminations is investigated in Chapter 3.

The mtFCO is anchored dorsally to the anterior femur wall approximately
5 mm from the femoro-tibial joint by a short dorsal attachment. The
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dorsal attachment is approximately 500 pm long and contains a muti-
terminal receptor (Matheson and Field, 1990). Its role is to provide a
proximal anchor point for the organ within the femur against which the
remaining mtFCO mechanical linkages work to cause distortion of the
sensory scoloparium. A second ligamentous attachment links the CO to
the apodeme of the flexor muscle apodeme, ventral to the mtFCO cell body
region (Usherwood et al., 1968) (Fig. 2.2). This 'ventral attachment
ligament' will be shown to have a variable role in contributing to the
displacement of the scoloparium. It buckles over some parts of the
femoro-tibial range and is taut over others.

The mtFCO is also associated with the flexor muscle apodeme via the
'flexor strand' (Usherwood et al., 1968) which consists of a strand receptor
organ with its cell body located in the metathoracic ganglion (Braunig,
1982b). The flexor strand arises ventrally from the mtFCO scoloparium
region and inserts onto the flexor-tibiae muscle apodeme distally, close to
the femoro-tibial joint (Field and Burrows, 1982). The CO is innervated by
nerve 5b1 which runs proximally from the organ along the ventral edge of
the femur to enter the thorax and form synaptic connections in the
metathoracic ganglion (Campbell, 1961).

2.4.2 Displacement of the main mechanical linkages

2.4.2.1 Displacement of the apodeme complex
The following account describes the roles of the components involved in

buckling of the apodeme complex during tibial extension in both S.
gregaria and L. migratoria.

S. gregaria
Buckling of the apodeme complex is dependent upon the guy-rope fibres
associated with the dorsal ligament. The guy-rope fibres become
increasingly stretched as the ligaments are displaced proximally during
tibial extension from 0° - 30°. As the guy-rope fibres become increasingly
taut, the dorsal ligament distal to their insertion upon it becomes
increasingly slack. Upon further extension of the tibia (>30°), this portion
of the dorsal ligament becomes fully unloaded and buckles to form the
loop whilst the ventral ligament remains under tension (Fig. 2.3). The
shape of the loop is determined by the cuticular rod which is displaced
along the proximo-distal axis of the femur as the tibia is extended over the
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range 0° - 100°. At angles greater than approximately 80° the proximal end
of the rod rises up towards the dorsal surface of the femur (Fig. 2.3).

The distal ends of the attachment cells that form the ventral ligament are
organised into approximately 20 functional bundles. These bundles
(hereafter referred to as crossing fibres) attach at intervals along the
proximal 500 um of the apodeme. The lengths of the crossing fibres
between their origins at the rod and their incorporation into the ventral
ligament, vary from approximately 8 pm (fibres originating furthest from
the mtFCO scoloparium), to approximately 20 um long (fibres originating
nearest the mtFCO scoloparium). This arrangement results in the loop-
crossing fibres slackening in a sequential fashion upon extension of the
tibia, the most proximal fibres (nearest the mtFCO scoloparium) unloading
first. As the tibia is flexed the sequence is reversed, the distal-most fibres
first tightening at a femoro-tibial angle of 80° (+10°) and most proximal
fibres tightening at a femoro-tibial angle of 45° - 30° (Fig. 2.3).

L. migratoria
Previous descriptions of loop formation have seemed to indicate
differences between S. gregaria and L. migratoria. Whilst parts of the
ventral ligament remain under tension at all femoro-tibial angles in the
case of S. gregaria (Shelton et al., 1992) and only the dorsal ligament goes
completely slack, both the dorsal and ventral ligaments become fully
unloaded at extreme tibial extension in L. migratoria (Field, 1991). To
understand the differences in behaviour between the two species, detailed
observations were carried out on freshly dissected specimens. In addition
to confirming the difference in the unloading of the dorsal and ventral
ligaments during tibial extension, it was found that in S. :gregaria, the
cuticular rod rises dorsally above the plane of the apodeme complex as
buckling occurs. In L. migratoria, the rod dips below the plane of the
apodeme complex (Fig. 2.4). Minimal dissection of L. migratoria in which
a window of cuticle overlying the apodeme complex was removed from
the anterior face of the femur, allowed the displacement of the cuticular
rod to be observed through the intact epidermis. In such dissections, the
cuticular rod does not appear to flip ventrally to the extent observed in
more extensively dissected specimens. This could indicate that the dorso-
ventral displacement of the apodeme complex in the intact femur is
restricted, possibly by a connective tissue septum which separates the
dorsal and ventral haemolymph canals. The difference in loop formation
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between the two genera is attributable to a morphological difference in the
way the mechanical components comprising the apodeme complex are
connected together. Although the structure of the loop-forming region of
the apodeme complex is similar in both S. gregaria and L. migratoria, in
S. gregaria the guy-rope fibres leave the dorsal ligament immediately
proximal to the loop forming region. In L. migratoria they arise
approximately 200 pm proximal to the loop forming region (Fig. 2.4a).
This portion of the apodeme complex is relatively unsupported and so
twists as buckling occurs allowing the cuticular rod to dip below the plane
of the apodeme complex (Fig. 2.4b). These observations have functional
implications and suggest differences between the two genera. If both of the
ligaments become slack over a significant part of the range of femoro-tibial
angles (as in L. migratoria), the potential for range fractionation is
reduced. '

2.4.2.2 Extensibility of the cuticular rod

The cuticular rod of the apodeme complex has been described previously
as a purely inextensible structure (Shelton et al., 1992). Field (1991)
described the proximal 110 pm of the rod as being hinged. In the present
study, the proximal region of the rod was visualised by confocal scanning
light microscopy using the autofluorescent properties of the cuticle to
reveal its structure. It was found that the terminal 100 um of the rod is
straight when under tension and that it buckles like a spring when the
dorsal ligament is slack. This was found to be true in both L. migratoria
(Fig. 2.5a-d) and S. gregaria (not shown). This shows that the rod has
limited extensibility at the proximal tip.

2.4.2.3 Ventral attachment ligament

The ventral attachment ligament consists of a short (approximately

700 pm when taut) ligament which inserts onto the apodeme of the
flexor-tibiae muscle (Usherwood et al., 1968; Matheson and Field, 1990).
When the leg is flexed, the ventral attachment is taut and lies parallel to
the CO nerve, opposing distal organ displacement in a similar manner to
the mtFCO dorsal attachment. However, unlike the dorsal attachment the
ventral attachment has a variable role in contributing to the behaviour of
the organ depending on joint angle. It becomes unloaded as femoro-tibial
angle increases.
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Over the range of femoro-tibial angles 0° - 40° the ventral attachment
ligament is gradually unloaded. At femoro-tibial angles in excess of 45°,
the ligament becomes slack and buckles. When the tibia is fully extended
in S. gregaria, the insertion of the ventral attachment ligament onto the
flexor tibiae apodeme lies immediately ventral to the sensory scoloparium
(Figs 2.6a-d). The ligament buckles under the guidance of several short
'guy-rope' type fibres. These fibres leave the ligament towards its proximal
end, and insert onto the apodeme of the flexor tibiae muscle both proximal
and distal to the main attachment of the ligament (Figs 2.7a, b).

The degree of displacement of the ventral attachment is determined by the
location of the distal insertion of the flexor tibiae apodeme upon the tibia
relative to the fulcrum of the joint (Fig. 2.8). The mean range of proximo-
distal displacement of the ventral attachment at its insertion onto the
flexor tibiae apodeme is 1983.8 pm (£SD 304.3 um, n=16).

Buckling of the ventral attachment occurs because as the tibia is extended,
the apodeme of the flexor tibiae muscle to which this ventral attachment
ligament is attached is displaced distally relative to the mtFCO. This
shortens the distance between the insertion of the ligament onto the flexor
tibiae muscle apodeme and the mtFCO, causing unloading of the ligament.

There are differences between S. gregaria and L. migratoria in the
behaviour of the ventral attachment ligament. It is only taut at femoro-
tibial angles of 0° - 40° in S. gregaria (Figs 2.6a-d), whereas it becomes taut
at both extremes of flexion and extension (femoro-tibial angles 0° - 40° and
135° - 150°) in L. migratoria (Figs 2.9a-c).

2.4.2.4 Displacement of the flexor strand

As in the case of the ventral attachment, the ligamentous flexor strand
runs distally from the organ to insert onto the apodeme of the flexor tibiae
muscle close to the latter's insertion at the base of the tibia (Usherwood et
al., 1968). This insertion into the tibia is situated in such a way relative to
the distal insertion of the apodeme complex and the centre of joint
rotation, that in response to joint rotations the strand organ ligament
moves antagonistically with respect to the apodeme complex of the mtFCO
(Field and Burrows, 1982). The axial displacement of the flexor strand at
different femoro-tibial angles was measured using pairs of carborundum
markers located at different proximo-distal levels along its length

(Fig. 2.10). Each pair of markers were located 65 um apart at a femoro-tibial
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angle of 0°. When the femoro-tibial angle was changed from 150° the
proximal pair of markers moved further apart (17.8 pm) than the distal
pair (10 um), indicating that the flexor strand is more complient
proximally than distally.

2.4.2.5 Combined role of the ventral attachment and flexor strand

In conjunction with the other mechanical connections, the ventral
attachment ligament and flexor strand contribute to the displacement of
the mtFCO by causing a rotatory displacement of the scoloparium. Over
the full range of tibial articulation the scoloparium containing the sensory
neurones undergoes a rotatory movement of approximately 20°

(Figs 2.11a-e). The displacement of the proximal apodeme complex
ligaments, in which the sensory dendrites are located, remains axial.
Considering the orientation of the mtFCO scoloparium upon extension of
the tibia from a femoro-tibial angle of 0°, slackening of the ventral
attachment contributes to the rotational motion over the range of femoro-
tibial angles 0° - 40°. Increasing tension within the flexor strand continues
the rotation over the remainder of the range of femoro-tibial angles in
conjunction with the unloading of the apodeme complex. In L. migratoria
this rotational motion is further accentuated at extreme tibial extension by
the ventral attachment, which becomes taut once again at femoro-tibial
angles in excess of 110° and supplements the disto-ventral pull of the
flexor strand (Figs 2.9a-c). Since the ventral ligament remains slack at all
femoro-tibial angles in excess of 40° in S. gregaria, the rotational motion is
less pronounced.

2.4.3 Quantitative analysis of the way in which the mechanical input is

transmitted to the sensory cells in S. gregaria
Discharges of sensory neurones in the mtFCO scoloparium are initiated or

modulated by input displacements arising at the level of the femoro-tibial
joint. These are transmitted proximally via the mtFCO's mechanical
linkages to effect distortion of individual scolopidia. The way in which
this occurs and the magnitude of the displacements at the level of the
scoloparium has not been characterised previously. Here, the nature of
the input and its mechanical transduction to the level of the mtFCO
sensory neurones is described.
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2.4.3.1 Locust walking cycle

A total of 21 cycles from 7 animals were analysed for each activity to
produce a table showing the mean maximum and mean minimum
femoro-tibial angles during walking and climbing in S. gregaria (Table 2.1).

Table 2.1
Mean femoro-tibial angle (°) + standard deviation
Minimum Maximum
Walking 29.2° (39.7°) 76.3° (£9.2°)
Climbing 28.2° (£3.5°) 96.2° (£14.9°)

When walking, the femoro-tibial angle oscillates over a mean range of
approximately 47°; whilst the animal is climbing vertically the mean range
of femoro-tibial angles is increased to about 68°. The walking cycle is
divided into protraction and retraction phases and resembles a saw-tooth
wave, showing approximately linear changes in femoro-tibial angle at a
mean frequency of 1.6 Hz (Fig. 2.12). During the retraction phase the tibia
is elevated and moved forwards relative to the body and the ground in
preparation for a step. During the protraction phase the leg moves
backwards relative to the body but not the ground. The retraction of the
tibia occurs faster (275° sec'l) and occupies a smaller proportion of the
walking cycle than the slower (137.5° sec'1) tibial protraction. Thus,
approximately 30% of the cycle is represented by retraction and 70% by
protraction. This results in the mtFCO apodeme complex being extended
at twice the velocity at which it is relaxed. Due to the nature of its
mechanical coupling, the organ's ventral attachment to the apodeme of
the flexor tibiae muscle will also be pulled taut faster than it is unloaded
over the femoro-tibial range of angles 0° - 40° (see Figure 2.8). The
converse will be true of the mtFCO flexor strand which will be extended at
a slower rate than that at which it is relaxed. These observations have
implications regarding the discrimination of proprioceptive information
over different parts of the femoro-tibial range. These will be dealt with in
the discussion section below. A similar pattern of activity occurs during
climbing (results not shown) except that the range of movement is greater.

2.4.3.2 Displacement of the cuticular rod
The input to the mtFCO varies sinusoidally in response to linear angular

rotation of the femoro-tibial joint, due to the eccentric location of the
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cuticular rod's distal origin (on the tibia) with respect to the centre of
rotation of the femoro-tibial joint. The magnitude of the input is
determined by the distance between the rod's origin and the centre of joint
rotation. Because of the rotatory movement of the femoro-tibial
articulation, the input to the apodeme complex has a dorso-ventral as well
as proximo-distal component. However, over the range of femoro-tibial
angles of the walking cycle, the proximo-distal element of the
displacement of the distal attachment of the apodeme complex is
approximately linear (Fig. 2.13).

The displacement of the proximal end of the cuticular rod is
predominantly proximo-distal because of the supporting influence of the
guy-rope fibres (see Figure 2.2). It reflects the proximo-distal component of
the input at the distal end of the rod. However, the magnitude of
proximo-distal displacement at the proximal end is smaller than that at
the distal end due to the influence of the dorso-ventral component of the
input displacement at the distal end (Fig. 2.14).

2.4.3.3 Modification of the input due to the properties of the ligaments
Rotations of the femoro-tibial joint result in relatively large displacements

(approximately 1000 pum) of the distal apodeme complex. The elasticity of
the apodeme complex ligaments at the proximal end of the complex has
the effect of decreasing the magnitude of the stimulus displacement as it is
transmitted proximally. The displacement of the apodeme complex at
different proximo-distal levels in response to rotation of the femoro-tibial
joint is shown in Figure 2.15. The range of proximo-distal displacement of
the apodeme complex is reduced approximately 30 fold as it is transmitted
along the apodeme complex to the level of the mtFCO neurones (Fig. 2.16).

From the level of the guy-rope fibres to the distal-most sensory neurones
and over the full range of femoro-tibial rotation, the magnitude of the
displacement measured along the mid-line of the apodeme complex
ligaments decreases linearly with distance from the femoro-tibial joint
(Fig. 2.17). This indicates that the ligaments act as a linear elastic coupling
between the cuticular rod and the sensory neurones. Linearity is lost at the
level of the sensory neurones.
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2.4.3.4 Displacement of the dorsal and ventral ligaments

The ligamentous portion of the apodeme complex is formed by the fusion
of dorsal and ventral ligamentous components. These dorsal and ventral
components are coupled to the cuticular rod in different ways and this has
given rise to speculation that the dorsal and ventral ligaments may behave
independently to some degree (Field, 1991; Shelton et al., 1992). Measuring
the displacement of the apodeme complex ligaments at their dorsal and
ventral margins shows that the two ligaments undergo a degree of
differential movement in response to changes in femoro-tibial angle (Fig.
2.18). The degree of differential movement between the dorsal and ventral
ligaments decreases proximally as the magnitude of displacements are
scaled down. The ventral ligament undergoes a wider range of proximo-
distal displacement than the dorsal ligament at most levels. At the most
proximal levels (the scoloparium) this trend is reversed, the dorsal
ligament having a wider range of proximo-distal displacement than the
ventral ligament (Fig. 2.19). These differences are discussed below.

2.4.4 Elastic properties of the dorsal and ventral ligaments

Comparing the maximum displacement of the dorsal and ventral
apodeme complex ligaments at different proximo-distal levels shows that
the two ligaments have different mechanical properties along their
lengths (Fig. 2.19). The dorsal ligament is subject to a smaller range of
displacement than the ventral ligament. This can be attributed to the
formation of the apodeme complex dorsal loop at femoro-tibial angles
greater than 30° - 45°. The range of ventral ligament displacement at
increasingly proximal levels is linearly related to position along the
ligament. This indicates that the ventral ligament is linearly elastic
proximal to the guy-rope fibres. However, the pattern of displacement of
the dorsal ligament at different proximo-distal levels indicates that the
ligament is more compliant at one end than the other.

This situation was clarified by comparing the distances between pairs of
equidistant markers located at the opposite ends of each ligament
following an imposed displacement. The markers of each pair were
located 191 pm apart when the ligaments were relaxed (femoro-tibial
angle 150°). The distance between each pair of markers was measured after
the tibia was fully flexed (Fig. 2.20). In the case of the ventral ligament, the
distance between the proximal marker pair increased by the same distance
as the distance between the distal marker pair as the mtFCO was stretched.
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The distance between the dorsal marker pairs increased differentially as
the mtFCO was stretched. The distance between the proximal markers
increased by more than the distance between the distal markers. This
confirms that whilst the ventral ligament is equally elastic at its proximal
and distal ends, the dorsal ligament is more compliant proximally than it
is distally. This has implications regarding the input to the sensory
scoloparium. Scolopidia in series with the more compliant dorsal
ligament may be subject to smaller forces than those in series with the
ventral ligament for a given tibial displacement. Alternatively, sensory
dendrites running into the dorsal ligament may be subject to increased
distortion relative to those running into the stiffer ventral ligament.

2.4.5 Other factors affecting the displacement pattern at proximal levels

within the apodeme complex ligaments
At the level of the femoro-tibial joint the relationship between proximo-

distal displacement of the apodeme complex and femoro-tibial angle is
sinusoidal (see Figure 2.13). The following results show that at more
proximal levels within the ligaments of the apodeme complex, the
displacements diverge from the sinusoidal relationship. A number of
factors probably contribute to this including the sequential attachment cell
recruitment (ventral ligament) and the loop forming region (dorsal
ligament).

This was demonstrated by plotting proximo-distal displacement against
femoro-tibial angle at different proximo-distal levels along the apodeme
complex. Displacements at each level were then compared to those at the
level of the femoro-tibial joint. To make such comparisons, the
displacement at each proximo-distal level was scaled such that the range of
displacement was of the same magnitude as that at the level of the
femoro-tibial joint (Fig. 2.21). The difference between the input
displacement curve ( the graph of displacement at the joint) and the scaled
displacement curve describes the way in which the input signal has been
qualitatively modified by the apodeme complex as it is transmitted from
the femoro-tibial joint. The input displacement curve was subtracted from
the scaled displacement curve to show the degree of modification with
femoro-tibial angle.

At the level of the guy-rope fibres, the input displacement is modified
such that at femoro-tibial angles between 40° - 110° the ligaments are
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undergoing relatively more displacement than over the remainder of the
femoro-tibial range. This is the range of femoro-tibial angles involved in
the locust walking cycle. This phenomenon represents selective
amplification of the input over this range of femoro-tibial angles

(Fig. 2.22). At increasingly proximal levels (at the level of the sensory
neurones) the degree of selective amplification approximately doubles
compared with that measured at the level of the guy-rope fibres. In
addition, the femoro-tibial angles over which selective amplification
occurs decreases to a bandwidth of approximately 45° over the middle of
the femoro-tibial range.

To understand how tibial rotation affects the sensory neurones it is most
important to characterise displacements at the level of the scoloparium.
To achieve this, the effect of selective amplification upon absolute
displacement was measured at four different proximo-distal levels along
the mtFCO scoloparium. The range of proximo-distal displacement in
response to 30° rotations of the femoro-tibial joint was measured over
different parts of the full range of femoro-tibial rotation (0°-30°, 30°-60°,
60°-90°, 90°-120° and 120°-150°) (Fig. 2.23a-d). The series of histograms
shows that at more proximal levels within the scoloparium the
displacements occurring in response to changes in femoro-tibial angle
over the range 60° - 90° are preferentially transmitted to the level of the
sensory-neurones (Figs 2.23b-d). Those displacements occurring on either
side of this range are selectively reduced. A comparison of the input
displacement with the displacement measured in the centre of the
scoloparium in a number of preparations shows that the average femoro-
tibial angle at which maximum relative amplification occurs is 62.75° £ SD
12.5 (Fig.2.24). This angle falls in the mid-range of the locust walking
cycle.

2.4.6 Analysing the 2 dimensional displacement of the mtFCO

scoloparium
The reversible changes in shape of the mtFCO scoloparium with flexion

and extension of the tibia show that it has elastic properties. This elasticity
is likely to be associated with fibrous sheathing material that surrounds
the organ (Shelton et al., 1992). Elastic elements within the scoloparium
are also likely to be present. Because of the elasticity within the whole
system, rotational movements of the tibia leads to longitudinal
displacement of the scoloparium as a whole. However, the meaningful
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displacement at the level of the sensory scolopidia is the relative
displacement occurring between the tip of the sensory dendrites and the
sensory somata. Such displacement provides a measure of the degree to
which the sensory units are stretched/distorted.

The relative displacements of different regions of the mtFCO scoloparium
at the level of the sensory neurones was characterised by the construction
of a series of two-dimensional 'morphing' maps. These maps show how
Cartesian co-ordinates projected onto the surface of the scoloparium
would be distorted with respect to one another with rotatory
displacements of the tibia. The distortion patterns were generated by
reference to carborundum markers on the surface of the mtFCO (see
Methods, this chapter). The maps also show how the scoloparium as a
whole is displaced within the femur during tibial rotation (Figs 2.25a-f).

As the tibia is rotated from 0° to 150° the region of the mtFCO containing
the sensory neurones becomes increasingly distorted. Whilst the proximo-
distal axis becomes compressed with tibial extension, the dorso-ventral
axis becomes increasingly stretched. This is due to the influence of the
flexor strand whose tension increases with increasing femoro-tibial angle.

Overlying morph maps representative of the full range of femoro-tibial
rotation show the range over which the scoloparium is displaced within
the femur (Fig. 2.26). There is a rotatory motion of the sensory neurone-
containing region of the mtFCO due to the antagonistic action of the
apodeme complex and flexor strand. In addition, the ventral attachment
contributes to this rotational displacement as it slackens over the range of
femoro-tibial angles 0° - 40° in both S. gregaria and L. migratoria. In

L. migratoria the ventral attachment also contributes to the rotational
motion over the femoro-tibial range 135° - 150° as previously described
(see Figures 2.9a-c).

2.5 DISCUSSION

The mtFCO apodeme complex is arranged so as to convert rotatory input
displacement at the level of the articulation of the tibia with the femur
into longitudinal displacements along the axis of the femur at the level of
the sensory scoloparium. In this respect the role of the apodeme complex
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is analogous to that of a linkage between a wheel and piston on a
locomotive:

[ S

In this model rotational displacement of point 1 as the wheel rotates
represents displacement of the distal attachment of the cuticular rod
around the centre of rotation of the femoro-tibial joint. This displacement
is transmitted along a shaft (2) representing the cuticular rod, to a joint (3),
analogous to the junction of the cuticular rod with the ligaments (4). The
piston guides (5) effect the conversion of the rotational displacement of the
input into longitudinal displacements of the piston and represent the role
of the guy-rope fibres. The piston itself represents the mtFCO
scoloparium.

2.5.1 Input to the mtFCO

Rotation of the femoro-tibial joint results in relatively large displacements
of the distal apodeme complex. Usherwood et al. (1968), measured the
proximo-distal displacement of the cuticular rod to be 1.9 mm over a 170°
range of femoro-tibial angles in female S. gregaria. (This large range of
tibial rotation may reflect damage or distortion of the femoro-tibial joint).
In the current study it was found that the tibia rotates over the range 0° -
150° but that it can be force to move to 160° by distorting the femoro-tibial
joint. Subsequent workers measured the range of displacement of the
cuticular rod to be 1.2 - 1.3 mm in S. gregaria (Field and Burrows, 1982)
which is the same as that which was found in this study (femoro-tibial
range 0° - 150°). During the locust walking cycle the change in femoro-
tibial angle with time resembles a saw-tooth wave comprising short
approximately linear changes in femoro-tibial angle. Within each cycle,
the mean range of femoro-tibial rotation was found to be 47°. This value
is very similar to that observed by Burns (1973) (50°), but greater than that
observed by Usherwood et al. (1968) (30°). As in the current study, both
Burns (1973) and Burrows (unpublished 1994, 1996) observed that tibial
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retraction occupies a smaller proportion of the walking cycle than tibial
protraction. This results in the mtFCO being stretched faster than it is
relaxed. Over the walking range the relationship between femoro-tibial
angle and displacement of the distal attachment of the apodeme complex
is such that linear angular rotation of the femoro-tibial joint results in
approximately linear proximo-distal displacement of the cuticular rod.

The eccentric location of the distal attachment of the cuticular rod
(approximately 1 mm from the fulcrum) provides a relatively large input
to the mtFCO in response to tibial rotation. This ensures that rotation of
the joint produces relatively large displacements whilst any erroneous
lateral displacements produced by imperfect femoro-tibial joint
articulation result in only small displacements. The mechanical
arrangement is almost certainly organised in this way to provide a
favourable signal to noise ratio. Such an arrangement necessitates the use
of a compliant component coupled in series with the receptors. The
compliant element scales down the input to a magnitude appropriate to
the transduction mechanism of the sensory cells. A similar arrangement
is found in the mtFCO of the cricket Acheta domesticus (Nowel et al.,
1995). French (1988) speculated that the various coupling structures found
in association with different mechanoreceptors would allow a wide range
of stimuli to produce similar amplitude movements at the level of their
sensory cell membranes. He remarked that this would permit a
conservation of structure and function at the level of the sensory cells so
that the generation of receptor currents during transduction would take
place by similar mechanisms in different systems.

2.5.2 Modification of the mechanical input
As input displacements are transmitted proximally there is a reduction of

displacement magnitude due to the compliance of the ligaments. In
addition, input displacements are modified differentially over different
parts of the femoro-tibial range. Displacements of the cuticular rod over
' the middle of the range of femoro-tibial angles produce disproportionally
large displacements of the ligaments relative to those at the ends of the
femoro-tibial range. This is likely to be due to the roles of the dorsal
ligament loop and the sequential recruitment of fibres crossing to the
ventral ligament. Although in this thesis displacement modification was
measured in response to static joint rotations, such modifications may be
frequency dependent.
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Buckling of the apodeme complex to form the loop occurs in different
ways in the two species examined. The physiological consequence of this
difference in loop-forming behaviour is unclear, although a combination
of two morphological factors may be responsible for it. L. migratoria has a
more rigid distal insertion onto the tibia than S. gregaria. This means that
as the distal insertion point moves ventrally when the leg is flexed, there
is a tendency for the insertion point to force the cuticular rod downwards.
The guy-rope fibres in L. migratoria are located at a more proximal level
than they are in S. gregaria. The result is that a significant length of the
ligament component of the apodeme complex is unsupported (Fig. 2.4b).
Therefore, as the tibia is extended instead of the apodeme flipping upwards
as in S. gregaria, local twisting of the ligaments occurs and the cuticular
rod flips downwards.

Some evidence was found to suggest that the very large degree of observed
ventral deflection of the cuticular rod in dissected specimens of L.
migratoria may be partially due to the effects of dissection. These result in
the rod moving more ventrally than in undissected specimens,
particularly at femoro-tibial angles in excess of 90°. A septum separating
the dorsal and ventral haemolymph canals of the femur is inevitably
damaged during dissection. This septum (also present in S. gregaria),
although not directly involved with formation of the loops, may limit the
range over which the cuticular rod can 'flip' ventrally in undissected legs.
In S. gregaria, where the rod is always displaced dorsally, the septum has
no such role.

Differences in buckling behaviour between the two species may reflect
subtle behavioural differences which require differences in the
proprioceptive input arising from tibial rotation. Alternatively, the
apparent reduction in the range of sensitivity caused by the complete
unloading of the apodeme complex ligaments in L. migratoria may be
compensated for by another mechanical linkage elsewhere in the system
such as the ventral attachment which (unlike the situation is S. gregaria)
becomes taut when the ligaments are fully unloaded.

2.5.3 Implications of differential ligament displacement
Differential displacement between dorsal and ventral apodeme complex

ligaments has been noted in the mtFCO of the cricket Acheta domesticus
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(Nowel et al., 1995). In the present study similar differential displacements
were noted between the dorsal and ventral ligaments in S. gregaria.

It is known that individual mtFCO sensory neurones respond over
discrete ranges of femoro-tibial angles (Usherwood et al., 1968; Burns, 1974;
Zill, 1985a). Thus, the discharge of the organ at any particular femoro-
tibial angle represents the composite of the responses of several neurones
whose angular sensitivity ranges overlap. This phenomenon is known as
'the range fractionation principle' (Cohen, 1964).

It has previously been the unspoken assumption that the attachment
strands of chordotonal organs stimulate all the sensory units
simultaneously. In this case range fractionation would be achieved by a
population of neurones having different thresholds for stimulation. The
observations made in this thesis and by other recent studies (Field, 1991;
Shelton et al., 1992; Nowel et al., 1995) suggest that range fractionation may
be due in part to the mechanical properties of the apodeme complex.
Differential displacement between the mtFCO ligaments may provide a
mechanism by which different populations of sensory neurones having
similar electrophysiological properties can be induced to fire over different
parts of the femoro-tibial range. '

There are three biomechanical factors which provide differential
mechanical input to the scoloparium:

1. The guy-rope fibres attached to the dorsal ligament are loaded and
unloaded over the course of the walking cycle. Since the ventral ligament
is not directly connected to the guy-rope fibres, any influence imposed
upon ligament displacement by the guy-rope fibres will affect the dorsal
and ventral ligaments to differing degrees.

2. During tibial flexion the attachment cell fibres of the ventral ligament
tighten sequentially over the range of femoro-tibial angles 30° to 80°

(Fig. 2.3). This results in the attachment cells comprising the ventral
ligament being displaced differentially over this part of this femoro-tibial
range.

3. Differential elasticity along the length of the dorsal ligament contributes
to differential displacement between the two ligaments. If both ligaments
are displaced equally at their distal ends, the proximal end of the dorsal
ligament would undergo larger displacements than the ventral ligament
due to its increased compliance at this level.
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2.5.4 Connections to the flexor muscle apodeme
Both the ventral attachment and the flexor strand are connected to the

flexor tibiae muscle apodeme so that they provide mechanical input to the
mtFCO scoloparium region during movements of the flexor muscle
apodeme. Such connections are obviously of considerable importance in
contributing to the overall displacement of the mtFCO scoloparia.
Connections to a muscle involved in effecting rotation of the joint may
also allow the response properties of the mtFCO to be altered depending
upon the state of contraction of the muscle (Shelton et al., 1992).

Usherwood et al. (1968) speculated that the mtFCO probably also responds
to muscle contractions which do not result in rotatory movements of the
tibia. Such a situation would involve a simultaneous change in flexor and
extensor tibiae muscle tone such that the increased tension developed in
the muscles resulted in no tibial rotation. For this to provide information
via the mtFCO relating to the state of muscle tone would necessitate either
direct interaction of the mtFCO with the muscle fibres, or rely on muscle
tension causing distortion of the distal femur. The ventral attachment
ligament terminates upon the flexor tibiae amongst numerous muscle
fibre bundles and so could provide proprioceptive information either
directly regarding the state of contraction of the fibres or indirectly by
responding to the displacement of the flexor tibiae apodeme within the
femur. In contrast, the mtFCO flexor strand terminates on the flexor tibiae
apodeme at a level where no muscle fibres are found. If it were to provide
a measure of muscle tone under conditions where the tibia is stationary,
this attachment must rely solely upon monitoring the displacement of the
apodeme resulting from femoral distortion. There is no evidence that this
occurs.

In S. gregaria the mechanical influence of the ventral attachment is
greatest during extreme tibial flexion when the attachment is held taut.
The leg is frequently held in this flexed position for long periods when the
locust is at rest, and also immediately prior to jumping. Prior to the jump
the tibia remains fully flexed whilst muscle tension in both the flexor and
extensor is increased (Brown, 1967). During this process the smaller flexor
tibiae muscle is able to oppose the force generated by the larger extensor
tibiae by virtue of the mechanical advantage afforded by the fact that the
flexor muscle apodeme's distal origin at the tibia is at a greater distance
from the fulcrum than that of the flexor tibiae. Since femoro-tibial angle
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remains static during this process (0°), the ventral attachment could
conceivably have a role in monitoring the state of contraction of the flexor
muscle. Certainly the animal is unable to jump when one or both mtFCOs
are removed (Usherwood et al., 1968). Burns (1974) recorded the neuronal
output from the distal scoloparium in the pro- and mesothoracic locust
chordotonal organs. Some units were found to respond strongly to flexor
tibiae muscle contraction when the tibia was held in a fixed position. Zill
(1985a) obtained similar results in the case of the locust mtFCO (although
was unaware of ventral attachement ligament and attributed this activity
to distortion of the femoro-tibial joint). These observations strongly
implicate the ligaments associating these scoloparia with the flexor muscle
apodeme in having a functional role of monitoring muscle tone in the
pro- and mesothoracic legs. There is evidence that the mtFCO in the
locust is formed from two scoloparia that have fused in the course of
evolution (Matheson and Field, 1990; Chapter 4 this thesis). If one of these
scoloparia corresponds to the pro- and mesothoracic distal scoloparia the
evidence cited above would suggest that the ventral attachment is derived
from it. In L. migratoria, in addition to being held taut over the femoro-
tibial angle range of 0° - 40°, the ventral attachment is also under tension
over the angles 135° - 150°. Mechanical input to the mtFCO scoloparium
over the latter angles may compensate for the lack of input from the
apodeme complex which is completely unloaded over this range of tibial
rotation.

Unlike the ventral attachment, the flexor strand remains under tension at
all femoro-tibial angles in both S. gregaria and L. migratoria. With respect
to their effects upon distortion of the mtFCO scoloparium, the flexor
strand and ventral attachment may have complementary roles, the flexor
strand becoming increasingly stretched as the tibia is extended whereas the
ventral attachment becomes slack over the majority of the femoro-tibial
range. Zill (1985a) showed that when the flexor strand was severed, the
increase in mtFCO nerve discharge normally associated with extension of
the tibia was almost completely eliminated. This reflects the fact that not
only does the flexor strand contribute to the displacement of the
scoloparium but that it also contains an extension-sensitive 'strand
receptor' (Brdaunig, 1985) whose axon runs in the chordotonal organ nerve
tract. The latter author speculated that the function of the strand receptor
may be to encode some aspect of tibial extension that the mtFCO
scoloparium does not monitor.
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If the state of contraction of the flexor tibiae muscle modifies the response
properties of the chordotonal organ, any modifying influence by virtue of
the ventral attachment ligament alone would cease at femoro-tibial angles
in excess of 40° in both S. gregaria and L. migratoria, as the attachment
becomes slack over this range. However, the ventral attachment could
contribute to distortion of the scoloparium over the range of femoro-tibial
angles 135° - 150° in L. migratoria as described. In both species, the
influence of the ventral attachment holding the system at a higher tension
may increase its sensitivity under conditions of extreme tibial flexion
although a link between muscle tone and discharge from the organ has yet
to be established. However, such associations have been found to exist in
crustacean proprioceptor systems (Macmillan et al., 1982). The forces
generated by the femoral muscles must be closely monitored by
proprioceptors, particularly during jumping, to keep within the
capabilities of the load bearing structures (Burrows, 1996).

Recent studies have also shown that muscle tone may be monitored by
specialised multipolar receptors, such as that associated with the assessory
flexor muscle (Matheson and Field, 1995). Such receptors respond to
dynamic components of the muscular contraction contributing to joint
rotation. Connections such as the mtFCO ventral attachment ligament
and flexor strand may be responsible for providing inputs relating to other
aspects of muscular contraction. Such connections certainly would be
capable of modifying the responses of some or all the mtFCO sensory units
simultaneously by causing distortion of the scoloparium. Such distortion
may provide another mechanical mechanism that promotes differential
inputs to afferent sensory neurones.
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Figure 2.1

The internal organisation of the distal femur is shown in this semi-thin

(1 um) transverse section stained with 1% Toluidine Blue. This figure is a
montage built up from multiple greyscale images, captured using a CCD
camera and Scion Corporation frame-grabber.

The femur is horizontally divided into dorsal (dhc) and ventral (vhc)
haemolymph channels by a thin connective tissue septum (s)
interconnecting several large tracheae (t). The cuticular apodemes of the
extensor (ext) and flexor (flx) tibiae muscles are located in the dorsal and
ventral haemolymph channels respectively. Muscle blocks of the flexor
tibiae (ft), accessory extensor (ae) and accessory flexor (af) muscles stain
intensely.

The mtFCO is located within the dorsal haemolymph channel on the
anterior side of the femur. Laterally the organ is bound by the cuticular
femur wall on the anterior side and by the tracheae associated with the
flexor-tibiae muscle apodeme on the posterior side (t'). The CO is confined
within the dorsal haemolymph channel. The flexor strand (fs) is confined
within the ventral haemolymph channel.
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Figure 2.2

This semi-schematic diagram shows the general anatomy of the mtFCO and its main mechanical linkages.

The mtFCO is anchored dorsally in the distal femur by a short dorsal attachment (da). Ventrally the organ is connected
to the apodeme of the flexor tibiae muscle via two structures; a ventral attachment (va) which arises adjacent to the
neurone-containing region of the organ to connect to the flexor tibiae apodeme (f), and the flexor strand (fs) which
inserts onto the flexor tibiae apodeme distally near the femoro-tibial joint.

The 'apodeme complex' (ac) forms the main mechanical link across the femoro-tibial joint. Distally it consists of a
cuticular rod (r) that arises from the tibia, and proximally it is composed of dorsal (d) and ventral (v) ligaments. Loop
formation (1) occurs between the two ligaments as femoro-tibial angle increases (tibial extension). Loop 'crossing fibres'
(cf) arise from the side of the cuticular rod at intervals to form the ventral ligament. These fibres are of graded lengths
and consequently tighten and slacken sequentially during tibial flexion and extension respectively.

Proximal to the loop-forming regions is a cluster of guy-rope fibres (gf). Similar fibres also occur at intervals between
this group and the mtFCO scoloparium (s). Distally the fibres are attached to dorsal connective tissue elements within
the femur. The organ is connected to the metathoracic ganglion by nerve 5bl (nl). It is joined by the cuticular nerve
(n2), which arises distally from sense organs in the dorsal femur.






Figure 2.3

A series of light micrographs showing the appearance of the apodeme
complex loop in S. gregaria, at a series of femoro-tibial angles (indicated).
Distal is to the right of the micrographs.

The loop is formed by the cuticular rod (r) which rises above the plane of
the apodeme complex. The loop forms due to a slack region of dorsal
ligament (1) distal to the guy-rope fibres (g). The crossing fibres (arrows)
leave the cuticular rod at intervals to join the ventral ligament. These
fibres tighten sequentially upon tibial flexion. At a femoro-tibial angle of
80° the apodeme complex is buckled, the cuticular rod being dorsal to the
ventral ligament to form the characteristic loop. The length of dorsal
ligament (1) (approximately 150 um), between the end of cuticular rod and
the attachment of the guy-rope fibres, is buckled when the loop is present.
The guy-rope fibres leave the dorsal ligament to run distally at an angle of
approximately 30° from the plane of the apodeme complex.

The arrows in micrographs 80° to 50° follow the sequential tightening of
two individual fibres of the ventral ligament during flexion. The distal-
most loop disappears first. The photograph taken at 30° shows the two
ligaments (arrows) immediately proximal to the level of the cuticular rod.
The appearance of the apodeme complex at each femoro-tibial angle is the
same during flexion and extension so that the series of micrographs
opposite could represent either a flexion (80° - 30°) or extension (30° - 80°)
of the tibia.






Figures 2.4a, b

These semi-schematic diagrams show the way in which the mechanical
connections comprising the apodeme complex are arranged in L.
migratoria. The dorsal ligament (d) forms a continuation of the cuticular
rod (r), whilst the ventral ligament (v) arises from the side of the rod. As
is the case in S. gregaria, some of the fibres forming the ventral ligament
buckle to form loop-crossing fibres (cf) which tighten and slacken in
sequential fashion.

a

This diagram shows the junction between the cuticular rod and the
ligaments of the apodeme complex at a femoro-tibial angle of 80°.

The guy-rope fibres (gf) arise from the dorsal ligament approximately

200 um proximal to the fusion of the dorsal and ventral ligaments in L.
migratoria. (This contrasts with the position of the guy-rope fibres in S.
gregaria where they are located immediately proximal to the loop forming
region in S. gregaria, indicated in grey).

b

At extreme flexion (150°), the cuticular rod dips below the plane of the
apodeme complex causing local twisting (t) in the unsupported region of
the ligaments located between the guy-rope fibres and the loop. Both the
dorsal and ventral ligaments become fully unloaded distal to the guy-rope
fibres. Neither twisting nor full unloading of the apodeme complex are
seen in S. gregaria. |
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Figures 2.5a-d

These micrographs show the proximal end of the apodeme complex cuticular rod at different femoro-tibial angles in L.
migratoria. Using a confocal laser scanning microscope the autofluorescent properties of insect cuticle are utilised to
visualise the rod as the tibia is rotated from 0° - 100°. Figure 2.5d is a bright field micrograph taken at a femoro-tibial
angle of 100°.

Figure 5a shows the apodeme complex at a femoro-tibial angle of 0°. The cuticular rod appears straight at this leg angle.
As the apodeme complex is unloaded (5b, ¢; femoro-tibial angles 50° and 100° respectively) the proximal 100 um of the
rod buckles like a spring. The light micrograph taken at a femoro-tibial angle of 100° (5d) shows that the portion of the
cuticular rod that behaves like a spring is incorporated into the buckling dorsal ligament (arrows in 2.5¢,d) as the
apodeme complex forms a loop.
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Figures 2.6a-d

Series of micrographs showing the position of the ventral attachment
ligament at four femoro-tibial angles in S. gregaria. Distal is to the right.

The mtFCO scoloparium (s) is partly obscured, but the flexor strand (f),
ventral attachment (v) and chordotonal organ nerve 5bl (n) can be seen.

At a femoro-tibial angle of 0° (Fig. 2.6a), the ventral attachment (v) runs
proximally adjacent to nerve 5b1 (n) to insert onto the apodeme of the
flexor tibiae muscle.

As the femoro-tibial angle is increased, the ventral attachment becomes
gradually unloaded until at femoro-tibial angles in excess of 50° the
attachment buckles (Figs 2.6b, c). At a femoro-tibial angle of 150° the
insertion of the ventral attachment onto the flexor muscle apodeme lies at
the same proximo-distal level as the mtFCO scoloparium (Fig. 2.6d).









Figures 2.7a, b

This pair of light micrographs shows the guy-rope type fibres (arrows)
associated with the ventral attachment ligament in S. gregaria. Distal is to
the right in both cases. Each guy-rope consists of several twisted fibrils
(Fig. 2.7a) which control the buckling behaviour of the ligament at femoro-
tibial angles greater than 50°. The fibres connect the ventral attachment
ligament to the flexor muscle apodeme both distal (Fig. 2.7a) and proximal
(Fig. 2.7b) to the ligament's main insertion onto the flexor tibiae apodeme.
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Figure 2.8

A pair of semi-schematic diagrams to demonstrate the way in which the
displacements of the different mtFCO linkages are related in S. gregaria.

The distal origin of the apodeme complex cuticular rod (r) is located closer
to, and on the opposite side of the centre of rotation (arrow) of the femoro-
tibial joint, than the insertion of the apodeme of the flexor tibiae muscle

(f). This results in relatively large displacements of the ventral attachment
ligament and the flexor strand. They move antagonistically relative to the
displacement of the apodeme complex during rotation of the femoro-tibial

F = Femur

T = Tibia

d = dorsal attachment

v = ventral attachment

1 = apodeme complex ligaments

r = cuticular rod

b = buckling of the apodeme complex
gf = guy-rope fibres

fs = flexor strand

n = chordotonal organ nerve

f = flexor tibiae muscle
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Figures 2.9a-c

These semi-schematic diagrams show the behaviour of the ventral
attachment ligament in L. migratoria at different femoro-tibial angles.

The ventral attachment of L. migratoria behaves similarly to that of S.
gregaria over the majority of the femoro-tibial range of leg angles, being
taut when the tibia is flexed (9a) and buckling at femoro-tibial angles
greater than 40° (9b). However, at extreme tibial extension in L.
migratoria, the ventral attachment ligament becomes taut once again (9c).
At femoro-tibial angles of 135° - 150° the taut ventral attachment displaces
the mtFCO scoloparium disto-ventrally. The flexor strand also tightens
with tibial flexion and supplements the effect of the ventral attachment.

= Femur

= Tibia

= dorsal attachment

= ventral attachment
apodeme complex ligaments
= cuticular rod

= guy-rope fibres

> " T < a4
Il

= flexor strand
chordotonal organ nerve
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Figure 2.10

Histogram showing the relative displacements of two pairs of markers
located at different proximo-distal levels along the flexor strand. Each pair
of markers were located 65 um from one another at a femoro-tibial angle
of 0°. As the flexor strand was stretched by extending the tibia over the
femoro-tibial range 0° - 150°, the distance between each pair of markers
increased. The distance between the proximal pair of markers increased by
approximately twice that between the distal pair, indicating that the flexor
strand is more compliant proximally than distally.
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Figures 2.11a-e

This series of light micrographs shows the way in which the mtFCO
scoloparium in S. gregaria is distorted as the tibia is rotated over the entire
range of femoro-tibial angles. Distal is to the right; femoro-tibial angles are
given in the top right hand corner of each micrograph.

When the tibia is flexed (Fig. 2.11a) the scoloparium (s) is stretched
proximo-distally by the apodeme complex. As the femoro-tibial angle
increases (Fig. 2.11b-e), the reciprocal action of the apodeme complex and
the flexor strand results in the mtFCO scoloparium undergoing a rotatory
displacement of approximately 20° within the femur. The change in
scoloparium orientation during tibial rotation is apparent from the
rotational displacement of the trachea running across the scoloparium
(arrows in Figs 2.11a and 2.11e). fs = flexor strand
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Figure 2,12

This graph shows the relationship between femoro-tibial angle and time during a period of continuous walking in S.
gregaria.

The graph is plotted from the mean of 21 cycles analysed from 7 animals.

Each walking cycle is divided into a protraction (stepping) phase and a retraction (recovery) phase. The recovery phase,
in which the foot is lifted from the substrate and the tibia is retracted to begin another step, occupies approximately 30%
of the walking cycle. Comparison of the gradients of each phase of the mean walking cycle shows that the mean
angular velocity of femoro-tibial rotation during retraction (275° sec?) is twice that during the slower protraction phase
(137.5° sec?).
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Figure 2.13

This graph shows the displacement of the base of the cuticular rod (where it arises from the tibia) over the full range of
femoro-tibial rotation in S. gregaria. The range of femoro-tibial angles associated with the locust walking cycle is
indicated to demonstrate that the proximo-distal component of the displacement is approximately linearly related to

femoro-tibial angle over the walking range.
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Figure 2.14

This graph contrasts the proximo-distal displacement at both ends of the apodeme complex cuticular rod in S. gregaria.
The displacement of the distal end of the cuticular rod, where it arises from the tibia, follows a sinusoidal pattern. At
the proximal end of the cuticular rod at the level where it connects to the apodeme complex ligaments, the pattern of
displacement is similar to that distally, but is modified by the dorso-ventral component of tibial joint rotation. Over
femoro-tibial angles 0° - 80° the displacement of the rod is similar at both proximal and distal ends. This is the range of
femoro-tibial angles over which the displacement at the level of the femoro-tibial joint is predominately proximo-
distal (see Fig. 2.13).

At femoro-tibial angles greater than 80° the displacement of the rod at the level of the femoro-tibial joint is
predominantly dorso-ventral which has the effect of reducing the degree of proximo-distal displacement undergone at
the proximal end of the cuticular rod over this range.
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Figure 2.15

Graph showing the proximo-distal displacement of carborundum markers at different proximo-distal levels along the
apodeme complex of an individual S. gregaria in response to rotation of the femoro-tibial joint. Markers upon the
apodeme complex ligaments were located along the mid-line between the fused dorsal and ventral components.
Markers undergo a smaller range of displacements with distance from the femoro-tibial joint. The majority of

displacement occurs over the femoro-tibial range 0° - 80° at all proximo-distal levels.
g
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Figure 2.16

Histogram showing the mean range of proximo-distal displacements at different levels along the apodeme complex in
S. gregaria (n = 4)

The magnitude of the input displacement at the level of the femoro-tibial joint is reduced by 30 times by the time the
input is transmitted to the scoloparium.
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Figure 2.17

This graph shows the maximum range of displacement at several levels along the apodeme complex ligaments in four
different preparations of S. gregaria (series 1-4). These results show that the magnitude of displacement is linearly
related to distance along the ligaments (best fit 2 = 0.89 P = 0.05). This demonstrates that the mtFCO ligaments
represent a linear elastic coupling between the cuticular rod and the scoloparium, at which level the linearity is lost.
The maximum range of displacement decreases by approximately 7% with every 100 um travelled proximally along the
ligaments.
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Figure 2.18

This graph contrasts the displacement of the dorsal and ventral ligaments of the apodeme complex at five levels along
the ligaments between the guy-rope fibres (pair 1) and the sensory scoloparia (pair 5). The markers were located close to
one another but on separate ligaments at a femoro-tibial angle of 0°. The proximo-distal level along the apodeme
complex of each pair of markers at this angle is measured on the y axis where 0 um was the level of the guy-rope fibres
and 1000 pm was the level of the distal-most sensory neurones. As the femoro-tibial joint was rotated the markers in
each pair were displaced by different amounts, indicating that the dorsal and ventral ligaments undergo differential
movement. This phenomenon was especially evident at the level of the guy-rope fibres (pair 1) where the
displacements were large. At the level of the sensory scolopidium (pair 5) the range of apodeme complex
displacement, and consequently the magnitude of differential displacement between pairs of markers, is reduced.



Distance (pm)
[Measured proximal © level of guy-rope fibres a 0°]

1000

800

600

400

200

Graph showing the displacement of pairs of dorsal and ventral markers situated at 5

different proximo-distal levels along the apodeme complex ligaments

60 90

Femoro-tibial angle (°)

150

<Q



Figure 2.19

The range of displacement of the ventral ligament markers is linearly related to their location along the apodeme
complex. This indicates that the ventral ligament is a linear elastic element.

In contrast, the range of displacement of markers located on the dorsal ligament is not linearly related to position along
the ligament. This ligament has a smaller range of displacement than the ventral ligament at the level of the guy-rope
fibres (due to the loop-forming region), and yet has a comparable range of displacement at the level of the
scoloparium. This indicates that the dorsal ligament is not simply a linearly elastic element, but is more compliant at
one end than the other.
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Figure 2.20

Histogram comparing the intervals between equidistant pairs of markers at opposite ends of the dorsal and ventral
apodeme complex ligaments before and after the apodeme complex was stretched.

Each pair of markers was located 191 um apart when the apodeme complex was relaxed. When the apodeme complex
was stretched the interval between the marker pairs increased. The interval between the pairs of markers on the
ventral ligament increased by a similar amount at both the proximal and distal ends of the ligament. In the case of the
dorsal ligament, the distance between the pair of markers at the proximal end of the ligament increased by more than
the distance between the pair of markers at the distal end. This indicates that proximal to the guy-rope fibres the
ventral ligament in uniformly elastic along its length whilst the dorsal ligament is more compliant proximally than
distally.
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Figure 2.21

Graph demonstrating the way in which the displacement at different proximo-distal levels along the apodeme complex
were scaled to allow a standardised comparison with the input displacement at the level of the femoro-tibial joint. In
this case the displacement at the level of the guy-rope fibres is plotted before and after scaling so that the maximum
displacement is of equal magnitude to that of the distal attachment of the cuticular rod to the tibia. The difference
between the curves of input displacement and scaled displacement at the guy-rope fibre level describes the way in
which the input has been qualitatively modified during transmission along the apodeme complex to that level.
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Figure 2.22

Graph showing the relative modification of the input displacement at different proximo-distal levels along the
apodeme complex in response to static displacements of the tibia. The curves represent the difference between the
displacement at the femoro-tibial joint and the scaled displacements at each proximo-distal level (see Fig. 2.21).
Positive values indicate that levels of displacement are larger than would occur if the overall pattern remained
sinusoidal. (Negative values indicated that displacements are smaller than would occur under the same conditions).
Thus, quantitative modification of the input alone would be represented by a horizontal line intersecting with the y-
axis at 0. Deviation from this line represents qualitative modification of displacement whilst being transmitted
proximally. The graph shows that displacements at the extremes of the femoro-tibial range are filtered out whilst
displacements over femoro-tibial angles 40° - 110° are selectively amplified. At increasingly proximal levels, the degree
of differential modification increases, whilst the range of femoro-tibial angles over which selective amplification

occurs is reduced.
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Figures 2.23a-d

This set of four histograms shows the proximo-distal displacement
measured over discrete 30° intervals of the femoro-tibial angle range at
four proximo-distal levels along the mtFCO scoloparium. The levels are:
a) 730um, b) 630um, c) 365um and d) 150um from the proximal edge of the
mtFCO scoloparium when the leg was fully flexed (see semi-schematic
diagram below). Displacements measured at the distal-most point (Fig.
2.23a) reflect the sinusoidal shape of the input displacement at the level of
the femoro-tibial joint. At increasingly proximal levels the magnitude of
the displacements is reduced and the relative displacements occurring
over different parts of the femoro-tibial range are modified (Figs 2.23b-d).
At the most proximal point, located in the middle of the scoloparium, the
majority of the displacement occurs over the 60° - 90° range of femoro-
tibial angles (Fig. 2.23d).
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Figure 2.24

Graph showing the degree of selective amplification of the input displacement measured at the middle of the sensory
scoloparium in four preparations. All four show a similar pattern of displacement modification with the mean

maximum amplification occurring at 62.75° +SD 12.5°.
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Figures 2.25a-f

Series of morphing maps showing the distortion of the mtFCO
scoloparium at 30° intervals across the range of femoro-tibial angles.

As the tibia is extended, the scoloparium becomes proximo-distally
compressed due to the elastic recoil of the organ as the apodeme complex
is unloaded. The scoloparium also becomes dorso-ventrally elongated due
to the increased loading of the flexor strand during tibial extension. This is
especially noticeable between the femoro-tibial angles of 60° - 90° (Figs
2.25¢, d). A comparison of the maps at extremes of flexion (Fig. 2.25a) and
extension (Fig. 2.25f) shows that the distal-most neurones in the
scoloparium are likely to be subjected to the most local distortion.
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Figure 2.26

This figure shows the position of the mtFCO scoloparium at three femoro-tibial angles. During tibial extension, the
scoloparium is displaced proximally and is slightly rotated due to the combined effects of the ventral attachment
ligament and the antagonistic displacements of the apodeme complex and the flexor strand.
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Chapter 3

Chapter 3: Ultrastructure of the mtFCO mechanical linkages

3.1 SUMMARY

o The mtFCO's dorsal attachment, ventral attachment and the ligaments
of the apodeme complex, all contain microtubule-packed ligamentous
cells associated with differing amounts of extracellular matrix.

® The observations in this chapter indicate that the extracellular (Acid
Fuchsin-staining) fibres are likely to play an important role, in
conjunction with the microtubule-packed attachment cells, in the
transmission of mechanical force along the apodeme complex to the
mtFCO sensory neurones.

* Large (0.5 um - 1.0 ym diameter) extracellular (Acid Fuchsin-staining)
fibres are a common component in all of the organ’s mechanical
linkages. The guy-rope fibres in particular appear to be composed
almost exclusively of this material. In most cases, extracellular fibrils
can be found associated with these fibres suggesting that the larger
fibres may be formed by the aggregation of fibrils.

e It is reasonable to speculate on the grounds of differential distribution
of elastic components, the range of attachment cell lengths and the
varying diameters and organisation of the attachment cells within the
dorsal and ventral ligaments, that the two ligaments will have
different mechanical propérties.

* The attachment cells do not appear to be free to slide independently
past their neighbours. Instead adjacent attachment cells form
desmosome-like junctions, often at the sites of cell to cell
interdigitations.

3.2 INTRODUCTION

Although there are published ultrastructural descriptions of chordotonal
organs, none have been comprehensive and few have really considered
the structural roles of the different components of the respective systems
(Theophilidis, 1986a, b; Field, 1991; Shelton et al., 1992; Yack and Roots,
1992). The present study was designed to identify the ultrastructural
features of the mtFCO that are likely to have an important mechanical
role.

This chapter includes a description of the mtFCO dorsal and ventral

attachments, the ligaments of the apodeme complex and the guy-rope
fibres. In addition, the mtFCO flexor strand has been examined at the light
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microscope level to reveal its general anatomy. The strand contains a
strand-type receptor (Braunig, 1985) which is associated with both
extracellular fibres and fibrils. Further details of the ultrastructure of the
strand are investigated in Chapter 7.

Axially oriented extracellular fibres are found throughout the mtFCO and
have been reported previously in the apodeme complex of the locust
mtFCO (Field, 1991; Shelton et al., 1992) and in the main linkages of
similar systems (Nowel et al., 1995: mtFCO of the cricket Acheta
domesticus). The fibres stain intensely with Acid Fuchsin (Shelton et al.,
1992) and phospotungstic acid (Nowel et al., 1995). Similar fibres have
been found associated with the nerve cord of insects (Locke and Huie,
1972) and are known to contribute to the elasticity of biological structures
(see Nowel et al., 1995). This study shows that such fibres form an integral
part of each of the mtFCO's mechanical linkages and that each mechanical
linkage has a characteristic distribution of fibres. The results of this
chapter show that the extracellular fibres divide the attachment cells into
bundles running the length of the apodeme complex ligaments. The
distribution of extracellular fibres associated with the mtFCO ligaments
has been quantified and in conjunction with other ultrastructural
observations suggests that the dorsal and ventral ligaments of the
apodeme complex may possess different mechanical properties from one
another. Such differences would have functional implications for the
sensory neurones lying in series with each ligament.

It is shown that small diameter extracellular fibrils, which exhibit a
banding pattern in longitudinal section, are usually found adjacent to the
extracellular fibres. In particular, the mtFCO's ventral attachment
contains vast numbers of extracellular fibrils. Extracellular fibrils are also
present within the dorsal and ventral ligaments and within the organ's
dorsal attachment to the femur. This type of fibre is not thought to be
collagenous. However, the mtFCO flexor strand is unique in containing
an additional class of extracellular fibril that exhibits a distinctive collagen-
like banding pattern. The abundance of extracellular fibrils varies between
each of the organ's linkages.

The distribution of other components which may influence the
mechanical properties of the mtFCO are also examined in this chapter. All
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the linkages, with the exception of the flexor strand, feature ligamentous
cells that contain axially-orientated microtubules. Axial arrays of
microtubules have been proposed by several authors to play a tensile role
in the mechanical linkages of proprioceptors (Young, 1970; Moulins, 1976;
Yack and Roots, 1992). The organ's dorsal attachment to the femur is
exceptional in containing an irregular combination of cellular and
acellular components arranged in a complex manner. This has
implications regarding its mechanical role.

3.3 METHODS

3.3.1 Dissection and fixation

Adult male and female specimens of the locust, Schistocerca gregaria were
obtained from laboratory cultures. Isolated metathoracic legs were
dissected using a Schott cold light source and a binocular dissecting
microscope. Insect saline (see Appendix 1) was used to prevent desiccation
of the leg. To reveal the chordotonal organ, windows of cuticle from both
the anterior and posterior sides of the femur were removed. The
preparations were fixed in situ using Karnovsky’s (1965) fixative (see
Appendix 1) at 4°C for 30 minutes. Short lengths of clean polythene
tubing were used to constrain the femoro-tibial joint such that the tibia
was held in either the extended or flexed position. Some preparations
were postfixed in phosphate buffered 1% osmium tetroxide for 20-30
minutes for TEM analysis.

3.3.2 Embedding
Fixed material was dehydrated in an acetone series before being embedded

in EM-grade Araldite. Material to be sectioned serially was embedded in
plastic capsules. Wholemount preparations to be examined using
conventional light microscopy were mounted on slides using a plastic ring
to support a coverslip and retain the Araldite.

3.3.3 Sectioning and staining for light microscopy
Four chordotonal organs were serially sectioned at 1.0 um using a Huxley

ultra-microtome. The sections were mounted in order on subbed slides
(subbing solution: 0.1% gelatine + 0.01% chrome alum) and stained with
either 1% Toluidine Blue in 1% borax or 5% aqueous Acid Fuchsin
(Shelton et al., 1992). Number 0 coverslips were mounted using EM-grade
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Araldite. One series of sections was analysed in detail using image
analysis techniques.

3.3.4 Analysis of images obtained from serial transverse sections

The semi-thin sections prepared as above were examined using an
Olympus Photomicroscope with a x100 oil immersion objective. Image
analysis techniques were used to quantify various components within the
sections. For this, high resolution (215 pixels/um?) images of selected
sections were captured using a JVC (TK-1085e) charge-coupled device
(CCD) camera and Scion Corporation AG-5 frame-grabber connected to a
PowerMacintosh 8100/80 computer with a 17 inch monitor. The images
were then displayed and analysed using the public domain software NIH
Image (vs. 1.6/ppc) developed at the U.S. National Institutes of Health and
available on the Internet at http://rsb.info.nih.gov/nih-image/.

To enable the capture of comparable images from different sections, the
camera’s built-in automatic gain control was disabled. This enabled the
illumination for each section to be manipulated at the microscope without
the camera automatically adjusting its sensitivity to compensate. The live
video image was displayed on the monitor as the microscope was
adjusted. A real time frequency histogram showing the distribution of
greyscale values within the image was displayed as the focus and
illumination of the section was optimised. The histogram plot was
updated frame by frame and showed, for each of the possible 256 greyscale
values, the number of pixels in the image that had a particular value. In
addition, the software was configured to highlight saturated pixels on the
monitor. This made it possible to judge the optimum illumination and
ensure good contrast between the stained objects and the background
before each image to be analysed was captured.

Images to be analysed were manipulated using a built-in frame averaging
function. 16 successive frames were averaged to reduce any background
noise in the video signal. The resulting image was saved to disk.

All images were spatially calibrated in um by assigning the appropriate
pixel:um ratio. Measurements of ligament cross-sectional area were made
by manually selecting the area to be measured with an outlining tool. The
area of each selection made on the calibrated image was returned in pm?
and written to a spreadsheet.
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Analysis of the cross-sectional areas of stained extracellular fibres was
performed using a particle analysis macro routine. The macro
automatically counted and measured objects in a binary or thresholded
image. It operated by scanning across the image until it encountered the
boundary of an object, outlined the object using an outlining routine,
measured the object, and then redrew the object at a different (reserved)
greyscale level so that each object was only counted once. The macro was
configured to ignore particles smaller than a minimum particle size of 4
pixels to avoid counting any specks caused by noise.

Thresholding based on greyscale values was required to discriminate
objects of interest from surrounding background. Each image was
thresholded using a density slicing mode in which all pixels between an
upper and lower threshold were highlighted in red. Background pixels
were left unchanged. Threshold levels were manually adjusted so that the
objects to be analysed were highlighted. The threshold levels of the
density slice were dynamically displayed on a greyscale frequency
distribution histogram beside the image window. This enabled the
thresholds to be set with respect to the distribution of greyscale values that
represented the objects of interest in each image (Fig. 3.1). Setting the
thresholds individually for each image in this way allowed for differences
in staining intensity between sections whilst maintaining the consistency
of regions selected for measuring. The consistency of area selection using
this method was in excess of 95% (based upon % error in measured area of
20 images of the same section captured under different optical conditions).

3.3.5 Sectioning, mounting and staining for TEM
Material for examination using transmission electron microscopy (TEM)

was sectioned at about 0.1 pm using a glass or diamond knife on a Huxley
ultra-microtome. Sections were cut at a range of proximo-distal levels
along the mtFCO. The sections were picked up on Pioloform films and
mounted on 0.5 mm slot grids. The sections were stained using lead
citrate and uranyl acetate or hot (60°C) 2% aqueous phosphotungstic acid
(after Locke and Huie, 1972). Stained sections were examined with a Jeol

100CX Transmission Electron Microscope at an accelerating voltage of 80-
100 kV.
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3.3.6 Carboxyfluorescein staining
To stain fibrous components of the mtFCO, freshly isolated metathoracic

legs were injected with 5% 5(6)-carboxyfluorescein (see Appendix 1) and
left overnight at 4°C. The mtFCO was then dissected out, rinsed with
phosphate buffer and mounted on a slide under a coverslip. Clear nail
varnish was painted around the edge of the coverslip to secure and seal it
to the slide. These preparations were viewed using an inverted
epifluorescence microscope equipped with a BioRad Lasersharp MRC 400
confocal laser scanning system fitted with a blue high-sensitive filter block
to excite at 488 nm. The emission was detected at 515 nm and above.
Images were stored on optical disc for subsequent image analysis.

3.4 RESULTS

3.4.1 The organisation of the dorsal attachment
Although Usherwood et al. (1968) incorrectly described it as attached to the

posterior femur wall, the mtFCO is anchored to the antero-dorsal femur
wall by a short dorsal attachment (see Shelton et al., 1992). This is
approximately 500 um in length and is enclosed in a sheath that contains
extracellular fibres that stain with Acid Fuchsin. Transverse sections
through the dorsal attachment reveal it to be a double structure consisting
of two ligamentous components. The posterior of the two is the larger in
cross-section at most levels along the attachment, and it has a dorsally
thickened sheath where it is anchored to the wall of the femur (Figs 3.2a-
c). Proximally (with respect to the mtFCO), where the dorsal attachment
joins the cell body region, it is the anterior component which is the larger
of the two structures (Fig. 3.2d). The anterior and posterior components of
the dorsal attachment are mechanically connected to one another along
the ventral edge of the attachment by the membranous sheath.

The two components of the dorsal attachment contain ligamentous cells
surrounded by various extracellular materials (Figs 3.3). The ligamentous
cells form only a small proportion of the cross-sectional area of the dorsal
attachment (Fig. 3.3). These cells are packed with microtubules and are
surrounded by extracellular matrix (Fig. 3.4a). The dorsal attachment also
contains another type of cell that is packed with an amorphous granular
material (Fig. 3.4b). The extracellular matrix of the dorsal attachment
contains both fibrils (diameter 10 nm - 20 nm) and larger fibres (Fig. 3.3)
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that stain with Acid Fuchsin at the light microscope level. The largest
Acid Fuchsin-staining fibres (diameter approximately 1 um) are located
dorsally in the attachment sheath, and are found in association with the
fibrils (Figs 3.5a, b). The distribution of the extracellular materials within
the dorsal attachment is complex. Microtubules, Acid Fuchsin-staining
fibres, fibrils and the amorphous-appearing material are all located
adjacent to one another within the attachment, with extensive membrane
invaginations separating each type of material (Fig. 3.6).

The posterior component of the dorsal attachment is largely composed of
fatty deposits. The anterior component contains a ventrally located
receptor that is innervated by a branch of nerve 5bl that extends into the
dorsal attachment (Fig. 3.7). Although incompletely described, this
sensillum has been identified previously as a multiterminal receptor
(Matheson and Field, 1990). The receptor is surrounded by a membranous
capsule (Fig. 3.8a) that is completely separated from the dorsal attachment
sheath by a layer of glial wrapping (Fig. 3.8b). Its function is unknown. In
addition to the multiterminal receptor, the anterior component of the
dorsal attachment contains a branch of the cuticular nerve (Fig. 3.7). It
does not appear to have any sense organs associated with it in the dorsal
attachment and its destination is unknown.

The cross-sectional area of the attachment as a whole increases from

1500 um? at the point of its attachment to the dorsal epidermis to 4000 um?
at the level where it joins the sensory cell body region of the organ (the
scoloparium). The proportion of Acid Fuchsin-staining material
measured at the light microscope level rises nearer to the scoloparium,
comprising 5% of the total cross-sectional area at its cuticular attachment
and 23% where it enters the region containing sensory cell bodies (Fig. 3.9).
This suggests that the dorsal attachment is stiffer close to the mtFCO
scoloparium than it is at the level at which it attaches to the femur.

These observations show that the dorsal attachment has a combined
mechanical and sensory role. The double nature of the attachment is
consistent with the hypothesis that the mtFCO is formed from two
scoloparia.
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3.4.2 Organisation of the ventral attachment

The ventral attachment ligament consists of fibrous cells containing
axially orientated microtubules surrounded by an extracellular matrix
which contains extracellular fibres. In addition to extracellular fibres, the
extracellular matrix also contains large numbers of extracellular fibrils.
These fibrils have characteristic profiles when viewed in cross-section,
similar to those of fibrils associated with elastic tissues reported by
previous authors (Locke and Huie, 1975). The ventral attachment links
the mtFCO to the apodeme of the flexor-tibiae muscle (see Chapter 2:

Figs 2.6a-d). Close to its origin at the mtFCO, the ligament has an
approximately circular cross-section. At the level at which the attachment
inserts onto the apodeme of the flexor-tibiae muscle it is elongated in
transverse section, the long axis being orientated along the proximo-distal
axis of the leg (Fig. 3.10a, b).

The ventral attachment is enclosed within a thin extracellular sheath and
is organised into about twenty subunits. Each one consists of a bundle of
up to four ligament cells surrounded by extracellular matrix (Fig. 3.11).
Extracellular fibres are located at the periphery of the bundles and within
the attachment sheath. These fibres stain with Acid Fuchsin at the light
microscope level and phosphotungstic acid at the TEM level (results not
shown).

Adjacent ligament cells within each bundle are often closely apposed to
one another and are surrounded by numerous extracellular fibrils
(diameters 15 nm - 100 nm) (Fig. 3.12a). The ligament cells are packed with
microtubules. Small diameter processes orientated axially to the main
ligament cells are thought to be finger-like processes arising from them
(Fig. 3.12b).

The appearance of the extracellular fibrils in the ventral attachment
ligament varies depending upon their location. Fibrils located adjacent to
the attachment cells have irregular but relatively simple outlines
(diameters approximately 15 nm). Those located towards the periphery of
a bundle are more complex with a star-like profile in cross-section
(diameters approximately 100 nm) (Figs 3.13a, b). The extracellular matrix
in the vicinity of the fibrils often has a very granular appearance. The
simple fibrils are packed more densely than those with a star-like profile
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(Fig. 3.13c). The fibrils lie parallel to the axis of the ventral attachment and
have a repeat banding pattern that can be seen when they are viewed in
longitudinal section (Fig. 3.14a). The period of the banding pattern is

16.8 nm. When viewed at higher magnifications each band can be seen to
be comprised of two sub-bands (Fig. 3.14b).

Adjacent bundles of ligament cells within the ventral attachment
ligament are linked to one another via regions of extracellular matrix.
These consist of islands of clear matrix surrounded by fibril-containing
material (Fig. 3.15).

The total cross-sectional area of the attachment remains constant along its
length at 900 pm? +25 pm? although the proportion of cross-sectional area
occupied by ligament cells declines with increasing distance from the
mtFCO. This is due to changes in the shapes of the ligament cells along
their lengths. At levels close to the point where the ligament joins the
flexor tibiae muscle apodeme, transverse sections show that the ligament
cells have numerous cytoplasmic extensions giving the cells a
characteristic profile quite different from that at more proximal levels
(Figs 3.16a,b).

The presence of microtubules packed within the ligamentous cells and the
high densities of axially orientated extracellular fibres and fibrils suggests
that the ventral attachment ligament performs a tensile role. The lack of
neural components within the ventral attachment means that any
proprioceptive feedback elicited by the attachment must be mediated by
way of is connection to the mtFCO, causing distortion of the mtFCO
scoloparium.

3.4.3 The organisation of the apodeme complex

The elements comprising the main mechanical coupling of the organ to
the tibia are collectively called the ‘apodeme complex’ (Shelton et al., 1992).
The apodeme complex consists of a distal cuticular rod, dorsal and ventral
ligaments and supporting guy-rope fibres.

3.4.3.1 The structure of the cuticular rod
The most distal part of the mtFCO is an apodeme that is in the form of a

flattened cuticular rod. It arises from the proximal tip of the tibia and is
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approximately 3 mm long in adult S. gregaria and L. migratoria. The rod
has a cross-sectional area of 465 pum? +10 pm? along its length before
tapering proximally at the level of the origin of the ventral ligament. The
rod is inextensible (Shelton ef al., 1992) and articulates at the point of
origin at the tibia.

3.4.3.2 The organisation of the dorsal and ventral ligaments of the

apodeme complex
The ligaments of the mtFCO are composed of bundles of elongated

attachment cells organised into distinct units surrounded by thick
extracellular fibres that stain positively with Acid Fuchsin at the light
microscope level (Shelton et al., 1992). The individual attachment cells
are packed with microtubules at a density of approximately

7200 (£345)/um?2. The density of microtubules appears to be similar at all
proximo-distal levels examined in either ligament. Proximally, each
attachment cell terminates on a pair of sensory dendrites (Matheson and
Field, 1990). The ventral-most attachment cells are the first to terminate
on the distal group of ventral neurones, followed by increasingly dorsal
attachment cells on dendrites located further proximally. (The nature of
the attachment cells” proximal terminations are investigated in Chapter 4.)

The ventral ligament is formed from attachment cells that have their
origins on the side of the cuticular rod at its proximal end. The
attachment cells are divided into bundles consisting of between one and
four cells and are surrounded by axially-orientated extracellular fibres. At
the level of its distal origin on the cuticular rod the ventral ligament
consists of approximately ten such bundles (Fig. 3.17a). At more proximal
levels, additional bundles arise from the cuticular rod and run ventrally to
join the ventral ligament in a sequential fashion (Figs 3.17b-f). Each of
these 'crossing bundles' contains one or two attachment cells within a
membranous sheath associated with thick (diameter approximately 1 um)
extracellular fibres (Figs 3.18a-c).

The dorsal ligament arises from the end of the cuticular rod as a series of
separate bundles of attachment cells (Fig. 3.19). More proximally these
bundles coalesce to form a single ligament.
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Where the attachment cells of the dorsal and ventral ligament join the
cuticular rod, the extracellular matrix surrounding them often contains
fine fibrils. They are often associated with the larger Acid Fuchsin-
staining fibres (Figs 3.20a, b; Fig. 3.21). The function of these fibrils and
their constitution remain unknown. However, it is likely that they have a
structural role in anchoring the ligament to the rod.

3.4.3.3 Constitution of the extracellular fibres
Ultra-thin sections of material stained with lead citrate and uranyl acetate

show the large extracellular fibres (Acid Fuchsin-staining at the light
microscope level) have an amorphous internal structure (Figs 3.26a, b).
However, the smaller examples of this type of fibre can be seen to be
composed of discrete sub-components or 'proto-fibres' associated with
densely staining extracellular matrix (Figs 3.27a, b). This suggests that the
larger fibres may have arisen by the fusion of smaller fibrils.

The fibrils that form the small Acid Fuchsin-staining fibres are very
similar in appearance to those found in the ligaments close to their
attachments with the cuticular rod (Figs 3.20a, b; 3.21). Here the smallest
Acid Fuchsin-staining fibres are often surrounded by such fibrils.

Proximal to the loop-forming region of the apodeme-complex, the dorsal
and ventral ligaments coalesce. They are enclosed in a sheath containing
typical Acid Fuchsin-staining fibres that stain intensely with hot
phosphotungstic acid. Similar fibres located between attachment cells
occur within the ligament itself (Figs 3.22; 3.23).

Evidence was obtained which suggests that individual attachment cells
extend along the whole length of the ligaments (approximately 1 mm). A
single preparation was examined in detail at three points proximal to the
level at which the dorsal and ventral ligaments meet. It was found that
the number of attachment cells remained constant, there being 56
attachment cells at all three levels in this preparation (Figs 3.24a, b).
Examination of cross-sections at the different levels shows that there is a
consistent variation in the size of attachment cells in different parts of the
fused dorsal and ventral ligaments. The attachment cells are smaller and
more tightly packed in the ventral ligament than in the dorsal ligament
(Figs 3.24a; 3.25a, b). In the case of the dorsal ligament, the attachment cells
are surrounded by thick layers of extracellular matrix, there being
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relatively few junctions between adjacent cells (Fig. 3.25a). Extracellular
matrix is less abundant in the ventral ligament resulting in the
attachment cells being closely opposed to one another (Fig. 3.25b).

3.4.3.4 Cell junctions between attachment cells and microtubule plaques
Attachment cells are often locally joined to each other by specialised

desmosome-like junctions. Specialised areas of adjacent cells extend
complementary protuberances towards one another through the
extracellular matrix (Figs 3.23; 3.28). Junctions are formed where these
protuberances meet, often forming complex interdigitating structures.
The junctions may be of the septate variety (Figs 3.28) or more closely
resemble non-septate desmosomes (Fig. 3.29). Although no quantitative
assessment was made, it was noted that there were more cell juctions
between cells of the ventral ligament that there were in the dorsal
ligament.

Immediately behind the specialised membrane of these junctions, the
cytoplasm appears electron dense due to the presence of intracellular
matrix material in which microtubules appear to be embedded (Figs 3.28).
Concentrations of microtubules are also found in clusters along the
membranes of attachment cells, especially where they come into close
proximity to extracellular fibres (Fig. 3.30a, b).

The results discussed above have provided evidence that each attachment
cell extends the entire length of the mtFCO ligaments, thus linking the
sensory dendrites with the cuticular rod. The structure of the dorsal and
ventral apodeme complex ligaments is consistent with the hypothesis that
the mtFCO is formed from the fusion two scoloparia, each of which had its
own ligamentous attachment to the femoro-tibial joint. It has also been
shown that the ligaments contain large numbers of Acid Fuchsin-staining
fibres, assumed to have elastic properties (Locke and Huie, 1972; see Nowel
et al., 1995). The distribution of these fibres throughout the mtFCO
ligaments and the associated implications are investigated in the second
half of this chapter.

3.4.3.5 Destination and composition of the 'guy-rope’ fibres
The main group of guy-rope fibres arises from the dorsal ligament

immediately proximal to the loop-forming region and runs distally to
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terminate in the distal femur. The fibres stain with Acid Fuchsin and
appear to be composed of the same material as the extracellular fibres
found in the ligaments (Shelton et al., 1992). The guy-rope fibres were
traced distally through serial 1 um sections stained with aqueous Acid
Fuchsin and were found to terminate in the heavily tanned ‘knee’ area
within the semi-lunar process (Fig. 3.31). The length of the guy-rope fibres
is approximately 3 mm (£ 500 um) in an adult locust’s femur. Transverse
electron micrographs of the guy-rope fibres show them to be composed of
a dense amorphous core surrounded by a more lightly-staining peripheral
zone (Fig. 3.32). Proximally, close to the insertion onto the dorsal
ligament, the guy-rope fibres run closely together, sometimes with several
fibres associated together and joined by the lightly-staining material of the
peripheral zone. Distally they terminate upon an epidermal in-folding
into the femur from its dorsal surface (Fig. 3.33a). At the level at which
the guy-rope fibres run into the dorsal epidermis there is a tendency for
adjacent fibres to fuse with one another (Fig. 3.33b).

These observations show that the guy-ropes are firmly attached to the
surface of the femur. Previous descriptions were inadequate in not
identifying this distal termination site (Field, 1991; Shelton et al., 1992).

3.4.4 General morphology of the flexor strand
The flexor strand runs ventrally from the cell-body region of the mtFCO to

insert onto the apodeme of the flexor-tibiae muscle close to the femoro-
tibial joint (Usherwood et al., 1968; Field and Burrows, 1982). It contains a
‘strand-type’ receptor which consists of the dendrite of a single sensory
neurone with its cell body in the metathoracic ganglion (Braunig, 1985).
The flexor strand leaves the mtFCO from the anterior side, ventral to the
sensory cell bodies. The dendrite that innervates the strand leaves nerve
5b1l and travels along the ventral edge of the organ in the connective
tissue sheath to reach the flexor strand. The strand’s association with the
organ is superficial, the connective tissue of the strand attaching to the
outer sheath of the organ (Fig. 3.34). Proximally the strand receptor forms
the core of the flexor strand and is located loosely within a fatty sheath.
Distally the fatty sheath is reduced (Fig. 3.35). The flexor strand contains
Acid Fuchsin staining fibres (Fig 3.36a). The combined cross-sectional area
of the Acid Fuchsin-staining component remains approximately constant
at 22.5 um? (£ 5 pm?) along the length of the strand.
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Examination at the transmission electron microscope level shows that
there are also two types of striated fibrils embedded within an extracellular
matrix which surrounds the dendrite of the strand receptor. These are
organised arrays of densely-staining fibrils (diameters 100 - 300 nm) and
smaller randomly orientated collagen-like fibres (diameters 10 - 30 nm).
The majority of the densely staining fibrils are orientated obliquely,
although some are orientated longitudinally with respect to the long axis
of the strand (Fig. 3.36b). Here transverse banding is evident. The
collagen-like fibrils do not stain intensely, but the 'irregular’ periodic
banding characteristic of collagens can clearly be resolved (Figs 3.37a, b).
The main details of the ultrastructure of the flexor strand are presented
elsewhere (see Chapter 7).

The present results show that the strand organ contains both known
elastic component and other extracellular fibrils. Their presence suggests
that the strand organ has a mechanical role that almost certainly affects the
way in which the mtFCO is distorted during dispalcements of the tibia.

3.4.5 Distribution of the elastic (Acid Fuchsin-staining) fibres in the mtFCO

apodeme complex
To gain a better understanding of the importance of the Acid Fuchsin-

staining fibres in the dorsal and ventral ligaments of the apodeme
complex it is necessary to describe their spatial distribution at all levels
within them. This was achieved by obtaining a complete series of 1 um
sections of the ligaments and using image processing software to measure
the cross-sectional areas of the ligaments at each proximo-distal level and
to quantify the amounts of Acid Fuchsin-staining material in different
parts of the system. For this part of the study a leg was fixed with the tibia
close to the flexed position. The distal-most level at which the ventral
ligament was present was denoted as a reference point from which all
distances were measured. Proximo-distal level was expressed as the
distance (in um) proximal to this point (see below). For ease of
interpretation of the graphs (Figs 3.38 - 3.54) proximal is to the right in this
case:
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Opm

3.4.5.1 Cross-sectional area of the ligaments at different proximo-distal

levels

The cross-sectional area of the mtFCO ligaments at a range of proximo-
distal levels is shown in Figure 3.38. Proximal to its origin, the cross-
sectional area of the ventral ligament increases from 0 to 1000 um? over a
distance of 500 um. This is due to the recruitment of additional ventral
ligament fibres arising from the side of the cuticular rod (see Fig. 3.17).
The dorsal ligament is not present up to a proximo-distal level of 500 um.
This ligament arises more abruptly, its cross-sectional area rising from

0 - 1000 pm? over a distance of approximately 100 pm as it arises from the
proximal end of the cuticular rod. Along the length of the apodeme
complex lying between the site of guy-rope attachment to the dorsal
ligament and the sensory neurones, the cross-sectional area of each
ligament remains constant at approximately 1000 um2. Conventional
calculations used to provide a quantitative measure of a material's
mechanical properties (such as Young's Modulus) depend upon a material
having a constant cross-sectional area along its length. The variablity in
the overall cross-sectional area of the apodeme complex ligaments,
especially at their proximal and distal extremes, means that it is not
possible to calculate Young's modulus for the system Nevertheless,
conclusions regarding the likely mechanical properties of the mtFCO can
be drawn if the distribution of the various components is known.

3.4.5.2 Cross-sectional area of the Acid Fuchsin-staining fibres

Whilst the cross-sectional area of the apodeme complex remains relatively
constant between the site of guy-rope attachment to the dorsal ligament
and the level at which sensory cell bodies occur (625 - 1000 um), the total
cross-sectional area of the Acid Fuchsin-staining component declines
proximally. The rate of decline is 10 pm?/100 pm in the dorsal ligament,
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and 4 pm?2/100 um in the ventral ligament (Fig. 3.39). There is more Acid
Fuchsin-staining in the ventral ligament than in the dorsal ligament at all
proximo-distal levels. This suggests that both ligaments become
increasingly compliant proximally, the dorsal ligament more so than the
ventral ligament. The situation changes at the proximal end of the
ligaments. At the level at which sensory neurones are present within the
ventral ligament there is an increase in the cross-sectional area of Acid
Fuchsin-staining component. Here the compliance of the ligament would
decrease once more. The Acid Fuchsin staining fibres fall into two classes;
those fibres lying within the ligaments and those located in the connective
tissue sheath surrounding the ligaments.

Dorsal Ligament
In the dorsal ligament there is approximately twice the cross-sectional area
of Acid Fuchsin-staining fibres in the outer sheath than within the
ligament at all proximo-distal levels (Fig. 3.40). This may indicate that in
the case of the dorsal ligament, the majority of its tensile strength lies
within the sheath, the centre of the ligament forming of a more compliant
core. There is a peak in the cross-sectional area of Acid Fuchsin-staining
fibres distally at the level at which ligament buckling occurs (600 pm).
Proximally the cross-sectional area of Acid Fuchsin-staining component
declines in both the sheath and within the ligament.

Ventral Ligament
Along the first 500 um of the ventral ligament, as in the case of the dorsal
ligament, there is approximately twice the cross-sectional area of Acid
Fuchsin-staining component located in the sheath compared with that
within the ligament. Between 500 um and 1000 pm, the cross-sectional
area of Acid Fuchsin-staining fibres in the sheath declines. Over the same
range, the cross-sectional area of Acid Fuchsin-staining component located
within the ligament first increases so that there is equal staining in the
sheath and within the ligament at about 800 pm. More proximally the
amount of Acid Fuchsin-staining component within the ligament then
declines (Fig. 3.41). These observations suggest that the tensile strength of
the ventral ligament is likely to be more evenly distributed between the
sheath and the core of the ventral ligament than it is in the dorsal
ligament. However, at the level at which the ventral ligament comes into
contact with the distal-most dendrites of the mtFCO scoloparium
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(1100 um), the cross-sectional area of Acid Fuchsin-staining component
situated within the ligament more than doubles. This observation
suggests that at the level of the sensory neurones, the core of the ventral
ligament becomes stiffer than the ligament sheath.

3.4.5.3 The percentage Acid Fuchsin-staining component in the ligaments
The cross-sectional area of the Acid Fuchsin-staining component can be

expressed as a percentage of the total cross-sectional area of the ligaments
at any given proximo-distal level. Overall, the % cross-sectional area of
Acid Fuchsin-staining component decreases proximally along the length
of the ligaments (Fig. 3.42). Distally it accounts for approximately 35% of
the apodeme complex cross-sectional area. Proximally it accounts for
approximately 5%.

The rate of decline in percentage Acid Fuchsin staining component is
initially rapid over the range 0 to 500um?2. Over this range only ventral
ligament fibres are present and the % Acid Fuchsin-staining component
falls from 35% to 10%. Over the range 500-1000 um the apodeme complex
is composed of both dorsal and ventral ligaments. Here, the percentage
Acid Fuchsin-staining component in the apodeme complex as a whole
declines by 0.86%/100 pm (R? = 0.98, P > 0.01). Most of this decrease can be
attributed to the dorsal ligament. The ventral ligament is composed of
10% Acid Fuchsin-staining component at the proximo-distal level at
which the sensory neurones begin to occur. The dorsal ligament contains
5% Acid Fuchsin-staining component at this level. Comparison of the
relative proportions of Acid Fuchsin-staining material between the two
ligaments indicates that the ventral ligament is stiffer than the dorsal
ligament at this proximo-distal level.

3.4.5.4 Distribution of Acid Fuchsin staining fibres
Measuring the cross-sectional area of Acid Fuchsin-staining fibres at

different proximo-distal levels as above, shows that the quantity of Acid
Fuchsin-staining component changes with distance along the ligaments.
The number and size distribution of the discrete Acid Fuchsin-staining
fibres provides further information as to how this material is spatially
distributed in cross section.
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Distribution of fibres in the dorsal ligament
There are between 100 and 120 discrete Acid Fuchsin-staining fibres in the
dorsal ligament at all proximo-distal levels (Fig. 3.43). At the distal origin
of the dorsal ligament (500-600 um), there are more Acid Fuchsin-staining
fibres in the sheath than within the ligament. Proximal to this, over the
range 600-900 um, there are more fibres located inside the ligament than
in the ligament sheath. Over this proximo-distal range, the dorsal and
ventral ligaments are dorso-ventrally associated with one another and
enclosed by a common sheath, thus reducing the ratio of sheath to
internal ligament fibres. At the level at which the distal-most sensory
neurones are located, the numbers of fibres are distributed approximately
equally between the sheath and the inside of the ligament.

Distribution of fibres in the ventral ligament
The total number of Acid Fuchsin-staining fibres in the whole ventral
ligament ranges from 20 (at the level of its distal origin) to approximately
150 800 um along the apodeme complex ligaments (Fig. 3.44). Proximal to
its distal origin, the number of Acid Fuchsin-staining fibres in the sheath
of the ventral ligament declines (over the range 0-200 pm) before rising
again (over the range 200-350 um) as additional ventral ligament
attachment cells arise from the side of the cuticular rod. Further
proximally, the number of fibres in the sheath remains constant at
approximately 40. The number of Acid Fuchsin-staining fibres located
within the ligament (excluding the sheath) rises from 0 to 100 over the
range 0 - 800 pm. Proximal to this level, the number of fibres within the
ligament declines.

The data described in the above sections allows conclusions to be drawn
with respect to the distribution of the Acid Fuchsin-staining component of
the ligament at different levels. Conclusions with respect to possible fibre
branching can be drawn because an increase in the number of discrete
fibres along a ligament whilst the total cross-sectional area of Acid Fuchsin
staining component remains constant is indicative of (although not
exclusive to) fibre branching. In the case of the ventral ligament there is a
marked increase in the number of Acid Fuchsin-staining fibres within the
ventral ligament from 60 to 110 over the proximo-distal range 300 pm-
800 um (Fig. 3.44) accompanied by only a modest increase (10 um?) in the
cross-sectional area of internally located Acid Fuchsin-staining (Figs 3.41).
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This suggests that the Acid Fuchsin-staining fibres situated within the
ventral ligament branch as they approach the level of the sensory
neurones. Changes in the distribution of Acid Fuchsin-staining fibres at
different proximo-distal levels along the ligaments are further examined
below.

3.4.5.5 Comparing the size-frequency distribution of AFS-fibres in both

ligaments as a whole at two proximo-distal levels
The AFSC is distributed throughout the ligaments in a range of fibre sizes.

There are large numbers of small fibres and smaller numbers of large
fibres. The size frequency distributions of the fibres were compared at the
level of the guy-rope fibres (611 um from the distal origin of the ventral
ligament) and at the level of the sensory scoloparium (1071 pm from the
distal origin of the ventral ligament) (Fig. 3.45). The size distribution of
the fibres is more even distally than proximally; skewness 3.58 and 7.68
respectively. Skewness characterises the degree of asymmetry of a
distribution around its mean. Positive skewness indicates a distribution
with an asymmetric tail extending towards more positive values.
Proximally the number of medium sized fibres in the ligaments (0.6 -

2.0 um?) declines, whilst the number of small fibres (<0.4 um?) increases.

Size-frequency distribution of AFS fibres in the dorsal ligament
At the proximal end of the dorsal ligament, the range of fibre sizes is
smaller than that found at the distal end of the ligament. Proximally,
there is an increase in the number of small fibres (<0.4 um?2) and a
reduction in the numbers of larger fibres (>0.4 pm?) (Fig. 3.46).

Size-frequency distribution of AFS fibres in the ventral ligament
In the ventral ligament there is a fairly similar distribution of fibre sizes at
both proximo-distal levels to those found in the dorsal ligament (Fig. 3.47).
There are large numbers of small diameter fibres and small numbers of
larger diameter fibres at both proximo-distal levels. In the ventral
ligament there is a trend towards a proximal reduction in the frequency of
medium sized fibres (0.6 pm? - 2 pm?) and an increase in the frequency of
smaller (<0.2 um?) fibres. The number of fibres <0.2 um? increases
proximally by 40%.
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Although the trends are generally similar between the dorsal and ventral
ligaments, there are some differences in the distribution of fibre sizes
between them. Thus, with respect to the numbers of fibres having cross-
sectional areas in excess of 1.6 um? there are several fibres between

1.6 pm? and 3.0 pm? in cross-sectional area at both proximal and distal
ends of the ventral ligament (Fig. 3.47). This contrasts with the fibre size
distribution found in the dorsal ligament (Fig. 3.46) in which there are no
fibres within this size range at the proximal end of the ligament and only 3
such fibres at the distal end.

Comparing size-frequency distribution of AFS fibres between the two
ligaments

Distally (611 pm) there are more large fibres (cross-sectional area >1.6 um?)
in the ventral ligament than in the dorsal ligament (Fig. 3.48). The
ventral ligament also has more small fibres (cross-sectional area <1.2 pm2)
than the dorsal ligament at this proximo-distal level. Proximally
(1071 pm) the ventral ligament has a wider distribution of fibre sizes than
the dorsal ligament (Fig. 3.49). 99% of the AFS-fibres in the dorsal
ligament have a cross-sectional area of less than 1.0 um? whilst the ventral
ligament contains fibres whose cross-sectional areas are in excess of
2.0 ym2. This information is of interest because a large number of small
fibres are capable of transmitting force more evenly over a large cross-
sectional area than a smaller number of large fibres. At both distal
(Fig. 3.48) and proximal levels (Fig. 3.49), the ventral ligament has a wider
range of fibre sizes than the dorsal ligament.

3.4.6 Organisation of attachment cells into 'functional groups'
The attachment cells of the dorsal and ventral ligaments are grouped into

discrete bundles bounded by lightly staining ‘perineural” sheath (Field,
1991). The Acid Fuchsin-staining fibres lie in the extracellular matrix
between adjacent bundles of attachment cells or ‘functional groups’. The
number of attachment cells in each functional group is not always
constant along the length of the ligaments, although the position of each
attachment cell relative to its neighbours is largely conserved (Shelton et
al., 1992). These groups can be delimited by the surrounding Acid
Fuchsin-staining fibres and were traced through a series of 1 um serial
sections (Fig. 3.50). The number of groups was counted at various
proximo-distal levels (Fig. 3.51). The same convention for measuring
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proximo-distal level was used as for the previous analysis; the distal-most
level at which the ventral ligament was present was denoted as the
reference point from which all measurements were taken. The number of
functional groups found in the dorsal ligament remains constant at 14
from the level of the guy-rope fibres to the level of the scoloparium

(600 um to 900 pm in this series). Proximal to this region, the number of
functional groups begins to fall. Proximal to the level of its origin, the
number of functional groups found in the ventral ligament increases.
There are approximately 3 additional functional groups/100 um travelled
proximally over the range 0-600 pm. This is due to additional ventral
ligament bundles arising from the side of the cuticular rod (see Fig. 3.17).
Further proximally (900 pm - 1000 um), the number of functional groups
declines sharply as this is the level in the ventral ligament at which the
attachment cells comprising the functional groups terminate on groups of
sensory dendrites. Across the apodeme complex as a whole, the functional
groups disappear sequentially, the ventral-most groups terminating first
followed by increasingly dorsal groups further proximally. This reflects
the location of the sensory neurones (Matheson and Field, 1990; Shelton et
al., 1992) which extend further distally along the ventral part of the
mtFCO.

These results show that the mtFCO attachment cells are not all the same
length and that bundles of adjacent attachment cells appear to be
consistently grouped together along the length of the ligaments. This
gives rise to the possibility that discrete bundles of attachments cells are
terminating on subsets of sensory neurones. The mean cross-sectional
area of the functional groups varies with proximo-distal level and
between the two ligaments, those groups located in the ventral ligament
tending to be smaller (Fig. 3.52). This trend is reflected in the cross-
sectional areas of individual functional groups traced along the length of
the ligaments (Fig. 3.53).

Size-frequency histograms for the functional groups at various proximo-
distal levels indicate that the dorsal ligament typically contains fewer and
larger functional groups than does the ventral ligament. This can be
demonstrated by comparing the size-frequency histograms for the two
ligaments at various proximo-distal levels along the ligaments (Fig. 3.54).
If the functional groups do terminate on discrete subsets of sensory
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neurones, the variation shown between groups and between the dorsal
and ventral ligaments may indicate the existence of subtle differences in
the transmission of the mechanical stimulus to the different neurone
clusters. Elsewhere in this thesis it is shown that adjacent neurones are
subjected to different degrees of distortion (see Chapter 5).

3.4.7 Visualisation of the extracellular fibres using confocal microscopy
The Acid Fuchsin-staining extracellular fibres were found to stain

preferentially with the dye 5(6)-carboxyfluorescein (CF). Preparations
stained with 5% CF were viewed using a confocal laser scanning
microscope (Figs 3.55a, b).

3.4.7.1 Extracellular fibre organisation
Manipulation of the optical section depth and the position of the focal

plane in the z-axis revealed the organisation of the stained fibres. The
extracellular (Acid Fuchsin-staining) fibres run in a predominantly
longitudinal direction and appear to undergo some branching The

extracellular fibres form a network around the attachment cells (Figs 3.56a-
d).

3.4.7.2 Extracellular fibre/neurone interface

Immediately distal to the region containing the mtFCO sensory neurones,
the extracellular fibres in the ventral ligament change in appearance and
orientation, becoming increasingly branched and irregular in their
orientation (Fig. 3.57). The fibres of the dorsal ligament remain orientated
along the axis of the organ and retain a uniform appearance. At the level
of the dendrites the extracellular fibres become closely associated with the
sensory neurones. The fibres surround the dendrites to form a sheath
(Fig. 3.58). At the proximal end of the dendrites, there is a marked change
in the arrangement of the extracellular fibres. Here they form a mesh-like
web at the level at which the dendrites originate from the neurone cell
bodies (Fig. 3.59). The extracellular fibres continue to run proximally
around each neurone cell body (Fig. 3.60). At this level the fibres appear to
branch, forming a reticulated sheath around the sensory neurone cell
bodies (Figs 3.61).

These observations show that the extracellular fibres are intimately
associated with the neurones themselves and that the mechanical
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elements of the system are continuous from the attachment cells to the
dendrites and cell somata. The ultrastructure of the attachment
cell/sensory neurone interface is described in Chapter 4.

3.5 DISCUSSION

This study has described the distribution of the constituent materials
comprising the different mechanical linkages of the mtFCO. This
information can be used to indicate the likely role played by each of the
linkages and has implications regarding the way in which mechanical
stimulation is transmitted to the sensory neurones.

3.5.1 Structure of the dorsal attachment

It has been shown that the mtFCO's dorsal attachment to the femur is
surrounded by elastic fibres and fibrils. This indicates that the attachment
is likely to undergo some degree of deformation during tibial rotation.
This supposition is supported by the presence of a 'multi-terminal’
receptor embedded within the attachment. For the first time this
attachment has been revealed to be a double structure in transverse
section, supporting the hypothesis that the mtFCO is derived from two
fused scoloparia (Matheson and Field, 1990). The role of the dorsal
attachment appears to be that of a proximal anchor to the sensory units,
allowing the distortion of the distal structures of the scolopidia by the
forces transmitted from the femoro-tibial joint.

3.5.2 Structure of the ventral attachment

The ultrastucture of the mtFCO's ventral attachment to the flexor tibiae
muscle apodeme has been described for the first time. It consists of
ligamentous cells packed with axially orientated microtubules. In
addition, the attachment is heavily reinforced by numerous elastic fibres
and fibrils. The precise function of this attachment has yet to be
elucidated, but the implications of its ultrastructure and mechanical
coupling to the flexor tibiae muscle apodeme suggests that the muscle’s
state of contraction may modify the response properties of the chordotonal
organ in some way whilst the attachment is held under tension. Burns
(1974) suggested that chordotonal organs may have some role in muscle
tension reception in his account of the structure of the pro- and
mesothoracic chordotonal organs in the locust. In the pro- and
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mesothoracic legs the distal scoloparia of the chordotonal organs are
attached proximally in the femur to both the cuticle and the flexor-tibiae
muscle. The latter connection appears to be analogous to the ventral
attachment in the locust mtFCO. It seems likely that the ventral
attachment of the mtFCO to the apodeme of the flexor-tibiae muscle may
be homologous with these connections in the pro- and mesothoracic
limbs. Macmillan et al. (1980) proposed that chordotonal organs whose
role was attributed to be that of monitoring joint movement and position
could also monitor muscle tension. He suggested that this may reflect an
evolutionary trend towards an increase in the number of modalities
monitored with the internalisation of mechano-receptors.

3.5.3 Ultrastructure of the apodeme complex
The present study has provided the first detailed description of the

ultrastucture at all proximo-distal levels along a chordotonal organ's
mechanical connection to the site of stimulation. Ultrastructural
differences between the dorsal and ventral ligaments revealed in the
present study suggest the anatomical basis for variation in mechanical
properties both between the ligaments and along the length of each
individual ligament. The implications of such observations are that
neurones located in series with either the dorsal or ventral ligament, or
situated at different proximo-distal levels within an individual ligament,
may be subjected to differential stimulation by virtue of their positions in
the scoloparium.

3.5.3.1 Differences between the dorsal and ventral ligaments
The dorsal and ventral mtFCO ligaments are distinct in their mode of

origin and their structure (Shelton et al., 1992). Dorsal ligament
attachment cells share a common distal origin at the proximal end of the
cuticular rod whereas the ventral ligament attachment cells originate at a
range of different proximo-distal levels. It is known that the attachment
cells maintain a relatively constant position within the ligaments with
respect to their neighbours, and that their overall position within the
ligament is very consistent (Shelton et al., 1992). It has been shown that
the dorsal ligament attachment cells are typically larger in cross-sectional
area than those in the ventral ligament. In addition, the attachment cells
in each ligament have been shown to associate in bundles bounded by
axially orientated Acid Fuchsin-staining fibres. These observations suggest
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for the first time a mechanism by which discrete groups of sensory
neurones, located in series with different attachment cell bundles, may
recieve subtly different mechanical stimulation.

3.5.3.2 Anatomy of the guy-rope fibres
The present study has confirmed that the guy-rope fibres of the mtFCO

apodeme complex are formed from the same material as the extracellular
fibres in the ligaments and stain intensely with Acid Fuchsin. For the first
time, the location and nature of the guy-ropes' distal attachment in the
femur has been identified. Previously it was not known whether the guy-
ropes attached distally to a static femoral component, or to some
connective element which was subjected to proximo-distal displacement
in response to femoro-tibial rotations. In this study, the guy-rope fibres
have been shown to terminate in the distal femur upon an epidermal
infolding, providing a static site of attachment. Since the guy-rope fibres
are attached exclusively to the dorsal ligament at their proximal ends,
whatever mechanical influence they exert upon the apodeme complex
will be unevenly distributed across the two ligaments. The dorsal-most
attachment cells of the dorsal ligament are lying effectively 'in series' with
the guy-ropes. It is reasonable to assume that the mechanical behaviour of
such attachment cells would be influenced most strongly by any force
exerted by the guy-rope fibres. Any mechanical influence exerted by the
guy-rope fibres would have to be transmitted laterally by the attachment
cells via cell-to-cell junctions and the extracellular matrix, to influence the
displacement of the attachment cells of the ventral ligament. This
represents an additional mechanical factor which may contribute towards
generating differential displacements between the dorsal and ventral
ligaments.

Previous authors (Matheson and Field, 1990) have suggested that the
single scoloparium of the mtFCO is derived from the fusion of the twin
scoloparia found in the locust pro- and mesothoracic legs (Field and
Pfliiger, 1989). They proposed that the dorsal’ligament of the mtFCO is
homologous with the distal scoloparium whilst the ventral ligament is
the proposed homologue with the proximal scoloparium. There are also
examples of other orthopteran chordotonal organs having double
structures, such as the paired scoloparia of the bush cricket Decticus
albifrons (Theophilidis, 1986a) and the common cricket Acheta domesticus
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(Nowel et al., 1995). This investigation has shown that, in the case of the
locust S. gregaria, the twin ligaments linking the mtFCO to the femoro-
tibial joint have distinct anatomical characteristics, despite being fused
with one another at proximal levels.

3.5.4 Implications of the distribution of different biological materials in the
mtFCO's mechanical linkages

The following section evaluates the distribution of the constituent
components comprising the mechanical elements that connect the mtFCO
with other parts of the leg. These systems link the mtFCO with the cuticle
of the femur (dorsal attachment and guy-rope fibres), the tibia (the
apodeme complex), and the flexor tibiae muscle apodeme (ventral
attachment and flexor strand).

The nature of the components comprising these mechanical couplings
will determine how the input stimulus effects changes at the level of the
sensory neurones. It is known that each scolopidium is connected distally
to an attachment cell along which the displacements occurring at the
femoro-tibial joint are transmitted (Matheson and Field, 1990; Field, 1991,
Shelton et al., 1992). The way in which these individual mechanical
connections are related to their parallel-lying neighbours and the way in
which the scolopidia themselves are supported, will govern how a given
stimulus causes discharge of action potentials from the sensory neurones.
For example, the attachment cells may be able to move independently
from one another, or, the response of any one sensory neurone may
depend upon the combined input from all the attachment cells distorting
the neurone-containing region as a whole. In the following section, the
different materials composing the CO's mechanical connections are
discussed with reference to the functional implications of the organisation
of the organ as a sensory unit.

3.5.5 Properties of the mtFCO's component materials
There are three principal materials which are found in the construction of

the CO linkages which must contribute to the mechanical properties of the
CO: microtubules, extracellular fibres and extracellular matrix. Each of
these materials and their likely mechanical influence upon the mtFCO are
discussed individually below.
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3.5.5.1 Microtubules

The attachment cells of the dorsal and ventral ligaments are packed with
axially orientated microtubules. The ventral attachment and the dorsal
attachment also contain of ligamentous cells containing axially orientated
microtubules. The following section addresses the possible ways in which
microtubules may play a functional role in these structures.

Chemical characteristics of microtubules
Any functional role played by microtubules is likely to be dependent upon
their physical characteristics. Because of the way in which microtubules
are constructed from their component constituents, microtubules could
potentially perform a number of different functions. The building block of
the microtubule polymer is the protein tubulin, a 100,000 molecular
weight protein consisting of two non-identical subunits a and b (Lee et al.,
1973; Luduena et al., 1977; Valenzuela et al., 1981, and Ponstingl et al.,
1981). Tubulin is a strongly conserved protein; Farrell et al. (1979)
suggested the polymer was analogous to a bare skeleton which could be
adapted for different tasks by association with other proteins and cofactors.
The fact that there are many distinct tubulin genes also presents scope for
regulatory complexity (Kemphues et al., 1979; Cleveland, 1979).
Microtubules have the ability to assemble-disassemble themselves in a
dynamic manner ('treadmilling’) by the association and dissociation of
their component subunits. Association and dissociation of subunits
occurs at both ends of microtubules, but due to differing rate constants
each microtubule has polarity; net association occurring at one end and
net dissociation at the other (Margolis and Wilson, 1981). A flux rate of
50 um h-1 was observed in vitro by Cote et al. (1980). This is consistent
with the rate of chromosome movement during anaphase. However, the
role played by microtubules in the mtFCO may not necessarily be
dependent upon their dynamic assembly/dissasembly properties. Tubulin
flux has been shown not to occur in the absence of GTP (Margolis, 1981;
Terry and Purich, 1980). In addition, microtubules have other
mechanisms for suppressing treadmilling and stabilising themselves, as
demonstrated by cilia and flagella outer doublets. Kirschner (1980)
hypothesised that the anchorage of a microtubule to a kinetochore or
centrosome completely caps the end of the microtubule so that no gain of
loss of tubulin can occur. Thus microtubules can be classified on the basis
of their stability. Margolis and Wilson, (1981) also pointed out that some
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microtubules are completely stable and their function is clearly not linked
to their assembly-disassembly properties. They speculated that a
microtubule could be modified by association with proteins to create a
stable rigid rod, and that the function of such a rod would be mediated by
an anchorage-translocation array not coupled to assembly, disassembly or
flux. It is likely that the microtubules in the attachment cells of the
mtFCO in the adult locust fall into this category. To date there is no
evidence of microtubule treadmilling in the mtFCO attachment cells.

Distribution of microtubules in proprioceptors
The distribution of microtubules in a range of proprioceptors can also be
used to indicate their likely role in such organs. Microtubules are
common constituents of proprioceptors, being found in the sensory
processes of campaniform (Moran and Varela, 1971) and hair sensilla
(Erler, 1983a, b), as well as the cockroach (Young, 1970), cricket
(Theophilidis, 1986a) and locust pro- meso- and metathoracic chordotonal
organs. With respect to their role in cells associated with
mechanoreceptors, most authors agree that microtubules have a structural
role and are present in such large numbers and with a conformity of
orientation that they probably act as mechanical linkages analogous to
tendons (Moulins, 1976). On the other hand, some authors feel that
microtubule-packed cells are notable for their elastic properties (Yack and
Roots, 1992; Young, 1970). The characteristics which imply that
microtubules have an important mechanical role in the mtFCO are their
highly ordered axial orientation and their vast numbers in the attachment
cells.

A mechanical role for microtubules
The following section examines evidence obtained from comparable
proprioceptive systems which indicates that whilst microtubules may
perform a primarily tensile role, they may also be responsible for other
important aspects of proprioception. In support of the purely tensile role,
Doolan and Young (1981) point out that chordotonal organs are under
considerable stress and may require mechanisms to increase the tensile
strength of the cells. In the auditory chordotonal organ of Cystosoma
saundersii they observed interdigitation of adjacent attachment cells and
noted that they contained numerous microtubules. The role of
microtubules was attributed to one of maintaining the mechanical
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integrity of the cells under stress and tension. In the current study, similar
interdigitation of attachment cells and associated localisations of
microtubules could indicate a similar role. Toh and Yokohari (1985) also
implicated microtubules in providing the ‘stiffness’ in the American
cockroach antennal CO sensillum. They described the role of the axially
orientated microtubules in the attachment cells as forming a ‘characteristic
cytoskeleton’. Theophilidis (1986a) found a similar net-like distribution of
microtubules in the attachment cells of the pro-, meso- and metathoracic
chordotonal organs of Decticus albifrons. He hypothesised that the
function of the microtubules may be a way of changing the viscoelasticity
of the ligaments in order to modify some of the physiological properties
(e.g. the adaptation rate) of the different organs. A mechanism by which
this might occur was not explained.

The above authors all attribute the role of microtubules in mechano-
receptors as purely structural one. However, there is another class of
mechano-receptor in which microtubules appear to perform a more
diverse range of functions. Although chordotonal organs and
campaniform sensilla/hair receptors are fundamentally different in their
construction, they are largely composed of the same materials.
Comparisons between them may help elucidate the roles these constituent
components play in sensory transduction in chordotonal organs. This is
especially so in the light of Sugawara’s (1996) hypothesis that the different
receptors are phylogenetically related. According to him, the chordotonal
scolopidia are derived from the other kinds of epidermal sensilla which
were withdrawn into the body cavity to become chordotonal organs.
Comparisons of the roles of microtubules in chordotonal organs and their
roles in campaniform/hair sensilla may reveal whether microtubules in
mechanoreceptors always have a common purely ‘cytoskeletal’” function as
proposed by previous authors.

Microtubules present in the modified dendritic sensory processes of insect
epithelial mechanoreceptors can be classed into three categories:

a. Densely packed laterally interconnected microtubules of the ‘tubular
body’ (Thurm, 1964) at the apical end of the dendritic tip - the point of
stimulus application. b. ‘Connective’ microtubules linking the apical
tubular body with the ciliary neck region of the dendrite. These are
referred to as ‘free’ microtubules as they have no specialised
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interconnections. They are closely packed and axially orientated within
the sensory process which can be as long as 220 pm (Moran et al., 1976). It
is these microtubules which bear most resemblance to the microtubules
packed in the CO attachment cells. c. 9 doublet microtubules of the ‘ciliary
body’ located at the proximal end of the ‘free’” microtubules. The dendrite
reduces in diameter at this level to form the 'ciliary neck'. There is no
direct continuity between the different arrangements of microtubules
(Smith, 1969; Wensler, 1977; Keil, 1978). Chordotonal organ sensilla also
possess a specialised 9 doublet ciliary structure within their dendritic tips
which is presumed to be the site of mechano-electric transduction (Atema,
1973; Moran et al., 1977). Similarities between the arrangement of
microtubules in epithelial and chordotonal organ sensilla are immediately
apparent: an array of tightly packed microtubules (b) linking the site of
stimulus application (a) to a specialised ciliary region (c).

Are the ‘free’ microtubules in an insect epithelial mechanoreceptor

present to transmit the mechanical stimulus towards the ciliary neck?
The hypothesis that 'free' microtubules may have a role in centripetal
signal transmission, analogous to the assumed role of the microtubules
within the chordotonal organ attachment cells, has been subject to
investigation by several authors. Moran and Varela (1971) demonstrated
loss of mechanoreceptive function in the cockroach campaniform
sensillum when treated with colchicine and vinblastine. They saw large
scale disassembly of microtubules in the sensory process and concluded
that the 'free’ microtubules do play an important role in the process of
mechano-sensory transduction (the authors considered interference by the
drugs at the level of the metabolic machinery of the neurone's dendrite,
cell body or axon as unlikely). They also considered the possibility that the
microtubules in the sensory process of the cockroach campaniform
sensillum function as 'mechanochemical engines' driven by the force of
the stimulus to produce the generator current. They speculated that large
numbers of microtubules in the sensory process may serve to increase the
gain of the mechanoreceptor, possibly by the release of bound ions caused
by a conformational change in the tubulin. Atema (1973) also proposed
that distorted microtubules may liberate chemical energy or ions that
might control a receptor current. However, contradictory evidence was
produced by Moran et al. (1976) who strongly supported the hypothesis
proposed by Thurm (1965), that sensory transduction occurs at the distal
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tip of the sensory process in the campaniform sensilla, rather than
amongst the 'free’ microtubules. They supported the idea that

stimulation of the distal tip of the microtubule-packed sensory process was
sufficient to induce the formation of a generator potential utilising the
properties of the microtubules associated in the 'tubular body'. They went
further and discounted the possibility of the mechanical propagation of
the stimulus force via the 'free’ microtubules to some proximal
transduction site. This view was also endorsed by Erler (1983b) who
proved that the 'free’ microtubules were not involved in
mechanotransduction in tibial hair-mechanoreceptors of Acheta
domesticus. He demonstrated that the 'free' microtubules could be
dissembled with vinblastine (leaving the more stable 'tubular body' intact)
without decreasing the mechanical sensitivity of the receptor. This would
appear to leave the 'free’ microtubules with no specific mechanical role.

Schmidt (1969), Thurm (1982) and Thurm et al. (1983) proposed that the
microtubules in the 'tubular body' of the cricket tibial hair receptor have a
cytoskeletal mechanical support role. The mechanical stress imparted by
the stimulus was presumed to distort the cell membrane against the
mechanical resistance of the 'tubular body' thus increasing membrane
conductance (Rice et al., 1973; Rice, 1975). Erler (1983a) suggested that the
packed microtubules in ‘tubular bodies’ of insect mechanoreceptors may
play an essential role in transduction. He showed that as the tubular body
is destroyed (using vinblastine) the mechanical sensitivity decays to zero,
although the membrane properties of the apical dendritic segment are
only slightly altered by this treatment. However, he could not
conclusively distinguish between the alternative roles for the 'tubular
body' of mechanical transmission of the stimulus or mechano-electric
transduction of the stimulus. Nevertheless he favoured a mechanical
transmission role because the transducer mechanism still functioned
weakly without the tubular body. Other authors have doubts about this
proposed role of the tubular body. Kuster et al. (1983) suggested that the
effects of drugs upon mechanosensitivity did not directly relate to the
observed dissociation of microtubules in the tubular body, but were more
likely to arise from drug action upon the cell membrane. Thus, the
functions of the tubular body, the free microtubules and the ciliary
element remain obscure. The microtubular components in each of these
regions may be performing a variety of roles. Those of the tubular body
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seem to be implicated in the process of stimulus transduction (French,
1988). The microtubules packed between the point of stimulus application
(tubular body) and the dendritic cilia have a less clear role. None of the
above authors speculated as to the role of the ciliary body microtubules,
although the work of Moran et al. (1976) and Erler (1983a, b) would seem
to rule out any mechanical role for these microtubules in signal
transduction.

It seems unlikely the microtubules are directly responsible for mechano-
electrical signal transduction in the attachment cells of the locust in the
manner suggested by Moran and Varela (1971) or Atema (1973), as there is
no evidence that the attachment cells are electrically connected to the
dendrites. If any mechano-electric transduction role in attachment cell
microtubules is discounted, it has to be assumed that they have a purely
structural role. If Sugawara's (1996) theory of chordotonal organ
development is correct, the role of microtubules in sensory systems may
have changed during the evolution of chordotonal organs. There is the
possibility that the microtubules are a redundant component from the
sensilla from which they were derived. The fact that they appear to play
no particular functional role in mechano-electric transduction is
highlighted by the fact that there are examples of chordotonal organ
attachment strands whose cells contain no microtubules at all
(Theophilidis, 1986a).

There is another reason which might explain why the attachment cells of
CO are predominantly packed with microtubules. Matthews et al. (1990)
used isotype-specific antibodies to localise a85E tubulin protein during the
development of Drosophila melanogaster. They observed that the
embryonic accumulation of a85E tubulin only occurs in support cells of
chordotonal organs and the developing musculature of the viscera and
body wall. By the late third instar, only non-neural components of
chordotonal organs and a subset of nerves stained with anti-a85E. By
comparing staining patterns with a cross-reacted polyclonal antibody
(P21a85E) they demonstrated that most if not all a-tubulin in chordotonal
organs is a85E. Only the ligamentary components of the chordotonal
organs are labelled with antibodies to a85E-tubulin; there was no staining
in the neural cells or the scolopale cell, both of which do contain tubulin.
They showed that cells which express a85E share a requirement for
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extensive cell shape changes during development. The observation that
tissues which accumulate high levels of a85E all share a developmental
program that requires individual cells to achieve a dramatically extended
form, suggests that this a-tubulin may have distinct functional properties
required to produce and maintain specialised cytoskeletal structures
during development. The authors tested this hypothesis by generating
a85E" embryos which survived late into embryogenesis. Defects in the
chordotonal organs of a85E- embryos were observed but so too were defects
of the CNS indicating that there were other mutant genes introduced
whilst generating the a85E- embryos, which may have contributed to the
abnormal phenotype of the chordotonal organs. Thus no firm conclusion
could be drawn regarding the developmental role of a85E-tubulin alone.

The developmental observations of Matthews et al. (1990) may provide an
indication why microtubules seem to be so widely found in the sensory
organs of insects yet lack an obvious functional role. The attachment cells
of COs have to extend massively to accommodate the increasing size of the
developing animal (estimated to be in the order of 500% (femur length
from 4 mm to 22 mm) in the metathoracic leg of the locust). Slifer (1935)
also remarked upon this in Melanoplus differentialis, the rapid
lengthening of the femur during late embryonic and nymphal life results
in a corresponding increase in the length of the femoral chordotonal
organ. This is demonstrated by her observation that the proximal
scoloparium in a 28 day old femoral organ is only slightly longer than it is
broad, yet in the adult becomes almost four times as long as its greatest
width. Hartenstein (1988) demonstrated that the CO precursor cell (from
which the CO originates) is located at its distal site on the integument and
that the CO elongates back into its final position during development.
Cytoskeletal microtubules unlike other tissues performing a ‘connective’
function have the ability to break down and re-polymerise in a controlled
manner. This property could potentially be exploited to retain ligament
integrity in some manner during the moult cycle. Attempts to stain adult
structures with antibodies were unsuccessful, So it is unclear as to whether
adult COs still contain a85E-tubulin (Matthews et al., 1990).

Implications of microtubule distribution

Authors have remarked that by virtue of the microtubules’ orientation in
the mtFCO attachment cells, the mechanical stimulus passed to the
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sensory cells should be predominantly axial with little or no lateral or
shear component (Toh and Yokohari, 1985) (American cockroach antennal
chordotonal sensillum). There is nothing in this investigation to support
or contradict this hypothesis. However, an equally viable alternative
hypothesis would be that depending on the arrangement coupling and/or
interaction between the microtubules, there is no reason why
microtubules of varying lengths should not be differentially or
sequentially recruited across the transverse section of each attachment cell
in response to an increase in cell length, thus producing a shearing force
across the face of each scolopidium.

Both the dorsal and ventral ligaments of the locust mtFCO are packed
with similar densities of microtubules. The precise role of the
microtubules is unresolved (see above), but may determine the viscous
properties of the ligaments in order to modify some of the organ’s
response characteristics such as the adaptation rate (Theophilidis, 1986a).
Theophilidis (1986a) observed that there were different densities of
microtubules in the attachment cells of the proximal and distal scoloparia
in the mesothoracic chordotonal organ of the cricket Decticus albifrons.
He proposed that this may provide a mechanism for differentiating the
viscoelastic properties of the two strands and so the responsiveness of the
two closely connected scoloparia. Whatever their mechanical influence is,
it would be reasonable to expect that the microtubules contribute to some
difference in mechanical characteristics between the larger dorsal and
smaller ventral attachment cells in the locust. In addition, the attachment
cell microtubules in the locust have been shown to localise at the site of
cell junctions and become embedded in electron-dense intracellular
material. A similar relationship between microtubules and cell junctions
was reported in the case of the chordotonal sensillum of the antennal
pedicel of the American cockroach (Toh and Yokohari, 1985). In this
chordotonal organ the attachment cells are also packed with axially
orientated microtubules which end close to the cell membrane where
desmosomes occur. The authors observed that microtubules did not end
near non-desmosomal membrane and concluded that adhesion of
invaginated membranes by microtubule-associated desmosomes in such
cells was significant.
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Consideration of the role played by mtFCO attachment cell microtubules
in the adult locust
In order to speculate as to the role of the attachment cell microtubules in
the adult locust, it is nessessary to understand the way in which they are
arranged within the cells. The microtubules could potentially be
organised in several different functional arrays:

1. Individual microtubules run the length of the attachment cells and are
extensible to accommodate changes in cell length.

2. Individual microtubules run shorter distances than the length of the
ligaments but remain anchored at both ends to 'attachment plaques’, such
as the site of desmosomes as observed by Toh and Yokohari (1985). The
microtubules would still need to be extensible to allow for changes in
length of the attachment cells.

3. Microtubules are anchored within the attachment cell at both ends, but
have considerable ‘slack’ built in. Elongation of the attachment cells
would take up the slack.

4. The microtubules polymerise and de-polymerise in response to changes
in attachment cell length.

5. The microtubules are anchored at one end only and do not necessarily
run the entire length of the attachment cell. In this model one end of each
microtubule would be floating free within the cell. The 'free' ends of
microtubules anchored at opposite ends of the cell would interdigitate and
slide past one another to allow changes in cell length. In such a system
individual microtubules could play no direct role in the transmission of
axial force, although interactions between large numbers of adjacent
sliding microtubules may allow the indirect transmission of force by
increasing cell viscosity.

Microtubules are generally considered to be relatively inextensible,
(Moulins, 1976; Okuno and Hiramoto, 1979; Toh and Yokohari, 1985).
Okuno and Hiramoto estimated the Young's modulus of microtubules (in
echinoderm sperm) to be between 2 and 5 x 109 Pa, endowing them with
properties between those of nylon and wood (Bolton, 1986). In the light of
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this, hypotheses 1 and 2 seem unlikely as individual attachment cells of
the locust mtFCO undergo length increases of the order of 40% over the
physiological range of femoro-tibial rotation. There is no anatomical
evidence supporting model 3; the microtubules always appear to be axially
orientated whether the preparation is examined flexed or extended. It is
difficult to see where any slack microtubules could reside to support
model 3 since they are so densely packed within the attachment cells. The
scenario in model 4 is particularly unlikely under normal conditions due
to polymerisation rate and energetics considerations, and would also
preclude the transmission of force. It may however be a consideration
during development and at ecdysis. Farrell ef al. (1979) have shown that
tubulin composing stable structures can be dissociated and induced to
form treadmilling polymers in vitro, demonstrating that tubulin is not
restricted to forming either stable or labile polymers. This leaves the
possible role of microtubules in the attachment cells of COs to be a
cytoskeletal component which may be responsible for contributing to the
mechanical characteristics of the attachment cells such as their
viscoelasticity (model 5). There is circumstantial evidence that the
microtubules are anchored to either the proximal or distal end of the
attachment cells. Yack and Roots (1992) reported increased densities in the
occurrence of (axially orientated) microtubules at the tapering proximal
and distal ends of the attachment strand of the wing-hinge chordotonal
organ in the moth Actias luna (Lepidoptera, Saturniidae).

3.5.5.2 Extracellular fibres

Extracellular fibres are found in all of the mtFCO’s mechanical linkages
and range in size from 0.5 nm? to 1.5 pm? in cross-sectional area. Large
Acid Fuchsin-staining fibres are prominent in the dorsal and ventral
ligaments of the apodeme complex (including the guy-rope fibres), and are
found in association with the sheath of the dorsal attachment, the ventral
attachment, and the strand organ. Large Acid Fuchsin-staining fibres in
the ligaments of the apodeme complex range from 0.13 um? to 1.5 um? in
cross-sectional area. Acid Fuchsin-staining fibres of similar proportions
were also found by Nowel et al. (1995) in the metathoracic femoral
chordotonal organ of the cricket Acheta domesticus, ranging from 0.19 to
1.13 pum? in cross-sectional area. Nowel et al. stated that the elasticity of
the cricket chordotonal organ is ‘almost certainly” bestowed by these Acid
Fuchsin-staining fibres. The larger of these fibres in the locust mtFCO are
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often closely associated and coalesce to form dense clumps of AFS material
within the ligaments as large as 5 um? in cross-sectional area, and ribbons
of AFSC within the sheath of 10 um? cross-sectional area. These fibres are
always found embedded in an extracellular matrix. Smaller extracellular
fibrils ranging in cross-sectional area from 500 nm? to 2000 nm? are found
at the distal end of the dorsal and ventral ligaments, the dorsal
attachment, and are particularly abundant in the organ's ventral
attachment ligament. These fibrils closely resemble 'collagen-like' (Gray,
1959) and 'collagen’ (Ashhurst, 1982) fibres found in the locust Locusta
migratoria in both size and appearance. The strand organ has two types of
small extracellular fibrils, one type resembling the banded fibrils found in
the ventral attachment (Fig. 3.36), and another type with a banding pattern
that is strikingly similar to that of previously described collagens. The
characteristics of the fibrillar components in this study are tabulated in
descending size order (Table 3.1).

A hypothesis linking the various fibre types
Bradfield (1950) noted that there were two extracellular fibre types in insect
connective tissue; collagen fibres (for mechanical strength) and fine
‘reticular’ fibres (to allow plasticity). Whilst pointing out that the two
fibre types had distinct chemical compositions, he suggested that they were
'very closely related' to one another because they follow one another in
rapid succession in tissue culture (Mallory and Parker, 1927; Mckinney,
1930). It is not clear whether the fibres referred to by Bradfield are the
same as those observed in this study, but the possibility that the fibrils are
the building blocks of fibres is explored below.

Evidence linking the different sizes of fibres and fibrils
1. Using uranyl acetate and lead citrate all the fibrils in the ventral
attachment stain in the same manner with the same intensity and have a
fine granular material around their periphery. This granular material
resembles the 'microfibres' of Lock and Huie (1972). The 'amorphous’ and
‘star-like' fibrils observed are distributed in a graded fashion; the smallest
fibrils being located closest to the ligament cells and increasingly large and
irregular fibrils being found with increasing distance from the cells. These
observations suggest that these fibrils are all composed of the same
material- the fibrils having a 'star-like’ profile possibly being derived from
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the association of the smaller fibrils. Representatives from this class of
fibril are present in all the mechanical linkages of the mtFCO.

2. Individual fibrils are rarely seen at proximal levels within the ligaments
of the apodeme-complex, although they are evident at the distal end of the
attachment cells where they arise from the cuticular rod. There is
evidence that the smaller Acid Fuchsin-staining fibres are formed by the
association of smaller units. These ‘sub-fibrils’ have a mean cross-
sectional area of 973 nm? (s.d. = 220 nm?). The size and profile of these
'sub-fibrils' correspond with those of the fibrils in the ventral attachment,
their size and profile being comparable to a fibril which is midway
between the 'simple’ and 'star-like' stages. In some preparations the
'sub-fibrils' were seen grouped in close association to form small AFS
‘units’ (Fig. 3.27a). It is proposed that these sub-units then coalesce to form
larger AFS fibres as shown in Fig 3.27b. Such AFS fibres have a ‘frayed’
appearance at the edges as if reflecting the recruitment of smaller units
around the periphery. These observations are consistent with the idea
that the smallest Acid Fuchsin-staining fibres are composed of a subset of
small 'sub-fibrils' whose size and appearance suggest that they may be
composed of the same material as the fibrils in the ventral attachment. In
the dorsal attachment single small fibrils of the same size and appearance
as these 'sub-fibrils' are also evident in the extracellular matrix adjacent to,
and possibly interacting with, the larger AFS sheath fibres (Fig. 3.5a).

3. Both the small and large Acid Fuchsin-staining fibres appear to be
composed of the same material. Although there is not always consistent
staining between the large and small fibres with uranyl acetate and lead
citrate (Figs 3.30a, b) there is no such inconsistency when staining with
phosphotungstic acid (Figs 3.22 and 3.23). As these figures show, there is a
continuous spectrum of Acid Fuchsin-staining fibre sizes present in the
ligaments and small individual Acid Fuchsin-staining fibres appear to
merge with one another to form larger fibres. The largest of these fibres
are often closely associated and coalesce to form dense aggregations of
AFSC within the ligaments as large as 5 um? in cross-sectional area and
stretches of AFSC within the sheath of 10 um? cross-sectional area. These
observations suggest the following hypothesis:
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- Small (500-2000 nm?) fibrils are assembled in the extracellular matrix,

possibly from lightly-staining granular subunits (Figs 3.13b, c).

- These 'proto-fibrils' associate to form small (Acid Fuchsin-staining) fibres

(Fig. 3.27).

- Small fibres merge to form larger fibres.

- The fibres may also be augmented by the association of additional fibrils.

Table 3.1
Location Description Banding Cross-sectional | Equivalent Terminology in
area fibre diameter this study
-apodeme axially none 0.05- 1.5 um? 0.26-1.4um large Acid
complex orientated Fuchsin-
ligaments' even profile in staining fibres
sheath (Fig. transverse
3.26) section.
-dorsal
attachment
sheath
(Fig. 3.5b)
-'guy-rope
fibres (IEg. 3.32)
-apodeme axially none 0.0423pm? 0.23um small Acid
complex orientated +SD 0.035um? Fuchsin-
ligaments (Fig. | densely staining staining fibres
3.27) amorphous (range; (0.22-0.41pum)
-dorsal appearance 0.040pm?-
attachment usually ragged' 0.130 m2)
sheath (Fig. profile in oRH
3.5a) transverse
-ventral section.
attachment (Fig.
3.11
-strand organ
-distal apodeme | axially regular, evenly | amorphous Fibrils
complex orientated. spaced banding. | 509nm? 25.5nm
ligaments (Figs, | irregular 16.8nm inter- +SD 80nm?
3.20 and 3.21) | profile; band interval. | ‘star-like'
-dorsal amorphous or | each band 2817nm?2 59.9nm
attachment 'star-like’ possibly +SD 700nm2
sheath (Fig. 3.5) | appearance consists of
-ventral depending on paired
gttla:ic)hment (Fig. | location. subperiods
-Strand organ
sheath (Fig.
3.36)
-strand organ no particular distinctive 78.6-491nm? 10-25nm collagen-like
(Fig. 3.37) orientation asymmetric fibrils
banding
pattern;
macroperiod
52-54nm

Table 3.1 classifies the extracellular fibres/fibrils identified in this study in descending
size order. Fibre dimensions are given in both cross-sectional area and equivalent fibre
diameter to allow comparisons with previous studies in which fibre diameter was used to
quantify the fibre dimensions. The parameters measured in this study are shown in bold.

The above hypothesis is based upon the characteristic fibre sizes, cross-

sectional profiles, staining characteristics, location with respect to one

another and their orientation. The striated fibrils in the strand organ

(Fig. 3.37) are not included in this hypothesis. These fibrils show different
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staining characteristics (clearly resolved banding) and do not share the
axial orientation common to all the other fibres and fibrils.

Comparison of mtFCO fibres with fibres described by other authors
The characteristics of fibrillar components examined by other authors is
tabulated in Table 3.2 in descending size order. A vertebrate collagen is
included at the bottom of the table for comparative purposes. It is widely
accepted that 64 nm is the repeat macroperiod in 'authentic’ collagens;
Schmitt et al. (1942) characterised collagens from many tissues, also Bear
(1942) and Keech (1961). Do the fibrillar components of the mtFCO share
any characteristics with previously described fibres which may indicate
their composition and possible function?

The Acid Fuchsin-staining component
The Acid Fuchsin-staining fibres examined in this study are the same as
those observed by Shelton et al. (1992) in the locust apodeme complex and
by Nowel et al. (1995) in the chordotonal organ of the cricket. Nowel et al.
histologically identified the Acid Fuchsin-staining fibres in the cricket to
be similar to those stained by Locke and Huie (1972) in the neural lamella
of the cockroach Calpodes ethlius. Locke and Huie went on to
demonstrate an additional histological technique to demonstrate the
presence of these same fibres (Locke and Huie, 1975) in both the cockroach
and the locust Locusta migratoria. The Acid Fuchsin-staining fibres in the
locust Schistocerca gregaria in this study appear to be of comparable size
and share the same relative location as those described by Locke and Huie
in the neural lamella of Locusta migratoria (1975). Locke and Huie also
observed (as in this study) uneven fibre staining with uranyl acetate and
lead citrate in tissue post-fixed with osmium, which was not evident
when the fibres were visualised by staining glutaraldehyde-fixed material
with phosphotungstic acid.

3.5.5.3 Extracellular fibrils

The locust neural sheath material described in the study of Locke and
Huie (1975) shows another feature also found in the present study.
Adjacent to the larger 'elastic fibres' (Acid Fuchsin-staining) are smaller
diameter fibres which resemble the 'peroxidase-reactive fibres' of Locke
and Huie (1972), or the 'fibrils' referred to in this study. Although present
these 'fibrils' were not described by Locke and Huie in their 1975 paper, the
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focus of that study being on the staining techniques that were used to
resolve the larger elastic fibres. The micrographs in that paper show that
the 'fibrils' are arranged in a graded fashion, the 'star-like' appearance of
the fibrils near to the edge of the neural lamella contrasting with the
increasingly simple profile in cross-section of those fibrils that were
embedded deeper. They range in diameter from 25 - 70 nm, this range
coinciding almost exactly with the range of 'fibril' sizes in this study. The
fibres having a 'star-like' profile can be seen clearly associating with the
larger 'elastic fibres' located near the edge of the neural sheath. This
supports the hypothesis that the fibrils in the mtFCO associate to form the
larger Acid Fuchsin-staining fibres.

The fibrils found in the mtFCO also share the graded size and distinctive
mixture of profiles (regular and 'star-like') as those observed in neural
connective tissue of Locusta gregaria by Gray (1959). He described fibrils of
approximately 70 nm diameter with irregular profiles in cross-section as
having 'flanges'. In addition, the fibrils he observed exhibited a banding
pattern in longitudinal section which led Gray to call them 'collagen-like’
fibres. However, although these 'collagen-like' fibrils closely resemble the
fibrils observed in this study in both size and appearance, their
characteristics differ in two respects. Firstly the fibrils observed by Gray
were 'not orientated in any particular direction’' unlike the axially
arranged fibrils in the mtFCO. Secondly, the period and characteristics of
the banding described by Gray contrast with those observed in this study.
The 'collagen-like' fibrils he observed had a mean macroperiod of
approximately 60 nm, each containing 5 asymmetrically distributed sub-
periods. The fibrils observed in this study showed a regular banding with
a mean interband interval of 16.8 nm. The fibrils described by Smith and
Treherne (1963) located in the neural lamella of the cockroach are also
unlikely to be composed of the same material as the fibrils described in the
present study. In common with the fibrils characterised by Gray, these
fibrils were distributed in a 'meshwork’ rather than lying in an axial array
and showed asymmetric banding with a 56 nm macroperiod.
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Table 3.2
Location Description Banding Fibre diameter Terminology Authors
predominantly the regular circular not investigated 0.5-1.2um Acid Fuchsin- Nowel ¢t al..,
sheath of the profile in transverse staining fibrils (1995)
CO (Acheta section.
domesticus)
neural lamella of amorphous fibrils not investigated approximately electron dense Young (1970
tibio-tarsal CO 0.5um material
(Periplaneta)
neural lamella amorphous not investigated 0.2-0.7um elastic fibres Locke and Huie
(Locusta migratoria) | aggregations (1975)

evidence of smaller
subfibres

auditory ganglion

amorphous fibres

asymmetric banding

“fairly uniform"

collagen-like

Gray (1959)

connective tissue with irregular ‘typical’ of collagens | 70nm
(Locusta migratoria) profiles-particularly, | 5

star-like in bands/macroperiod

transverse section. mean macroperiod

(‘flanges’). 59.9nm (range 55-

no particular 64nm)

orientation
ejaculatory duct smaller diameter 67nm periodicity 30-70nm collagen fibrils Ashhurst (1982)
(Locusta migratoria) amorphous fibres

associated with first

days after moult

larger ‘irregular’

fibres found 1 week

after moult

acially arranged
neural lamella multi-directional 56nm macroperiod | <60nm collagen-like Smith and Treherne
(Periplaneta meshwork (1963)
americana)
neural lamella amorphous fibres none observed 40nm Peroxidase Reactive | Locke and Huie
(Calpodes ethius) distributed near Fibres (1972)

edge of neural

lamella

associated with

‘microfibres' of

diameter <6nm
nervous connective | no particular asymumetric banding | 25nm collagen Ashhurst (1965)
tissue (Schistocerca pattern of 6 bands/ (15-40nm)
gregaria) orientation macroperiod
surrounding regular circular not investigated 50-300nm fine Acid Fuchsin- Nowel et al. (1995)
individual profile in transverse staining fibrils
attachment cells section.
CO (Acheta
domesticus)
‘perilemma’ fibres in dense 50-60nm >15nm differentially Smith and
(Rhodnius prolixus) | fibrillar layers macroperiod oriented fibres Wigglesworth

embedded in neutral | some evidence of (1959)

mucopolysaccharide | secondary

periodicity

neural lamella intracellular 15-20nm banding 12.5-20nm unresolved Ashhurst (1964)
(connective) hollow- resembling (possibly collagen;
wax-moth (Galleria | microtubules hydroxyproline
mellonella) present)
neural lamella no particular 66nm macroperiod | 13nm collagen Locke and Huie
(Calpodes ethius) orientation (1972)

a loose network

denser adjacent to

cell surface
neural lamella associated with none observed <6nm microfibres Locke and Huie
(Calpodes ethius) peroxidase reactive (1972)

fibres

irregular profile
neural lamella axially oriented none observed 5nm filamentus elements | Smith and Treherne
(Periplaneta filamentus layer of (1963)
anmericana) elements 0.3pm

from lamella surface
sheath of ventral regular circular not investigated 0.5-1.2um thick Acid Fuchsin- | Nowel et al..,
ligament profile in transverse staining fibrils (1995)
CO (Acheta section.
domesticus) some evidence of

fibre fusion
apodeme complex regular circular not investigated 0.5-1.25um Acid Fuchsin- Shelton et al., (1992)
ligaments profile in transverse staining fibrils
(Schistocerca section.
gregaria) clear evidence of

fibre fusion
VERTEBRATE (rat) regular circular 597nm (generally 40-400nm ‘typical’ collagen Gray (1959)

profile in transverse
section.

accepted to be 64nm
in unfixed material)

Table 3.2 summarises the extracellular fibres/fibrils described by previous authors
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Evidence for the presence of collagenous fibres in the mtFCO
Although modern studies would almost certainly use antibodies for
identifying collagen, virtually all of the relavent work on arthropod sense
organ anatomy predates this technology. Matheson and Field (1990)
described the fibres of the mtFCO as 'collagenous'. In this study two
different types of banded fibril have been observed, distinguishable by
their size and banding characteristics. One type of fibril is found in each of
the mtFCO's mechanical linkages, the other is exclusive to the flexor
strand. Gray (1959) outlined three characteristics which he considered
indicative of collagen:

-extracellular non-branching fibrils

-the presence of a series of polarised (i.e. asymmetric) bands in
longitudinal section which can be delimited into repeating macroperiods
-the observed banding is of similar periodicity to that of 'authentic’
(vertebrate) collagen.

The last of Gray's criteria should be a reliable indicator of the presence of
collagen given that the banding pattern is said to be unique to the collagen
class of molecules (Schmitt ef al., 1955). In practice, the comparison of an
observed banding pattern with that of 'authentic' collagen is not easily
made, and a variety of methods have been used both alone and in
conjunction with one another by various authors to indicate the presence
of collagen.

Techniques used by other authors to identify collagen
-Birefringence

Collagen has birefringent properties (Wolman, 1970; Smith et al., 1981).
The optical birefringence properties of collagen were characterised and
explained by Wolman (1970). Before this time, authors used optical
birefringence as an indicator of collagen in conjunction with other
techniques. Baccetti (1957) suggested the presence of a collagen-like
material in the neural lamella of Anacridium aegyptium on the basis of its
transmission of polarised light. He reported that the neural lamella
showed optical, enzymatic and chemical properties consistent with
collagens. Richards and Schneider (1958) similarly demonstrated
birefringence in cockroach neural lamella. The ligaments comprising the
apodeme complex of the mtFCO show strong birefringence when
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illuminated with polarised light in situ (results not shown). This suggests
the presence of a large number of aligned molecules, but it is not a positive
indication of the presence of collagen. This birefringence is equally likely
to be a property of the axially-aligned microtubules.

-X-ray diffraction
Low-intensity X-ray irradiation of crystalline collagen produces a
distinctive diffraction pattern (Bear, 1942; Schmitt et al., 1942). Some
authors have used this technique to present evidence for the presence of
collagen in insect tissues. For example Richards and Schneider (1958) used
this method to identify collagen in the neural lamella of the cockroach
Periplaneta americana, which they estimated constituted between 10 - 20%
of the total lamella volume. However, Gross (1963) showed in other phyla
that not all connective tissue fibres which have the X-ray diffraction
pattern and amino-acid composition of collagen possess the typical 64 nm
banding periodicity of vertebrate collagen. This, coupled with a difficulty
in extracting sufficient pure material for analysis has meant that few other
authors have used this technique to localise collagen in insect connective
tissue.

-Amino-acid indicators
Presence of the amino-acid hydroxyproline (a characteristic constituent of
collagen) has also been provided as evidence for the presence of collagen
in insect tissues. To confirm the presence of collagen, Ashhurst (1959,
1961b) identified hydroxyproline in hydrolysates of isolated Locusta
migratoria neural lamella using chromatographical techniques.

-Banding periodicity
The easily accessible characteristic of banding periodicity is used by the
majority of authors (see Table 3.2) to classify a material as collagen or
‘collagen-like’. However, there are problems in using the periodicity of
the banding to positively identify a fibre as 'authentic' collagen, hence the
use of the term 'collagen-like’. The most widespread problem is that of
subtle modification of the tissue during the preparation procedure prior to
examination. Such procedures include fixation, dehydration and
embedding. This problem was encountered by Ashhurst and Chapman
(1961) whilst examining 'collagen’ fibres in the neural lamella of the
locust Locusta migratoria. They found that material from the same source
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had different characteristics when prepared using different techniques.
The fibres in question had a macroperiod of 40-50 nm when examined in
thin sections and a macroperiod of 60-65 nm when prepared by heavy
metal shadowing of a neural lamella macerate.

Some authors have endeavoured to overcome these 'artifactual’
inconsistencies caused by tissue preparation technique. Any changes in
macroperiod due to fixation, dehydration and embedding routine can be
minimised by treating two contrasting samples in the same manner. Such
an approach was used by Gray (1959) when attempting to classify collagen-
like material in the neural lamella of the locust Locusta migratoria. The
comparable treatment of the locust material and a sample of rat-tail
collagen allowed him to scale and overlay the macroperiods of the locust
onto those of 'authentic’ collagen to compare the banding.

In addition to artifacts introduced during tissue preparation, there is the
inevitable factor that as a fibre is elongated, such as when it is embedded in
an extensible material, the periodicity of the banding changes. This was
first observed in collagen by Schmitt et al. (1942). They reported that
different regions within the macroperiod appeared to increase in length
disproportionally to one another. This would preclude the simple scaling
of corresponding regions of banding in different preparations to eliminate
the factor of preparation artifact/extension when the material was fixed.

Which fibres are composed of collagen?
There is still no convincing evidence that any of the fibres associated with
the mtFCO apodeme complex are composed of collagen (Shelton et
al., 1992). However, a review of banded fibres in insect nervous tissues by
Smith and Treherne (1963) came to the conclusion that all the reports of
differently banded fibres were referring to the same material with minor
structural modifications within the macroperiod. In particular they
pointed out that a common theme in all the accounts of banded fibres in
insects was the presence of bands comprised of paired subunits of

'doublets’. This characteristic is clearly shown to be the case in the fibrils
of the mtFCO (Figs 3.14b and 3.37b).

The 'collagen-like’ fibres observed in the strand organ do show all the
characteristics which other authors have deemed necessary to classify the
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material as collagen. A 10-25 nm diameter fibre showing a distinctive
asymmetric banding pattern in conjunction with a 52-54 nm macroperiod
would be sufficient to classify this material as insect collagen in accordance
with the criteria of Ashhurst (1965) and Locke and Huie (1972).

What are the remaining extracellular fibres composed of?
Whilst the mtFCO fibrils do show a banding pattern in longitudinal
section, the thicker 'Acid Fuchsin-staining' fibres do not. This
circumstantially opposes the hypothesis that two classes of fibre are
composed of the same material. However, this hypothesis could be
realistic if fibres became increasingly cross-linked as they grow larger, so
obscuring the banding pattern in some way. There is some evidence that
collagens both increase in diameter (Gross, 1950) and using birefringence
in conjunction with histological and chromatographic techniques (Tonna
and Hatzel, 1967) showed that collagens become increasingly cross-linked
with age.

Although there is histological evidence for cross-linking (Locke and Huie,
1975) in the elastic fibres, a resulting loss of periodic banding with
increasing fibre diameter is not a property of collagen. Rather than
propose that they are all composed of an insect collagen it would seem
more likely that the Acid Fuchsin-staining fibres of the mtFCO, and the
fibrils with which they are associated, are composed of an unidentified
elastic protein. This would exhibit banding in small diameter fibrils
which would be subsequently lost in larger diameter fibres.

Why are ‘collagen’ and AFSC found together in the strand organ?
Although there was no clear evidence for collagen in the mtFCO itself,
fibrils with a collagen-like banding pattern were identified in the strand
organ. Collagen is a relatively inextensible protein with a high tensile
strength (Schmitt et al., 1942; Harkness, 1961; Wainwright et al., 1976).
This means that it is capable of storing larger amounts of elastic energy for
smaller elongations in comparison to other 'rubbery' proteins such as
elastin or resilin. Its properties could endow ligaments with stiffness and
prevent shearing, but it seems an unlikely candidate for main elastic
components. There are examples of interaction of 'rubbery' protein and
'stiff' fibres to form a 'pliant composite' such as the interaction of elastin
and collagen in mammalian artery walls (Gosline, 1980). The role of the
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less extensible component in conventional pliant composites is to provide
limits to extension which would protect or maintain the integrity of lower
modulus components. However, there are examples of systems in which
the high tensile component is discontinuous (such as locust arthrodial
membrane: Vincent, 1976) serving only as a reinforcing filler. This
arrangement allows for large extensions whilst there are no built-in high
strain limits (Gosline, 1980). This may be particularly important in the
case of the strand organ, as unlike all the other mechanical linkages, it is
subject to rising tension during the rapid extension of the tibia associated
with the locust jump.

3.5.5.4 Extracellular matrix

The extracellular matrix separates the scolopidia and attachment cells
from the haemocoel. Following the terminology of Ashhurst (1959, 1968)
and Young (1970) the outer homogenous non-cellular layer is denoted
neural lamella whist the term perineurium (or perilemma) is reserved for
the underlying 'sheath’ cells associated with the neural tissue. Other
authors have used these terms less precisely, the term 'perilemma’ being
applied to the sheath as a whole by some authors (Scharrer, 1939; Pipa and
Cook, 1958; Pipa et al., 1959). Ultrastructural studies have shown that the
perineurium in insects is continuous with the connective tissue basement
membrane overlying all the organs of the body (Ashhurst, 1968). It
appears to surround each attachment cell and to bind the ligaments
together. Ashhurst (1968) suggests that this 'cementing’ property is
attributable to the mucopolysacharide content of extracellular matrix
(neural lamella). This reflects the view of Bradfield (1950) who related the
quantitiy of polysaccharide present in extracellular matrix to the degree of
plasticity required of it. The mechanical role of the neural lamella
associated with the mtFCO seems to be to hold together the cells and axons
of the nervous system whist being flexible enough to allow some
movement. The 'binding’ role of extracellular matrix is especially
apparent in the extracellular material surrounding the dorsal ligament
attachment cells where cell to cell contact is minimal and the extracellular
matrix fills the intercellular spaces within the ligament.
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3.5.5.5 The mechanical role of cell junctions in the ligaments of the
apodeme complex |

The present study showed that there are considerable numbers of
intercellular junctions between attachment cells. Toh and Yokohari (1985)
(studying the antennal chordotonal sensillum in Periplaneta americana)
suggested that the occurrence of invaginated membranes of attachment
cells with associated desmosomes contributed to cell rigidity. The
relationship between perimeter length and attachment cell cross-sectional
area means that the ventral ligament could potentially contain more cell-
to-cell junctions per unit cross-sectional area that the dorsal ligament
which is composed of bulkier attachment cells. The attachment cells of
the ventral ligament appear more closely associated than those in the
dorsal ligament and although no quantitative data were obtained there did
appear to be more intercellular juctions in the ventral ligament than in
the dorsal one. Differences in the numbers of intercellular junctions in
the two different ligaments could have mechanical consequences. Further
studies are required in this area.

3.5.6 Implications of elastic component distribution in the mtFCO
ligaments

Burns (1974) suggested that the elastic properties of the attachment
between the apodeme and the proximal scoloparium in the pro- and
mesothoracic COs act as a mechanical damper to buffer the delicate sensory
area from rapid movements of the tibia. However, the fact that the
potentially elastic components are not distributed evenly throughout the
apodeme complex suggests that differential elasticity, either between or
within the dorsal and ventral ligaments, may also play a functional role in
modifying the input stimulus in some way as it is mechanically
transmitted to the sensory cells.

Comparing the size-frequency distribution of AFS-fibres between the
dorsal and ventral ligaments at two proximo-distal levels shows that the
distribution of fibre sizes differs between the two ligaments. This was also
observed in the locust by Shelton et al. (1992). Proximally in the ligaments
as a whole the number of medium sizes fibres (0.6 - 2.0 pm?) declines,
whilst the number of small fibres (<0.4 um?) increases (Fig. 3.45). This
indicates either a tapering or branching of fibres in one or both ligaments.
Examining the individual ligaments separately reveals that the fibres taper
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proximally in the dorsal ligament and branch proximally in the ventral
ligament.

3.5.5.6 Elastic fibre distribution in the dorsal ligament
In the dorsal ligament, the number of discrete fibres remains relatively

constant along its length at between 100 and 120. Over the same range, the
cross-sectional area of AFSC in the ligament approximately halves. This
shows that the AFS fibres of the dorsal ligament taper proximally along
their length. The proximal decrease in AFSC cross-sectional area is similar
in both the ligament sheath and within the ligament, indicating that both
classes of fibre taper proximally. This is reflected in the range of fibre sizes
at different levels. Proximally the range of fibre sizes in the dorsal
ligament falls. There is an increase in the number of small fibres

(<0.4 um?) and a reduction in the numbers of larger fibres (>0.4 um?). The
implications of these observations are that the dorsal ligament is likely to
have a graded change in compliance as it approaches the mtFCO sensory
dendrites. Thus, dendrites terminated at differing proximo-distal levels
within the dorsal ligament will be subjected to differing degrees of
mechanical force in response to a given tibial rotations.

3.5.5.7 Elastic fibre distribution in the ventral ligament
In the case of the ventral ligament, the increase in both the number and

cross-sectional area of Acid Fuchsin-staining fibres over the proximo-distal
range 0 - 350 um reflects the recruitment of ventral ligament attachment
cells from the side of the cuticular rod. The cross-sectional area of AFSC
along the remainder of the ventral ligament between the loops and the
sensory neurones is much more uniform than the equivalent range in the
dorsal ligament. Whilst there are consistently more individual fibres
located within the ligament than in the ligament sheath, there is a greater
cross-sectional area of AFSC in the sheath than within the ligament at the
majority of proximo-distal levels. This demonstrates that in the case of
the ventral ligament, the internal fibres are smaller than the sheath fibres.
In addition, at a proximo-distal level of 800 um there appears to be a
proliferation of Acid Fuchsin-staining fibres within the ventral ligament
accompanied by only a modest increase in the cross-sectional area of
internally-located Acid Fuchsin-staining fibres. This indicates that the
fibres branch within the ventral ligament at the level of the sensory cells.
This was confirmed by the 5(6)-carboxyfluorescein staining of the
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extracellular fibres. These results indicate that unlike the case in the dorsal
ligament fibres, the Acid Fuchsin-staining fibres in the ventral ligament
branch proximally rather than taper.

The differential distribution of elastic components in the mechanical
linkages of chordotonal organs is not restricted to the locust mtFCO.
Nowel et al. (1995) described the distribution of Acid Fuchsin-staining
fibres in the mtFCO of the cricket. They observed that the Acid Fuchsin-
staining fibres in the cricket are much thicker and present in larger
numbers proximally than they are distally. In addition there are many
more fibres in the ventral ligament than in the dorsal ligament. They
remarked that the thinner AFS fibres were the more compliant, implying
that the two ligaments attaching the fused scoloparia to the cuticular
apodeme have different mechanical properties. The percentage cross-
sectional areas of the ligaments composed of AFSC in the cricket and the
locust are comparable. Measuring midway between the cuticular apodeme
and the sensory cells (cricket data from Nowel et al., 1995) the AFSC
comprises approximately 8% of the total cross-sectional area of the
ligaments in both species. If the microtubules do play only a limited role
in mechanical signal transduction (as suggested previously in this
discussion), then the extracellular fibres and the extracellular matrix
would be left as the main components transmitting the mechanical
stimulus to the sensory cells.

3.5.5.8 Aspects of the extracellular fibre distribution which may have

functional implications:
1. There is a gradient of AFSC present along the length of the ligaments.

This would suggest that both the ligaments are stiffer distally. This is
especially marked in the case of the dorsal ligament which has
approximately half as much AFSC proximally than distally.

2. There is more AFSC in the ventral ligament than the dorsal one at all
proximo-distal levels. This indicates that the ventral ligament may be
stiffer than the dorsal ligament.

3. In the case of the dorsal ligament, there is consistently more Acid

Fuchsin-staining material located in the sheath than within the ligament.
This raises the possibility that the attachment cells nearer the centre of the
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ligament may have different mechanical properties from those closely
associated with the sheath.

4. The sheath of the loop-forming region of the dorsal ligament is re-
enforced with AFSC. The increase in the cross-sectional area of AFSC over
this range is due to a larger number of fibres, not just thicker fibres. This
observation indicates that the fibres may have a protective role at this
level, preventing excess shear or kinking across the attachment cell
membranes. Differential distribution of components in the mtFCO may
be a way to differentiate the properties of the two ligaments and so the
responsiveness of neurones lying in the dorsal and ventral regions of the
scoloparium.
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Figure 3.1

This figure demonstrates the image-processing steps used to analyse the distribution of the Acid Fuchsin-staining
extracellular fibres in the ligaments of the apodeme complex. The live video image was displayed on the monitor as
the microscope was adjusted (‘Pre-capture’ window) (left-hand image). The contrast of each image was optimised and
captured using a built-in frame averaging function to reduce any background noise in the video signal (‘Contrast
adjusted' window) (central image). Thresholding was used to discriminate objects of interest from surrounding
background based on their greyscale values. Each image was thresholded using density slicing, the selected pixels being
labelled in red (‘Density sliced” window) (right-hand image).

(This figure was grabbed at screen resolution (72 dots-per-inch) for demonstration purposes. Images used for analysis

were captured at higher resolution (215 pixels/pum?)).
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Figure 3.2a-d

This figure shows a series of 1 um transverse sections taken at different
levels along the dorsal attachment. The level at which each section was
taken is indicated in the inset.

The attachment is a double structure and consists of an anterior (aa) and a
posterior (pa) component at all proximo-distal levels. Distally, close to the
region where it is attached to the femur wall, the posterior component is
the more prominent (Fig. 3.2a). At this level it has a thick dorsal sheath
with many extracellular fibres (f) that stain with Acid Fuchsin. At distal
levels, the anterior and posterior components of the dorsal attachment are
only loosely associated with one another. However, they are anatomically
connected to each other along the ventral edge of the attachment at all
levels (Figs 3.2a-c). Proximally, where the dorsal attachment joins the cell
body region of the mtFCO, the anterior component (aa) is more prominent
than the posterior component (pa) (Fig. 3.2d). At this proximo-distal level
the branch of the CO nerve (n) which forms the cuticular nerve is
sectioned longitudinally.
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Figure 3.3

Electron micrograph showing distribution of areas within the dorsal
attachment that are packed with an amorphous granular material (g). The
microtubule-packed ligament cells (1) account for only a small proportion
of the dorsal attachment in cross-section. The extracellular matrix
contains both fibrils (f) and larger Acid Fuchsin-staining fibres (F). s =
dorsal attachment sheath






Figure 3.4a, b

a
Electron micrograph showing that the ligamentous cells of the dorsal
attachment are packed with axially orientated microtubules (mt) and are
surrounded by extracellular matrix (m).

b

In other areas, amorphous granular material (g) appears to be sequestered
within cells bounded by lightly-staining extracellular matrix (m) in which
extracellular fibres (F) are embedded.






Figure 3.5a, b

a
The largest Acid Fuchsin-staining fibres (F) associated with the mtFCO
dorsal attachment are located in the extracellular sheath (s). They are
found adjacent to smaller fibrils (f) embedded in the extracellular matrix.
h = haemolymph space

b

There is a continuous spectrum of fibre sizes; some of which are clearly
associated with one another (i). F = Acid Fuchsin-staining fibres; f =
extracellular fibrils; h = haemolymph space
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Figure 3.6

Transmission electron micrograph showing the complex distribution of
component materials within the posterior component of the dorsal
attachment. This micrograph shows microtubules (mt), Acid Fuchsin-
staining fibres (F), fibrils (f) and amorphous granular material (g) all
located adjacent to one another within the attachment, with extensive
membrane interdigitation between each component. There are ladder-like
septate desmosomes (sd) forming associations between the interdigitations
of a microtubule containing cell (see inset). ecs = extracellular space; mtc =
mitochondria
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Figure 3.7

Line diagram compiled from several electron-micrographs showing the
distribution of components within the mtFCO dorsal attachment. The
diagram represents a proximo-distal level intermediate between those
shown in figures 3.2c and 3.2d.

At this level the cells comprising the posterior component of the dorsal
attachment are largely composed of fatty deposits (f) embedded within a
network of connective tissue (c). The multiterminal receptor (m) is
situated ventrally in the anterior component of the attachment and arises
from a branch of nerve 5b1l. A second neural component located in the
anterior compartment of the dorsal attachment (cut transversely) (n) is a
branch of the cuticular nerve; its destination is unknown. s = sheath; ¢ =
connective tissue composed of ligamentous cells and extracellular matrix
(Figures 3.3 and 3.6); n = longitudinally sectioned nerve; f = fat body; m =
multi-polar receptor; cp = capsule surrounding the multiterminal
receptor; g = localisation of granular electron-dense material
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Figure 3.8a, b

a
The multi-terminal receptor is contained within a capsule cell (cp).
Branches of the multi-terminal receptor dendrite (d) are wrapped around
fingers of membrane-bound cellular material (c) arranged in a loosely
radial configuration. The dendritic branches are interspersed with
extracellular ‘elements’ (e). F = extracellular (Acid Fuchsin-staining) fibres;
h = haemolymph space

b

Proximally the dendrite (d) of the multi-terminal receptor is surrounded
by a layer of glial wrapping (g) which separates the receptor’s membranous
capsule cell (cp) from the extracellular sheath (s). h = haemolymph space






Figure 3.9

The cross-sectional area of the dorsal attachment increases from 1500 um? at the point of its distal attachment to the
dorsal epidermis to 4000 um? at the level at which it joins the sensory cell body region of the organ. The cross-sectional
area of Acid Fuchsin staining material comprises 5% of the total cross-sectional area at its distal attachment and 23% at
the level of attachment to the organ. Error bars = estimated measurement error (10 repeats from each section).
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Figure 3.10a, b

The cross-sectional profile of the ventral attachment differs along its
length. Figures 3.10a and 3.10b show Toluidine Blue-stained semi-thin
(1 um) sections taken at different proximo-distal levels along the
attachment. Sections levels are indicated on the inset diagram (opposite).

a
Dorsally, close to its attachment to the mtFCO, the ligament has a roughly
circular cross-section. Nuclei of the ligament cells can be seen (n).
Extracellular fibres (F) are located both around the periphery and also
within the ligament.

b

At the level where the attachment inserts onto the apodeme of the flexor-
tibiae muscle it becomes elongated in transverse section, the long axis
being parallel to the apodeme.
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Figure 3.11

This electron micrograph shows that the ligament cells (1) forming the
ventral attachment are located in bundles (b) surrounded by thick
extracellular matrix (m) which has a granular appearance resulting from
fibrillar material being sectioned transversely. The whole ventral
attachment is bounded by an extracellular sheath (s). Extracellular fibres
(F) are located around the periphery of the bundles and within the
extracellular sheath. In this preparation, that has been stained with OsQO,,
uranyl acetate and phosphotungstic acid, these fibres stain black. n =
ligament cell nucleus






Figures 3.12a, b

a
Each bundle (b) within the ventral attachment consists of up to four
ligament cells (1), those within the same bundle being closely apposed to
one another. The granular appearance of the extracellular material is due
to many discrete fibrils (f). F = extracellular fibre

b

The ventral ligament cells (1) are packed with microtubules. Much smaller
microtubule-filled processes (p) are orientated parallel to the ligament cells
and are assumed to be finger-like protrusions arising from them. The
ligament cells are surrounded by extracellular matrix (m).

f = extracellular fibrils
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Figure 3.13a-c

a,b

The cross-sectional profiles of the extracellular fibrils within the ventral
attachment depend upon their locations. Those located adjacent to the
ligament cells have a simple profile in cross-section (a), whereas those
located towards the periphery of a ligament cell bundle have a star-like
appearance (b). The extracellular matrix in the vicinity of the fibrils is
often granular in appearance (g). h = haemolymph space

c
The extracellular fibrils with a simple profile (arrows) are packed more
densely than those with a star-like appearance (arrow heads). Especially
high densities of fibrils are found associated with the ligament cells where
they ramify within the extracellular matrix (m). h = haemolymph space
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Figure 3.14a, b

a
The extracellular fibrils (f) lie parallel to the long axis of the ventral
attachment. There is some evidence of banding (b) when viewed in
longitudinal section. m = extracellular matrix; h = haemolymph space

b

When viewed at higher magnifications each band (black arrow) can be
seen to be comprised of two sub-bands (white arrows). The period of the
banding pattern is 16.8 nm.
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Figure 3.15

Adjacent bundles within the ventral attachment ligament are associated
via the extracellular matrix. Where several ventral attachment bundles
are apposed to one another, the extracellular matrix can be seen to consist
of islands of electron-lucent material surrounded by denser matrix
containing fibrils (arrow heads). 1 = ligament cell; ecs = extracellular space






Figure 3.16a, b

a

This electron micrograph shows a transverse section of the ventral
attachment at a level close to the mtFCO. At this level the ligamentous
cells (1) have approximately circular profiles and are surrounded by
extracellular matrix (m) which contains numerous extracellular fibrils (f).
h = haemolymph space

b

Close to the level where the ventral attachment inserts onto the apodeme
of the flexor-tibiae muscle, the ligament cells (1) have an irregular profile.

The extracellular matrix (m) appears especially thick between the ligament
cell protrusions.






Figure 3.17a-f

Series of increasingly proximal cross-sections of the mtFCO apodeme
complex loop-forming region. These 1 pm sections were stained with
Acid Fuchsin which stains the extracellular fibres (F) intensely.

a
The ventral ligament is composed of anatomically distinct units consisting
of attachment cells surrounded by extracellular fibres. It arises from the
ventral side of the cuticular rod (r) as a bundle of approximately 10
attachment units (v) and associated extracellular fibres (F).

b-d

Proximally the ventral ligament bundle increases in size due to the
recruitment of addition ventral ligament units arising from the side of the
cuticular rod. A single loop-crossing fibre is followed in this series
(arrows).

e-f

The individual units of which the ventral ligament is comprised increase
in cross-sectional area proximally. The cross-sectional area of the cuticular
rod declines (compare a and f).
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Figure 3.18a-c

The loop-crossing fibres which arise from the side of the cuticular rod to
augment the ventral ligament (see Figs 3.17b-d) each consist of one or two
attachment cells (at) within an extracellular matrix sheath (s) associated
with thick extracellular fibres (F).

a

This electron micrograph shows a transverse section through a loop-
crossing fibre consisting of one attachment cell (at) surrounded almost
entirely by extracellular fibre-material (F).

b

This oblique section through a loop-crossing fibre shows one attachment
cell (at) and associated extracellular fibres (F). The appearance of the
extracellular fibres differs between the micrographs due to the use of
different staining techniques. The sections shown in Figures 3.18a, c were
stained with uranyl acetate and lead citrate, whereas the section shown in
Figure 3.18b was also stained with hot phosphotungstic acid.

c

This micrograph shows a loop-crossing fibre consisting of two attachment
cells (at) bounded by an extracellular sheath (s) in which extracellular fibres
(F) are embedded. (The latter stain with Acid Fuchsin at the light
microscope level).






Figure 3.19

This light micrograph of a section stained with Acid Fuchsin shows the
organisation of the dorsal (d) and ventral (v) ligaments at a level just
proximal to the end of the cuticular rod. At this level the dorsal ligament
consists of separate bundles of attachment cells. At more proximal levels
they fuse to form a single ligament. Some of the attachment cells
comprising the dorsal ligament are associated into clusters (arrow).






Figure 3.20a, b

a

This electron micrograph of a transverse section through the ventral
ligament of the apodeme complex shows large extracellular Acid Fuchsin-
staining fibres (F) associated with the attachment cells (at). Close to the
point where the attachment cells joint onto the cuticular rod (r), some of

the Acid Fuchsin-staining fibres are surrounded by much smaller fibrils
(white arrows).

b
This higher power electon micrograph (taken of the region indicated in a)
shows the appearance of the ventral ligament close to the origin of

attachment cells on the cuticular rod (r). Fine fibrils (f) are abundant in the
extracellular matrix (m).
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Figure 3.21

This electron micrograph is of a section taken close to the distal end of the
dorsal ligament where it is connected to the cuticular rod. Small
extracellular fibrils (arrowheads and inset) are present at the distal-most
ends of the dorsal ligament attachment cells (at). As in the case of the
ventral ligament, these fibrils are often associated with the large
extracellular (Acid Fuchsin-staining) fibres (F).






Figure 3.22

The Acid Fuchsin-staining fibres described by Shelton et al. (1992) stain
darkly with hot phosphotungstic acid (PTA) (Nowel et al., 1995). This
electon micrograph of a PTA-stained transverse section shows the fused
dorsal and ventral ligaments at a level proximal to the loop-forming
region. PTA-staining fibres are found within the ligaments (Fi) and
surrounding them in the sheath (Fs). Ventrally the fibres coalesce (Fv) to
form a sheet of PTA-staining material.
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Figure 3.23

This micrograph shows a number of PTA-staining fibres (F) within the
extracellular matrix (m). Attachment cells (at) are filled with microtubules
and connected to each other by prominent desmosome-like junction (d).
The preparation was stained with PTA and then post-stained with lead
citrate and uranyl acetate to reveal cellular detail.
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Figure 3.24a, b

a

Electron micrograph montage showing a transverse section through the
apodeme complex ligaments. The section was stained with hot
phosphotungstic acid to stain the extracellular fibres (F) and post-stained
with lead citrate and uranyl acetate to visualise the attachment cells (at).

b (overleaf)

Outline of individual attachment cells obtained from montages similar to
that shown in Figure 3.24a, at three different proximo-distal levels along
the ligaments. There were 56 attachment cells at all 3 proximo-distal
levels in this preparation. This suggests that within a ligament all
attachment cells extend over its whole length. (Note that in this case the
cells were numbered separately in each section; individual cells were not
traced from section to section).
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Figure 3.25a, b

a

This electron micrograph shows typical attachment cells (at) of the dorsal
ligament. They have a bulky appearance when seen in transverse section
and lightly-staining extracellular matrix (m) is found between adjacent
cells. The surfaces of the dorsal ligament attachment cells are relatively
smooth. F = extracellular (Acid Fuchsin-staining) fibre

b

A micrograph of the ventral ligament shows typical attachment cells (at).
They are smaller than those of the dorsal ligament and lightly-staining
extracellular matrix (m) is less abundant. The cells are held in closer
apposition to one another than in the dorsal ligament. In addition many
of the cells have outfolding cellular protrusions at their surfaces (pr). F =
extracellular (Acid Fuchsin-staining) fibre






Figure 3.26a, b

a

The larger (Acid Fuchsin-staining) extracellular fibres (F) associated with
the ligaments of the mtFCO have an amorphous appearance in
preparations stained with lead citrate and uranyl acetate. In transverse
section, the fibres (F) are associated with lightly-staining extracellular
matrix (m). The extracellular matrix has a granular appearance where it
lies adjacent to the fibres.

b

Longitudinal sections of similar material showed the large extracellular
fibres (F) have an amorphous constitution along their length, with no
evidence of repeat banding. Often but not always, close to the surface of
the attachment cells, multiple layers of membrane can be seen (mem).






Figure 3.27a, b

a
Acid Fuchsin-staining extracellular fibres (F) are embedded in a lightly-
staining extracellular matrix (m) surrounding the attachment cells (at) of
the apodeme complex. When viewed in transverse section, the smallest
Acid Fuchsin-staining fibres can be seen to be composed of smaller discrete
components (pf). Where these discrete components or 'proto-fibres'
aggregate, the extracellular matrix (m') appears more electron-dense.

b

Small Acid Fuchsin-staining fibres (Fs) have an irregular profile
suggesting that they may be formed by the association of smaller
components. Microtubules (mt) within the adjacent attachment cells
localise at the cell membrane in the vicinity of the fibre.
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Figure 3.28

Single or multiple intercellular junctions are found where specialised
membrane protruberances from adjacent attachment cells (at) appose one
another. In this case the junctions (d) are of the septate desmosome
variety. Near to these junctions the cytoplasm of the attachment cells
often contains an electron-dense intracellular material (mI) between the
microtubules (mt). Mitochondria (mtc) are evident in the attachment
cells. F = Acid Fuchsin-staining extracellular fibre
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Figure 3.29

Adjacent attachment cells sometimes form complex interdigitating
structures. In this micrograph, a cellular protrusion from one attachment
cell (atl) appears to be partially surrounded by a second attachment cell
(at2). There are extensive desmosome-like junctions (d) where the two
attachment cells are directly apposed to one another. There is a tendency
for the microtubules lying adjacent to the cell-to-cell junctions to become
aligned in an orderly row along the inside of the cell membranes
(arrowheads). Electron-dense intracellular material can also be seen
adjacent to the cell junctions.






Figure 3.30a, b

a

Electron micrograph showing associations of adjacent microtubules to
form clusters or 'plaques’ embedded in an electron-dense intracellular
material. The microtubule plaques are not always adjacent to the cell
membrane but are sometimes well within the cytoplasm of the attachment
cell (pI). Plaques associated with the membranes of attachment cells (pM)
are usually (but not always) located either in regions of membrane that
extend towards neighbouring cells or in regions of membrane adjacent to
extracellular fibres (F).

b

This electron micrograph shows a prominent extracellular fibre (F) with a
well developed plaque (pM) within the attachment cell to the right. A
second plaque (lower left) is opposite a small plaque in the opposite cell
(lower right). pI = microtubule plaque not associated with the attachment
cell membrane






Figure 3.31

Scale diagram of the mtFCO showing the location of the guy-rope fibres (gf) in the femur. They extend distally into the
heavily tanned knee area. They are approximately 3 mm long (£ 500 um) in an adult locust’s femur.

mtFCO = metathoracic femoral chordotonal organ
gf = guy-rope fibres

s = semi-lunar process

f = femur

t = tibia
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Figure 3.32

Transmission electron micrograph showing a transverse section through
the guy-rope fibres at the level at which they arise from the dorsal
ligament. The fibres have a dense amorphous core (c) surrounded by a
more lightly staining periferal zone (m). At this proximal level, several
guy-rope fibres run closely together surrounded by a common peripheral
zone.






Figure 3.33a, b

a

This electron micrograph shows the guy-rope fibres terminating distally in
the dorsal femur on an epidermal infolding into the femur cavity (e). The
majority of the fibres terminate close to the ventral edge of the epidermal
infolding (F), although some fibres terminate further dorsally at regular
intervals (arrowheads). n = epidermal cell nucleus

b

This micrograph shows an enlargement of the ventral edge of the
epidermal infolding shown above. As the guy-rope fibres run into the
dorsal epidermis they fuse with one another to form ribbons (r) of densely-
staining material.






Figure 3.34

Light micrograph showing the junction of the flexor strand (fs) with the mtFCO scoloparium (s). The strand is
reinforced by a fibrous component (f) and attaches to the surface of the mtFCO at two main attachment points
(arrowheads). The dendrite (d) that innervates the strand arises from nerve 5b1 at a more proximal level (not shown)
and travels along the ventral edge of the mtFCO scoloparium to reach the flexor strand. Distal is to the right.






Figure 3.35

Series of digital greyscale images of semi-thin (1 pm) sections stained with Toluidine Blue showing the constitution of
the flexor strand at different proximo-distal levels (inset). Proximally a strand receptor (sr) (Braunig, 1982a) forms the
core of the flexor strand and is located loosely within a fatty sheath (fs) (levels 1-5). Distally the fatty sheath is reduced
(levels 6-8).
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Figure 3.36a, b

a

This electon micrograph shows that the strand receptor is bounded by a
sheath (s) of extracellular matrix in which extracellular fibres (F) are
embedded. n = nucleus of strand receptor glial cell. fs = fatty sheath (see
Figure 3.35)

b

High power longitudinal section through the strand receptor reveal arrays
of densely-staining fibrils embedded in the extracellular matrix (m). The
majority of the densely staining fibrils (f) are orientated obliquely along the
axis of the strand. Some fibres are orientated longitudinally with respect to
the long axis of the strand receptor (arrow) and show a banding pattern.






Figure 3.37a, b

a
The strand receptor has collagen-like fibrils (cf) located within the
extracellular matrix sheath (m). Their alignment is not regimented, the
fibrils being found at a variety of orientations within the matrix. The
outer edge of the extracellular matrix sheath has a beaded appearance (bd)
which appears similar in both transverse and longitudinal section.

b

The fibrils do not stain intensely, but the irregular periodic banding
characteristic of collagens can clearly be resolved at high magnifications.
The macro-period can be delimited by an intensely-staining double band,
repeating at 52 nm intervals (indicated).
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Figure 3.38

Graph showing the cross-sectional area of the dorsal and ventral ligaments of the apodeme complex at different
proximo-distal levels in a preparation where the tibia was in the fully flexed position. Proximal to its point of origin,
the cross-sectional area of the ventral ligament increases from 0 pm? to about 1000 pm? over a distance of 500 pm,
reflecting the recruitment of ventral ligament fibres from the side of the cuticular rod. The cross-sectional area of the
dorsal ligament rises from 0 - 1000 um? over a distance of approximately 125 pm (500 - 625 pm). In the region of the
apodeme complex lying between the loop-forming region and the sensory neurones (625 pm - 1000 um), the cross-
sectional area of each ligament remains constant at approximately 1000 um2. The cross-sectional area of the ventral
ligament begins to increase once more at its proximal end (at a distance exceeding 1000 pm). This is the proximo-distal
level at which the first sensory neurones are encountered. Error bars indicate estimated measurement error based

upon 10 repeated measurements from the same image.
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Figure 3.39

This graph shows the total cross-sectional area of the Acid Fuchsin-staining component in the dorsal and ventral
ligaments of the apodeme complex at different proximo-distal levels. There is more Acid Fuchsin-staining component
in the ventral ligament than the dorsal ligament at all proximo-distal levels. The cross-sectional area of the Acid
Fuchsin-staining component declines proximally in both ligaments. Regression lines fitted to the relevant parts of the
graphs show that the mean rate of decline is approximately 10 pm2/100 pm in the dorsal ligament, and approximately
4 um?2/100 pm in the ventral ligament. There is an abrupt rise in Acid Fuchsin-staining component at the proximal
end of the ventral ligament at the level of the distal-most sensory neurones. Error bars indicate estimated

measurement error based upon 10 repeated measurements from the same image.
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Figure 3.40

Graph showing the proximo-distal distribution of Acid Fuchsin-staining component associated with the dorsal
ligament. There is approximately twice the cross-sectional area of Acid Fuchsin-staining component located within the
extracellular sheath of the ligament compared with that amongst the attachment cells within the ligament at all
proximo-distal levels. There is a large peak in the cross-sectional area of Acid Fuchsin-staining component located in
the dorsal ligament sheath at a proximo-distal level of 600 pm. Error bars indicate estimated measurement error based

upon 10 repeated measurements from the same image.
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Figure 3.41

Graph showing the proximo-distal distribution of Acid Fuchsin-staining component associated with the ventral
ligament. Over the distal-most 500 pm of the ventral ligament there is approximately twice the cross-sectional area of
Acid Fuchsin-staining component located in the sheath compared with that within the ligament. Between 500 um and
1000 um, the cross-sectional area of Acid Fuchsin-staining component in the sheath declines. Over the same range the
cross-sectional area of Acid Fuchsin-staining component located within the ligament first increases so that there is
equal staining in the sheath and within the ligament at about 800 pm. At more proximal levels the area of Acid
Fuchsin-staining component within the ligament declines so that there is less than there is in the sheath. At the level
at which sensory neurones are located within the ventral liagment (1100 um), there is a marked increase in the cross-
sectional area of Acid Fuchsin staining within the ligament. Error bars indicate estimated measurement error based

upon 10 repeated measurements from the same image.
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Figure 3.42

The % cross-sectional area of Acid Fuchsin-staining component decreases proximally along the length of the apodeme
complex. Distally the Acid Fuchsin-staining component forms approximately 35% of the apodeme complex cross-
sectional area. Proximally it forms approximately 5%. Proximal to the distal origin of the dorsal ligament (>600 pm)
the % cross-sectional area of Acid Fuchsin-staining component in the ventral ligament remains relatively constant at
approximately 8% whilst that of the dorsal ligament approximately halves over the same range. Error bars indicate
estimated measurement error based upon 10 repeated measurements upon the same image.
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Figure 3.43

Graph comparing the number of discrete Acid Fuchsin-staining fibres located in the sheath of the dorsal ligament with
those located within the dorsal ligament at various proximo-distal levels. At the distal end of the dorsal ligament (500-
600 pm), there are more AFS fibres in the sheath than within the ligament. This is the region of the dorsal ligament
which buckles to form the apodeme complex loop. At this proximo-distal level, the dorsal and ventral ligaments are
not associated with one another and the dorsal ligament is surrounded by sheath. Proximal to this, over the range 600-
900 pm, there are more fibres located inside the ligament than in the sheath. At the level at which the distal-most
neurones are located (>1000 um), the numbers of fibres are distributed approximately equally between the sheath and
the inside of the ligament. Error bars indicate estimated measurement error based upon 10 repeated measurements

from the same image.
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Figure 3.44

Graph indicating the number of discrete Acid Fuchsin-staining fibres located in the ventral ligament sheath and within
the ventral ligament at various proximo-distal levels. In the sheath of the ventral ligament the number increases
proximally over the range 0-350 um as the ventral ligament arises from the side of the cuticular rod. Further
proximally, the number of sheath fibres remains constant at approximately 40 discrete fibres. The number of Acid
Fuchsin-staining fibres located within the ligament rises from 0 to 100 over the range 0-800 um. Proximal to this level,
the number of fibres declines before rising again at the level at which the sensory neurones are located. Error bars
indicate estimated measurement error based upon 10 repeated measurements from the same image.
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Figure 3.45

Size-frequency histogram showing the distribution of fibre sizes in the apodeme complex (dorsal and ventral ligaments
together) at two contrasting proximo-distal levels (inset). The size distribution of the fibres is less skewed distally than
proximally; skewness 3.58 and 7.68 respectively. This means that proximally there are fewer large diameter fibres and
more small diameter fibres compared to those found distally. Proximally the number of medium sizes fibres in the
ligaments (cross-sectional area 0.6 um>-2.0 um®) declines, whilst the number of small fibres (cross-sectional area

<0.4 pm?) increases.
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Figure 3.46

Size-frequency histogram showing the distribution of fibre sizes in the dorsal ligament at two proximo-distal levels
(inset). The histogram shows that proximally there is an increase in the number of small Acid Fuchsin-staining fibres
(<0.4 um?), and a decrease in the frequency of larger fibres (>0.4 um?).
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Figure 3.47

Size-frequency histogram showing the distribution of fibre sizes in the ventral ligament at two proximo-distal levels
(inset). Proximally the number of medium sized fibres (0.6 um? - 2 pm?) is reduced, whilst the number of fibres having
small cross-sectional areas (<0.2 pm?) increases. The number of fibres <0.2 pum? increases proximally by 40%.
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Figure 3.48

Size-frequency histogram contrasting the size-distribution of Acid Fuchsin-staining fibres between the dorsal and

ventral ligaments close to their distal ends (inset). There are more large fibres (cross-sectional area >1.6 pm?) in the
ventral ligament than in the dorsal ligament. The ventral ligament also has more small fibres (cross-sectional area
<1.2 um?) than the dorsal ligament at this proximo-distal level. The range of fibre sizes is similar between the two

ligaments at this proximo-distal level.
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Figure 3.49

Size-frequency histogram contrasting the size-distribution of Acid Fuchsin-staining fibres between the dorsal and
ventral ligaments close to the mtFCO scoloparium (inset). The ventral ligament has a wider distribution of fibre sizes
than the dorsal ligament; 99% of the AFS-fibres in the dorsal ligament have a cross-sectional area of less than 1.0pm?

whilst the ventral ligament contains fibres in excess of 2.0um?.
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Figure 3.50

Although individual attachment cells cannot be distinguished at light microscope level, the approximately 56
attachment cells (see Figure 3.24) of the apodeme complex can be divided into 'functional groups' surrounded by Acid
Fuchsin-staining fibres in semi-thin (1 pm) sections stained with Acid Fuchsin. This figure compares a section taken
distally (at a level just proximal to that at which the guy-rope fibres leave the dorsal ligament) with a section taken
proximally (at the level of the distal-most sensory neurones). The line diagrams adjacent to each section illustrate the
interpretation of the staining patterns. The shaded areas indicate the limits of two dorsally situated functional groups.
The dorsally situated areas delimited by Acid Fuchsin-staining fibres tend to be larger than those located ventrally.
Proximally the areas defined by the Acid Fuchsin-staining fibres remain evident in the dorsal ligament whilst those in
the ventral ligament dissociate at this proximo-distal level as the individual attachment cells terminate on the ventral

neurones.
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Figure 3.51

Proximal to the level of its origin, the number of functional groups found in the ventral ligament increases. There are
approximately 3 additional functional groups/100 pm travelled proximally over the range 0 um-800 um. Further
proximally, the number of functional groups in the ventral ligament declines as the attachment cells terminate on the
distal-most dendrites of the ventral ligament. The dorsal ligament has a more abrupt distal origin that the ventral
ligament, as it arises from the proximal end of the cuticular rod of the apodeme complex. The dorsal ligament can be
subdivided into 10-15 functional groups at most proximo-distal levels. Error bars indicate estimated measurement

error based upon 10 repeated measurements from the same image.
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Figure 3.52

The mean 'functional-group' cross-sectional area in the dorsal ligament increases in size proximally, reaching a
maximum of approximately 90 pm? at a proximo-distal level of 1000 um. Further proximal to this level, the mean
'functional-group' cross-sectional area declines. In the ventral ligament, the mean functional-group cross-sectional
area remains between 50 um2- 70 um? at most proximo-distal levels. Error bars indicate estimated measurement error

based upon 10 repeated measurements from the same image.
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Figure 3.53

Each functional group shown in this graph was traced along the length of the apodeme complex and consisted of two
attachment cells at all proximo-distal levels. Both functional groups show increases in cross-sectional area at the
proximo-distal levels corresponding to the level at which the attachment cell nuclei were located. The functional
group traced along the dorsal ligament is characteristically larger in cross-sectional area than that traced along the

ventral ligament.
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Figure 3.54

This figure consists of a series of size-frequency histograms showing the
cross-sectional areas of the functional groups in the dorsal and ventral
ligaments of the apodeme complex at four proximo-distal levels (a - d).
The histograms show that the dorsal ligament contains fewer and larger
functional groups than the ventral ligament at all four levels. The four
levels are indicated on the semi-schematic diagram below.
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Figure 3.55a, b

This figure shows complementary phase contrast (a) and confocal
fluorescence (b) micrographs of the severed end of the apodeme complex.
The apodeme complex was severed midway along the length of the
ligaments, stained with 5% CF, and gently teased to create a frayed end.
Individual extracellular fibres (arrows) can be seen using both
microscopical techniques.






Figure 3.56a-d

This figure of extracellular fibres in the apodeme complex shows a z-series of confocal micrographs taken with the
confocal aperture closed down such that the depth of field was less than the diameter of an attachment cell. This series
is taken midway along the apodeme complex ligaments. Proximal is to the upper right and distal is to the lower left of

each micrograph.

a
Close to the surface the extracellular fibres in the apodeme complex sheath are numerous and appear to form a
meshwork.

b

This optical section is taken a little further into the body of the ligaments. The extracellular fibres which appear most
intensely are those located between adjacent attachment cells. Some of the superficial meshwork of sheath fibres can
still be detected but appear faint because they are on the limits of the optical section.

c

This optical section is taken from 'within' the ligaments, at a level at which the sheath fibres are outside the focal
plane. The extracellular fibres observed in this section are those running longitudinally between adjacent attachment
cells, which appear dark (arrowheads).

d

As the focal plane is moved further through the ligaments, the extracellular fibres appear once more as a branching

network.






Figure 3.57

This confocal micrograph shows the extracellular fibres in the dorsal (d) and ventral (v) ligaments immediately distal
to the sensory neurones. Distal is to the right. As the fibres enter the cell-body region the extracellular fibres change in
appearance and orientation. Whilst the extracellular fibres within the dorsal ligament remain orientated along the axis
of the organ and have a uniform appearance with minimal fibre branching, those within the ventral ligament become

increasingly branched and irregular in their orientation.






Figure 3.58

The CF stained extracellular fibres (F) are shown to associate closely with the sensory neurones in this confocal
micrograph. The fibres appear to surround each individual dendrite (d). There is also CF stained extracellular material
located between the closely-packed neurone cell somata (cb).






Figure 3.59

This confocal micrograph demonstrates the presence of a fibrillar interface at the level at which the sensory dendrites
(d) arise from the cell bodies (cb) of the sensory neurones. Distal is to the right. The extracellular fibres (F) are
longitudinally orientated as they run along the dendrites (d), whereas they form a mesh-like pattern (Fm) at the level
at which they reach the sensory cell bodies.






Figure 3.60

a
Light micrograph obtained using Nomarski optics of a single large sensory
neurone cell body after staining with CF. Distal is to the right. The
periphery of the cell body (cb) and the base of the dendrite (d) can be made
out.

b

When the same cell is visualised using confocal microscopy, stained
extracellular fibres (F) can be seen clearly both at the level of the base of the
dendrite and around the periphery of the neurone cell body. To provide |
an optical section, the confocal aperture was shut down so that the focal
plane was less than the diameter of the neurone cell body.






Figure 3.61

This pair of confocal micrographs (a, b) show the location of the cell body
(cb) of a single sensory neurone. The two micrographs were taken at
slightly different focal planes to demonstrate the reticulated sheath
(arrowheads) formed by the extracellular fibres around the somata of the
sensory neurone. Distal is to the right.






Chapter 4

Chapter 4: Distribution and morphology of sensory neurones in

the mtFCO scoloparia of S. gregaria and L. migratoria.

4.1 SUMMARY

* Although the neurones comprising the mtFCO superficially appear to
be structurally similar, this study shows that six populations of
neurones can be identified reliably in all preparations. Some of the six
populations may be further subdivided. Comparison of the current
results with published descriptions of the distributions of mtFCO
neurones of known response types indicates that cell orientation and
anatomy may contribute to neurone response characteristics. There is a
basis for attributing some of the variation in operational ranges and
response types of the mtFCO sensory neurones to their positions and
orientations within the scoloparium. However, the situation is
complicated as each of the six morphologically identified neurone
populations contains representatives from more than one response

type.

4.2 INTRODUCTION

This chapter is concerned with the anatomical characterisation of the
mtFCO receptors and investigates whether there is any evidence for
regional subdivisions of the scoloparium into identifiable groups of
neurones.

For most proprioceptors sensory input is encoded in the form of an action
potential discharge that varies with the nature of the sensory stimulation.
In the case of the mass response of the locust mtFCO nerve, tonic activity
is known to vary with the femoro-tibial joint angle (Runion and
Usherwood, 1966). Recordings from single neurones also show that the
mtFCO encodes sensory information relating to the velocity and
acceleration components of joint rotation (Matheson, 1990). Although he
did not use an ideal stimulus regime (he used ramps and steps instead of
sinusoids), Matheson's (1990) results provide evidence that the mtFCO
sensory units not only respond to position, velocity or acceleration but that
many of them respond to combinations of these modalities.

It is known that individual mtFCO sensory neurones respond over
discrete ranges of femoro-tibial angles (Usherwood et al., 1968; Burns, 1974;

Zill, 1985a, Matheson, 1992b). Therefore, the discharge of the organ at any
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particular femoro-tibial angle consists of the combined responses from
several neurones whose sensitivity ranges overlap. This allows the
proprioceptor to increase its sensitivity range whilst retaining its ability to
discriminate small increments within the stimulus range. This
phenomenon has been termed 'the range fractionation principle' (Cohen,
1964).

The mtFCO scoloparium is composed of approximately 50 individual
scolopidia, each of which consists of a pair of sensory neurones. The
paired dendrites of each scolopidium have ciliary structures at their distal
tips, and each pair is associated with one attachment cell (Slifer and
Sekhon, 1975; Young, 1970; Matheson and Field, 1990). As in other sense
organs such as hair sensilla and campaniform sensilla (see French, 1988),
the dendritic cilia of COs have a 9+0 configuration of microtubules
(Young, 1970; Yack and Roots, 1992).

It remains unclear what mechanism determines the sensitivity range of
particular mtFCO neurones and what it is that determines the components
of the stimulus (position, velocity, and acceleration) that are effective in
generating sensory output. One possibility is that the attachment strands
of chordotonal organs stimulate all the sensory units simultaneously and
that specificity to different stimuli is achieved by populations of neurones
having different physiological properties. Usherwood et al. (1968)
demonstrated that many of the mtFCO units fire simultaneously,
although remarked that they are never all active at the same time.
However, Zill (1985a) demonstrated that the neurones could be classified
by their electrophysiological characteristics into two main categories (tonic
and phasic). His study provided definitive evidence that the physiological
properties of individual neurones are important in determining their
response characteristics.

More recently (Field, 1991; Shelton et al., 1992; Nowel et al., 1995) suggested
that the nature of the mechanical coupling of the sensory units to the
femoro-tibial joint may allow distinct populations of neurones to respond
over discrete ranges of femoro-tibial articulation. Earlier studies of the
locust mtFCO have revealed that the sensory neurones may indeed be
arranged in discrete clusters. Usherwood et al. (1968) suggested that the 24
neurones he observed could be classified into three groups and although
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subsequent authors have been able to visualise increasing numbers of
mtFCO neurones (Zill, 1985a; Grosch, 1985; Burrows 1987a; Pfliiger, 1988),
none of them suggested that there might be more than three groups.
Burns (1974) similarly identified 3 neurone clusters in the distal
scoloparium of the pro- and mesothoracic chordotonal organs.
Theophilidis (1986a) reported that in Decticus albifrons the CO nerve is
divided into four separate groups of axons at the point where it leaves the
main scolopidium. This suggests that there is an anatomical segregation
of neurones. Matheson and Field (1990) demonstrated the presence of a
substantial group of previously undescribed small neurones extending
distally along the ventral ligament. Recalling that the COs of the pro- and
mesothoracic legs consist of both proximal and distal scoloparia, Matheson
and Field (1990) suggested that the distal population of neurones in the
mtFCO is homologous with the proximal scoloparium and that the rest of
the mtFCO is homologous with the distal scoloparium.

It has been suggested that differences in the attachment of individual
scolopidia to their attachment cells in stretch receptors may allow similar
units to respond to different elements of the stimulus by virtue of their
mechanical coupling (Moulins, 1976). On the other hand, with respect to
the mtFCO there is also the possibility that physiological differences
between populations of neurones derived from the proximal and distal
scoloparia are responsible for differences in response characteristics
between neurones from the two sources. Evidence to support this
hypothesis was produced by Zill (1985a) who demonstrated that neurones
with different response characteristics exhibited different
electrophysiological properties when examined using current injection
techniques. This implies that at least some of the neurones have
intrinsically different properties which are irrespective of their mechanical

coupling.

In an attempt to relate the position of scolopidia in the mtFCO with their
neuronal output, Matheson (1990) measured the response properties of
individual neurones to a varied stimulus regime before filling the cells
with cobalt chloride to reveal their locations. This enabled the
compilation of a map of the scoloparium which indicated that at least
some neurones with comparable responses are grouped in clusters.
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This chapter categorises the sensory neurones into discrete populations
using a variety of morphological criteria and characterises their positions
relative to the structures coupling the scolopidia to the femoro-tibial joint.
These populations are compared with the maps produced by Matheson
(1990) on the basis of neurone response characteristics. The ultrastructure
of the scolopidia is investigated to reveal whether there is any evidence for
anatomical differences between different populations of neurones or the
ways in which they are linked to their respective attachment cells.

4.3 MATERIALS AND METHODS

4.3.1 Dissection and embedding
The mtFCO was exposed by the removal of windows of cuticle from the

anterior and posterior sides of isolated femora. The extensor tibiae muscle
and associated tracheae were dissected out and the preparations were fixed
in Karnovsky's (1965) solution at 4°C for 30 - 60 minutes. Some
preparations were post-fixed in phosphate buffered 1% osmium tetroxide
for 20-30 minutes. The legs were subsequently rinsed in several changes of
phosphate buffer, dehydrated through an acetone series, and transferred
through several changes of electron microscopy (EM) grade Araldite before
final embedding.

MtFCOs for examination using conventional light microscopy were
dissected out in Araldite and mounted under number 0 coverslips on
cleaned glass slides. Preparations for sectioning were similarly dissected
and mounted in softer (see Appendix 1) EM grade Araldite sandwiched
between two siliconised (Repelcoted) slides. All mounted material was
cured overnight on a 35°C hotplate. The Repelcoted slides were removed
from the preparations to be sectioned, leaving the mtFCO embedded
within a thin plastic sheet. The plastic was trimmed to allow the mtFCO
to be orientated axially within a conventional embedding stub. The stubs
were filled with standard EM grade Araldite and cured overnight in an
oven at 60°C. Softer (see Appendix 1) Araldite was used during the initial
embedding of these preparations to prevent it becoming brittle during the
second curing.

Embedded organs were sectioned transversely using a Huxley ultra-
microtome. Sections to be viewed using conventional light microscopy

174



Chapter 4

were cut at 1 um, mounted on subbed slides (see Appendix 1) and stained
with Toluidine Blue (see Appendix 1). Number 0 coverslips were then
mounted using EM grade Araldite. Material for examination using
transmission electron microscopy (TEM) was sectioned at 0.1 um. Sections
were mounted either on hexagonal (200 mesh) 3.05 mm diameter copper
grids or were picked up on pioloform (Agar aids) films and mounted on
copper slot (0.5 mm) grids. These sections were subsequently stained with
uranyl acetate and lead citrate and were viewed using a Jeol 100CX TEM.

4.3.2 Cobalt filling of the sensory neurones
The mtFCO sensory neurones were visualised by retrograde filling of the

cells with 45% hexamminecobalt (III) chloride in distilled water (hereafter
referred to as cobalt) (after Altman et al., 1980). On each metathoracic leg a
small window of cuticle was removed from the anterior face of the mid-
femur to expose a length of mtFCO nerve 2-3 mm proximal to the organ.
A syringe with a blunt-ended 28 gauge 50 mm needle was used to build a
small coiled bath of white non-toxic Vaseline at the edge of the dissection
window into which a drop of dye was placed. The CO nerve was severed
and the cut end was placed into the bath using a fine glass hook. The
exposed nerve was covered with Vaseline to prevent desiccation and a
Vaseline cap was added to the bath. To prevent the evaporation of
haemolymph, the remainder of the dissection window was also sealed
with Vaseline. Preparations were kept in sealed petri-dishes at 4°C for 7-10
days after which the Vaseline baths were removed and the femora with
filled nerves were severed from the locusts. Cobalt within the sensory
neurones was precipitated using ammonium sulphide and the
preparations silver intensified (after Bacon and Altman, 1977). The
preparations were then fixed in the flexed position using Karnovsky's
(1965) solution before being dissected and mounted as described above.

4.3.3 Image analysis
The positions, sizes and orientations of 1308 cobalt-filled neurones from 18

preparations were characterised using image analysis techniques.
Preparations were viewed using an Olympus BH-2 Photoscope coupled to
a 8100/80 PowerMacintosh computer equipped with a Scion Corporation
AG-5 video rate frame-grabber card. A 63x oil immersion objective and
JVC TK-1085E single chip CCD camera were used to capture a real time
video image of the preparation which was displayed on a 17 inch
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computer monitor using NIH Image (vs. 1.62/ppc) software. Manipulating
the microscope stage controls allowed the image to be focused and the
preparation to be scanned at high magnification.

Individual neurones were characterised using an adaptation of an existing

NIH Image macro written by Bob Rodieck (Department of Ophthalmology,

University of Washington, Seattle) (see Appendix 2). The macro executed

a routine by which an arbitrarily shaped closed profile could be

characterised in a quantitative manner. Each neurone cell body was

characterised by the generation of its best-fitting ellipse.

Each generated ellipse had:

* - the same area as the cell body

* - the same centroid as the cell body

* - the same second-order-moments as the cell body (orientation of the
ellipse)

The macro was modified to allow the profile of each cell to be indexed,

stored and superimposed upon the live video image (see Appendix 2).

This enabled neurones that had been characterised to be distinguished

from those yet to be measured. Various parameters characterising each
neurone profile were measured by the macro and stored with an index
number linking each set of measurements to the appropriate cell.

The area of each filled neurone cell body was measured (in pm?) by tracing
its outline with a freehand tool (Fig. 4.1). The execution of the macro
plotted the best-fit ellipse and the lengths of the major and minor axes
were returned in pm. The ratio of the major and minor axes of the best-
fitting ellipse provides an indication of the shape of an object and is
defined as the particle's anisometry (Medalia, 1970). The orientation of
each neurone relative to the axis of the femur was returned in degrees. A
positive value indicated that the distal end of the cell was inclined dorsally
with respect to the proximo-distal axis of the mtFCO; a negative value
indicated that the inclination was ventral. The rotating stage of the
photoscope was adjusted such that the axis of the mtFCO was at 90° to that
of the CCD camera. This ensured that the orientations of neurones from
different preparations were directly comparable.
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4.3.4 Statistics

Statistical comparisons were used to reveal whether the neurone
populations identified in this study differed significantly from one another
with respect to the sizes, shapes or orientations of their neurones. Each
data set was initially tested for normality using either Kolmogorov-
Smirnov (n = <50) or Shapiro-Wilk (n = >50) normality tests (Zar, 1984;
Shapiro, 1965, 1968). Log-transformation was carried out where necessary
in order to normalise the data so that the same statistical techniques could
be used in all cases. The degree of variation within and between each
neurone population was tested with respect for each parameter (size, shape
and orientation) using single factor analysis of variance tests (ANOVA).
The distribution of the variance between populations was subsequently
determined by Student-Newman-Keuls (SNK) multiple comparisons.
Thus, the presence of significant differences between neurone populations
were indicated (ANOVA) and the individual populations were then
grouped into homogeneous subsets (SNK multiple comparisons).

4.4 RESULTS

4.4.1 Organisation of the scoloparium
Several authors have suggested that the mtFCO sensory neurones fall into

discrete populations (Usherwood et al., 1968; Burns, 1974; Zill, 1985a;
Matheson and Field, 1990). Whole organs were lightly stained with OsO,
to see whether there was any evidence for anatomical subdivisions within
the scoloparium. It was found that discrete areas of the scoloparium stain
differentially with the nerves and cell bodies staining most intensely.
Distinct lobes containing cell bodies can be seen to be related to different
branches of the mtFCO nerve. These lobes are distributed consistently in
all preparations and they were characterised with an outline map (Fig. 4.2).
It was found that the CO nerve divides into two main branches at the
point at which it enters the mtFCO scoloparium. This suggests that the
sensory neurones can be divided into two main groups depending upon
whether they are innervated by the dorsal or ventral branch of the nerve.

Preparations in which the neurones had been filled with cobalt confirmed
that the regions that stain differentially with OsOy represent anatomical
features and contain the cell bodies of six different populations of
neurones (Fig. 4.3). The sensory dendrites extend distally from these
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regions. In some cobalt-filled preparations the populations of sensory
neurones could be further subdivided into smaller subgroups on the basis
of their anatomical appearance and positions. Thus, groups 1 and 2 were
subdivided into 1a, 1b and 2a, 2b respectively (see Fig. 4.3). These
subgroups were not identifiable in preparations stained with osmium
tetroxide. Using 18 cobalt-filled specimens, the same clusters of neurones
were found in both S. gregaria and L. migratoria. The two species were
analysed separately.

The neurones comprising the different populations were characterised
upon the basis of the position, size, orientation and anisometry (shape) of
their cell bodies. The pattern of cell body size distribution is similar in
both species (Fig. 4.4). In groups 1 and 2, the proximal subgroups (1a, 2a)
consistently contain larger neurones than the distal subgroups (1b, 2b).
Group 1a contains the bulkiest neurones in the entire mtFCO in both
species. Groups 1b and 2b consist of similarly sized cells in both cases.
Groups 4, 5 and 6 consist of smaller neurones in both species, with a mean
profile area of approximately 250 pm?, the smallest cells being found in

L. migratoria..

All the mtFCO neurone cell bodies are elongated to some extent (Fig. 4.5).
Overall, the neurones of L. migratoria tend to be more elongated than
those of S. gregaria. In S. gregaria, the neurones of groups 1a, 2a and 3 are
the most elongated, all having a mean anisometry greater than 2. In

L. migratoria, groups la, 2a and 3 are also the most elongated having mean
anisometries ranging from 2.4 to 2.6.

The orientation of the sensory neurones is also similar in the two species
(Fig. 4.6), although S. gregaria has a wider range of cell orientations than
L. migratoria (+40° and £30°, respectively). In both species, the group 1la, 1b
and 6 neurones cell bodies are all orientated such that their proximo-distal
axes are inclined positively relative to the axis of the mtFCO apodeme
complex (neurones point dorsally). The cell bodies of the remaining
groups are orientated with their proximo-distal axes inclined negatively
relative to the axis of the mtFCO apodeme complex (neurones point
ventrally). The group 1b and group 4 neurones are orientated most
obliquely relative to the axis of the organ in both cases.
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These results show that the mtFCO does not consist of a collection of
identical scolopidia but that neurones located in different regions of the
scoloparium have distinct anatomical characteristics. Thus, the neurones
can be classified into different populations upon the basis of their
morphological attributes alone. Generally, the mtFCO scoloparium of L.
migratoria consists of smaller, more proximo-distally elongated cells than
that of S. gregaria. The largest cells in the scoloparium are located
proximally in both species, a trend also found in the proximal scoloparium
of the femoral chordotonal organ in the cockroach (Burns, 1974), and the
cockroach tibio-tarsal chordotonal organ (Young, 1970).

4.4.2 Comparison with published description of response types

On comparing the locations of these morphologically characterised
populations with the locations of groups of neurones identified by
Matheson (1990) on the basis of response characteristics, several
generalisations can be made. Groups 1 and 2 both contain units that
Matheson (1990) claimed were sensitive to combinations of sensory
modalities. Many were said to display position sensitivity with levels of
tonic activity that changed with femoro-tibial angle. However, all units in
groups 1 and 2 also responded to other components of tibial displacement.
There are no purely position sensitive units amongst these two groups.
Group 1 contains a consistently located cluster of cells that each respond to
ramp stimulus flexions at femoro-tibial angles close to 0°. Group 2
contains a similar cluster that also responds during ramp stimuli but in
this case those causing tibial extension. Because they respond to ramp
stimuli it was implied that such neurones are velocity sensitive
(Matheson, 1990).

Neurone group 3, located along the dorsal edge of the organ, contains
units that discharge when the tibia is stationary (so-called position
sensitivity) and also whose discharge is elevated during ramp stimuli
(velocity sensitive). They respond over a wide range of leg angles. This
was the most numerous of all the response types Matheson (1990)
recorded. This group also contains units that discharge at the beginning of
ramp stimuli that mimic tibial extension. They were only sensitive at
femoro-tibial angles close to full flexion. Because they discharge at the
onset of the stimulus where accelerations are maximal, units of this type
were said to be acceleration sensitive (Matheson, 1990). In addition, group
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3 is the only group in which purely tonic units (positional sensitivity)
were found. Such units are situated proximally in the scoloparium, close
to the proximal end of the dorsal attachment.

4.4.3 Correlation between cell morphology and response class
To reveal whether or not neurones with similar discharge patterns share

any anatomical characteristics, images of cobalt-filled neurones in

L. migratoria published by Matheson (1990) were captured and subjected to
analysis of their anatomical properties as previously described (size, shape,
orientation). For this analysis, units that were directionally sensitive were
treated as a single class. Also, the orientation data is rectified such that cell
orientation is positive either side of the axis of the organ. In many cases
there are too few examples to identify statistically significant differences
between groups of neurones. However, there do appear to be some trends
present. All the neurone profiles represented by Matheson (1990) appear
to have similar profile areas (Fig. 4.7a). This reflects the fact that Matheson
did not record from any of the small neurones of groups 4, 5 or 6.
However, within one of the clusters of neurones characterised by
Matheson, the cells do appear to share certain morphological attributes.
From examination of Matheson's drawings it appears that adjacent
neurones sharing the same response characteristics have similar cell
shapes. The anisometry data shows that units responding only to position
or velocity tend to have more circular profiles in cross section than cells
responding to more than one modality. Acceleration sensitive neurones
have particularly elongated cell bodies (Fig. 4.7b). The profiles of the
mtFCO neurones represented by Matheson show a range of orientations
relative to the axis of the organ. His drawings show that clusters of cells
sharing the same response characteristics tend to be similarly orientated.
Neurones encoding all three sensory modalities (position, velocity,
acceleration) showed the largest deviation from axial orientation

(Fig. 4.7c). The position sensitive cells also showed large deviations from
the mtFCO axis. The large variations in the level of deviation seen in this
type of cell was probably due to low anisometry (tending towards spherical
cell bodies) and the fact that few cells of this response class were
represented in Matheson's (1990) study.

These results suggest that the anatomical attributes of the sensory
neurones are correlated with their function. Although the results from
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this data set are inconclusive it suggests that certain sizes, shapes and
particularly orientations of cells are best suited for encoding different
modalities of the stimulus (Figs 4.7a-c). However, it is unclear to what
degree the diversity of function throughout the mtFCO neurones is due to
their anatomical characteristics and how much to their position,
mechanical coupling and individual electrophysiological attributes.

4.4.4 Structure of the scoloparium
Matheson and Field (1990) proposed that the locust mtFCO was derived

from the fusion of a pair of proximal and distal scoloparia homologous
with those found in the pro- and mesothoracic legs. Both cobalt-stained
and unstained mtFCOs were serially sectioned at 1 um in order to show
how the different populations of neurones were spatially related to one
another. The sections were stained with Toluidine blue. Matheson and
Field's (1990) hypothesis that the mtFCO scoloparium consists of two fused
scoloparia is strongly supported by the innervation, anatomy and spatial
distribution of the sensory neurones (Fig. 4.2) within the scoloparium at
different proximo-distal levels (Fig. 4.8a-e). Thus, the mtFCO appears to
consist of two laterally fused scoloparia, the 'anterior' scoloparium
containing the group 1 and 2 neurones and the 'posterior’ scoloparium
containing the neurones of groups 3 - 6.

The distal group of small neurones (group 6) that others have proposed is
homologous with the proximal scoloparium of the pro- and mesothoracic
legs (Matheson and Field, 1990), is situated beneath the dorsal ligament
and in series with the ventral ligament of the mtFCO apodeme complex
(Fig. 4.8a). Further proximally, the scoloparium containing the group 6
neurones and axons is located posterior to the scoloparium containing the
group 1 and group 2 neurones (Figs 4.8d, e). The posterior scoloparium
also contains the group 5 axons and is associated with the group 3
neurones. At the level shown in Figure 4.8e, it is difficult to distinguish
the anterior and posterior scoloparia from one another. Conformation of
the identities of the different neurone populations was obtained by tracing
the axons in serially sectioned organs in which the neurones had been
filled with cobalt (cobalt fills not illustrated, but see Fig. 4.9). The axons
travel proximally to enter the nerve in discrete bundles corresponding to
the different neurone groups in the two scoloparia. Although increasingly
associated with one another as they approach the mtFCO nerve, the axons
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derived from each scoloparium can still be identified (Fig. 4.10a-c). The
axons of the cuticular nerve also join those of the neurone groups 3, 4, 5
and 6 to form a dorsal neurone bundle associated with the posterior
scoloparium whilst the axons from groups 1a, 1b, 2a, 2b and the strand
organ form a ventral bundle associated with the anterior scoloparium.
These nerve bundles (4.10c) fuse to form the CO nerve (nerve 5b1). These
observations on the internal anatomy of the scoloparium region provide
persuasive evidence that the mtFCO is derived from two scoloparia.

The fused scoloparia are enclosed by an acellular neural lamella
(terminology of Ashhurst, 1959, 1968; Young, 1970) or 'perineural sheath’
(terminology of Field, 1991) (Fig. 4.11a, b).

4.4.5 Nature of the scoloparium sheath
The anatomical relations of the neurones to other components of the

mtFCO may well have functional importance. All neurones are
surrounded by a thin glial sheath and they are separated from the outer
perineural sheath by 'scolopidial cells' (Field, 1991). The scolopidial cells
may be responsible for secreting the sheath (Field, 1991) which is similar in
appearance to that described in other parts of the insect nervous system
(Ashhurst, 1959) and is likely to be composed of mucopolysaccharide.

4.4.6 Anatomy of the scolopidia

To compare the structure of the sensory neurones with those of other
chordotonal organs and to see if their ultrastructure provides clues as to
their function, scolopidial organisation in S. gregaria was investigated at
the TEM level.

The scolopidia in different parts of the organ are ultrastructurally similar
to one another and are comprised of adjacent pairs of sensory neurones
(Fig. 4.12). Figure 4.13 summarises the results of the current study of the
anatomy of the mtFCO scolopidium and is designed to help with the
interpretation of the following description. It is based upon electron
micrographs of a non-consecutive series of sections and it demonstrates
the ultrastructure of the scolopidia and the way in which they are linked to
the attachment cells.

As the attachment cells approach the level of the scolopidia, they show
extensive membrane invagination (Figs 4.14a, b). The axially orientated
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attachment cell microtubules associate along the membrane invaginations
to form regimented rows (Fig. 4.15a). Microtubules which are not
immediately adjacent to a membrane invagination associate to form
lattices, the smallest units of which consist of individual quartets of
microtubules (Fig. 4.15b). Adjacent to the termination of the attachment
cells on the scolopidia, the density of microtubules within the attachment
cells is reduced (Fig. 4.16a). At this proximo-distal level, the attachment
cells are associated in 'functional groups' associated with axially orientated
extracellular fibres (Fig. 4.16b). Each attachment cell envelopes the
extracellular scolopale cap of its associated scolopidium in which the distal
tips of the dendritic cilia are embedded (Figs 4.13, 4.17). Immediately
proximal to the scolopale cap, the dendritic cilia are surrounded by a
scolopale cell (Fig. 4.18a). The attachment cell surrounds and is closely
associated with the scolopale cell which contains electron dense scolopale
rods which run longitudinally alongside the dendrites. The dendritic cilia
are membrane-bound and are located within an extracellular space in the
middle of the scolopale cell (Fig. 4.18b). Internally, the dendritic cilia
appear poorly organised at this level. There are both regions of ciliary
dilation and a tendency for the 9+0 arrangement to lose its radial
symmetry (Figs 4.19a, b). Further proximally the scolopale cell takes on a
highly vacuolated appearance and occupies more of the cross-sectional
area of the scolopidium as the attachment cell approaches its termination
(Fig. 4.20a). Approximately 15-20 um from the tips of the dendrites, the
attachment cell is completely absent and the cilia take on a more
symmetrical appearance (Fig. 4.20b) where they adopt a conventional 9+0
arrangement of microtubules (Fig. 4.21). At this level the microtubules are
singlets rather than doublets and bear pairs of arms identical in appearance
and position to the dynein arms of motile cilia.

Towards the base of the cilia the dendritic membranes lift away from the
ciliary microtubules to fill the extracellular space. At this level, the
scolopale rods taper and the basal structures of the cilia can be seen

(Figs 4.22a, b). The basal body located at the base of the cilia (typical to
mechanoreceptive cilia: Young, 1970; Yack and Roots, 1992) has nine-fold
symmetry and is associated with the dendritic membrane via faintly
staining radial spokes (Fig. 4.22b). At this level, the scolopale cell of the
scolopidium is still associated with extracellular elastic (Acid Fuchsin-
staining) fibres around its periphery (Fig. 4.23a). Proximal to this level,
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ciliary rootlets (see Young, 1970) arise from the ciliary basal body before
giving way to a single electron dense ciliary root in each dendrite, whilst
the scolopale rods continue to taper (Fig. 4.23b). Eventually the scolopale
rod material is lost and at this level mitochondria are found in the
dendrites (Fig. 4.24a). The dendrites of neighbouring scolopidia in the
same neurone population lie adjacent to one another, each pair sheathed
in its own scolopale cell (Fig. 4.24b). Further proximally the scolopale cells
taper and loose their vacuolated appearance. At this proximo-distal level
the dendrites are wrapped in glial sheath cells (Figs 4.25a). The dendrites
of discrete populations of neurones are grouped together and are
associated with extracellular elastic (Acid Fuchsin-staining) fibres (Fig.
4.25b). The glial covering of the dendrites continues proximally over the
neurone cell bodies which are packed with mitochondria. The cell bodies
of the group three and five neurones have a thicker glial covering than
those of the other groups.

The twin cilia of each scolopidium are longitudinally offset relative to one
another, which is reflected in the fact that the different ciliary structures of
each dendrite pair always appear slightly out of step with each other in
serial transverse sections. A difference between the two ciliary processes
was sometimes apparent in cobalt-filled light microscope preparations (see
Figure 4.12). This phenomenon represents the only apparent anatomical
difference between dendrite arrangements in the scolopidia.

Proximal to the cell bodies, the axons joint the mtFCO nerve in bundles
(see Fig. 4.10). The axons vary in size from 300 nm - 3 pm (Fig. 4.26). The
axons of the cuticular nerve also contain a range of sizes of axon (200 nm -
5 um) (Fig. 4.27a). In all cases, the axons have the typical glial wrapping
seen in insects (Fig. 4.27b). Cuticular nerve axons often contain distinct
neurotubules. These are a feature of the processes of mechanoreceptive
cells (Young, 1970; Yack and Roots, 1992).

4.5 DISCUSSION

4.5.1 Implications of scoloparium organisation
Matheson and Field (1990) proposed that a distal group of smaller sensory

neurones (group 6 in this study) was homologous with those of the pro-
and mesothoracic proximal scoloparia. The anatomical composition of the
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mtFCO confirms that this is the case, the mtFCO scoloparium consisting of
two fused scoloparia the sensory neurones of which are innervated
separately. The implication of this finding is that the neurones

comprising the mtFCO are derived from at least two separate neurone
populations which are known to have different response characteristics
(Field and Pfliiger, 1989).

4.5.2 Distribution of sensory neurones
This thesis has shown that the mtFCO neurones can be further classified

into sub-populations on the basis of their anatomical characteristics and
innervation. Some of the groups described in this thesis probably
correspond to discrete groups of neurones classified by Matheson (1990) on
the basis of their response characteristics (Table 4.1):

Table 4.1
Response Characteristics Group 1 Group 2 Group 3
Position only v
Velocity only v v v)
Acceleration only v
Position and Velocity (V) v v
Velocity and Acceleration v
Position, Velocity and Acceleration v (V)

Table 4.1 indicates the presence of neurones responding to different components of the
stimulus (position, velocity, acceleration) as identified by Matheson (1990) in the discrete
populations of neurones identified in this study (groups 1 - 3). Neurones from groups 4 - 6
were not represented in Matheson's (1990) study. The subgroups (1a, 1b; 2a, 2b) are not
distinguished. Brackets indicate cells in Matheson's (1990) study which filled only faintly
with cobalt.

Although the clusters of neurones characterised by Matheson (1990) on the
basis of their response characteristics clearly correspond to the different
anatomical groupings of cells classified in this study, the distribution of
sensory neurones sharing the same response characteristics is complex.
Cells sensitive to both stretch and relaxation are situated in a variety of
locations in the sensory scoloparium. However, there is a trend towards
increasingly dorsal neurones (group 3) responding over wider ranges of
femoro-tibial angles to fewer components of the stimulus, when compared
with the ventral-most cells (group 1) which tend to have discrete ranges of
operation and respond to a wider range of stimulus components (see

Table 4.1).
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The combined anatomical and physiological data show that different
components of the stimulus are encoded in the sensory scoloparium by
clusters of physiologically distinct scolopidia. The fact that some cells
responding to similar modalities are located in specific regions of the
organ (Matheson, 1990) suggests that certain areas of the scoloparium may
be suited to detecting particular stimulus characteristics. This implies that
different regions of the scoloparium respond differentially to given
patterns of mechanical input. There is also evidence to suggest that the
mtFCO attachment cells are arranged into functional groups delimited by
Acid Fuchsin-staining fibres (see Chapter 3) and that bundles of
neighbouring attachment cells terminate on adjacent scolopidia

(Fig. 4.16b). Associations such as this may represent a mechanism by
which sub-populations of sensory neurones can be subjected to differential
stimulation (Field, 1990). However, according to Matheson's (1990)
drawings, dendrites of neurones responsive to different modalities are
located adjacent to one another. This suggests that some neurones may
not be receiving differential stimulation by virtue of their positions in the
scoloparium, but that physiological factors may also be responsible for the

response properties of specific sensory units.

Matheson (1990) did not record from any of the smaller distal (group 4, 5
and 6) neurones, and so no conclusions can be drawn about the
relationship between their response characteristics and morphology. In
addition, Matheson was not aware of the complexity of the apodeme
complex and stimulated the organ by gripping this connection with
titanium forceps. It is unclear whether the displacement of the dorsal and
ventral ligaments or the operation of the loop-forming region was
adversely affected by this method of stimulation. It seems likely that this
was the case as Matheson stated that a 175 um displacement of the forceps
was equivalent to a femoro-tibial rotation of 20°. A 20° joint rotation
elicits a displacement in excess of 200 um at the level of the apodeme
complex cuticular rod. This suggests that the apodeme complex may have
been gripped at the level of the compliant ligaments where femoro-tibial
rotations elicit smaller displacements (see Chapter 2).

Anatomical differences between neurone populations such as cell body
size, dendrite lengths and dendrite diameters may contribute to differences
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in cable properties, firing thresholds and ranges of sensitivity. Such factors
may result in differential mechano-electric transduction properties
between neurone populations.

4.5.3 Structure of the scolopidium

Ultimately the functional anatomy of the scolopidium will determine the
effective mechanical stimulus required to induce the firing of the sensory
unit. All the mtFCO scolopidia appear structurally similar at an
ultrastructural level and the ultrastructure of the mtFCO
scolopidium/attachment cell junction is shown in the form of a semi-
schematic diagram in Figure 4.13. On the other hand, cell body and
dendrite orientations differ between neurone populations.

The structure of the scolopidia in the locust mtFCO is similar to that
documented by Young (1970) in the cockroach tibio-tarsal CO. The
dendritic cilia are located in an extracellular space flanked by a scolopale
cell in which are located intracellular scolopale rods. Apically, the
dendrites are capped by extracellular material (the scolopale cap) which
forms the interface between the dendrites and the attachment cell.
However, the scolopidia of the locust mtFCO differ from those in the
cockroach described by Young (1970). The difference is in the way that the
scolopidal components are associated. The nature of this junction has
implications with respect to the way in which the ciliary components are
likely to be distorted by the application of an axial force across the
scolopidium.

Young (1970) showed that in the cockroach tibio-tarsal CO, the scolopale
cap of each scolopidium interacts extensively with the apical dendrites.
This extracellular cap material also completely surrounds the scolopale cell
distally, extending to the level of the ciliary dilation. The interaction
between the scolopale cap and the scolopale rods is extensive. In addition,
Young (1970) showed that the attachment cell extends proximally around
the scolopale cell to the level of the base of the cilia. In the locust

however, neither the scolopale cap or the attachment cell engulfs the distal
ends of the scolopale cell. Instead, the extracellular cap material extends
proximally inside the extracellular space. However, the scolopale cap is
associated closely with both the dendritic cilia and the scolopale rods

(Figs 4.18a, b) in a similar manner to that described by Young (1970).
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§5.4 Effect of axial elongation

The close association between the scolopale cap and the dendritic cilia

(Figs 4.17 and 4.18a, b) suggests that distal displacement of the attachment
cell could result in the pinching or elongation of the dendrite tips by the
extracellular scolopale cap as proposed by previous authors for other
mechano-sensilla (Howse, 1968; Thurm, 1965). Young (1970) speculated on
the basis of the CO anatomy, that axial elongation of the scolopidium was
the most likely result of tibial flexion. However, immunohistochemical
studies have since shown that the scolopale rods which flank the dendritic
cilia consist of actin and tropomyosin (Wolfrum, 1990, 1991b) and as such
were presumed to be inextensible. It is unclear what implications this has
with respect to dendritic distortion but it does not exclude the elongation
of the cilia themselves in response to axial force across the scoloparium. If
the pull were axial, then both dendrites would be subject to similar
stimulation. When the system is relaxed, recovery will be effected by the
extracellular elastic (Acid Fuchsin-staining) fibres which lie in parallel
with the scolopidial unit. The locust mtFCO scoloparium is sheathed by
an acellular homogeneous neural lamella which separates the organ from
the haemolymph space. The neural lamella is continuous with the
basement membrane which overlies all the organs of the body (Pipa and
Cook, 1958; Whitten, 1962, 1964; Ashhurst, 1968). This sheath is of variable
thickness being thick at the level of the sensory neurones (approximately
0.5 um) (Fig. 4.11b) and becoming thinner distally (approximately 50 nm)
around the mtFCO apodeme complex (see Chapter 3). Peripheral thinning
of the neural lamella was also observed by Ashhurst (1961a, b) in the
cockroach Periplaneta americana. Pipa and Cook (1958) and Ashhurst
(1959, 1961b, 1968) speculated about the composition and physical
properties of this lamella regarding it as composed of mucopolysaccharide
and having a degree of plasticity. Other authors have described various
types of fibre within the matrix (Lock and Huie, 1972, 1975). These fibres
will also contribute to the mechanical properties of the neural lamella. In
the case of the sheath surrounding the mtFCO scoloparium, the matrix
contains no discernible fibres. The variable thickness observed in the layer
ensheathing the mtFCO may influence the mechanical properties of the
scoloparium. However, until its properties are known, the contribution of
the neural lamella to the mechanical behaviour of the organ will remain

unknown.
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455 Role of the dendritic cilia

The dendritic cilia have been suggested by many authors to be central to
the process of mechano-electric transduction (Gray and Pumphrey, 1958;
Wiederhold, 1976; Atema, 1973; Varella ef al,, 1977, Moran et ah, 1975,
1977). Gray and Pumphrey (1958) suggested that the conservation of
fundamental ciliary structure during the course of phylogeny which
incorporated somatic cilia into receptor organs, indicated that some facet of
conventional ciliary activity may remain. This suggests that cilia could
conceivably play a dynamic role in mechano-transduction by utilising
some of the mechanisms which enable them to generate mechanical
energy in motile cilia. Subsequent authors have both opposed and
supported this premise. Wiederhold (1976) concluded that stiff cilia in
mechanoreceptive sensilla act as passive plungers, transmitting
mechanical displacement to the site of a basal transducer membrane.
Barber (1974) also maintained that the active ciliary model of mechano-
sensitivity was unlikely. He suggested that the 9 + 0 configuration of
dendritic cilia (rather than the 9 + 2 of motile cilia) and the fact that the
sensory endings are stretched during stimulation, implied that simple
distortion or piezo-electric current generation were more likely candidates
for the mechanism involved in mechano-electric transduction.

However, Atema (1973) presented morphological and biochemical
evidence to support the active role of cilia in mechano-reception. He
proposed that mechanical stimulation at the apical end of the dendrite
induced a conformational change in the tubulin polymer comprising the
ciliary microtubules. In his model, the conformational change was
propagated proximally along the microtubules to activate an ion flux
mechanism at a basal site. This mechanism of transduction allowed for
amplification of the stimulus energy, producing a generator potential
ultimately leading to the production of action potentials at the spike
generating site or sites of the cell. Anatomical evidence to support part of
the 'ciliary engine' hypothesis was supplied by Varella et al. (1977) and
Moran et al. (1977) who took electron micrographs of transversely
sectioned cilia from the pro- and mesothoracic FCOs of the grasshopper
Melanoplus bivittatus fixed in different states of stimulation. Moran et dl.
(1977) demonstrated the presence of a pronounced bend at the base of cilia
in chordotonal sensilla of maximally stimulated organs. They proposed
that this kink was a result of active sliding (rather than tubulin
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conformational change as suggested by Atema, 1973) between ciliary
doublets in response to mechanical deformation at the ciliary tip. They
conduded that cilia play an active mechanical role in sensory

transduction.

The ciliary dilation and the associated disorganisation of the dendritic
microtubules described here and elsewhere (Young, 1970; Yack and Roots,
199) causes a problem in all models involving an active ciliary

mechanism. It is difficult to see what role the ciliary dilation would play
insuch a mechanism, and how a ciliary 'beat' propagated by a molecular
mechanism could pass this region where the 9 + 0 configuration becomes
disorganised. Active sliding in motile cilia requires the movement of the
dynein arms of one doublet against the adjacent doublet (Warner and
Satir, 1974). Therefore, any movement of the scolopale cap would have to
cause displacement at the level of the ciliary dilation in order to initiate
active microtubule sliding at a more proximal level, since the dynein arms

are absent above this point (Doolan and Young, 1981).

Moran et al. (1977) conceded that the 9 + 0 arrangement of ciliary
microtubules in a sensory sensillum may not be capable of the equivalent
ofa ciliary beat as produced by motile cilia which have 9 + 2 configurations
of microtubules. However, he maintained that the remaining
microtubules could retain the ability to actively slide past one another.
Crouau (1980) suggested a possible mechanism by which a degree of ciliary
motility could be effected in the absence of the central structure and radial
spokes associated with conventional motile cilia. He presented electron
micrographic evidence showing that the ciliary outer doublets interact
with the cell membrane via temporary 'bridges' in the COs of the cave
Mysidacea Antromysis juberthiei. He demonstrated the sequential
formation and breakage of these bridges between the outer arms of the A-
subfibre of the doublets with pairs of membrane protuberances. He
hypothesised that a cyclic succession of bridging would lead to twisting of
the ciliary axoneme when stimulated. Some ultrastructural evidence of
doublet/membrane association was observed in this study at the level of
the ciliary dilation (Fig. 4.19b). However, Crouau's (1980) model relies
upon the ciliary doublets being adjacent to the cell membrane along the

length of the cilia which is not always so in the case of the scolopidia of the
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mtFCO. No new conclusions can be draws on the evidence of this study
regarding the role of the dendritic cilia.

4.5.6 Mechanisms of mechano-electric transduction

Moran et al. (1977) described a tilting of the ciliary base in stimulated
sensilla which they proposed would result in the distortion of specialised
membranes in the region of the ciliary base. They proposed that this
distortion would effect a local change in ionic permeability to initiate a
generator current. Understanding of the electrophysiology of mechano-
sensilla was refined by Thurm and Kiippers (1980) and Erler and Thurm
(1981), who worked on single sensilla associated with the cuticle of a
variety of insects. Using mathematical modelling the latter authors
suggested that the apical dendrite was likely to regulate the neurone
discharge frequency in response to adequate stimulation via stretch-
activated ion channels. This hypothesis, and a possible mechanism of CO
sensillum operation, is explored at the end of this thesis.

191



Figure 4.1

Semi-schematic diagram showing the morphological criteria by which
each sensory neurone was characterised. The best-fit-ellipse has the same
area as the cell body, and provides a standard uniform profile from which
the degree of elongation and attitude of the cell can be measured.
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Figure 4.2

This micrograph shows an isolated mtFCO scoloparium which has been lightly stained (20 mins) with 1% osmium
tetroxide. Areas containing nerves and cell bodies stain differentially with osmium. The pattern of staining is
consistent in all preparations and reveals discrete lobes within the scoloparium. The overlay shows a line diagram
interpreting the differentially stained areas and showing associated branches of the chordotonal organ nerve. The
latter is divided into dorsal (d) and ventral (v) branches. The dorsal branch also gives rise to the cuticular nerve.
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Figure 4.3

Light micrograph taken using Nomarski optics showing the mtFCO scoloparium of S. gregaria in which the sensory
neurones have been stained with cobalt. The overlay indicates 6 neurone populations which correspond with the
areas observed to differentially stain with osmium. Groups 1 and 2 can be subdivided into sub-populations (1a, b; 2a, b).

[The arrowhead indicates a proximo-distal level referred to in Figure 4.9]
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Figure 4.4

These histograms compare the mean profile areas of different neurone

populations of S. gregaria (upper) and L. migratoria (lower).
The two species have different ranges of cell sizes, the cell body profile
areas ranging from 200 um? to 2000 um? in S. gregaria and 250 um? to

1100 um? in L. migratoria. Significant differences between populations

within each species are summarised below.

S. gregaria cell profile area
Single Factor Analysis Of Variance (ANOVA): F 41,43 = 81.77 P < 0.05

Group 5

Group 6

Group 4

Group 1b

Group 2b

Group 3

Group 2a

Group la

(bars beneath the groups denote homogeneous subsets)

L. migratoria cell profile area
Single Factor Analysis Of Variance (ANOVA): F 79 195 = 84.38 P < 0.05 df

Group 6

Group 5

Group 4

Group 2b

Group 1b

Group 3

Group 2a

Group la

(bars beneath the groups denote homogeneous subsets)

[The line diagram below shows the location of the neurone populations]
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Histogram comparing the mean profile areas of neurones in different groups in
b. gregaria (total n=482)
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Figure 4.5

Histograms to show the mean cell anisometries of neurones in the
different populations in S. gregaria (upper) and L. migratoria (lower). All
sensory neurones in the mtFCO are elongated to some extent (see Figure
4.3), a circular profile having an anisometry of 1. (Values greater that 1
indicate cell elongation).

S. gregaria cell anisometry

Single Factor Analysis Of Variance (ANOVA): F 4 7, = 13.39 P < 0.05

Group5 | Group4 | Grouplb | Group2b | Group6 | Group3 | Group la | Group 2a

(bars beneath the groups show homogeneous subsets)

L. migratoria cell anisometry

Single Factor Analysis Of Variance (ANOVA): F 59 57 =21.14 P < 0.05

Group4 | Group5 | Group2b | Group6 | Grouplb | Group3 | Group 2a | Group la

(bars beneath the groups show homogeneous subsets)

[The line diagram below shows the location of the neurone populations]
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Histogram showing the anisometry of neurones in different groups in S. gregaria
(totaln=482)
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Figure 4.6

These histograms show the mean orientations of the neurones in each
population in S. gregaria (upper) and L. migratoria (lower).

The two histograms show that the overall cell orientation pattern is
common to both species, with no neurones lying directly along the axis of
the organ (an orientation of 0°). All point obliquely either dorsally
(positive values) or ventrally (negative values).

S. gregaria cell orientation
Single Factor Analysis Of Variance (ANOVA): F 49 o4 = 107.08 P < 0.05

Group4 | Group2b | Group2a| Group5 | Group3 | Group6 | Group la | Group 1b

(bars beneath the groups show homogeneous subsets)

L. migratoria cell orientation

Single Factor Analysis Of Variance (ANOVA): F 5; g, = 156.18 P < 0.05

Group4 | Group2b | Group5 | Group2a| Group3 | Group6 | Group la | Grouplb

(bars beneath the groups show homogeneous subsets)

[The line diagram below shows the location of the neurone populations]
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Histogram showing the orientations relative to the axis of the femur of the neurone
somata in the different populations in S. gregaria (total n=482)
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Figures 4.7a-c

These histograms characterise the morphological attributes of mtFCO
neurones sharing the same response characteristics as classified by
Matheson (1990) in L. migratoria.

a

This histogram compares the mean cell body sizes of neurones which
respond to different elements of the stimulus. Cell size does not vary
significantly across the range of different response types (Fs s, = 1.68,
P =1.56).

b

This histogram shows the mean anisometries of neurones in the different
response classes. The cells sensitive to acceleration appear especially
elongated, whilst the cells which encode only the position or only the
rotation velocity of the tibia tend to have a more circular profile than the
remaining response classes. However, the small sample size means that
no significant differences in neurone anisometry can be identified between
the response classes (Fs s, = 2.09, P = 2.39).

c
This histogram demonstrates the orientation of neurone cell bodies in the
different response classes.

L. migratoria cell orientations, classified by sensory modality

Single Factor Analysis Of Variance (ANOVA): Fs 5, = 3.44, P < 0.01

Acceleration | Velocity Position and | Velocity and Position Position,
Velocity | Acceleration Velocity and
Acceleration

(bars beneath the groups show homogeneous subsets)




2500

2000

Histogram showing the sizes of the somata of groups of neurones
monitoring different sensory modalities

m St. error
m Mean
Position Velocity Acceleration Posit & Veloe & Posit, veloc
veloc accel &accel.
Sensory modality monitored
Histogram showing the anisometries of different physiological
classes of neurone
Velocity Acceleration Posit & Veloc & Posit, veloc
cel'X accel &accel.

Sensory modality monitored

Histogram showing the orientations of cells responding to different
sensory modalities

St. error
= Mean
Velocity Acceleration Posit & Veloc & Posit, veloc
accel &accel.

Sensory modality monitored



Figures 4.8a-e

This series of semi-schematic diagrams shows the transverse profile of the mtFCO scoloparium at representative
proximo-distal levels, and the spatial distribution of the different populations of sensory neurones. For ease of
explanation distal is to the left in the upper diagram. Distally, at level a, the group 6 neurones extend along the ventral
ligament of the apodeme complex. The attachment cells (ac) comprising the dorsal ligament are still present at this
level. Proximally, the scoloparium appears 'folded’ such that the neurones in series with the ventral ligament come to
be positioned adjacent and posterior to the attachment cells of the dorsal ligament. This organisation represents the
anatomical sub-division of the mtFCO scoloparium into laterally-fused anterior and posterior scoloparia. Diagrams b-d
demonstrate the locations of the neurone populations at increasingly proximal levels. Group 5 and 6 neurones are
associated with the posterior scoloparium. Proximal to the group 6 cell bodies, their axons travel proximally in a
bundle (c, d, e). The group 4 neurones are located ventrally and do not appear to fall into either the anterior or
posterior scoloparia (although their axons run within the posterior scoloparium proximally). The group 1 and 2
neurones are associated with the anterior scoloparium (d). Proximal to this level (e) the two scoloparia appear more
closely associated with one another. The distal-most group 3 neurones are located on the anterior side of the mtFCO
(d). However, as the scoloparia become increasingly fused they are located dorsal to the group 4, 5 and 6 axons (e).
Ventrally, the strand organ (so) is associated with the anterior scoloparium.
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Figure 4.9

Composite of high resolution digital images of a transverse section of the
mtFCO stained with Toluidine blue. This section was taken from a series
at the level at which the cuticular nerve joins the mtFCO dorsally, and
corresponds to the level indicated in the cobalt-filled organ shown in
Figure 4.3. The overlay demonstrates the spatial relations of the different
neurone populations at this level. Ventrally, the 1b neurones lie
immediately ventral to the 1a neurones. Further dorsally, the 2b neurones
lie dorsal to the 2a neurones and extend up the anterior side of the organ.
At this level, the dendrites of the group 2a neurones can be seen inserting
in pairs (arrow) into individual attachment cells. Dorsally, the group 3
neurones are situated on the posterior side of the organ above a small
nerve bundle which contains the axons of both the group 6 and group 5
neurones (see Fig. 4.2). The cuticular nerve (cn) axon bundle can be seen
entering the mtFCO dorsally between the anterior and posterior scoloparia-
at this level.
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Figures 4.10a-c

This series of digital images (a-c) shows the axons associated with the
different mtFCO neurone populations at increasingly proximal levels.
The upper image of the mtFCO scoloparium indicates the proximo-distal
levels from which the transverse sections were taken. At level a, the
axons corresponding to each neurone population (indicated) are grouped
into discrete bundles. The dorsal-most group is derived from the cuticular
nerve (cn). Proximal to this, the axons of adjacent bundles begin to
associate. Section b shows the fusion of the 1a and 1b axon bundles.
Immediately distal to the mtFCO nerve (level c) the axon bundles are
clearly grouped into two main bundles, one derived from the posterior
scoloparium and the cuticular nerve (P), and one from the anterior
scoloparium (A). The axon bundle from the posterior scoloparium
includes the group 3, 4, 5 and 6 axons. The axon bundle derived from the
mtFCO anterior scoloparium contains the axons of the group 1 and 2
neurones.

[Group 4 axons could not always be traced reliably; they seemed to associate
with the posterior scoloparium bundle in most preparations.]
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Figures 4.11a,b

a

The neurone cell bodies (n) have a glial sheath (g) and are surrounded by
'scolopidial cells' (sc) which probably secrete the acellular neural lamella
or 'perineural sheath' (p). h = haemolymph space; n' = neurone nucleus

b

The acellular perineural sheath (p) appears homogeneous, although it
stains a little darker at its outer edge. It may be formed directly by the
scolopidial cells (sc). h = haemolymph space






Figures 4.12

This image shows a single group 4 scolopidium whose sensory neurones are stained with cobalt. The image is
compiled from several greyscale digital images in order to overcome depth of field limitations.

Dendrites (d) travel distally together and terminate in thin ciliary processes (p). The dendrite cilium junctions have
different appearances in the two neurones (arrow-heads). Distal is to the right.
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Figure 4.13

This semi-schematic diagram demonstrates the ultrastructure of a
scolopidium at the level at which a single attachment cell (at) terminates
upon the apical dendrites of twin sensory neurones. The cilia (c) of each
dendrite (d) terminate in an extracellular space (ex) flanked by a vacuolated
scolopale cell (s) containing electron-dense scolopale rods (sr). Apically,
the cilia are embedded in an extracellular scolopale cap (sc). The
attachment cells contain axially orientated microtubules (mt) which
associate with membranous infoldings of the attachment cell membrane
(m). The entire scolopale unit is flanked by extracellular fibres (F) which
stain with Acid Fuchsin at the light microscope level. Each dendritic
cilium has a ciliary dilation (cd). Basally the cilia terminate on a basal body
(b) which is joined to a single ciliary root (rt) by several short rootlets (rl).
Proximal to the scolopale cell, the twin dendrites are surrounded by glial
wrapping (g). mtc = mitochondria;

[The arrows on the right of the diagram indicate the proximo-distal levels
of subsequent figures].
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Figures 4.14 a,b

a

This electron micrograph shows a transverse section of an attachment cell
(at) near to its proximal termination on the mtFCO scoloparium. Whorl-
like patterns are formed by folding of the attachment cell membrane.

b

A similar micrograph showing membrane whorls formed by lateral
invagination of the attachment cell membrane. Plaques (arrowhead)
within the attachment cells (at) are common and high power micrographs
(not shown) reveal that they consist of microtubules.






Figure 4.15a, b

a
Electron micrograph showing the association of attachment cell
microtubules (m) with the membrane infoldings of the attachment cell
whorls (see figure 4.14a) to form ordered rows. The spaces between the
infoldings are extracellular (ex). Width of inset = 0.3 um

b

The microtubules not associated with membranous whorls are often
associated with one other. In areas of lower microtubule density,
microtubule quartets are common (arrowheads). In areas of high density
the microtubules form large plaques in which the microtubules are
arranged in a crystalline-like arrays, tens of tubules wide (see Figure 4.13b).
F = extracellular fibres; m = attachment cell membrane

Width of inset = 85 nm
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Figure 4.16a, b

a

This electron micrograph shows an attachment cell immediately adjacent
to its proximal termination on a dendrite. The density of microtubules is
low in comparison to midway along the apodeme complex ligaments
where the attachment cell is packed with microtubules (see Chapter 3).
The remaining microtubules (mt) are distributed adjacent to the
attachment cell membrane whorls (m). Mitochondria are present at this
level (mtc). F = extracellular fibre

b

Low power electron micrograph showing a cluster of four associated
attachment cells (numbered) flanked by extracellular (Acid Fuchsin-
staining) fibres (arrowheads). h = haemolymph space






Figure 4.17

Transverse section through the extracellular scolopale cap (sc), showing
the apical tips of the cilia (c) (inset). The membrane whorl pattern of the
associated attachment cell (at) breaks down at this level. F = extracellular
fibre






Figures 4.18a, b

a

Proximal to the scolopale cap, the dendritic cilia are surrounded by a
scolopale cell (s) containing scolopale rods (sr). Extracellular scolopale cap
material (sc) engulfs the scolopale rods and protrudes between the two
cilia, largely occluding the extracellular space (ex). The attachment cell (at)
surrounds the scolopale cell at this level.

b

This figure shows a higher-power view of 4.18a. The cilia are bound by the
dendritic membrane (dm). Each cilium contains axially-orientated
microtubules which appear to be arranged into 9 doublets. There are also
some individual microtubules located centrally in each cilium. Both cilia
are closely associated with the scolopale cap material (sc) located within the
extracellular space (ex), the scolopale cap extending radially between the
scolopale rods (sr). The rods are also closely associated with the scolopale
cap material.
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Figures 4.19a, b

a

This electron micrograph shows a cross-section through a single
scolopidium at the level of the ciliary dilation. Only one cilium appears
dilated at this level. Both cilia have some material at their cores and in
the dilated one the doublets are not organised in a regular fashion. The
extracellular space is filled with granular material (g) and surrounded by
the scolopale cell (s). The scolopale rods (sr) are partially fused with one
another. At this proximo-distal level the attachment cell (at) is still
present and gives the appearance of concentrically dividing the single
scolopale cell into two (see Figure 4.13). m = extracellular matrix; F =
extracellular fibre

b

Viewed at higher magnification and at a slightly different level, once more
the ciliary dilation can be see to deviate from normal ciliary structure. In
each of the cilia, the 9 doublets appear to be associated with some lightly
staining granular material. In addition, there is some evidence of close
association between the doublets and the dendritic membrane in the
narrower cilium because the position of each doublet coincides with a kink
in the membrane (arrowheads). A small amount of scolopale cap material
(sc) is still visible in this micrograph.






Figures 4.20a, b

a

At this proximo-distal level, the attachment cell (at) is close to its
termination and no longer appears to divide the scolopale cell (s) into two.
In this section it is the larger of the two cilia which appears to have
infolding of the dendritic membrane adjacent to the ciliary microtubules,
which are disorganised (inset). F = extracellular fibre

b

Proximal to the level of the ciliary dilation, the attachment cell is absent
and the scolopale cell (s) completely surrounds the dendritic cilia. The
latter have a fairly symmetrical cross-sectional appearance at this level.
The scolopale cell has a vacuolar cytoplasm with many membranous
infoldings. F = extracellular fibre






Figure 4.21

Proximal to the ciliary dilation, the ciliary microtubules adopt a
conventional 9 + 0 arrangement, each bearing a pair of dynein-like arms
(arrowheads). The inset shows an enlargement of the two microtubules
indicated and demonstrates that the microtubules are singlets at this
proximo-distal level. There is no obvious interaction between the
microtubules and the dendritic membrane (dm) at this level. ex =
extracellular space; sr = scolopale rod material; s = scolopale cell






Figures 4.22a,b

a

Each dendritic cilium terminates proximally at a basal body (bb). At this
level, the dendritic membrane (dm) lifts away from the ciliary structures
so that the dendrite (d) fills what was previously the extracellular space.
Proximally each basal body gives rise to 9 ciliary rootlets (rl). These are
visible in the lower of the two dendrites.

b

At higher magnification (lower micrograph) a basal body can be seen to
interact with the dendritic membrane (dm) via 9 lightly-staining radial
spokes (arrowheads).






Figure 4.23a, b

a

Low power electron micrograph showing that the scolopale cell (s) of the
scolopidium is surrounded by axially orientated extracellular (Acid
Fuchsin-staining) fibres (arrowheads).

b

Micrograph showing the dense ciliary root (rt) proximal to each dendritic
cilium. The scolopale rods (sr) are still present at this level, although they
are reduced in size.






Figure 4.24a, b

a

This micrograph shows the proximal limit of the scolopale rods. Only a
small amount of rod material (sr) remains, which in this case is located
between the two dendrites (d). Both dendrites contain many mitochondria
(mtc), and the ciliary root in one dendrite is split into 'finger processes'
(fp). s = scolopale cell

b

Pairs of dendrites (d) of scolopidia from the same neurone population lie
adjacent to one another. Each dendrite pair is surrounded by a single
scolopale cell (s). There is no scolopale rod material remaining in the
scolopale cells at this level. Each dendrite contains a ciliary root (rt).
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Figure 4.25a, b

a
Proximal to the level of the ciliary roots, the dendrites of each scolopidium
travel to their respective neurone cell bodies in pairs. The dendrites are
tightly wrapped in a glial sheath cell (g). The scolopale cell (s) is still
present although it lacks vacuoles at this level.

b

Low power micrograph showing the presence of extracellular (Acid
Fuchsin-staining) fibres (arrowheads) flanking the dendrite pairs of four
adjacent scolopidia (numbered).
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Figure 4.26

This micrograph shows the axons from the group 6 (a6) neurones
travelling to the CO nerve in a bundle. Axons from the group 5 neurones
(ab) also associate with this bundle. h = haemolymph space






Figures 4.27a, b

a
Transverse section through the cuticular nerve bundle as it passes through
the mtFCO scoloparium to join the CO nerve. There is a range of axon
sizes, some of which contain neurotubules (n).

b
The axons (a) of the cuticular nerve bundle are separated from one
another by thin glial wrappings (g).
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Chapter 5: Displacement of the mtFCO sensory neurones

5.1 SUMMARY

* When the tibia is in the fully flexed position, the dendrites of the
mtFCO neurones are stretched. As the tibia is rotated, the different
neurone populations undergo characteristic dendritic buckling.
Neurones situated in different regions of the mtFCO scoloparium are
subjected to differential displacement across the femoro-tibial angle
range. This phenomenon may be partly due to the nature of the
mechanical coupling of the scoloparium with the tibia. Measuring the
relationship between dendrite length and femoro-tibial angle has
shown that whilst some neurones are distorted across the entire
femoro-tibial range, others have discrete ranges of distortion.

5.2 INTRODUCTION

Dendrites are membrane-bound neural processes which allow neurones to
interact with other cells or respond to environmental stimuli by virtue of
their spatial distribution. In the case of mechano-sensilla one possible role
of the dendrite is that it allows the transducer membrane to be positioned
in a suitable location to monitor local mechanical displacement, such as
that at the base of a sensory hair. Previous authors have speculated about
the role of dendrite morphology in contributing to receptor response
characteristics (Atema, 1973; see French, 1988). Dendrite orientation has
been used to classify the neurones in the mtFCO (Zill, 1985a) and to
indicate what the nature of the adequate mechanical stimulus of the
receptor might be.

With the exception of a recent study by Nishino and Sakai (1997) on
unfixed dye-stained cells of the cricket Gryllus bimaculatus FCOs, the way
in which the CO receptor cells are mechanically distorted during tibial
displacement has been investigated by comparing the morphology of
specimens fixed in the stimulated and non-stimulated states (Atema, 1973;
Moran et al., 1977). This chapter has employed a method which has
allowed the sensory neurones in fresh unfixed preparations to be
visualised. Rotations of the tibia about the femoro-tibial joint to new static
positions allowed the morphology of the cells to be examined at a range of
femoro-tibial angles.

219



Chapter 5

The results of this chapter show that as the tibia is flexed the dendrites are
stretched and they undergo characteristic buckling as the tibia is extended.
It is also shown that neurones located in different regions of the mtFCO
scoloparium are subjected to different degrees of distortion. In addition,
dendrites in different regions are shown to undergo characteristic buckling
and to have different relationships of dendrite length with femoro-tibial
angle. This study has also shown that there is an element of differential
movement between the inside of the scoloparium and the organ sheath.
Thus, descriptions of scoloparium distortion based solely upon the
displacement of surface markers cannot characterise the actual stimulation
of the sensory neurones.

5.3 MATERIALS AND METHODS

Retrograde filling of the mtFCO neurones was carried out using a 5%
aqueous solution of the fluorescent dye 5(6)-Carboxyfluorescein (see
Appendix 1). Femoro-tibial angle was manipulated whilst the stained cells
were visualised in situ using an inverted epifluorescence microscope fitted
with a BioRad Lasersharp MRC 400 confocal laser scanning system. The
filling was performed on intact whole animals, the femora being
subsequently removed and mounted immediately prior to examination.

5.3.1 Staining and dissection
Individual S. gregaria were chilled overnight at 4°C and immobilised in

glass petri-dishes using insect wax. The femora of each animal were
secured anterior face uppermost. A window of cuticle was removed at
mid-femur level to expose the CO nerve, leaving the femoral tracheae
intact. The severed end of the CO nerve was held in contact with 5(6)-
Carboxyfluorescein dye (CF) by placing it in a sealed Vaseline bath using
the same technique as used for cobalt staining (Chapter 4). In some
preparations, the severed end of the nerve was lightly teased apart to
encourage single isolated neurones to fill with dye. Preparations were kept
in petri-dishes at 4°C overnight (12 h) in a saturated atmosphere whilst the
dye migrated distally along the axons of the CO nerve to fill the neurones.
In some specimens, the Vaseline bath was made at the base of the femur
with the metathoracic leg nerves being severed at the point at which they
inserted into the metathoracic ganglion. In these cases, the preparations
were left in the fridge for 48 h to allow sufficient time for the dye to reach
the mtFCO. Following staining, a window of cuticle overlying the mtFCO
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was removed from the anterior and posterior faces of the isolated femora
as described for transmission light microscopy (see Chapter 2). In some
preparations, carborundum granules, used to act as displacement markers,
were applied to the surface of the organ using a mounted hair.

5.3.2 Mounting for microscopy

Since the neurones were observed whilst the organ remained in situ,
special arrangements were needed to mount the isolated legs so as to
minimise the problems associated with short working distances set by the
microscope objectives. The tibia was severed just below the knee and the
leg was mounted anterior face down on a large number 0 cover-slip using
rapid Araldite. The coverslip formed the base of a specially made welled
slide milled from a single sheet of transparent Perspex (Fig. 5.1). The
coverslip was secured to the slide using dental wax to form a water-tight
seal. The slide fitted into the standard slide slot on the microscope stage
and in addition had an extended plate which lay on top of the stage when
the slide was in position. A paper protractor was attached to this plate
using double-sided tape (Fig. 5.1). The protractor was aligned with the
centre of rotation of the femoro-tibial joint whilst the baseline ran along
the axis of the femur. The slide well was subsequently flooded with insect
saline (see Appendix 1) to prevent desiccation and provide a suitable
optical environment. The preparation was illuminated using laser or
conventional light sources. For confocal imaging the preparations were
excited at 488 nm and the emission was detected at 515 nm and above. A
Plasticine pellet was used to hold the tibia at different angles whilst digital
images were captured and saved to optical disk.

5.3.3 Image Analysis
In order to measure the lengths of the neurone dendrites when the tibia

was held at different positions, the digital images were imported into the
public domain image analysis package NIH Image (vs. 1.62/ppc).
Parameters such a dendrite length were measured by tracing over the
image with a freehand tool. Lengths were returned in pm.

5.4 RESULTS

Previous authors (Field, 1991; Shelton et al., 1992) have speculated that the
sequential tightening of the ventral ligament attachment cells during tibial
flexion (see Chapter 2) may present some or all of the mtFCO neurones

221



Chapter 5

with differential stimulation by virtue of their positions in the
scoloparium. The pattern of dendrite distortion with changing femoro-
tibial angle may also depend upon several other factors. These include:

¢ . The asymmetric attachment of the mtFCO apodeme upon the tibia
relative to the centre of rotation of the joint. This results in the organ
being subjected to sinusoidal displacement as the tibia is rotated.

* The modifying influence of the mtFCO guy-rope fibres upon apodeme
complex displacement over some parts of the femoro-tibial range.

¢ Differential displacement of the dorsal and ventral ligaments.
* Different mechanical properties of the two ligaments.

¢ The influence of the mtFCQO's ventral attachment to the flexor tibiae

muscle.
o The effects of the flexor strand.

Confocal imaging of the mtFCO scoloparium enabled individual dye-filled
neurones to be observed over a range of femoro-tibial angles and the
characteristic displacement of neurones located in different regions of the
scoloparium to be described. In particular, the change in dendrite length
over the full range of femoro-tibial angles was measured from
representative neurones in each population (groups 1 - 6; see Chapter 4) to
see whether or not the patterns of dendritic distortion observed could be
correlated with any of the above factors.

5.4.1 Morphology of dendritic distortion

The group la neurones, located near the ventral edge of the scoloparium,
are subjected to minimal absolute proximo-distal displacements
(approximately 20 to 60 um) as the tibia is rotated. However, as the tibia is
extended the influence of the flexor strand causes the mtFCO cell body
region to rotate (see Chapter 2), resulting in a change in the orientation of
these neurones within the scoloparium. The dendrites of such neurones
develop a kink approximately 10 - 20 um proximal to their dendritic

terminations (Fig. 5.2).
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Neurones located centrally in the mtFCO scoloparium (groups 1b and 2b)
also develop a single distinctive dendritic kink adjacent to their dendritic
terminations (Fig. 5.3). In addition to dendritic buckling, group 2a
neurones also develop kinks in their axons, proximal to their neurone cell
bodies (Fig. 5.4). This phenomenon is not observed in the other neurone
populations.

The dendrites of neurones located near the dorsal edge of the scoloparium
(dorsal group 3 neurones) buckle in a similar manner, though more
extensively, to those dendrites located in the middle of the scoloparium.
These neurones develop a series of dendritic kinks along their lengths as
the tibia is extended (Fig. 5.5). The dendrites of the most proximal group 3
neurones do not follow this pattern of distortion and instead develop a
single large kink upon tibial extension (Fig. 5.6).

The spatial distribution of the neurones with respect to the ligaments of
the apodeme complex would suggest that the group 6 neurones, situated
in series with the attachment cells comprising the ventral ligament, are
the most likely to be subjected to mechanical range fractionation. The
dendritic displacements of the group 6 neurones confirm that the
architecture of the ventral ligament does result in the differential
stimulation of these cells. The distal-most group 6 neurones are subject to
considerable (approximately 150 pm) proximo-distal displacement over
the range of femoro-tibial angles 0° - 150° with increasingly proximal cells
undergoing smaller absolute displacements (approximately 100 um).
Where there are 2 filled cells close together, the proximal one always
undergoes a smaller range of displacements (Fig. 5.7). The dendrites of the
group 6 neurones project distally along the ventral ligament of the
apodeme complex. When the tibia is fully flexed the group 6 dendrites lie
in a layered formation, the dendrites of proximal neurones terminating
dorsal to those of distal neurones (Fig. 5.8). When the tibia is fully
extended, the group 6 neurones bunch closely together as the apodeme
complex is unloaded (Fig. 5.9). The dendrites remain in an ordered dorso-
ventral sequence within the ventral ligament, and adopt a buckled
appearance. The dendrites arising from the distal and ventral-most
neurones buckle to a greater extent to those of the proximal cells, and
develop a distinct kink (Fig. 5.10).
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Viewing the group 6 neurones over a series of femoro-tibial angles, shows
that the majority of dendritic displacement occurs over the femoro-tibial
angles 0° - 80° and that over this range the distal-most dendrites appear to
kink first, followed by the dendrites of increasingly proximal cells

(Fig. 5.11).

54.2 Quantification of dendritic distortion

In order to correlate dendrite length with position in the scoloparium, the
dendrite lengths of neurones belonging to different populations were
measured at full tibial flexion (0°) (Fig. 5.12a). There is a tendency for
distally located groups to have shorter dendrites than those groups located
more proximally in the scoloparium (groups 1, 2 and 3). Within each of
the proximal groups there is also a greater variability in dendrite length.
That may be because groups 1 and 2 contain neurone sub-populations (1la,
1b; 2a, 2b) which were not differentiated in this instance.

The different neurone populations in different regions of the mtFCO
scoloparium were found to exhibit different degrees of mechanical stretch
during tibial flexion. The degree of dendritic distortion which occurs
within each neurone group over the range 150° - 0° is shown in Figure
5.12b. Variation in % extension of dendrites in different regions of the
scoloparium reflects to some extent the variable distortion measured on
the surface of the organ. This was shown to vary across the scoloparium,
with increasing distortion being found distally (see Chapter 2).- The data
descibed here shows that the dendrites of neurones situated distally (group
6) tend to become distorted to a greater degree than the dendrites of the
increasingly proximal group 5, 4 and 3 neurones. However, there is
variability in the degree of distortion measured in the group 1 and 2
neurones which does not fit a simple model of decreasing distortion at
increasingly proximal levels.

In an attempt to rationalise dendrite distortion patterns during tibial
rotation with anatomical factors, the dendrite lengths of neurones located
in different regions of the scoloparium were measured at a range of
femoro-tibial angles.

The dendrites of the group 1, 2 and 3 neurones all show generally similar
distortion patterns as the tibia is rotated, although there are minor
differences. The dendrites of these groups are stretched when the tibia is
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held in the flexed position and shorten over the entire femoro-tibial range
as the tibia is extended (Figs 5.13, 5.14 and 5.15). From plots of dendrite
length against femoro-tibial angle it can be seen that the rate of dendritic
shortening is not constant as the tibia is extended from 0° - 150°. The
majority of these neurones shorten at a decreasing rate, although there are
exceptions to this trend in all three groups (in particular over the femoro-
tibial range 0° - 30° in the case of the group 1 neurones). Where it occurs,
the decreasing rate of dendritic distortion as femoro-tibial angle increases
may reflect the sinusoidal nature of the mechanical input at the joint (see
Chapter 2, Fig. 2.13).

The patterns of dendrite length changes seen in the group 4 neurones
vary. In some cases the change of length with femoro-tibial angle is more
or less linear over the whole range (0° - 150°) and resembles the distortion
patterns characteristic of the group 3 neurones (Fig. 5.15). However, Figure
5. 16 shows an example of a group 4 dendrite (neurone 2) which changes in
length over the first half of the femoro-tibial range only (0° - 90°). These
observations show that neurones in the same group (adjacent neurones)
can be subject to both different amplitudes and patterns of mechanical
displacement.

Unlike the group 4 neurones, the group 5 neurones undergo a consistent
range of dendritic distortion. The group 5 dendrites analysed in this study
(n = 4) underwent a total mean change in length of 20.45 um (£1.03 um)
over the full femoro-tibial range 0° - 150°. However, although their ranges
of distortion are s