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Abstract

Sense organs that monitor forces in legs can contribute to activation of muscles as synergist
groups. Previous studies in cockroaches and stick insects showed that campaniform sensilla,
receptors that encode forces via exoskeletal strains, enhance muscle synergies in substrate grip.
However synergist activation was mediated by different groups of receptors in cockroaches
(trochanteral sensilla) and stick insects (femoral sensilla). The factors underlying the differential
effects are unclear as the responses of femoral campaniform sensilla have not previously been
characterized. The present study characterized the structure and response properties (via
extracellular recording) of the femoral sensilla in both insects. The cockroach trochantero-femoral
(TrF) joint is mobile and the joint membrane acts as an elastic antagonist to the reductor muscle.
Cockroach femoral campaniform sensilla show weak discharges to forces in the coxo-trochanteral
(CTr) joint plane (in which forces are generated by coxal muscles) but instead encode forces
directed posteriorly (TrF joint plane). In stick insects, the TrF joint is fused and femoral
campaniform sensilla discharge both to forces directed posteriorly and forces in the CTr joint
plane. These findings support the idea that receptors that enhance synergies encode forces in the
plane of action of leg muscles used in support and propulsion.
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1. Introduction

In standing and walking, leg and body muscles are activated as modular, synergistic groups
(Chvatal and Ting, 2013; Safavynia and Ting, 2013). However, the specific mechanisms
underlying the organization of muscle synergies are unclear (Gopalakrishnan et al., 2014;
Laine et al., 2015). A number of experiments have shown that sense organs that monitor
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forces have widespread effects in motor neurons to leg muscles (Eccles et al., 1957; Harrison
et al., 1983). These effects could function to enhance or reinforce synergies in posture and
walking (Duysens et al., 2000, 2013; Hagio and Kouzaki, 2014). However, it is not known if
all force detecting sense organs have the same effects on muscle synergies (Nichols, 1999;
Nichols and Ross, 2009). Experiments in cats demonstrated that Golgi tendon organs of
different leg muscles (ankle or knee extensors) had diverse effects in activation of groups of
leg muscles during treadmill walking (Ross and Nichols, 2009). It was not determined if the
effects on muscle synergies were correlated with the specific forces encoded by the
receptors.

In insects, grasping the substrate, which is initiated at the start of the stance phase of
walking, is achieved by activation of muscle synergies (Bassler et al., 1991). Substrate
adhesion is an active process that requires contraction of a number of leg muscles at
different intrinsic joints, including muscles acting at the foot (tarsus) and muscles of
proximal leg segments (flexor, depressor) (Wile et al., 2008; Zill et al., 2014). The combined
action of these muscles ensures that adequate adhesion is rapidly established and maintained
after leg contact (Gorb, 2008). Our previous study in cockroaches and stick insects showed
that leg campaniform sensilla, that encode forces as cuticular strains, can aid in activation of
the synergist muscles that generate substrate grip (Zill et al., 2004, 2015a, b). The receptors
of the leg act as an ensemble as campaniform sensilla at different locations reinforce the
same muscle synergies with proximally located receptors affecting distal leg muscles.
However, the specific groups of sensilla that produced effects on muscle synergies were
species-specific: in cockroaches, synergist activation was mediated by trochanteral sensilla
but this effect was associated with femoral campaniform sensilla in stick insects (Zill et al.,
2015a, b).

The factors underlying the difference in effects of specific groups of force receptors upon
muscle synergies are not known. Recordings of stick insect trochanteral campaniform
sensilla suggested that the motor effects of individual groups of receptors depend upon their
sensitivity to forces in the plane of action of the main coxal muscles (coxo-trochanteral
(CTr) joint plane) that generate forces in support and propulsion (Cruse and Bartling, 1995;
Zill et al., 2012; Dallmann et al., 2016). Although many groups of campaniform sensilla
have previously been characterized, the specific structure, responses and directional
sensitivities of the femoral groups are poorly understood (Pringle, 1938; Schmitz et al.,
1991; Akay et al., 2001). In all insects, the femoral campaniform sensilla are located on the
proximal end of the femur, adjacent to the trochanter femur joint (TrF) (Petryszak and
Fudalewicz-Niemczyk, 1994). Unlike most leg joints which are similar in structure, the joint
between the trochanter and femur is variable and species-specific in the range of movement
it allows (Frantsevich and Wang, 2009). In most insects, this joint also represents the point at
which autotomy (loss of distal leg segments) occurs (Carde, 2009). While the TrF joint has
been shown to function adaptively in some insects (Watson et al., 2002; Bender et al., 2010),
it has also been postulated to function primarily as a spring or shock absorber (Frantsevich
and Wang, 2009).

In the present study, we examined the structure of the TrF joint in cockroaches and stick
insects. We also characterized the response properties of the femoral campaniform sensilla,
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which have not previously been determined. These results demonstrate that the femoral
groups differ in their directional sensitivity to imposed forces and to forces mimicking
muscle contractions. The same group of receptors, therefore, shows different responses in
different insect species. Our data also support the hypothesis that receptors that affect
muscle synergies encode forces in the plane of action of major intrinsic leg muscles used in
support and propulsion. Similar correlation of response specificity in force detection and
activation of muscle synergies may occur in other animals, including vertebrates.

2. Methods

Experiments were performed on adult, female stick insects ( Carausius morosus) raised in
animal colonies at the University of Bielefeld or the University of Kéln and adult, male
cockroaches (Periplaneta americand) obtained commercially (Carolina Biological Supply).

2.1. Morphological studies

Legs were removed from animals anesthetized with carbon dioxide. To study the structure of
the TrF joint in histological section, the trochanter and femur were isolated and immersed in
Karnovsky’s fixative, dehydrated in ethanol, embedded in Spur’s resin and sectioned using
an MT2 microtome (method of Moran et al., 1971). Sections were stained with toluidine
blue (an indicator of potential elasticity in cuticular structures; Weis-Fogh, 1960; Wong et
al., 2012). For whole mount preparations, the trochanter and femur were bisected, cuticle
containing the femoral campaniform was further isolated and treated with 1 M potassium
hydroxide for at least 1 h. To image joint membranes, preparations were cleared in Conray
(an aqueous clearing agent, iothalamate meglumine, Mallinckrodt), viewed under UV
illumination in an Olympus microscope and photographed using a Spot Camera (Diagnostic
Imaging, Inc.; Zill et al., 2011). To view the caps of campaniform sensilla, specimens were
fixed in 4% formalin prior to clearing in Conray. For confocal microscopy, specimens were
imaged using a Leica TCS SP5 Il microscope at the Marshall University Microscopy facility
(methods of Zill et al., 2011).

For scanning electron microscopy, middle and hind legs of newly molted stick insects were
isolated and partially dissected, then desiccated and sputter coated (Zill et al., 2011). The
cuticle was imaged with an Hitachi S450 scanning electron microscope. Digital images of
the cuticular caps were measured in ImageJ software (NIH, USA). Data from the middle and
hind legs were pooled for analysis as measurements of the sizes and locations of the femoral
sensilla indicated no significant difference between the groups in the serially homologous
legs.

2.2. Physiological studies

Physiological studies were performed on the left middle legs of stick insects and the left
hind legs of cockroaches. These specific legs were utilized to extend findings of previously
published studies (Zill et al., 2012; 20153, b). While the legs are of different body segments,
the distribution, number and responses of campaniform sensilla are quite similar in middle
and hind legs in both species (Hofmann and Bassler, 1982, 1986; Keller et al., 2007; Zill et
al., 2009). Studies of the functions and forces generated by the legs also indicate that they
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serve similar functions in support and propulsion, although the hind legs are normally the
major source of propulsive forces in the cockroach escape reaction (Hughes, 1952;
Dallmann et al., 2016). In addition, recordings were found to be most viable in the
cockroach hind legs due to their large size.

Animals (intact or after sensory ablation) were first securely restrained and the coxa of the
leg was firmly fixed with cyanoacrylate adhesive to small staples placed above and below
the segment. The distal leg was amputated in the distal femur, proximal to the femorotibial
joint and a mixture of Vaseline and paraffin oil placed over the end of the femur to prevent
desiccation. The proximal leg segments were not dissected and remained attached to the
thorax to insure normal ventilation through the animal’s tracheal system.

Recordings of sensory activities were taken, in stick insects, from the main leg nerve using
custom oil-hook electrodes (Schmitz et al., 1988) or, in cockroaches, through 50 p silver
wires (Goodfellow Ltd, AG005825) that were insulated to their tip and inserted in the distal
coxa (Zill et al., 1999). The tibial flexor muscle was recorded myographically from the
femur using a pair of the same type of wires (methods of Zill et al., 2015a, b).

2.3. Ablation of sense organs

To limit recordings to activities of the femoral campaniform sensilla, all groups of
trochanteral receptors (Groups 1-4) were ablated with a sharp etched pin (Schmitz, 1993).
The cell bodies of the femoral chordotonal organ were ablated by inserting the pin through
the cuticle of the anterior side of the proximal femur.

2.4. Mechanical stimulation

The head of a minuten pin (firmly attached to a motor) was inserted into the cuticle distal to
the attachment of the depressor muscle tendon. In both stick insects and cockroaches the
proximal, ventral part of the trochanter is reinforced by an internal cuticular buttress that
creates a small compartment distal to the muscle insertion (described in Zill et al., 2000,
2012). The tip of the pin was inserted through ventral cuticle into this compartment. The pin
was also used to resist loads applied to the femur in different directions. Forces were applied
to the femur via a probe with strain gauges mounted on a piezoelectric crystal (Zill et al.,
2011). Voltages were generated using a CED laboratory interface (power 1401mkll, CED
Ltd., Cambridge, UK). Half sine and ramp and hold waveforms were applied through pre-
recorded templates in Spike 2 software (Cambridge Electronics, England). Forces were first
applied dorsally, in the plane of movement of the coxo-trochanteral joint (which has been
shown to activate the Group 3 trochanteral campaniform sensilla in both cockroaches and
stick insects). The force probe was then rotated 90° to apply forces in a posterior direction,
perpendicular to the joint plane (Zill et al., 2012). Posterior forces were usually applied with
the TrF joint fully retracted (no movement) but could also be tested with the joint partially
retracted to test responses to joint movements (Fig. 5C). Responses were also tested to
forces applied at the depressor muscle insertion (via the motor) using the same waveforms
with the CTr positioned at approximately 90°.
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2.5. Cap stimulation

The caps of single sensilla were mechanically stimulated using a fine tungsten wire that was
mounted to a separate piezo-electric crystal (method of Chapman et al., 1973). The cuticular
caps were ablated using an etched minuten pin.

2.5.1. Data storage and analysis—Neurophysiological and force data were recorded
using the CED interface and analyzed using custom scripts in Spike 2 software scripts. Spike
sorting (in Spike 2) was used to differentiate sensory activities according to potential
amplitude in extracellular recordings of sensory activities in cockroaches The response
properties of stick insect femoral campaniform sensilla were tested at moderate levels of
force as potential height varied due to the larger number of sensilla active in multiunit
recordings. Although all recordings showed multiunit activities, plots of the firing frequency
of receptors reflected the amplitude of forces applied as sustained stimuli and rectification/
integration of signals was not used in analysis of the data. Data were plotted in Sigma plot.

3. Results

3.1. Anatomy and specializations of the trochantero-femoral joint

We examined the structure of the of trochanter-femur articulations in cockroaches and stick
insects to gain insight into how forces are transmitted as strains at the joints. Most intrinsic
joints in insect legs are comparable in design (hinge: coxo-trochanteral, femorotibial joints;
ball and socket: tibio-tarsal joint, condylar joints: tarsal segments) but the joint between the
trochanter and femur varies in structure and range of movement in different species
(Frantsevich and Wang, 2009).

3.1.1. Cockroach trochanter-femur (TrF) joint—In cockroaches, the TrF articulation is
a mobile joint (Fig. 1A, Pringle, 1938; Bender et al., 2010). Condyles on the anterior surface
of the trochanter and femur form the joint hinges (Fig 1B top). These condyles appear dark
due to heavy sclerotization (particularly the dorsal condyle) and represent the major points
of force transmission between the trochanter and femur (Kaliyamoorthy et al., 2006). In
contrast, the posterior surface of the joint has no condyles but is spanned by a joint
membrane (Fig. 1B bottom). The membrane is not readily visible externally as the femur
extends inside the posterior margin of the trochanter. A portion of membrane can be seen at
the joint above (dorsal to) the femur and this region shows blue fluorescence in UV
illumination (Fig. 1B bottom).

The TrF joint is moved by a single muscle, the reductor femoris, which takes origin in the
trochanter and inserts upon the dorsal side of the base of the femur (Fig. 1C, redrawn after
Watson et al., 2002; Carbonell, 1947; Pringle, 1938). Contraction of the reductor pulls the
femur posteriorly, perpendicular to the coxo-trochanteral joint. However, as a consequence
of the angle of the TrF joint relative to the long axis of the femur (approximately 35° in the
hind leg), reductor contraction acts to move the tibia into a more vertical position relative to
the substrate (Fig. 1D). There is no muscular antagonist to the reductor femoris and the
mechanism by which the femur is moved anteriorly at the joint has been unclear (Pringle,
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1938), although it was thought to be associated with elasticity in the joint membrane
(Watson et al., 2002).

We utilized several methods to study the structure and properties of the TrF joint membrane.
Fig. 1E is a micrograph of a toluidine blue stained preparation showing the joint in
transverse section (parallel to the base of the trochanter). The joint membrane appears as a
very dark, curved region at the insertion of the femoral reductor muscle. The trochanter in
Fig. 1F was split longitudinally and the posterior one-half was isolated with the joint
membrane attached and viewed under UV illumination. A band of resilin-like blue
fluorescence is continuous along the entire inner, posterior edge of the trochanter-femur joint
(Neff et al., 2000). This is not visible in undissected legs as it is located internally. The
intense toluidine blue staining and blue fluorescence are consistent with the presence of
resilin in the joint membrane (Weis-Fogh, 1960; Wong et al., 2012). Due to its linkage to the
insertion of the muscle apodeme, this region of the joint membrane should be stretched by
contraction of the reductor muscle or posterior movement of the femur.

We studied the effects of manual (posterior) displacement of the joint in isolated hind legs
(Fig. 1G-I). The maximum displacement of the TrF (before joint dislocation) was
approximately 20-25° (Fig. 1G). We were able to directly visualize (under UV illumination)
the posterior membrane during TrF joint displacement by removing the upper half of the
trochanter and femur (Fig. 1H). The joint membrane appears curved in the default position
(left) but is straightened and stretched during imposed joint remotion (right). We have also
demonstrated that the joint rapidly recoils to its default position upon release from manual
displacement in isolated legs with the TrF joint intact (Fig. 11). Fig. 11 is a plot of the mean
change in TrF joint angle (imaged at 480 frames/s) after the femur was released following
posterior displacement (n = 7 tests in N = 4 animals). The duration of recoil was quite short
(mean 5.6 ms + 1.6 SD). The mean rate of change of joint angle was 3.54°/ms + 1.13 SD,
comparable to the rate of recoil measured in the cockroach distal tarsal joint (Frazier et al.,
1999). These findings support the idea that the joint membrane act as a spring in parallel to
the muscle apodeme.

3.1.2. Stick insect trochanter-femur joint—In stick insects, the TrF joint (Fig. 2A) is
not moveable. The anterior and posterior surfaces of the joint appear fused and the junction
of the trochanter and femur is only marked by a slight indentation (Fig. 2B) No joint
condyles or membranes are apparent at this junction. Thus, there are apparently no
specialized structures for force transmission across the TrF joint on its lateral surfaces. In
contrast, the dorsal surface of the trochanter shows specialized projections and indentations
(Fig. 2C; Schindler, 1979). In the center of the dorsal surface, the trochanter is thin walled
and forms a projection termed the lid (lid, G. Deckel, Fig. 2C-E). Schindler (1979)
considered elevation of the lid to be an initial stage in autotomy, in which the distal leg is
self-amputated at the trochanter-femur joint. The lid extends toward and articulates with a
crescent shaped indentation in the proximal margin of the femur (Fig. 2C and E). Study of
whole mount preparations showed that the cuticle of the femur is thickened and sclerotized
in this region, particularly in the areas lateral to the lid (Fig. 2E). These features could
readily serve to transmit forces when contractions of the depressor muscle press the leg
against the substrate. The femoral group of campaniform sensilla is located on the posterior
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surface of the femur in a thin-walled depression immediately distal to this region (Fig. 2D
and E).

We also examined the relationship of these structures to the insertion of the coxal muscles.
Fig. 2F shows a confocal projection image of the inner side of the coxa, trochanter and
femur in a specimen that was bisected. The lid and the sclerotized apodemes of the coxal
muscles remained intact. The apodeme of the coxal levator muscle can clearly be seen to
insert upon the central region of the lid while the depressor apodeme inserts on the opposite
side of the trochanter. This relationship suggests that coxal levator muscle could play a role
in autotomy (see Discussion).

3.2. Anatomy of femoral campaniform sensilla in cockroaches and stick insects

In both cockroaches and stick insects, the femoral group of campaniform sensilla is located
on the dorsal surface at the proximal end of the femur. In cockroaches, the cuticle in this
region shows no depressions or changes in thickness (Fig. 3A), as are found associated with
the trochanteral campaniform sensilla (Zill et al., 2000). The femoral sensilla are readily
identified as a row of cuticular caps (7—11) that extends ~200-500 microns distal to the
trochanter femur joint (Fig. 3A and B) (although isolated receptors with small cuticular caps
can occur adjacent to the main row). The caps are located in oval shaped cuticular collars
(Fig. 3C). The cap long axes are oriented nearly parallel to the trochanter-femur joint (Fig.
3G left, mean — 0.45° + 6.8 SD, n = 20, N = 3) but they vary considerably in size (Fig. 3G
right mean long axis length = 11.9 microns + 4.9, n = 20, N = 3). This orientation should
make the group sensitive to forces on the distal end of the leg that are directed posteriorly
and produce compressive strains on the dorsal surface of the femur.

In contrast, the femoral group in stick insects (Fig. 3D-F) is larger (mean 16 total receptors
+ 1.58 SD, n = 80 caps measured in N =5 animals [2 middle, 3 hind legs]) and the cuticular
caps vary in shape and orientation. As viewed from the outer surface, the cuticular caps are
located mainly in the distal wall of the prominent depression that is adjacent to the
sclerotized region lateral and distal to the lid (Fig. 3E). The femoral sensilla can be
considered as three subgroups based upon their location, structure and orientation of the
cuticular caps (Fig. 3F and H). Receptors located dorsally (mean number of caps = 7.6 + 0.9
SD) have cuticular caps that are oval shaped with long axes that are at a small angle relative
to autotomy plane, which is approximately perpendicular to the long axis of the femur (Fig.
3H, mean cap orientation = 13.7° + 9.3 SD; mean length = 9.5 microns + 1.6 microns SD, N
=5 preparations in which all sensilla could be seen approximately orthogonal to the
surface). Sensilla located ventrally (mean number = 5.0 £ 0.2 SD) have oval caps that are at
a larger angle relative to the autotomy plane (Fig. 3H mean orientation 38.7° £ 10.2; mean
length = 9.7 microns + 2.2 SD, same data set). There is some overlap in these subgroups but
the difference in angle between the dorsal and ventral groups is statistically significant
(Student’s t-test, P < 0.01, same data set). The middle region contains large caps that are
rounded in shape (mean number = 3.4 = 0.5 SD) and have the largest cap length (mean
length = 13.7 microns). These differences in shape and orientation imply that the subgroups
of femoral campaniform sensilla could detect strains and forces in a number of directions.
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3.3. Response properties of femoral campaniform sensilla in cockroaches

Responses of the femoral campaniform sensilla were characterized by applying forces to the
femur while extracellular recordings were taken from the main leg nerve in preparations in
which the trochanteral campaniform sensilla and other proprioceptive sense organs
(trochanteral hair plate, femoral chordotonal organ) were ablated and the leg nerves cut in
the distal femur and proximal coxa (Fig. 4A). Fig. 4B shows activities recorded to forces
applied as half sine wave forms in the plane of movement of the CTr joint with forces
resisted by the pin in the proximal trochanter. Only transient sensory discharges were
obtained. However, intense firing of units with large and smaller amplitude occurred when
the plane of force application was directed posteriorly, 90° perpendicular to the CTr joint
plane (Fig. 4C). Stimulation of the caps of individual femoral campaniform sensilla
produced unitary discharges that matched the extracellular amplitude of spikes recorded in
tests of applied forces (Fig. 4D). Ablation of the caps (with a fine etched wire probe)
produced intense injury discharges (Fig. 4E) and eliminated all responses in subsequent tests
(Fig. 4F).

Fig. 5A and B shows cumulative histograms of the mean sensory discharges to forces
applied (using half sine wave forms) in the cockroach CTr joint plane and perpendicular to
the plane of movement. Very brief discharges, usually consisting of a few spikes, occurred at
the onset of forces in the joint plane. In contrast, there was intense firing during the rising
phase of the stimulus when forces were applied in a posterior direction. Tests of application
of posterior forces when the TrF joint was not fully engaged (joint free to move and force
resisted only by joint stiffness) could elicit brief discharges from the femoral campaniform
sensilla and firing of other sensory neurons to the return movement to the default position
(Fig. 5C). We also applied forces using ramp and hold functions to test the ability of the
sensilla to encode sustained forces in a posterior direction with the TrF joint fully engaged.
Fig. 5D shows a recording in which forces directed posteriorly were applied to femur at
increasing levels. Firing of sensilla of both small and large extracellular amplitudes
increased at higher magnitudes of force application. Fig. 5E is a cumulative plot of the
discharges from a single preparation in which a full set of tests in forces were applied using
ramp and hold functions at different levels both posteriorly and in the CTr joint plane. The
firing frequency effectively encoded the amplitude of forces that were applied posterior to
the plane of movement of the CTr joint (r2 = 0.99) but only weakly reflected the magnitude
of forces in the joint plane.

3.4. Response properties of femoral campaniform sensilla in stick insects

Similar tests were performed to characterize the responses of the femoral campaniform
sensilla in stick insects (Fig. 6A). Vigorous multi-unit discharges occurred both to forces in
the plane of movement of the CTr joint (Fig. 6B) and to forces applied in a posterior
direction (Fig. 6C). In stick insects, we also mimicked the effects of contractions of the
depressor muscle by applying forces to the motor that held the pin inserted into the
depressor insertion (Zill et al., 2012). Intense discharges occurred to resisted muscle forces
(Fig. 6D). We were able to confirm that the recordings were derived from the femoral
campaniform sensilla by ablating the caps of the receptors (Fig. 6E) which eliminated all
discharges to imposed forces (Fig. 6F).
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Fig. 7A and B are histograms of the responses of stick insect femoral campaniform sensilla
to forces applied in the joint plane (Fig. 7A, n = 146 tests in N = 3 animals) and to forces
directed posteriorly (Fig. 7B, n = 156 tests in the same preparations). Intense firing occurred
during the rising phase of the stimulus to both directions of force. In some preparations,
smaller discharges also occurred during the phase of decrease of forces in the joint plane
(Fig. 7A). We also applied stimuli as ramp and hold functions to study encoding of force
magnitude. Fig. 7C is a plot of the discharges that occurred to forces in the joint plane and in
a posterior direction (n = 65 tests in plane, n = 70 tests posterior, each point is the mean
value of 5 successive tests, N = 1). Forces of low amplitude were used to minimize the
effects of spike summation in the multiunit recording. The discharges generally reflect the
amplitude of applied force (r2 = 0.88 in plane, r2 = 0.65 posterior). Fig. 7D is a plot of the
mean discharge that was elicited to forces applied to the depressor muscle insertion (each
point is the mean of n = 46 tests from N = 3 preparations). The femoral sensilla thus encode
both the muscle forces and load in the plane of joint movement, similar to the responses
obtained from the trochanteral campaniform sensilla in stick insects and cockroaches (Zill et
al., 2012).

3.5. Force detection and effects upon muscle synergies

3.5.1. Cockroaches—Our previous study showed that forces applied in the plane of the
CTr joint produced activation of the tibial flexor muscle (Zill et al., 2015a). Ablation
experiments indicated that this effect was mediated by the trochanteral campaniform
sensilla. In the present experiments, we recorded flexor activity when forces were first
imposed in the joint plane (Fig. 8A) and then directed posteriorly (Fig. 8B) in the same
preparations. While forces in the plane of the coxo-trochanteral joint produce intense firing
little or no discharge was seen to forces applied in a posterior direction. This difference in
flexor activation is also apparent in cumulative plots in Fig. 8C and D. A small transient
discharge was present to posterior forces but the source is unclear as all groups of
trochanteral sensilla and other receptors remained intact in these preparations. However,
these findings support the idea that the femoral campaniform sensilla, which potently
discharge to posterior forces, play little or no role in synergist activation in cockroaches.

3.5.2. Stick insect groups that mediate activation of synergists—Previous studies
by Akay et al. (2001) showed that application of forces (via a pen motor) that produced
movements of the CTr joint toward levation produced flexor activation. Ablation
experiments demonstrated that this effect was attributed to the femoral campaniform
sensilla. Akay et al. (2001) also tested the effects of ablation of the femoral sensilla on
activities of the flexor during stepping. Flexor bursts were initiated at a longer latency after
ablation (see also Schmitz et al., 2015) but responses persists, implying that other sense
organs or groups of campaniform sensilla could contribute to flexor activation. In the present
study, we quantitatively compared the flexor activation produced by the motor in intact
animals and in preparations in which the femoral campaniform sensilla had been ablated. As
is reflected in both individual recordings (Fig. 8E and F) and pooled data (Fig. 8G and H),
flexor activation was greatly reduced but not invariably eliminated by ablation of the femoral
campaniform sensilla. These results confirm that the FeCS mediate flexor activation but
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indicate that other groups of campaniform sensilla may make a contribution to synergist
recruitment in stick insects.

4. Discussion

These experiments characterized the structure and responses of the femoral campaniform
sensilla in cockroaches and stick insects. Few previous studies have examined the response
properties of the femoral sensilla (Akay et al., 2001; Akay, 2002), although they have been
shown to be important in establishing interjoint coordination of muscle activities (Schmitz et
al., 2015). The specific goal of the present studies was to test the hypothesis that the species-
specific differences in effects of the femoral sensilla on muscles synergies were associated
with differences in the forces detected by receptors (Akay et al., 2001; Zill et al., 2015a). We
have shown that femoral campaniform sensilla of stick insects, which activate muscle
synergies, effectively encode forces in the plane of action of the large proximal intrinsic leg
muscles (CTr joint plane). In cockroaches, femoral receptors do not encode forces in the CTr
joint plane and the effects on synergies are mediated, instead, by trochanteral campaniform
sensilla. In the following, we will discuss 1) how specializations in leg structure and force
transmission could contribute to differences in receptor responses and 2) how specificity in
force detection could be a determining factor in activation of muscle synergies (Ross and
Nichols, 2009).

4.1. Specializations of the trochanter-femur (TrF) joint

A major difference in the design of the legs of cockroaches and stick insects is in the
mobility of the TrF joint (Schindler, 1979; Watson et al., 2002). In cockroaches, the
articulation is a mobile and asymmetric hinged joint, with cuticular linkage only through
condyles on its anterior surface. In stick insects, the joint is immaobile, permitting
transmission of cuticular strains over a broader area of the articulation. The variations in
structure and adaptive capabilities of the trochanter-femur joint in a number of insect species
have been elegantly and extensively analyzed by Frantsevich and Wang (2009). They found
that in most insects the TrF joint is moveable in a plane that is approximately orthogonal to
the plane of the coxo-trochanteral (CTr) joint. The range of movement of the TrF joint is
often small (<20°) in comparison to the extensive movements of the CTr or femoro-tibial
(FT) joints (although in some species it is much larger, ex. wasp Ammophila, 50-60°).
Frantsevich and Wang (2009) suggested that mobility of the TrF joint provides dynamic
stability in legged locomotion by acting as a spring to dampen external forces.

4.1.1. Mobility and elasticity of the cockroach TrF joint—Movements of the
cockroach TrF joint are generated by a single muscle, the femoral reductor muscle, which
acts to draw the femur posteriorly (Pringle, 1938). Previous studies have suggested that
elastic elements in the joint serve as an antagonist to the reductor (Watson et al., 2002). Our
study has presented evidence that the TrF joint membrane is a elastic composite that can
serve as a muscle antagonist (Neff et al., 2000): 1) the membrane is reversibly stretched
during movements imposed in a posterior direction, 2) the joint shows rapid elastic recoil to
the default position after displacement; 3) the joint membrane shows blue fluorescence and
toluidine blue staining, consistent with the presence of resilin. Elastic structures that act as
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muscle antagonists have been identified in the legs of cockroaches (Frazier et al., 1999; Neff
et al., 2000; Picker et al., 2012), stick insects (Bassler, 1983), beetles (Ichikawa et al., 2016;
Nadein and Betz, 2016) and other insects (Burrows and Sutton, 2012; Michels and Gorb,
2012). These structures minimize inertia (Weis-Fogh, 1960) and can also potentially serve to
dampen the effects of postural perturbations (Noah et al., 2004; Dudek and Full, 2009). The
findings of the present study, therefore, support the hypothesis of Frantsevich and Wang
(2009) that the elastic elements at the TrF joints can act as a spring or ‘shock absorber’.

Previous studies have also shown that, in cockroaches, the mobility of the TrF joint serves an
important adaptive function in redirecting forces generated by the leg (Watson et al., 2002;
Bender et al., 2010). The hind legs (and to a lesser extent the middle legs) in cockroaches are
oriented at acute angles to the substrate which maximizes forces generated by the rear legs
in propulsion for escape running (Hughes, 1952). In these legs, movements at the body coxa
joint are limited, an adaptation that functionally provides a stable base for force generation
by coxal muscles. However, this adaptation also restricts the extent to which force direction
can be changed, as when the animal surmounts an obstacle (Harley et al., 2009). This
limitation is overcome by relatively small movements at the TrF joint that produce
significant changes in the orientation and plane of action of the distal leg segments (Watson
et al., 2002). Similar effects are found in other insect appendages, in which contraction of
relatively small basal muscles produces large changes in force direction (wings:
Hedenstrom, 2014; front legs: Szczecinski et al., 2015).

4.1.2. Stick insect—In stick insects the TrF joint is functionally fused and lacks
specialized condyles for force transmission. Instead, the articulation of the trochanter and
femur interlocks the segments, particularly on its dorsal aspect (Schindler, 1979). These
features should provide high stability, which may be essential as the body coxa joints in stick
insects are highly mobile (Cruse and Bartling, 1995; Dallmann et al., 2016). This mobility
permits the forces generated by legs to be directed in a number of orientations relative to the
body. Recent studies, that have measured the ground reaction forces in freely moving stick
insects, have shown that, unexpectedly, the largest torques generated in walking occur at the
CTr joint (Dallmann et al., 2016). Extensive rotational forces also occur (pronation/
supination) that could be damaging if the TrF joint were mobile. Stick insects are large,
plant-dwelling insects and loading could readily occur in a number of orientations.
Immobility of the TrF joint is also found in other large insects in legs in which the body-
coxa joint shows great mobility (crickets: Hustert, 1982; locusts, Laurent and Richard,
1986).

However, the TrF joint is also the site of leg autotomy, in which distal segments of the leg
are shed as a defensive response when the appendage is grasped by a predator (Cardé, 2009)
or as consequence of leg damage in molting (Maginnis, 2008). The specific mechanisms
underlying autotomy in insects are unclear (Schmidt and Grund, 2003). Schindler (1979)
considered that autotomy was initiated by twisting of the leg, accompanied by contraction of
small internal muscle fibers that produced elevation of the dorsal segment of the trochanter
(lid). Our morphological studies showed the levator trochanteris muscle inserts upon the lid
and suggest that the levator could also readily contribute to autotomy.
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4.2. Force (strain) transmission and response properties of femoral campaniform sensilla

4.2.1. Cockroach—The cockroach FeCS are a relatively small group of receptors that are
located in a region of cuticle that lacks the morphological specializations (thickenings,
sclerotization) found associated with many other groups of campaniform sensilla (Zill et al.,
2000, 2012). Because the condyles of the TrF joint are on the anterior side of the femur, the
sensilla are relatively isolated from strains produced by the large coxal and body wall
muscles which generate support and propulsion (Kaliyamoorthy et al., 2006).

We found that the cuticular caps of cockroach FeCS have a gradient of sizes but a single
consistent orientation, with long axes approximately parallel to TrF joint axis. The position
and orientation of the receptors should make them specifically able to monitor the forces
generated at the TrF joint (Pringle, 1938). This was confirmed by recordings of the sensilla
to imposed forces: the receptors vigorously and effectively encode forces applied posteriorly
to the femur while only responding weakly to forces in the CTr joint plane. What are the
functions of the cockroach femoral sensilla? Posterior forces could occur at the TrF joint
during leg use in walking as the reductor femoris is reported to be activated near the
initiation of the stance phase when the joint at an acute angle to the substrate (Bender et al.,
2010). The sensilla may also be particularly important and adaptive when the TrF joint is
fully engaged in climbing over obstacles (Watson et al., 2002; Harley et al., 2009). Signals
from the campaniform sensilla could function adaptively both to resist perturbations and to
prevent accidental autotomy. The latter hypothesis is supported by the observation that the
cockroach FeCS have very large spikes (Fig. 4D) and, potentially, fast conducting axons.
Thus, information from the femoral CS in cockroaches may contribute to the adaptation of
leg use even though they do not encode the major forces generated in propulsion. It is also
important to note that other receptors are present at the cockroach TrF joint that could signal
position and movement (Guthrie, 1967).

4.2.2. Stick insect—In contrast to the cockroach FeCS, our morphological studies showed
that extensive modifications of the cuticle surrounding the FeCS in stick insects that could
enhance their sensitivity to forces developed by coxal muscles. The stick insect femoral
campaniform sensilla are also larger in number and more diverse in shape and orientation of
the cuticular caps. We identified subgroups of sensilla based upon their location and cap
orientation: a dorsal group had caps at a small angle relative to autotomy plane; ventral
group with cap long axes at greater angles (close to 45°) to the plane. In addition some
sensilla located centrally had large, rounded caps. The locations of sensilla with round caps
were somewhat variable and overlapped with the sensilla of other cap orientations at the
center of the group (the curvature of the depression in the femur complicated quantification
of the variability). However, the difference in orientations of the dorsal and ventral
subgroups was consistent and most apparent in regions away from the center of the
depression (Fig. 3E). Similar variation in cap orientation and shape has been reported in
FeCS of other insects (moth: Kent and Griffin, 1990; flies: Gnatzy et al., 1987; Zill et al.,
2015bh).

The diversity in orientation of the receptors was also reflected in the responses of the stick
insect femoral group to imposed forces: vigorous discharges were obtained both to forces in

Arthropod Struct Dev. Author manuscript; available in PMC 2018 July 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zill et al.

Page 13

the plane of the CTr joint and to forces directed posterior to the long axis of the femur.
Afferent discharges also occurred to forces which mimicked resisted contractions of the
trochanteral depressor muscle. We were unable to determine whether these sensitivities were
correlated with specific subgroups of receptors or whether the round sensilla contributed to
both discharges. However, it is important to note that the orientation of the ventral subgroups
of receptors (~45°) could make these sensilla sensitive to forces that produce twisting
(rotation about the long axis) of the femur (Higdon et al., 1967). These types of forces may
occur during supination/pronation movements (Dallmann et al., 2016) although this was not
directly tested due to technical constraints.

The responses of stick insect FeCS in the CTr joint plane are consistent with previous
observations that the receptors mediate, in part, activation of flexor motor neurons in
response to levation movements of the femur (Akay et al., 2001; Akay, 2002). The
sensitivity of the FeCS to forces applied at the depressor muscle insertion may also
contribute to their effects in stepping. In walking, depressor muscle activity lowers the leg to
the substrate during the swing phase (Rosenbaum et al., 2010). Activation of the tibial flexor
muscle occurs after leg contact and resistance to depressor forces that should produce
activation of the FeCS. This idea is supported by the finding that ablation of the FeCS
produced a decrease in the magnitude of flexor muscle activity (Akay et al., 2001) and
affected timing of the onset of flexor bursts (Schmitz et al., 2015).

4.3. Effects on muscle synergies are correlated with receptor response sensitivity

The present study has shown that the effects of campaniform sensilla upon muscle synergies
are correlated with their sensitivity to forces in the coxo-trochanteral joint plane (Summary,
Fig. 9). In both stick insect and cockroach legs, there is a proximal to distal gradient in the
size of intrinsic leg muscles: muscles acting at the coxo-trochanteral joints produce the
largest forces (torques) generated in support and propulsion (Pearson and lles, 1971;
Schmitz, 1986; Toth et al., 2013). In both species, groups of trochanteral campaniform
(Groups 3, 4) detect the net forces at the CTr and more proximal body coxa joints (Zill et al.,
1999, 2012). However, signals from the femoral sensilla are species-specific: the femoral CS
in cockroaches signal forces only at the mobile TrF joint while stick insect femoral CS are
also sensitive to forces in the CTr plane. In stick insects, the CTr and FT joints form a single
leg plane, due to immobility of the TrF joint (Cruse and Bartling, 1995). In addition, caps of
stick insects FeCS are oriented at a variety of angles (and include round caps) so they may
also be sensitive to strains produced both by the depressor and levator muscles. The greater
mobility of the stick insect body coxa joint may require the recruitment of synergist muscles
for grip (flexor, retractor) when the animal is inverted and pulls (using the levator) instead of
pushing (with the depressor muscles) with proximal leg muscles (Duch and Pfliiger, 1995;
Mendes et al., 2014; Zill et al., 2015b). This hypothesis is supported by preliminary
experiments and will be tested in future studies.

These findings, more generally, show that the effects of force detecting sense organs on
muscle synergists are not homogeneous but depend upon the specific forces that the sense
organs encode. Some formulations of control of posture and walking model the effects of
force receptors but do not specify the specific forces they encode (antigravity load,

Arthropod Struct Dev. Author manuscript; available in PMC 2018 July 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zill et al.

Page 14

propulsion, grip, etc.; Schilder, 2016). That information may be essential in understanding
how activation of muscles asgroups of synergists emerges from theinteraction ofbrain,
intersegmental as well as local feedback (Ritzmann and Zill, 2017).

These results also warn against assuming that receptors at similar locations have the same
effects in walking systems of different animals (Ayali et al., 2015; Isakov et al., 2016).
Differences in the specific forces that are encoded by sense organs may also be important in
evaluating the effects of receptors in vertebrates such as Golgi tendon organs (Nichols,
1999). Studies of the effects of force feedback in spontaneous locomotion of cats have
shown that effects on muscle synergists are not monotonic but depend upon the specific
muscle groups from which the force signals are derived, potentially in a proximal to distal
gradient (Ross and Nichols, 2009). The determination of specificity of effects on muscle
groups based upon sensory responsiveness may be utilized and simplify the activation of
muscles as synergists in both vertebrates and invertebrates (Kargo and Giszter, 2000; Hart
and Giszter, 2010; Kistemaker et al., 2013).
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Fig. 1. Mobility and specializations of the cockroach trochantero-femoral joint
A. Cockroach middle leg. The trochanter is a small segment upon which large muscles of the

coxa and body wall insert. The trochanter articulates with the femur at the trochantero-
femoral (TrF) joint. B. Whole mounts of cockroach trochanter — The joint between the
trochanteral and femoral segments is a movable hinged articulation, with joint condyles on
the anterior side (top). The posterior surface has no condyles and the joint membrane shows
blue fluorescence in combined light/UV illumination. C. Left — Diagram of longitudinal
section (parallel to the long axis of the trochanter) through trochanter and femur. The
reductor femoris muscle is located in the trochanter and inserts onto the femur and the joint
membrane. Contraction of the muscle pulls the femur posteriorly and stretches the joint
membrane. D. Action of trochanter-femur joint on the distal leg — Posterior movement at the
TrF brings the tibia to a more vertical position relative to the substrate. E. Histological
section of TrF joint (same plane as 1C) — The joint membrane is thickened and stains
intensely with toluidine blue at the insertion of the muscle. F. Fluorescence image of hind
leg trochanter split longitudinally and viewed on its inner surface. The membrane shows
blue fluorescence in UV illumination. G. Movement at TrF joint — Ventral view of trochanter
and femur of cockroach hind leg at rest (default position, left) and after maximum posterior
displacement of the TrF joint (right). H. Fluorescence images of TrF joint with the upper
half of the trochanter and femur removed in a severed leg (orientation similar to 1E). The
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joint membrane is curved in the default (rest) position but stretched when the femur is
moved posteriorly. . Elastic recoil — The joint showed rapid recoil to the default position
when it was released after posterior displacement.
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Fig. 2. Immobility and specializations of the trochanter-femur joint in stick insects
A. Drawing of stick insect middle leg and trochanter-femur joint.. B. SEM of trochanter and

femur in posterior view — The trochanter is functionally fused to the femur with no condyles
or joint movement. C. SEM of upper (dorsal) surface of the trochanter — The dorsal surface
of the trochanter forms a projection (termed the lid, G., Deckel) which interlocks with a
depression on the proximal end of the femur. D. Posterior view (SEM) of proximal femur
and lid — The femoral group of campaniform sensilla are located in a depression in the
proximal femur, distal to the autotomy plane. E. Dorsal view of whole mount of TrF joint —
the cuticle appears darkened and thickened in the region between the autotomy plane and
femoral sensilla. F. Confocal projection image of inner (posterior) surface of a bisected coxa,
trochanter and femur (the lid remained intact) — The apodeme (tendon) of the Levator
Trochanteris muscle inserts upon the ‘lid’” of the trochanter; the Depressor apodeme inserts
upon the reinforced ventral end of the trochanter. The autotomy plane is clearly seen as a
thin vertical line between the fused trochanter and femur.
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Fig. 3. Structure of femoral campaniform sensillain cockroaches and stick insects
A. Posterior view of a whole mount of a cockroach trochanter and femur — The femoral

group of campaniform sensilla is located on the posterior surface of the femur, distal to the
trochanter-femur joint. B. and C. Confocal projection of images TrF joint — The cuticular
caps of the femoral sensilla are arranged in a small, linear row on the proximal femur. At
higher magnification (C), the caps of the sensilla are visible inside the cuticular collars. The
orientation of the caps is consistent within the group and the cap long axis is approximately
parallel to the TrF joint (see inset). D. SEM of posterior view of TrF joint in stick insects —
The FeCS are located in a prominent depression of the posterior side of the femur. E and F.
Higher magnification views of SEM. E. The caps of the FeCS are relatively dispersed in the
distal wall of depression. F. Three subgroups of receptors can be distinguished based upon
their position and cap orientation: dorsal sensilla (FeCS Dorsal), ventral sensilla (FeCS
Ventral) and sensilla whose caps appear rounded rather than oval-shaped (Rounded Caps).
G. Orientations and cap sizes of cockroach femoral campaniform sensilla — These graphs
plot the mean orientation (left) and long axis length (right) of the caps of the femoral
campaniform sensilla (points show range of values from one representative animal). The
sensilla are generally oriented parallel to trochanter-femur joint and have a range of cap
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sizes (histogram at right). H. Orientations and cap sizes of stick insect femoral campaniform
sensilla — Three types of receptors could be distinguished based upon their orientation (left)
and cap shape. Rounded caps had the largest lengths (right).
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Fig. 4. Responses of cockroach femoral campaniform sensillato imposed forces
A. Preparation. The coxa of left hind leg of an intact cockroach was mounted via staples and

the distal segments severed at the femoro tibial joint. All trochanter campaniform sensilla
were ablated but the femoral group (FeCS) remained intact. Forces were applied to the
femur in different directions with movement resisted by a pin (PIN) inserted into the
proximal trochanter. Sensory activity was recorded with wires (SENSORY) in the distal
coxa after severing the main leg nerve proximally. B. Flexion in the coxo-trochanteral joint
plane — Forces applied in the joint plane produced only transient sensory discharges. C.
Forces perpendicular (posterior) to the joint plane — Vigorous bursts were obtained to forces
perpendicular to joint plane. D. and E. Indentation of the caps of single sensilla (D) and cap
ablations (E) produced action potentials of amplitude equivalent to those seen in tests of
responses to forces. F. No sensory discharges were seen when forces (posterior) were
applied to the leg after cap ablation. (Sensory histograms in B—F: action potentials/second).
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Fig. 5. Plots of responses and encoding of force magnitude in cockroach femoral campaniform
sensilla

A. and B. Cumulative plots of sensory discharges to forces applied in the plane of the CTr
joint in the direction of joint flexion (A. n = 75 tests, N = 3 animals) and in a posterior
direction, perpendicular to the joint plane (B. n = 85 tests, N = same 3 animals). Minimal
sensory discharges occurred in the plane while intense firing was elicited in a posterior
direction. C. Movement resisted by joint stiffness — Brief sensory discharges could be
elicited when the TrF joint was not fully engaged. D. Amplitude series — Forces were
applied in a posterior direction at varying amplitudes but the same rate of rise and decline
with the TrF joint fully engaged E. Encoding of force magnitude — Plot of the mean sensory
discharges (largest units) to forces applied as ramp and hold functions to forces in the joint
plane (flexion) and posteriorly, perpendicular to the plane (flexion n = 8 repetitions of 5
levels; posterior n = 11 repetitions of 5 levels, N = 1). The femoral sensilla effectively
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encode force magnitude in a posterior direction but discharges were minimal in the plane of
the coxo-trochanteral joint. (Sensory histograms in C, D: action potentials/second).
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Fig. 6. Responses of stick insect femoral campaniform sensilla to imposed forces
A. Preparation. The coxa of an intact stick insect left middle leg was mounted via staples

and distal segments removed at the femoro-tibial joint. Forces (FORCE) were applied to the
distal femur in different directions with movement is resisted by a pin (PIN) inserted into the
proximal trochanter. The pin was attached to a motor to mimic contractions of the depressor
muscle. Sensory activity was recorded from the main leg nerve with oil hook electrodes
(SENSORY) proximal to the coxa (nerve crushed proximally). All trochanteral groups were
ablated but the FeCS remained intact. B. Flexion (Levation) in the coxo-trochanteral joint
plane — Forces applied to distal femur in the plane of movement of the CTr joint produced
intense sensory discharges. C. Forces perpendicular (posterior) to the joint plane — Vigorous
firing was also obtained to forces perpendicular to joint plane applied in a posterior
direction. D. Pull on depressor insertion — Forces applied at the depressor insertion (via the
pin and motor) also produced sensory discharges of similar amplitudes. E. Ablations of the
caps of the femoral campaniform sensilla produced intense firing. F. No sensory responses
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were seen when forces were applied to the leg after cap ablation. (Sensory histograms in
CD: potentials/second).
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Fig. 7. Plots of responses and encoding of load and muscle forcesin stick insect femoral
campaniform sensilla
A. and B. Cumulative plots of sensory discharges to forces applied in the plane of the CTr

joint in the direction of joint flexion (levation) and in a posterior direction perpendicular to
the joint plane. Intense discharges were elicited both in a posterior direction and in the plane
of the CTr joint. C. Encoding of load — Plot of the mean sensory firing frequencies to forces
applied as ramp and hold functions to forces in the joint plane (flexion) and perpendicular to
the plane. The femoral sensilla effectively encode force magnitude in the plane of the coxo-
trochanteral joint and in a posterior direction perpendicular to the plane. D. Encoding of
muscle force — Responses to depressor muscle forces were obtained by applying forces to
the pin in the trochanter that were resisted in the distal femur by the force probe. The mean
discharge frequency effectively encoded the muscle forces.
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Fig. 8. Evaluation of contribution of femoral campaniform sensillato synergist dischargesin the
tibial flexor muscle in cockroaches and stick insects

Forces were applied to the femur in preparations in which the main leg nerve was not
severed and motor innervation remained intact. A. and B. Forces applied in cockroaches in
the plane of the CTr joint produced intense bursts in the tibial flexor muscle (A) but did not
occur to forces directed posteriorly (B). C. and D. Histograms of mean responses in
synergist muscle — Activation of synergist discharge in tibial flexor muscle was elicited by
forces in the joint plane (C, n = 323 repetitions from N = 3 preparations) but only small
transient firing was present in some preparations to posterior forces (D, n = 279 repetitions
from the same animals). E. and F. Effects of ablation of femoral campaniform sensilla in
stick insects — Forces applied in the CTr joint plane in stick insects produced bursts of
activity in the flexor muscle in intact preparations (E). Only weak discharges occurred if the
femoral campaniform sensilla had been ablated prior to the tests (F). G. and H. Histograms
of flexor activation — Flexor activation to forces in the plane of the CTr joint (F) was greatly
reduced but not entirely eliminated by ablation of the femoral campaniform sensilla (G, n =
174 tests in N = 3 animals; H, n = 190 tests in N = 3 animals). (Flexor muscle histograms in
A, B, D, F: muscle potentials/second).
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SUMMARY: RESPONSE PROPERTIES AND EFFECTS ON MUSCLE SYNERGIES
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Fig. 9. Summary diagram of force receptorsand muscle synergiesin stick insects and
cockroaches

Activation of muscle synergists is correlated with response sensitivity to forces in the CTr
joint plane. See text for discussion.
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