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Abstract

An animal’s nervous system monitors the actions of the body using its sense of proprioception. This
information is used for precise motor control and to enable coordinated interaction with the animal’s
surroundings. Proprioception is a multimodal sense that includes feedback about limb movement and
loading from various peripheral sense organs. The sensory information from distinct sense organs must
be integrated by the network to form a coherent representation of the current proprioceptive state

and to elicit appropriate motor behavior.

By combining intra- and extracellular electrophysiological recording techniques with precise mechani-
cal sensory stimulation paradigms, | studied multimodal proprioceptive integration in the sensorimo-
tor network of the stick insect leg. The findings demonstrate where, when, and how sensory feedback
from load-sensing campaniform sensilla (CS) is integrated with movement information from the fem-
oral chordotonal organ (fCO) in the sensorimotor network controlling movement of the femur-tibia

(FTi) joint.

Proprioceptive information about distinct sensory modalities (load / movement) and from distinct
sense organs of the same sensory modality (trochanterofemoral CS (tr/fCS) / tibial CS (tiCS)) was dis-
tributed into one network of local premotor nonspiking interneurons (NSIs). The NSIs’ processing of
fCO, tr/fCS, and tiCS was antagonistic with respect to a given NSI’s effect on the motor output of ex-

tensor tibiae motor neurons (ExtTi MNs).

Spatial summation of load and movement feedback occurred in the network of premotor NSls,
whereas temporal summation was shifted between sensory modalities. Load feedback (tr/fCS / tiCS)
was consistently delayed relative to movement signals (fCO) throughout the sensorimotor pathways
of sensory afferents, premotor NSls, and ExtTi MNs. The connectivity between these neuron types was
inferred using transmission times and followed distinct patterns for individual sense organs. At the
motor output level of the system, the temporal shift of simultaneously elicited load and movement

feedback caused load responses to be superimposed onto ongoing movement responses.

These results raised the hypothesis that load could alter movement signal processing. Load (tiCS) af-
fected movement (fCO) signal gain by presynaptic afferent inhibition. In postsynaptic premotor NSls,
this led to altered movement parameter dependence and nonlinear summation of load and movement
signals. Specifically, the amplitude dependence of NSIs opposing ExtTi MN output was increased, and,
consistently, the movement response gain of the slow ExtTi MN was decreased. Movement signal pro-
cessing in the premotor network was altered depending on the proprioceptive context, i.e. the pres-

ence or absence of load feedback.



Lateral presynaptic interactions between load (tiCS) and movement (fCO) afferents were reciprocal,
i.e. existed from fCO to tiCS afferents and vice versa, and also occurred between sensory afferents of
the same sense organ. Additionally, a new type of presynaptic interaction was identified. Load signals
increased the gain of directional movement information by releasing unidirectionally velocity- or ac-
celeration-sensitive fCO afferents from tonic presynaptic inhibition. Paired double recordings showed
lateral connectivity also at the level of the premotor NSI network. NSls interacted via reciprocal excit-
atory connections. Additionally, the activity of individual NSIs was correlated in the absence of external
stimuli, and specific types of NSIs showed rhythmic 30 Hz oscillations of the resting membrane poten-

tial, indicating an underlying mechanism of network synchronization.

Taken together, the results of this dissertation provide an understanding of the integration of multi-
modal proprioceptive feedback in the sensorimotor network by identifying neuronal pathways and
mechanism underlying spatial and temporal signal summation. The local network uses multimodal sig-
nal integration for context-dependent sensory processing, thereby providing insights into the mecha-
nism by which a local network can adapt sensory processing to the behavioral context. Initial results
clearly highlight the necessity to consider lateral connections along sensorimotor pathways to unravel
the complex computations underlying proprioceptive processing and motor control. The findings on
the integration of proprioceptive signals, obtained in the resting animal, broaden our understanding

of sensorimotor processing and motor control not only in the stationary, but also in the walking animal.
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1 Introduction

1.1 Proprioception

An animal’s sense of proprioception is an essential requirement for precise motor control in changing
and unpredictable surroundings. It enables closed loop neuronal control of movements by supplying
the nervous system with feedback about the consequences of its own actions. Animals rely on their
sense of proprioception to stabilize locomotion, to respond to external perturbations, and even during
the seemingly simple task of standing still and maintaining a fixed posture (Zill et al., 2004; Deliagina
et al., 2012; Proske and Gandevia, 2012; Edwards and Prilutsky, 2017). Proprioceptive feedback from
mechanosensory structures provides information about the state of the body, for example, with regard
to limb movement, joint position, and muscle force. Additionally, it supplies information about the
body’s interaction with its surroundings by signaling external perturbations or deviations from a
planned motor action caused by unexpected features of the environment (Sherrington, 1907; Proske

and Gandevia, 2012; Tuthill and Azim, 2018).

Proprioceptive feedback is a ubiquitous element of motor control, with common principles found be-
tween vertebrates and invertebrates (Pearson, 1995a; Tuthill and Azim, 2018; Dallmann et al., 2021).
Despite differences in the anatomy of their bodies and the structure of their nervous systems, both
vertebrates and invertebrates make use of sensory structures signaling limb loading, movement, and
position to coordinate their movements and maintain their posture. To achieve postural stability, pro-
prioceptive signals from peripheral sense organs are integrated with the central motor programs car-
ried out during locomotion (Bidaye et al., 2018). They interact with central pattern generating net-
works to stabilize movements, coordinate phase timing and transition, and enable rapid responses to
perturbations (e.g. Hess and Blischges, 1999; Noah et al., 2001; Akay et al., 2014; Mulloney et al.,
2014). Not only the rhythmic patterns of locomotion are shaped by proprioceptive feedback, but also
planned motor tasks such as targeted reaching movements depend on these signals (Fink et al., 2014;
Weiler et al., 2021). In both the presence or absence of active movement, proprioception is essential
for establishing and maintaining an upright posture (Bassler, 1993; Deliagina et al., 2012; Grillner and
El Manira, 2020). The relevance of proprioception becomes especially obvious when it is disturbed by
experimental design or in disease, with effects ranging from altered walking kinematics (lvanenko et
al., 2000; Mendes et al., 2013) to deficient motor control (Graham and Bassler, 1981), and symptoms

of complex disorders like Parkinson’s disease (e.g. Zia et al., 2000) and schizophrenia (Frith et al., 2000).

The sense of proprioception differs from other senses such as vision or olfaction as it combines multi-
ple sensory modalities from distinct sense organs and is not limited to a single type of sensory struc-

ture. In legged animals, the two main sources of proprioceptive feedback from the limbs are
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constituted by the senses of load and movement. Load sensors provide information about forces acting
on, or within, the limb, caused by self-generated muscle forces, external forces such as gravity, or ex-
ternal perturbations that act on the limb or that the moving limb encounters (Zill et al., 2004;
Windhorst, 2007). In vertebrates, Golgi tendon organs within the limbs are located in parallel with
tendons and muscles and measure changes in tendon length as a proxy for muscle load and force (Jami,
1992; Proske and Gandevia, 2012). In insects, campaniform sensilla (CS) are embedded into the cuticle
of the legs and measure force and load as distortions of the cuticular exoskeleton (Pringle, 1938; Zill
and Moran, 1981a; Zill et al., 2004). CS can be directionally sensitive and are typically found in groups
with similar directional preference. Several of these groups are distributed on the segments of the

insect leg (Zill and Moran, 1981a; Hofmann and Béssler, 1982; Zill et al., 2011; Dinges et al., 2021).

The second source of proprioceptive feedback from the limbs are movement-sensing organs that pro-
vide information about joint position or movement, and its derivatives, i.e. velocity and acceleration.
Muscle spindles are embedded into the vertebrate muscle and measure changes in muscle fiber length,
whereas in insects chordotonal organs, mechanosensory hairs or bristles, and hair plates measure joint
angle and its extreme positions (Field and Matheson, 1998; Biischges and Gruhn, 2007; Windhorst,
2007; Tuthill and Wilson, 2016a).

In insects and vertebrates alike, load and movement are perceived by distinct sensory structures that
reside within the same limb and which are activated by stimuli that typically are a mixture of both
sensory modalities, thus activating both types of sense organs in parallel. A monkey that moves an
object requires shortening of muscle fibers in its arm, sensed by the embedded muscle spindles, while
the weight of the object and the generated muscle force pull on tendons and thereby activate Golgi
tendon organs. Similarly, a leaf moving beneath the tarsus of a still-standing stick insect will affect joint
angles, and muscle forces generated to keep the leg in position against the moving leaf will distort the
cuticle. As these examples demonstrate, the different proprioceptive senses typically act in parallel,
and in many cases elicit reflex responses in the same muscles. In stick insects, load or other forces
acting on a group of CS on the proximal tibia (tibial CS (tiCS), group 6) elicit responses in motor neurons
(MNs) innervating the extensor tibiae (ExtTi) muscle (Zill et al., 2011). The same MNs respond to signals
from the femoral chordotonal organ (fCO), the movement sensor of the femur-tibia (FTi) joint that is
moved by the ExtTi muscles (Bassler, 1983a). Similar examples can be found in the reflex pathways of

vertebrates (Jankowska, 2013b).

Proprioception as a multimodal sense in the context of motor control therefore requires the conver-
gence of load and movement signals in the nervous system. In this dissertation, | have made use of the
well-studied sensorimotor system of the stick insect (Bassler, 1993; Béassler and Blischges, 1998;

Blischges and Gruhn, 2007) to study proprioceptive integration of load and movement feedback in the
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neuronal control loop of the FTi joint, with a specific focus on spatial and temporal summation of pro-

prioceptive signals, and their interaction within the processing networks.

1.2 Spatial Summation of Multimodal Proprioceptive Feedback

The first part of this dissertation will focus on spatial summation of load and movement signals, i.e.
the question where in the network these signals converge. As described above, proprioceptive signals
from different sense organs are often present at the same time and act on the same muscles. Signals
from load and movement sense organs must therefore interact to form a coherent proprioceptive rep-
resentation of a limb’s position in space and its interaction with the environment. Interneurons located
within the spinal cord of vertebrates are known to be major sites of signal integration (Czarkowska et
al., 1981; Jankowska and McCrea, 1983; Jankowska, 2013a, b). Similarly, in insects, local interneurons
in the ventral nerve cord integrate intersegmental and sensory signals with inputs from other sources
(Burrows, 1996). Studies on large insects additionally benefit from direct experimental measurements
of neuronal activity, since the neuropilar arborizations of neurons are accessible to single neuron in-
tracellular recordings. Specifically the premotor network of the FTi joint has been the subject of exten-
sive studies on sensorimotor control (e.g. Blischges, 1990; Sauer et al., 1995; Wolf and Bilischges, 1995;
Driesang and Bilschges, 1996; Sauer et al., 1996), resulting in detailed knowledge about the neuronal
pathways that integrate proprioceptive movement feedback and coordinate movement of the tibia.
The position of and movement around the FTi joint, i.e. extension and flexion of the tibia relative to
the femur, is monitored by the fCO, whose signals are distributed into an antagonistic network of in-
dividually identifiable, local premotor nonspiking interneurons (NSlIs, Blischges, 1990, 1994; Sauer et
al., 1996). The NSls, in turn, either drive or inhibit activation of ExtTi MNs, which control extension of
tibia. In the locust, NSls, albeit not individually identified, were found to respond to load activation of
CS (Burrows and Pflliiger, 1988; Laurent and Burrows, 1988). This led to the hypothesis that local pre-
motor NSIs of the FTi joint control loop, which process movement feedback from the fCO, are the point
of convergence for multiple proprioceptive modalities. To test this hypothesis, intracellular sharp elec-
trode recordings of local premotor NSIs were combined with mechanical stimulation of the fCO and
groups of CS located on the trochanterofemur (tr/fCS, groups 1-5) and the tibia (tiCS, groups 6A & B
(G6A, G6B)). The results presented in Chapter 2 demonstrate that local premotor NSls of the FTi joint
control loop are the point of convergence for signals from movement and multiple load sense organs.
More particularly, this was true for every single NSI that was found in this study, with no exceptions of
NSlIs processing signals only from only a subset of the examined sense organs. Load and movement
signals were distributed into, and processed by, a single, antagonistic network of NSIs and no NSI was

specifically dedicated to one sensory modality alone.
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1.3 Temporal Summation of Multimodal Proprioceptive feedback

Multimodal proprioceptive signal integration is not only determined by spatial summation, i.e. where
signals converge along the neuronal pathways from sense organs to MNs, but also by temporal sum-
mation, i.e. when signals converge. Does the nervous system have access to the same temporal state
of load and movement information at any given point in time, or do signals from one sensory modality
reach the network faster than from the other? This is of especial relevance for proprioception as a
multimodal sense whose signals, e.g. in the motor control of the leg, are relayed from sense organs
that are located spatially apart at distant positions on or in the leg (cf. Chapter 1.1). A shift in balance,
and thus in weight distribution, from one leg to another, for example, will simultaneously stimulate
load and movement sense organs, whose electrical signals will then be transmitted from different
starting points (the sensory structures) along initially separate neuronal pathways (sensory afferents
and their postsynaptic neurons) to finally converge in the nervous system (e.g. Jankowska and McCrea,
1983; Burrows, 1996; Schmitz and Stein, 2000). It was therefore hypothesized that the transmission
distance for an individual sensory signal, in terms of the length of the neuronal projections and the
number of postsynaptic synapses and neurons, will differ between sensory modalities. If differences
in signal timing in neural networks are not compensated for by other properties of the nervous system,
they may have functional effects on signal integration (Hodgkin, 1954; Hartline and Colman, 2007;

Thoreson and Mangel, 2012; Hedwig and Sarmiento-Ponce, 2017).

The stick insect is a particularly useful model organism for this type of question. As an invertebrate, it
does not possess myelinated axons. Therefore, and because of its size, the distances between sense
organs, and between the sense organs and the nervous system, are sufficiently large to potentially
cause functionally meaningful, and experimentally measurable signal latencies. In Chapter 3, the tim-
ing and latencies of sensory signals and their elicited responses in the network were measured using
intra- and extracellular recordings from CS and fCO sensory afferents, local premotor NSlIs, and MNs.
Using signal timing to distinguish between short- and long-latency connections from sensory afferents
to postsynaptic neurons enabled the inference of network connectivity, i.e. mono- and polysynaptic
connections. In combination with the absolute time from stimulus onset to responses within the net-
work, this allowed for comparison between load and movement signal timing and processing. The data
revealed a consistent shift between both proprioceptive modalities, observable by load signaling being
delayed in comparison to movement. The effect persisted from the sensory afferent input into the

system via the interneuronal and motor neuronal network to its output and the resulting muscle force.

1.4 Integration of Multimodal Proprioceptive Feedback

Spatial and temporal summation of multimodal proprioceptive feedback establish the essential frame-

work that is underlying proprioceptive integration. Proprioceptive signals from distinct sense organs,

1 | Introduction | 4



however, do not only run in parallel through the same network. They shape each other’s processing
and the resulting motor output, for example, by altering the strength of reflex responses, the precision
of postural control, or the likelihood of occurrence of reflex reversals (Schmitz and Stein, 2000; Akay
and Bischges, 2006; Kistemaker et al., 2013). To understand how signals from distinct proprioceptive
modalities intertwine to form a coherent representation of the leg’s proprioceptive space, therefore,
requires not only knowledge about where and when signals interact, but also how these interactions

shape signal integration.

The concept of proprioception as one single, multimodal sense raises the question how multimodal
signals interact and how they may affect each other’s processing. Load and movement feedback in
general are often present at the same time, while consisting of different combinations of specific load
and movement signals. For example, moving a leg backwards during stance phase of walking and a
backward movement caused by an external perturbation exerting force on the anterior side of the leg
may result in similar movement, but very different load signals. They will in turn require different mo-
tor responses. Similarly, during walking, body weight should be shifted onto a leg that is terminating
swing phase only if this leg has made ground contact. If a leg steps into a hole, no load feedback sig-
naling ground contact will occur. Shifting body weight onto this leg could result in loss of stability and
falling and should therefore be prevented (Szczecinski et al., 2018). Thus, hypothetically, one im-
portant aspect of load and movement feedback integration could be to contextualize each other, i.e.

to change the relevance or meaning of one modality in the presence or absence of the other.

The results presented in the following Chapters 2 and 3 demonstrate that load and movement feed-
back were combined within the same network of NSIs but with a constant shift in timing that resulted
in a delay of load signals with respect to movement feedback. These findings led to the hypothesis that
load signals may reach the network in time to tune an ongoing movement response within the net-
work, i.e. to alter movement signal processing in the context and presence of load feedback. In Chap-
ter 4, this hypothesis was tested by combining load and movement stimuli while recording from the
different elements of the sensorimotor network. The effects of multimodal signal integration were
examined in the network of interneurons that was identified as a point of multimodal convergence in
Chapters 2 and 3. Additionally, it was analyzed at the level of the sensory afferent input to the network
and its motor output, following indications from previous studies of multimodal signal integration at
these levels of the sensorimotor network of the stick insect leg (Stein and Schmitz, 1999; Schmitz and

Stein, 2000; Akay and Biischges, 2006).

Across vertebrates and invertebrates, presynaptic inhibition between sensory afferents is a ubiquitous
mechanism for filtering of sensory input and the avoidance of sensory overload by controlling the gain

of sensory signals (Dudel and Kuffler, 1961; Clarac and Cattaert, 1996; Azim and Seki, 2019). Making
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use of the accessibility of all these elements in the stick insect sensorimotor network, in combination
with the possibility to specifically target individual sense organs with precisely controlled stimuli, al-
lowed for tracing of the effects of multimodal sensory integration throughout the network. Presynaptic
inhibition from a distinct group of CS (tiCS, group 6) onto fCO afferents was identified. Combined load
and movement stimuli led to an altered gain of movement signal responses in local premotor NSls,
including those that are monosynaptic targets of fCO afferents (cf. Sauer et al., 1996). A specific up-
regulation of the gain of NSIs that are known to oppose the resistance reflex in the ExtTi MNs
(Blschges, 1990; Sauer et al., 1996) was consistent with the effects of combined load and movement
stimuli on the slow ExtTi MN (SETi) at the level of the neuronal motor output. The results presented in
Chapter 4 provide the neuronal base for a mechanism by which presynaptic inhibition between sensory
afferents of different modalities can shift the balance of an antagonistic, distributed network to alter

the motor output of the system in a sensory context-dependent manner.

The mechanism of sensorimotor gain control based on presynaptic afferent inhibition identified in this
dissertation highlights the relevance of lateral connectivity within the premotor network. The network
does not solely consist of parallel, independent pathways that process proprioceptive signals in a
purely feedforward way. To understand proprioceptive integration, and the mechanisms underlying
the internal representation of the animal’s current proprioceptive state, information about lateral con-
nections at different levels of the network will be essential. In Chapter 5, initial data on two aspects of
lateral connectivity, namely at the level of sensory afferents and within the premotor network, will be
presented to provide an outlook and a basis for future investigations. Lateral connectivity between
load and movement sensory afferents was analyzed in detail, and a new mechanism for upregulating
the sensory signal gain of specific sensory afferents was identified. In the premotor NSI network, lateral
connectivity was analyzed using paired double recordings of identified NSIs. The recorded NSIs were
connected by reciprocal, excitatory connections. Additionally, specific types of NSls were found to have
correlated, and in some cases synchronized oscillatory, fluctuations in membrane potential in the ab-
sence of external stimuli. The results indicate that lateral connections between NSIs might play an
important role in strengthening network coupling and proprioceptive processing. Based on the findings
presented in Chapters 2, 3, and 4, analyzing the relevance of the pathways and mechanisms of lateral
connectivity in the premotor network will further advance our understanding of multimodal proprio-
ceptive signal integration and, ultimately, how the sense of proprioception arises and is used by pre-

motor networks for stable, yet flexible, motor control.
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2 Distributed Processing of Multimodal Proprioceptive Feedback

2.1 Distributed Processing of Load & Movement Feedback in the Premotor Network

Controlling an Insect Leg Joint
Gebehart, C., Schmidt, J., Blischges, A.

In Chapter 2, the spatial summation of load (tr/fCS & tiCS) and movement (fCO) proprioceptive feed-
back in the distributed, antagonistic network of local premotor NSIs of the stick insect FTi joint control
loop is described. It thereby establishes the neuronal basis of multimodal proprioceptive integration
in the sensorimotor network of an insect leg by identifying the network responsible for of spatial sen-

sory signal summation.

The results on NSI responses to tr/fCS stimuli include a small number of experiments that | performed
as part of my Master’s Thesis (Gebehart, 2018). Specifically, initial data on NSI responses to stimulation
of tr/fCS was collected during the Master’s Thesis. These experiments were repeated and extended as

part of my PhD dissertation.
This study was published in 2021 in Journal of Neurophysiology, 125: 1800 - 1813.
do0i:10.1152/jn.00090.2021

NSIs were stained for morphological characterization. Exemplary stainings of recorded and identified

NSIs that were characterized in previous studies are shown in Supplementary Figure 2.1.
2.2 Author Contributions
Conceived & designed experiments:
Corinna Gebehart, Joachim Schmidt, Ansgar Blischges
Performed experiments, analyzed data & prepared figures:
Corinna Gebehart
Interpreted experimental results:
Corinna Gebehart, Joachim Schmidt, Ansgar Blischges
Drafted manuscript:
Corinna Gebehart, Ansgar Blischges
Edited & revised manuscript & approved final version:

Corinna Gebehart, Joachim Schmidt, Ansgar Blischges
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RESEARCH ARTICLE

Control of Movement

Distributed processing of load and movement feedback in the premotor
network controlling an insect leg joint

Corinna Gebehart, ©© Joachim Schmidt, and ©© Ansgar Buschges
Department of Animal Physiology, Institute of Zoology, Biocenter Cologne, University of Cologne, Cologne, Germany

Abstract

In legged animals, integration of information from various proprioceptors in and on the appendages by local premotor networks
in the central nervous system is crucial for controlling motor output. To ensure posture maintenance and precise active move-
ments, information about limb loading and movement is required. In insects, various groups of campaniform sensilla (CS) mea-
sure forces and loads acting in different directions on the leg, and the femoral chordotonal organ (fCO) provides information
about movement of the femur-tibia (FTi) joint. In this study, we used extra- and intracellular recordings of extensor tibiae (ExtTi)
and retractor coxae (RetCx) motor neurons (MNs) and identified local premotor nonspiking interneurons (NSlIs) and mechanical
stimulation of the fCO and tibial or trochanterofemoral CS (tiCS, tr/fCS), to investigate the premotor network architecture underly-
ing multimodal proprioceptive integration. We found that load feedback from tiCS altered the strength of movement-elicited re-
sistance reflexes and determined the specificity of ExtTi and RetCx MN responses to various load and movement stimuli. These
responses were mediated by a common population of identified NSIs into which synaptic inputs from the fCO, tiCS, and tr/fCS
are distributed, and whose effects onto ExtTi MNs can be antagonistic for both stimulus modalities. Multimodal sensory signal
interaction was found at the level of single NSIs and MNs. The results provide evidence that load and movement feedback are
integrated in a multimodal, distributed local premotor network consisting of antagonistic elements controlling movements of the
FTi joint, thus substantially extending current knowledge on how legged motor systems achieve fine-tuned motor control.

NEW & NOTEWORTHY Proprioception is crucial for motor control in legged animals. We show the extent to which processing
of movement (fCO) and load (CS) signals overlaps in the local premotor network of an insect leg. Multimodal signals converge
onto the same set of interneurons, and our knowledge about distributed, antagonistic processing is extended to incorporate mul-
tiple modalities within one perceptual neuronal framework.

leg muscle control system; motor control; multimodal integration; posture control; sensorimotor processing

INTRODUCTION

Animals in their natural environment need to control both,
body posture and movements at all times to perform precisely
tuned and contextually appropriate motor behaviors, being it
maintenance of a specific body posture at rest or active move-
ments of their appendages during behavioral tasks. In legged
animals, vertebrates and invertebrates alike, body posture is
maintained against gravity and external perturbations by the
leg muscle control system generating postural reflexes in
response to proprioceptive sensory feedback [reviews in
Bassler (1), Burrows (2), Deliagina et al. (3), Grillner and El
Manira (4)]. In vertebrates, this feedback is provided by Golgi
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tendon organs and muscle spindles [reviewed in Jami (5),
Windhorst (6)]. In insects, proprioceptive feedback is provided
by functionally analogous sense organs, that is, hair plates or
chordotonal organs and campaniform sensilla (CS) that are
distributed in and on the legs (7-11). The former provide infor-
mation on joint position and movement, CS monitor forces
generated by external perturbations or internal muscle
strains. These signals are used by local motor networks to con-
trol timing and strength of motor activity via the activation of
motor neurons (MNs) that target limb muscles to maintain a
stable body posture (1, 2, 12). To form a coherent representa-
tion of the proprioceptive context of a limb and thus enable
skilled and precise postural control, the different, usually
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concurrently activated, types of sensory feedback, that is,
movement and load, need to be integrated in the premotor
network of the leg muscle control system. Despite detailed
knowledge of the topology of neuronal pathways processing
individual aspects of proprioceptive feedback [e.g., Blischges
(13), Laurent and Burrows (14)], little is known about how mul-
timodal proprioceptive feedback, for example, feedback aris-
ing from movement and load sensing organs in and on the
legs, is integrated in the local networks that control limb
movements (15).

In arthropods, neural pathways processing proprioceptive
signals to control motor activity consist of direct, monosy-
naptic connections between sensory neurons and leg MNs
(16, 17), acting in parallel with polysynaptic pathways com-
prised of local interneurons [reviews in Bassler and Blischges
(18), Edwards and Prilutsky (19); Laurent and Burrows (14);
Sauer et al. (20)]. The neural network topology consisting of
polysynaptic pathways that operate by means of parallel,
distributed processing is well established for sensory sig-
nals reporting position and movement of a limb (1, 18, 20—
22). In distributed networks, information processing along
each individual channel does not necessarily support the
generated overall motor activity, but may also generate an
opposing synaptic drive to the MNs (stick insect: 22-24, lo-
cust: 12, 21).

A well-studied case in this respect is the neural network
controlling the activity of MNs supplying the extensor tibiae
(ExtTi) muscle of the femur-tibia (FTi) joint in the stick
insect. This network processes sensory signals from the fem-
oral chordotonal organ (fCO), which provides information
on position and movement of the tibia in relation to the fe-
mur (25, 26). Besides direct connections from fCO sensory
neurons to ExtTi MNs, individual polysynaptic pathways via
more than 10 types of identified local nonspiking interneur-
ons (NSIs) between the fCO and ExtTi MNs have so far been
identified (13, 22, 27). Given their specific synaptic inputs
from fCO afferents, for example, during tibial flexion, and
their synaptic drive to ExtTi MNs, individual premotor NSIs
support the postural reflex muscle activation, that is, activa-
tion of these MNs, whereas others oppose it. The network of
NSIs within the control loop of the FTi joint thus presents
an example of parallel, distributed processing (18, 22). Sub-
sequent modeling studies verified the functional sufficiency
of this kind of proprioceptive information processing by
emphasizing its significance for task-specific modulation of
gain and sign of reflex responses (22, 28).

For a more complete picture of the network architecture
and function underlying postural control, however, it is nec-
essary to investigate the identified sensory processing in the
context of more complex conditions. Outside of experimen-
tal conditions proprioceptive feedback from multiple sense
organs will not occur separately and movement signals have
to be integrated with other types of input. More specifically,
perturbations of limb posture are not represented by
changes in the position of a leg segment only, as they always
concur with forces acting on the limb through external load
and/or internally generated muscle forces, thereby establish-
ing a behavioral meaningful representation of a leg’s sensory
context (29). Multimodal integration presents a basis for con-
text-dependent motor responses at the level of the local net-
work, for example, contributing to postural control in the

J Neurophysiol - doi:10.1152/jn.00090.2021 - www.jn.org

resting and the walking animal. In the insect leg, this relates
to the concurrent processing of movement signals from the
fCO with load feedback from groups of CS located at specific
locations of the segments of each leg (10, 30-32). Given the
simultaneous presence of this bimodal proprioceptive feed-
back in the local network and the contribution of both move-
ment and load/force sensors to stable posture, investigating
their integration and the underlying processing principles is
essential for our understanding of the operation of motor
control systems not only in an insect but also in other
animals.

In the present study, we investigated multimodal sensory
processing specifically for the integration of movement and
load feedback in the middle leg FTi joint premotor network
of the stick insect, Carausius morosus. The size of these
insects allows precise, individual or concurrent mechanical
stimulation of multiple sense organs. We studied how signals
from the fCO and load signals from tibial and trochanterofe-
moral CS (tiCS, tr/fCS) are processed in the premotor
network controlling MNs that innervate ExtTi muscles.
Previous studies have shown that signals from tiCS contrib-
ute to the control of the activity of ExtTi MNs (33, 34). Forces
acting on the immobile tibia in the direction of flexion
induce a reflex activation in ExtTi MNs, whereas forces
acting on the tibia in the opposite direction have the oppo-
site influence. Although previously shown to have smaller or
no influence on the activity of ExtTi MNs, we included tr/fCS
in our stimulation paradigm (31, 35, 36). The position of
these proximal CS has been hypothesized to endow them
with the ability to integrate forces acting along the entire leg,
implicating a functional role of tr/fCS for coordination of
multiple leg joints, including the FTi joint [discussed in Akay
et al. (37), Holtje and Hustert (38), Zill et al. (39)].

We combined mechanical sensory stimulation of tiCS, tr/
fCS, and the fCO with extracellular recordings from lateral
motor nerves and intracellular recordings from neuropilar
arborizations of NSIs and MNs. We show the individual and
combined effects of load and movements stimuli in these
neuron types and identify three previously unpublished
types of NSIs. We find that the same set of premotor inter-
neurons integrates both load and movement feedback in a
distributed, antagonistic fashion, and that individually iden-
tifiable interneurons show similar response characteristics
for bimodal and distributed sensory integration of move-
ment and load/force signals.

MATERIALS AND METHODS
Animals

Experiments were performed at room temperature (20°C—
24°C) on adult female stick insects, C. morosus, from the par-
thenogenetic colony at the University of Cologne. Animals
were provided with blackberry leaves ad libitum and kept in
a 12-h light/dark cycle at 23°C-27°C and 50% humidity. We
confirm that all animals were kept and handled according to
the pertinent guidelines.

Dissection

All legs except the right mesothoracic leg were removed.
The coxa-trochanter joint was immobilized by inserting a
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minuten pin into the cuticle of the ventral trochanter and
both the coxa-trochanter, and the thorax-coxa joints were
fixated with light-curing glue (3M ESPE Sinfony, Neuss,
Germany), setting the trochanterofemur at 90° to the body
long axis (40).

tr/fCS and tiCS were stimulated in separate experiments.
For stimulation of tr/fCS, the animal was positioned dorsal
side up on a platform with the femur suspended in midair.
For tiCS stimulation, the FTi joint, in addition to the other
two joints, was fixed to 90°-110° and the distal femur was
glued to the platform with the tibia protruding over the
edge.

The mesothoracic ganglion was exposed by a dorsal mid-
line incision, intestines, and main trachea were left intact.
Contralateral mesothoracic nerves were squeezed, the ipsi-
lateral nervi anterior, posterior, and transversalis were cut
[nomenclature according to Marquardt (41)]. The ganglion
was placed on a wax-coated steel platform, its surrounding
connective tissue pinned with cactus spines according to
established procedures [e.g., Buschges (13), Driesang and
Blischges (42)]. To enable electrode penetration, Pronase E
crystals (VWR, Darmstadt, Germany) were placed on the
ganglion for 45s, followed by rinsing with extracellular sa-
line [178.54 mM NacCl, 17.61mM KCl, 7.51mM CaCl,, 25mM
MgCl,, 10 mM HEPES buffer, set to pH 7.2 with NaOH (43)].
Experiments were performed in inactive, that is, resting, ani-
mals [for definition of behavioral states and review see
Bassler (1)].

Electrophysiological Recordings

Sharp microelectrodes (resistance 25-35 MQ) were fashioned
from borosilicate glass capillaries (8GBI1OOTF-8P, Science
Products, Hofheim, Germany) with a micropipette puller (P-
1000, Sutter Instruments, Novato, CA). Electrodes contained a
chlorinated silver wire and intracellular saline [I1M KAc, 0.1M
KCl, 5% neurobiotin tracer (Vector Laboratories, Burlingame,
CA)]. Intracellular recordings were made from neuropilar arbo-
rizations of premotor NSIs and MNs in the ipsilateral hemigan-
glion. Interstitial potentials (5-20 mV) were compensated (44).
Intracellular signals were amplified (gain %20, highcut filter
3kHz, SEC-06 preamplifier, SEC-10LX single electrode
clamp amplifier, npi, Tamm, Germany), current injection
pulses were controlled with a digital stimulator (MS501,
Electronics Workshop Animal Physiology, University of
Cologne, Germany).

Extracellular signals from lateral nerves were recorded with
hook electrodes (45). Activity of ExtTi MNs was recorded from
nerve F2 in the femur (Figs. 1 and 4) or nl3 (Fig. 2). Retractor
coxae (RetCx) MN activity was monitored on nlS. Extracellular
signals were amplified (gain x2,000, lowcut filter 0.3kHz,
highcut 2.5kHz, notch filter 50 Hz, MA101 preamplifier and
MAI102 differential amplifier, Electronics Workshop, University
of Cologne). Signals were digitized and stored using Spike2
(sampling rate 12.5 kHz for extracellular, 6.25 kHz for intra-
cellular signals, ADC Microl401 mkI, Spike2 v7.16, CED,
Cambridge, UK).

Mechanical Stimulation of Sense Organs

For stimulation of CS, a metal probe exerted force on the
medial femur, pushing it into an anterior or posterior direction

1802

[tr/fCS; e.g., Haberkorn et al. (40)] or on the proximal tibia into
dorsal or ventral direction [tiCS; see also Zill et al. (34),
Haberkorn et al. (40)]. The respective leg segment was dis-
placed by 50 pm with ramp-and-hold stimuli, ramp rise and
fall time was 0.1s, hold duration 1.1s. The rising phase of each
stimulus increased leg loading, the return to prestimulus lev-
els released leg loading. Unloaded trochanterofemur and tibia
were immobilized at 90° angle to the body long axis (tr/fCS
stimulation) or the femur (tiCS), respectively. Minimum inter-
stimulus interval for these and all following stimuli was 2.6 s.

To stimulate the fCO, we used two different types of experi-
mental paradigms: 1) In experiments with tiCS stimulation,
the dorsal femur was opened and the fCO receptor apodeme
was clamped according to established procedures (23, 26).
Linear elongation and relaxation of the apodeme mimicked
tibial flexion or extension, respectively, starting FTi joint
angle in all fCO stimulation paradigms was 90°-110°. fCO
ramp-and-hold stimuli consisted of 0.2 s apodeme elongation
by 300 um, corresponding to 60° of tibial flexion, a hold phase
of 1s, and 0.2s relaxation back to the starting position (46).
fCO clamp and CS stimulators were moved by custom-built
linear motors (lowpass filter 1kHz, VCM Controller/Power
Amplifier, Electronics Workshop, University of Cologne), con-
trolled with Spike2 (CED) or a digital stimulator (MS501). 2) In
experiments with tr/fCS stimulation, the femur was left intact
and tiCS were ablated with a heated metal probe. To stimulate
the fCO, the tibia was moved using a forked metal probe posi-
tioned around the tibia. Movements were driven by a rota-
tional stepper motor, controlled with Mach3 (v7.13, CNC
Steuerung, Bocholt, Germany). In this setting, the motor and
positioning of the animal imposed constraints on ramp-and-
hold stimulus parameters, which were set to approximate
those of the fCO clamp stimulation. Velocity of tibial flexion
and extension was set to 300°/s, final movement angle 50°,
resulting in an approximate ramp duration of 0.2s. The posi-
tion was held for 1s. During combined fCO and CS stimula-
tion, the CS stimulus started S0 ms after the onset of the fCO
stimulus ramp to synchronize holding phases.

Identification of NSis

NSIs were identified based on established physiological
and morphological characteristics. Their effect on ExtTi and
RetCx MN activity was determined by de- and hyperpolariz-
ing current injections, and NSI responses to fCO elongation
and relaxation were compared with those of previously pub-
lished NSIs (13, 22). Neurons were considered nonspiking if
no action potentials were observed throughout the experi-
ment, including periods of depolarizing current injection,
tactile stimulation of the animal, tiCS, tr/fCS or fCO stimula-
tion, or when the animal was actively moving (13, 47). For
morphological identification, neurobiotin tracer was ionto-
phoretically injected using positive current pulses (2nA,
400 ms pulse duration, 1Hz) for 10-15min following each
experiment (48). After 30-60 min tracer diffusion, the gan-
glion was removed, prefixated in 4% paraformaldehyde [in
PBS, 5% Triton X-100 (Merck, Darmstadt, Germany)] for
20 min and fixated in 4% paraformaldehyde in PBS for 2-
16 h at 4°C. Ganglia were washed three times in PBS, 10 min
each, incubated in Cy3- or Cy5-conjugated streptavidin
[Jackson ImmunoResearch Laboratories, Baltimore Pike, PA,
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1:500 in PBS, 0.5% Triton X-100, 2% normal goat serum
(Vector Laboratories)] on a shaker at 4°C overnight, washed
three times in PBS for 10 min, and dehydrated in an ascend-
ing ethanol series (50%/70%/90%/100%/100%, 10 min each)
before mounting in methyl salicylate (Sigma-Aldrich).
Samples were imaged using a fluorescent microscope (Axio
Imager.Z2 with ApoTome, Carl Zeiss Microscopy, Jena,
Germany) and processed with ImageJ (1.51w, NIH).
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Data Analysis

MN action potential frequencies were calculated over the
entire ramp-and-hold stimulus of five consecutive stimuli.
Peristimulus time histograms were generated from means of
five consecutive stimuli from the same experiment (bin size
50 ms). Boxplots show median, 25th, and 75th percentiles,
values that exceed the distance of 1.5 times the interquartile
length from the box edges were defined as mathematical out-
liers. MN action potentials in Fig. 5C were cut using a cus-
tom-written Spike2 script (peak detect amplitude 10mV,
9 ms windows cut around each peak). Each stimulation was
repeated at least five times per recording. Intracellular traces
show five response sweeps of consecutive stimuli with DC
offset subtracted to show response consistency if not indi-
cated otherwise. Extracellular traces show single sweeps.
Figures were created with MATLAB (R2018b, MathWorks),
Spike2, and Adobe Illustrator CS6 (v16, Adobe Systems). Only
those experiments and data were taken into consideration
which were collected when the animal was in the inactive,
that is, resting behavioral state, generating MN responses to
sensory stimulation as shown in Figs. 1 and 2.

RESULTS

Individual and Combined Effects of Load and Movement
on ExtTi MNs

To identify mechanisms of integration and processing of
load and movement sensory feedback in the local premotor
network of ExtTi MNs, we first examined the motor output
that the system produces when presented with these sensory
signals. We therefore investigated the individual and com-
bined effects of movement and load feedback signals from
the fCO and tiCS, respectively, on ExtTi MNs in the resting
animal (Fig. 1).

Elongation of the fCO, mimicking flexion of the FTi-joint,
induces the well-studied excitatory phasic-tonic response in
ExtTi MNs, a resistance reflex that opposes the imposed
movement (Fig. 1, Ai and Bi). Stimulation of tiCS elicited
changes in spike frequency that were dependent on the
direction of stimulation, that is, the activated subgroup of
tiCS (Fig. 1, Aii and Bii). Dorsally directed forces pushing on
the tibia activate tiCS group 6B afferents and increased ExtTi
MN frequency (Fig. 1Aii; 33), whereas the opposite stimulus
direction, that is, ventrally directed stimuli that activate tiCS

Figure 1. Load (tiCS) signals alter the strength of the resistance reflex
against movement (fCO) signals; effect shown on the level of the activity
of ExtTi MNs monitored by extracellular recordings of their activity.
Stimulation of tiCS into dorsal (4) and ventral (B) direction causes oppos-
ing, that is, excitatory or inhibitory, changes in ExtTi MN frequency. ExtTi
responses to fCO (j), tiCS (ii), and simultaneous fCO and tiCS (jii)) ramp-and-
hold stimuli; top traces: extracellular nerve recording, bottom two traces:
stimulation. Peristimulus time histograms of ExtTi MN frequency to individ-
ual and combined stimuli (iv). Exemplary data from two different animals (A
and B). Initial FTi joint angle in these and all following experiments was set
to 90°-110°. C: individual data and boxplots of absolute ExtTi MN spike
frequencies () and ratio between frequency of combined stimuli and
exclusive fCO stimulation (i), differentiated between dorsal (d) and ventral
(v) load stimulus directions. +, Mathematical outlier. ExtTi, extensor tibiae;
fCO, femoral chordotonal organ; FETIi, fast extensor tibiae; FTi, femur-tibia;
MN, motor neuron; SETi, slow extensor tibiae; tiCS, tibial campaniform
sensilla.
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group 6A afferents, reduced ExtTi MN frequency (Fig. 1Bii;
33). We next tested for combining both stimulus modalities
by concurrent stimulation of the fCO and tiCS (Fig. 1, Aiii
and Biii). Comparison of the raw data traces and peristimu-
lus time histograms (Fig. 1, Aiv and Biv) revealed clear effects
of load signals on the strength, that is, spike frequency, of
the phasic component of movement-elicited resistance
reflexes that were in accordance with the effects of exclusive
load stimuli. Figure 1Ci summarizes the range of ExtTi MN
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frequencies measured during fCO, tiCS, and combined stim-
uli, with a distinction between dorsally and ventrally
directed load stimuli. Note that movement signals elicited
higher frequencies than load (Fig. 1Ci, first panel).

Frequencies during exclusive load stimulation clustered
into two groups caused by the differential, that is, excitatory
or inhibitory, effects of tiCS groups 6B and A, respectively
(Fig. 1Ci, second and third panel). Effects of combined stim-
uli were not clustered when comparing absolute frequencies,
as the decrease or increase caused by tiCS depended on the
initial strength of the fCO-based resistance reflex in each ani-
mal (Fig. 1Ci, fourth and fifth panel). Comparing the relative
change between frequencies of fCO-elicited responses with
and without concurrent tiCS stimulation into the two differ-
ent directions, however, demonstrates the relative increase
with dorsally directed and decrease with ventrally directed
load. In the following, we will first focus on individual effects
of either load or movement signals, before returning to the
question of their summation at the neuronal level.

Load and forces acting on different parts of the insect leg
may be distributed to spatially more distant groups of CS by
means of cuticular distortion (38, 39). We therefore also
tested for influences of the more proximal tr/fCS groups 1-5
by applying anteriorly and posteriorly directed load to the
trochanterofemur in a separate set of experiments (Fig. 2A).
Anterior loading did not affect ExtTi MN frequency, whereas
a weak phasic activation of ExtTi MNs could be seen in some
of the recordings in response to posteriorly directed stimuli.
This is in accordance with previous studies that found little
to no effect of tr/fCS on ExtTi MNs (31, 35). In contrast, poste-
riorly directed tr/fCS stimulation consistently elicited phasic
increases in RetCx MN frequency (Fig. 2B; 15, 49), whereas
these MNs showed no consistent responses to stimulation of
tiCS or the fCO (Fig. 2, C and D). In the following, we will
include tr/fCS stimuli to provide a reference point outside
the FTi control loop and to extend the analysis of load feed-
back integration from forces acting parallel to the leg refer-
ence frame to those orthogonal to it (39).

As extracellular recordings do not detect subthreshold
synaptic inputs to MNs, we used intracellular recordings to
verify whether MNs that were not activated above spiking
threshold showed qualitatively the same responses as those
caught on the extracellular recordings. Recordings from the
slow and fast extensor tibiae (SETi, n = 3; FETi, n = 3) MNs
revealed qualitatively similar influences of both types of pro-
prioceptive feedback signals on the two MNs providing exci-
tatory drive to the ExtTi muscle (Fig. 2, E-G). Note the

Figure 2. Extracellular (A-D) and intracellular (E-H) ExtTi and RetCx MN
responses to movement (fCO) and load (tiCS/tr/fCS) stimuli in different
directions (i and ii). ExtTi MNs responded to posteriorly directed tr/fCS
stimulation (A), for responses to tiCS and fCO stimuli see Fig. 1; RetCx MNs
responded to posteriorly directed tr/fCS stimuli (B), but showed no
changes in frequency during tiCS (C), and fCO stimulation (D). SETi and
FETi responses to fCO (E) and tiCS (F and G) stimulation were qualitatively
similar. Responses of a RetCx MN that remained subthreshold during tr/
fCS stimulation (H). Top traces: extra- or intracellular MN recordings, bot-
tom traces: stimulation. Responses in Ei/Fii, EiilGii, Hi/Hii, respectively,
were recorded in the same experiment. ExtTi, extensor tibiae; fCO, femo-
ral chordotonal organ; FETI, fast extensor tibiae; FTi, femur-tibia; MN,
motor neuron; RetCx, retractor coxae; SETI, slow extensor tibiae; tiCS, tib-
ial campaniform sensilla; tr/fCS, trochanterofemoral campaniform sensilla.
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complex response, consisting of a sequence of depolariza-
tion, hyperpolarization, depolarization, of the ExtTi MNs to
dorsally directed tiCS stimulation (Fig. 2, Gi and Fi). Though
this pattern was not observed in all recordings (cf. Fig. 5C), it
could indicate an intricate connectivity pattern of faster ex-
citation, followed by delayed inhibition, and another lasting
excitatory input to the ExtTi MNs that remain to be
investigated.

The extracellular response in RetCx MNs to posteriorly
directed tr/fCS stimulation typically consisted of only a sub-
set of all ~17 individual MNs innervating the RetCx muscle
(Fig. 2Bii; 50). Intracellular recordings revealed qualitatively
similar responses in those RetCx MNs whose responses
remained subthreshold (Fig. 2H, n = 6). All intracellular
responses depicted here were recorded at resting membrane
potential and demonstrated a strong directional specificity
in MNs for dorsal tiCS (SETi, FETi) or posterior tr/fCS
(RetCx) stimuli. This specificity resembled the directionality
dependency shown by CS (11) and has been observed in other
studies (15, 40). We therefore investigated whether the same
response specificity would also emerge at the level of the pre-
motor local NSIs.

Movement and Load Signals Are Processed and
Integrated in a Common Distributed Network of Local
Premotor NSIs

Sensorimotor pathways contributing to reflex action of
the FTi joint in the stick insect and in other insects not only
consist of monosynaptic connections from sensory afferents
to MNs, but also of polysynaptic pathways by means of dis-
tributed processing (2, 13, 18, 22). To assess the contribution
of premotor interneurons to the reported responses in the
MNs, we studied the processing of both types of propriocep-
tive feedback in the population of local premotor NSIs of the
FTi control loop. Two plausible alternative architectures
might be implemented in the local premotor network: load
and movement signals could either be processed in parallel
by modality-specific pathways or they might share common
sensorimotor pathways. The former would necessitate the
integration of both modalities at a later stage in the net-
work, for example, at the level of the MN membrane. The
latter hypothesis raises the question to which extent these
pathways overlap and how signals from different modal-
ities interact with each other at different points in the pre-
motor network.

We searched for premotor NSIs providing synaptic drive
to ExtTi MNs and tested all of them for synaptic inputs from
tiCS afferents and fCO afferents by mechanical stimulation
according to the stimulus regimes described above (Fig. 3).
Due to the fact that using sharp electrodes to record inter-
neurons in the neuropil of the mesothoracic ganglion does
not allow for visual targeting of neurons, we took care not to
restrict our search to specific neuropil regions. Unexpected
and important to note is the fact that we did not record a sin-
gle interneuron, out of a sample of altogether 131 recorded
neurons, which was affected by only one of the two sensory
modalities. Of those 131 recorded NSIs, 85 were identified
and recorded in sufficient numbers to be included in this
study (Supplemental Table S1; all Supplemental Material is
available at https://doi.org/10.6084/m9.figshare.14130020).

J Neurophysiol - doi:10.1152/jn.00090.2021 - www.jn.o

The effects of sensory signals from fCO and tiCS were
recorded and analyzed in detail in five NSI types providing
excitatory drive onto SETi (E1, E2, E3, E4, E9; Fig. 3) and in
four NSI types providing inhibitory synaptic drive to SETi
(11, 13, 14, I5; Fig. 3). NSIs E9, 13, and I5 have not been
described before and will be further characterized in Fig. 4.
Numbers of recorded NSIs are indicated in Supplemental
Table S1.

Response amplitudes to sensory stimulation ranged from
1mV to 15mV between and even within the same NSI type,
for example, NSI I5 was strongly depolarized by synaptic
inputs arising from dorsal load stimuli activating tiCS, but
only weakly from ventrally directed load to tiCS (Fig. 3, IS, ii
and iii). Effects of fCO and tiCS signals to the NSIs were qual-
itatively consistent in a given NSI type for all stimulus qual-
ities tested, that is, sign of the change in membrane
potential and presence of phasic and tonic components. NSI
E4 was an exception; a minority of recordings showed quali-
tatively different responses to some stimuli (Supplemental
Table S1). Note that response amplitudes, especially of tonic
components, could vary to some degree in all types of NSIs.

NSIs received synaptic input from the fCO and tiCS, and,
in turn, provided synaptic drive to ExtTi MNs. Interestingly,
when comparing the synaptic sensory input to a given NSI
with the effects of the same sensory stimulation on ExtTi
MNs themselves, only a single type of NSI, that is, E3, was
supporting ExtTi MN responses during fCO and tiCS activa-
tion. NSI E3 was phasically depolarized by dorsal loading of
tiCS (Fig. 3, E3 ii) and hyperpolarized by ventral loading (Fig.
3, E3 iii), thereby supporting the influence of tiCS signals on
ExtTi MN activity (ExtTi MN, Fig. 3, E3 ii and iii). E3 was
phasic-tonically depolarized by a mimicked flexion (fCO
elongation) of the FTi joint, and hyperpolarized by a mim-
icked extension (fCO relaxation, Fig. 3, E3 i). The synaptic
inputs to E3 during fCO stimulation thus supported reflex
activation and inactivation of ExtTi MNs upon flexion and
extension signals from the fCO in the resting animal (13).
The situation differed drastically in the other types of NSIs
(Fig. 3). Comparing the synaptic drive from dorsal and ven-
tral loading of the tibia, resulting in activation of tiCS groups
6B and A, with the NSI's specific influence on ExtTi MN ac-
tivity revealed that for most NSIs, synaptic drive from tiCS
did not match their influence on these MNs. For example,
NSIs E1, E4, and E9 were tonically depolarized by ventral
loading of the tibia, thereby opposing the decreased activity
of ExtTi MNs induced by the same sensory stimulus (Fig. 3,
El, E4, and E9 iii). The same held for NSIs I1 and 14 for the
case of ventral loading (I1, 14 iii) and for NSI I5 for dorsal
loading of the tibia (Fig. 3, I5 ii) when compared with the
responses of the ExtTi MNs. In summary, load and move-
ment feedback were found to be distributed to and inte-
grated by the same set of local premotor NSIs whose
responses to sensory signals were diverse but consistent.

This finding was clearly confirmed by comparing the
influence of load activation of tr/fCS on premotor NSIs with
the effects of the same stimuli on ExtTi MNs (Fig. 3, iv and
v). Although ExtTi MN responses to tr/fCS stimulation were
weak or nonexistent (Fig. 2A), all NSIs of the FTi control loop
received synaptic inputs upon stimulation of tr/fCS. These
responses, similar to those reported for tiCS stimulation,
were not necessarily in accordance with the respective NSI's
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Figure 3. Distributed parallel processing of multimodal proprioceptive synaptic inputs in identified local premotor NSis. Intracellular responses to
movement [fCO (/)] and different directions of load [tiCS (ii and iii)/tr/fCS (iv and v)] stimulation in NSls with excitatory (E1, E2, E3, E4, E9) or inhibitory
(11,13, 14, 15) effects on SETi, superimposed traces of five consecutive stimuli each. Onset of each rising and falling ramp indicated by dashed lines.
Bottom trace: stimulation; bottom right panel: extracellular ExtTi responses as reference. ExtTi, extensor tibiae; fCO, femoral chordotonal organ;
NSI, nonspiking interneuron; RetCx, retractor coxae; SETi, slow extensor tibiae; tiCS, tibial campaniform sensilla; tr/fCS, trochanterofemoral campa-

niform sensilla.

effects on and the (weak) responses of the ExtTi MNs.
Responses in NSIs and MNs shown in Figs. 2 and 3 to ante-
riorly and posteriorly directed forces on the trochanterofe-
mur were qualitatively and quantitatively similar to the
responses to dorsal and ventral stimuli. Therefore, the lat-
ter are not included in this study.

We identified three new types of premotor NSIs, which
were named NSIs E9, 13, and I5 (Fig. 4), all of which received
synaptic inputs upon load and movement stimulation. NSI E9
had a contralateral, posterior soma and was driving SETi ac-
tivity (Fig. 4A). The somata of NSIs I3 and I5 were located in
the anterior and posterior part of the ipsilateral hemiganglion,
respectively, and inhibited SETi activity (Fig. 4, B and C). In
addition, NSI I3 was increasing the spike frequency of the
common inhibitor 1 (CI,), decreasing RetCx MN frequency,
and regularly elicited rebound activation of SETi upon termi-
nation of depolarizing current injection. In two recordings,
NSI 13 was found to increase FETi frequency and in one
experiment, NSI I5 decreased CI; firing. All inputs from NSIs
onto MNs were transmitted by means of subthreshold, graded
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potentials, and no action potentials were observed in any
recording.

The overall effects of each NSI on FTi motor activity can
be qualified as supporting or opposing. Table 1 categorizes
the role of each NSI based on the data shown in Fig. 3 and
from further recordings (cf. Supplemental Table S1).
Synaptic inputs to the different identified premotor NSIs
could either be in accordance with the observed change in
ExtTi MN activity induced by the same sensory stimulus,
that is, NSIs were supporting the stimulus-induced change
in motor activity, or they could differ from it, resulting in a
synaptic drive to ExtTi MNs opposing their response to that
stimulus. These classifications consider the sign of the indi-
vidual NSI’s drive to SETi. In Table 1, the NSIs’ overall
responses to a given sensory stimulation are classified as
supporting (+) or opposing (—) the stimulus-elicited ExtTi
MN activity. Every change in activity of ExtTi MNs induced
by movement or load feedback was supported or opposed by
at least one type of NSI. Conversely, all NSIs supported and
opposed at least one of the sensory induced changes in

J Neurophysiol - doi:10.1152/jn.00090.2021 - www.jn.o
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Figure 4. Three previously uncharted local premotor NSIs of the FTi
control loop. E9 (A), I3 (B), and I5 (C) were characterized by their mor-
phology (i), effects on monitored MN pools (ii), and by synaptic inputs
from tiCS, tr/fCS, and the fCO (Fig. 3). Top traces: extracellular MN
recordings; middle traces: intracellular NSI recordings; bottom traces:
current injection. Dashed vertical line (i): midline; dashed horizontal line
(ii): resting membrane potential. ExtTi, extensor tibiae; NSI, nonspiking
interneuron; RetCx, retractor coxae; SETi, slow extensor tibiae.

motor activity, with no apparent correlation to the type of
NSI or their response shapes.

The results presented in Fig. 3 and Table 1 delineate a set of
NSIs into which sensory feedback from distinct modalities
(load/movement) and from different sense organs of the same
modality (tiCS/tr/fCS) was distributed. Even though we did not
select for multimodality and including additional types of NSIs
that are not presented in this study due to lower recording num-
bers, all NSIs were found to process inputs from the fCO, tiCS,
and tr/fCS. These signals were all processed along antagonistic
pathways, with effects of load signals adding to our previous
knowledge on the complexity of movement signal processing.

Load Signals Affect Movement-Elicited Reflex
Responses at the Level of Single Neurons

Our initial experiments had shown that the presence of
load could affect the strength of movement-based reflex

J Neurophysiol « doi:10.1152/jn.00090.2021 - www.jn.o

responses in ExtTi MNs (Fig. 1). Analysis of premotor local
identified NSIs revealed that the different proprioceptive
modalities are processed by and distributed into a single set
of NSIs (Fig. 3). None of our results indicated the presence of
NSIs dedicated to the processing of one modality alone.
Thus, the combined effects of load and movement feedback
on the extracellularly recorded motor output are likely to
arise within the premotor network, including NSIs, not by
solely combining load and movement effects at the MN
membrane. We tested this hypothesis with intracellular
recordings of NSIs and FETi while stimulating tiCS or tr/fCS
and the fCO individually and simultaneously (Fig. 5).
Exemplary data for NSIs I1, E9, and E4 are shown and equiv-
alent effects were found in all NSIs tested.

Signals from tiCS, which are part of the FTi joint control
loop that includes the fCO and the NSIs analyzed in this
study, and from tr/fCS, which measure forces proximal to a
different joint, were able to alter fCO-elicited responses in
NSIs (Fig. 5, A and B). Note that these effects were not spe-
cific for an individual group of CS and a given type of NSI.
NSI I1’s movement response was affected by tiCS and tr/fCS
alike (Fig. 5, Ai and Bi, see also inset). CS signals could
enhance ongoing changes in NSI membrane potential, for
example, by increasing the fCO-elicited depolarization in
NSI E9 (Fig. 5Aii) or disrupt ongoing changes. The latter was
observed in NSI E4, where the tr/fCS-induced hyperpolariza-
tion interrupted a fCO-based depolarization (Fig. 5Bii).
These effects could occur in both excitatory and inhibitory
NSIs, that is, in NSIs with opposing effects on ExtTi activity
(e.g., Fig. 5, Bi and Bii). We also tested the effects of com-
bined stimuli while intracellularly monitoring FETi and
found similar effects (Fig. 5C). Taken together, these results
reveal a high degree of interaction of two distinct proprio-
ceptive modalities, load and movement, at the level of the
premotor network and within single neurons.

DISCUSSION

We investigated the processing of CS signals to identify
the pathways underlying the control of ExtTi MN activity in
the resting stick insect, C. morosus. In all experiments, we
combined the stimulation of load sensors with the stimula-
tion of the fCO. This allowed us to compare the recorded
neurons within the FTi premotor network with those which
have been previously identified and which process move-
ment related sensory feedback provided by the fCO [e.g.,
Sauer et al. (22)].

Multimodal sensory integration is a ubiquitous feature of
the nervous system and key to understanding how motor
networks coordinate muscle activity while allowing for finely
tuned interactions of the body with its surroundings (51-54).
The degree to which the networks processing individual pro-
prioceptive modalities overlap is an essential aspect to
understanding integrative processes in premotor networks
occurring during natural behaviors such as walking and pos-
ture control. In a previous study by Schmitz and Stein (15) on
the thorax-coxa joint control loop, the convergence of load
and movement feedback was explored at the level of the MN
membrane. The authors reported, similar to our results (Fig.
1), the strength of a movement related postural reflex to be
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Table 1. Antagonistic multimodal distributed processing in identified local premotor NSIs of the FTi control loop

Stimulus
fco tics tr/fCS
NSI Elongation Relaxation Dorsal Ventral Anterior Posterior
E1 + + - - - +
E2 + + + - +
E3 + + + + - +
E4 + — — — + +
E9 + + - - - +
I + + + - + +
13 — + - + + -
14 - + + - - -
15 + + - + + -
ExtTi Excitation Inhibition Excitation Inhibition No effect Excitation

Overall synaptic inputs during each sensory stimulation to NSIs as shown in Fig. 3 classified as supporting (+) or opposing (—) the re-
spective response in ExtTi MNs (bottom). + NSI supports ExtTi MN activity. — NSI opposes ExtTi MN activity. ExtTi, extensor tibiae;
fCO, femoral chordotonal organ; FETi, fast extensor tibiae; FTi, femur-tibia; MN, motor neuron; NSI, nonspiking interneuron; tiCS, tibial
campaniform sensilla; tr/fCS, trochanterofemoral campaniform sensilla.

affected by load signals. However, the individual underlying
pathways were not identified.

Focusing on the FTi joint control loop, we extended our
investigation to include tr/fCS and RetCx MNs. This exten-
sion provided a reference point for assessing effects within
the FTi control loop, and another degree of complexity of
sensory integration, as tr/fCS measure forces orthogonal to
the leg plane of tiCS and the FTi joint.

We then addressed integration of information in pre-
motor interneurons and showed that multimodal sensory
signals are distributed into a set of identified local premo-
tor NSIs whose outputs have antagonistic effects on the
same MNs (Fig. 3). We specifically focused on NSIs with
synaptic drive to the ExtTi MNs, as they are known to be
points of sensory and intersegmental signal integration
in the leg motor control system of insects [reviewed in
Burrows (2), Bassler and Biischges (18), Siegler (55)].
Previous studies in the locust have found synaptic drive
from CS to NSIs, however, without testing for effects of
movement feedback, for example, from the fCO, in the
same neurons (14, 17). We found that all recorded NSIs
process information from the fCO and CS located on the
tibia and the trochanterofemur, thus not only receiving
load and movement feedback from the target joint of
their MN effects (FTi), but also from more proximal ones.

This is emphasized by the fact that we identified three new
types of NSIs in the FTi control loop, that is, NSIs E9, I3, and
15 (Fig. 4). An NSI with a morphology similar to I3 had previ-
ously been reported from a single recording (56). Akay (56)
and Berg (57) previously reported two types of NSIs with mor-
phologic and physiological characteristics similar to each
other, named E9 and E10, respectively, which differ from the
unidentified excitatory NSI found in this study. To maintain a
systematic nomenclature and based on the number of publi-
cations, recordings, and the NSIs’ characteristics, we decided
to follow Berg’s nomenclature. Akay’s E9 was renamed to E10,
and the NSI characterized in this study was named E9.

Distributed Processing of Proprioceptive Signals in the
Premotor Network Controlling Tibial Movements

Distributed antagonistic processing is the divergence of a
given signal onto a set of neurons which in turn have
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opposing effects on a downstream effector. Such neuronal
pathways for example underly movement signal processing
in the stick insect (13, 22), mechanosensation in the lobster
stomatogastric ganglion (58), and have been hypothesized in
spinal circuits of cats and humans (59, 60). A network’s out-
put is changed by adjusting the balance between opposing
pathways, in extreme cases causing a reflex reversal (61).
This endows a limited set of neurons with flexibility that sep-
arate, hard-wired supporting and opposing pathways would
lack. In addition, the output of a distributed network is not
an either/or function, but can be graded depending on how
strong the balance between pathways is tipped toward either
side, an aspect that is reinforced even more in the case of
NSIs, which communicate solely via graded potentials.
Previous studies on antagonistic distributed processing
focused on feedback from single sensory structures alone.
The present work is based on a sample of 131 recorded NSIs,
all of which received synaptic inputs upon load and move-
ment stimulation and 85 of which are included in this study
based on their role in the FTi control loop, unequivocal identi-
fication, and sample size for each type of NSI. All of the
recorded NSIs received synaptic drive upon stimulation of CS
and the fCO and all of the included NSIs provided either exci-
tatory (e.g., E4) or inhibitory (e.g., I3) synaptic drive to ExtTi
MNs. Importantly, none of the recorded NSIs received synap-
tic input from only one or two of the three examined sense
organs, that is, fCO, tiCS, tr/fCS, leading us to the conclusion
that information about leg movement and loading is proc-
essed by a single, common premotor network (Fig. 6A). We
have shown in Table 1 the antagonism the individual ele-
ments of the premotor network show in supporting or oppos-
ing the individual motor responses to each respective sensory
input. Broadening this finding, and supposing that a motor
network’s main purpose is to impose and control movements,
are NSI responses to CS input still antagonistic when relating
them not to the motor output caused by the respective indi-
vidual sensory stimulus, but to the movement resistance
reflex itself? In other words, if a given NSI’s response to fCO
inputs and its effects on ExtTi MNs opposes the reflex activa-
tion of these MNs, does the additional input from CS to the
NSI, which is likely to occur simultaneously under natural
conditions, enhance or reduce the NSI's antagonistic effect?
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Figure 5. Load signals interrupt or enhance ongoing movement-elicited
changes in membrane potential in NSIs and MNs. Effects of combined
movement (fCO) and load (tiCS/tr/fCS) stimuli on the intracellular mem-
brane potential of individual NSls (A and B) and FETi (C). Top traces: in-
tracellular recording, mean of five consecutive stimuli; bottom traces:
stimulation. FETi action potentials in C were cut to avoid distortion of
the mean traces (see METHODS). fCO, femoral chordotonal organ; FETI,
fast extensor tibiae; MN, motor neuron; NSI, nonspiking interneuron;
tiCS, tibial campaniform sensilla; tr/fCS, trochanterofemoral campani-
form sensilla.

We show these considerations for four exemplary NSIs (Fig. 6,
B-E). NSI 11 is hyperpolarized upon elongation of the fCO
(Fig. 6Bi), and, as I1 has an inhibitory effect on ExtTi MNs
(Fig. 6Bii) that is thus reduced, this results in an overall sup-
porting influence on the ongoing MN reflex activation (Fig.
6Biii). Supposing a ventral tiCS and posterior tr/fCS activation
similar to the stimuli used in our study, these sensory signals
would result in an additional hyperpolarization of Il (Fig.
6Bi), thus enhancing the overall supporting effect on MN acti-
vation (Fig. 6Biii, shaded green bars). Conversely, CS activa-
tion would enhance 13’s opposing effects (Fig. 60C),
whereas I5’s supporting influence would be decreased by
load (Fig. 6D), and E4 even receives contradictory CS
inputs (Fig. 6E). These examples emphasize the complex-
ity of the antagonistic, distributed processing in the local
premotor network, and show the need for further studies
investigating which sense organs are activated simulta-
neously under natural conditions.

We broaden the existing knowledge on distributed proc-
essing of fCO-based movement signaling in the local locomo-
tor network of the stick insect (20, 22, 27, 62, 63) by adding

J Neurophysiol - doi:10.1152/jn.00090.2021 - www.jn.o

load signals from multiple load sensors, effectively increas-
ing the dimensionality of antagonistic distributed processing
in a local network to a multimodal perspective.

Load signals did not help to sort the antagonistic move-
ment-signaling pathways within the NSI network, for exam-
ple, by inhibiting NSIs supporting the resistance reflex and
thus shifting the balance toward an assisting response.
Instead, load feedback from different groups of CS on the leg
is itself processed along antagonistic, distributed pathways.
The question, therefore, remains as to how a distributed,
antagonistic network can generate strong and stereotyped
motor reflexes. Previous modeling studies have shown,
though only for the generation of postural reflexes linked to
a single sensory modality, that neural circuits with distrib-
uted information processing, for example, in the stick insect
(22) or the leech (64, 65), can fulfill this function without any
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Figure 6. Network schematic of multimodal distributed, antagonistic proc-
essing. Antagonistic effects of load inputs on the supporting/opposing drive
of NSls to ExtTi MNs during the movement resistance reflex. A: local premo-
tor NSls integrate proprioceptive signals of different modalities (load/move-
ment) and from different sense organs of the same modality (tiCS/tr/fCS).
Signals from within the FTi control loop (fCO/tiCS) and from an adjacent joint
(tr/fCS) are combined and support (+, green) or oppose (—, red) the motor
output of ExtTi MNs. B—E: exemplary combinations of sensory stimuli and
NSI types. i: sign of sensory synaptic drive to the NSI. ji: sign of the NSI's
synaptic drive to ExtTi MNs. jii: supporting (+) or opposing (—) contribution
of the NSI to the ExtTi MN movement resistance reflex in response to fCO
stimulation is weakened (shaded red bar) or strengthened (shaded green
bar) by load. ExtTi, extensor tibiae; fCO, femoral chordotonal organ; FTi, fe-
mur-tibia; MN, motor neuron; NSI, nonspiking interneuron; tiCS, tibial cam-
paniform sensilla; tr/fCS, trochanterofemoral campaniform sensilla.
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mechanism of emphasizing the gain of supporting pathways
versus opposing ones. This gives rise to the current conclu-
sion that it is the summation of synaptic input signals at the
MN membrane that generates the observed motor output.
Resolving this level of processing to a more detailed extent
will be important for our understanding of distributed antag-
onistic networks and will have to be addressed in future
studies.

Multimodal Processing in Premotor Networks

The integration of sensory signals from load and move-
ment sensors in the leg is a task that is common to motor
control of both vertebrates and invertebrates. It is achieved
at multiple stages of the network, that is, in the sensory affer-
ents themselves [66 (vertebrates), 67 (stick insect)], and at
later stages in the local networks of the spinal cord (68) or
the ventral nerve cord (present study, 69). In insects, the
individual processing pathways of sensory signals in leg
motor control have been and are subject to extensive studies,
especially in the premotor network of locusts, stick insects,
and, increasingly, the fruit fly (12-14, 17, 70). The network to-
pology underlying integrative processing of load and move-
ment signals, however, has received little attention.

According to our results NSIs constitute a major interface
for the integration of proprioceptive signals from different
sense organs on the leg. This seems to be a consistent feature
of the network because every NSI was found to receive sig-
nals from all examined types of sense organs (fCO, tiCS, tr/
fCS). Similarly, in the cat spinal cord, specific interneurons
were found to integrate load and movement feedback from
the limb, but vertebrate experimental restrictions prevented
an in-depth identification of the underlying network (68, 71).

Several mechanisms for encoding multisensory informa-
tion in a distributed network have been suggested, including
a rate or combinatorial code (72). Rate coding is not applicable
in this case, for the obvious reason of the examined integra-
tive neurons being nonspiking. Combinatorial codes, trans-
mitting categorical information about the presence or
absence of individual sensory inputs, are mediated, in the
strict sense, by distinct combinations of neurons being acti-
vated by individual or concurrent sensory stimuli. There is no
indication for such a selective targeting of NSIs in the insect
premotor network, as all NSIs were found to be influenced by
all types of stimuli. Stein et al. (28), however, elicited reflex re-
versal in a model of the premotor network of the FTi joint by
applying a combinatorial code that only shifts the weighting
of or the synaptic inputs to concurrently activated pathways.
Adjusting the strength of individual pathways to enable flexi-
ble system output has been suggested to be implemented in
the biological FTi control loop (18, 27) and may explain how
the diverse synaptic inputs found in this study are shaped
into different motor outputs.

The diverse shapes of these graded responses may hint at
a more complex computational mechanism in the process-
ing of signals than could be accomplished by a similar num-
ber of spiking neurons and indicate that the network of NSIs
provides the nervous system with an integrated representa-
tion of the leg’s sensory and motor context, including self-
generated movements and the resulting sensory feedback,
perturbations, and ground contact.

1810

Functional Implications for Sensorimotor Processing

Multimodal integration at the level of single neurons and
pathways has been found in interneurons that are part of the
vertebrate spinal cord motor networks [reviewed in
Jankowska (73)]. Kistemaker et al. (29) highlight the advan-
tages of combining movement and load feedback from mus-
cle spindles and Golgi tendon organs for precise motor
control. These aspects of motor control are comparable to
the tasks faced by insect motor networks during walking and
posture control, for which load and movement feedback are
considered essential, and in which NSIs have been implied
to play a major role (24, 74-77). The sensory signals evoked
in this study include multimodal feedback (movement/
load), and unimodal feedback from tiCS and tr/fCS. Thus,
NSIs affecting movements within the leg plane (FTi joint)
integrate sensory information not only within (tiCS), but also
orthogonal (tr/fCS) to the leg plane (34, 39). Although little is
known about the neural mechanisms underlying the con-
certed action of the different sense organs on the leg during
stepping or when controlling posture, it has to be assumed
that simultaneous activation of multiple sense organs or
modalities is a common occurrence. It may even be hypothe-
sized that under natural conditions, load always concurs
with movement feedback and both are to be made sense of
by the nervous system only in the context of each other (Zill,
personal communication). This view is supported by our
finding of a completely distributed multimodal network that
integrates both types of proprioceptive feedback into one
common framework. The relevance of distributed networks
for sensory integration and in the generation of reflex
responses is emphasized by the absence of monosynaptic
connections from tiCS onto SETi in the hindleg of the locust
(17), and the middle leg of the stick insect (Gebehart et al.,
unpublished observations).

From our results we conclude that the distributed,
antagonistic premotor network of the FTi control loop
integrates proprioceptive signals from movement and
multiple load sensors. The importance of multimodal inte-
gration is evident from the absence of any NSI recording
during an unbiased search that would only show responses
to one type of sensory stimulus. Questions which future
studies will have to address include first the identification
of putative lateral synaptic connections between NSIs. The
existence of such connections has been shown, although
the degree of this interconnectivity, and the identity of the
individual interconnected NSIs, remains open (2, 12).
Second, harking back to Stein et al. (28) and the weighting
of distributed pathways, how do connections from individ-
ual NSIs to MNs differ in their synaptic strength, and is
their strength altered depending on the behavioral con-
text? Last, is the multimodal distributed processing of sen-
sory inputs we find in the resting animal comparable to
the situation in the active animal, or is it even a prerequi-
site for the distributed outputs reported by previous stud-
ies [e.g., Kittmann et al. (78), Wolf and Biischges (79)]? In
the animal generating active leg movements, reflex rever-
sal occurs to movement signals such that ongoing move-
ments are assisted [review in Bassler and Buschges (18)],
the same mechanism has been reported for load feedback
(39, 80). Akay et al. (35) showed that the effects of CS
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stimulation to forces applied in a posterior direction to the
trochanterofemur differed dramatically in animals that
were active: responses in the tibial flexor muscle changed
from small (minor) discharges in inactive animals to
intense bursting in active animals. Furthermore, in its an-
tagonist, discharges in both the SETi and FETi MNs were
strongly inhibited following CS stimulation when animals
were active (ibid. Fig. 3A) while the same stimuli elicited
excitation spikes nondirectionally when animals were
inactive (ibid. Fig. 3B). Similar plasticity in responses of
active animals were observed to forces applied to the tro-
chanter in the direction of flexion using ramp-and-hold
functions (39) and “naturalistic” stimuli of joint torques
(81). Most importantly in the context of multimodal sen-
sory integration, load signals have been shown to shift the
tuning of the network from a resisted movement to an as-
sistance reflex (36). The specific mechanisms underlying
these changes, either by facilitation of select pathways or
changes in synaptic weighting, have not been investigated
in detail so far. However, neuromodulation, for example,
via octopaminergic descending neurons, is likely to medi-
ate such task-specific modifications in sensorimotor proc-
essing (82). One such example is the state-dependent
reversal of the resistance reflex, the neural basis for which
can be traced back to individual premotor NSIs whose syn-
aptic inputs from sense organs have been shown to change
(61). Future studies will have to investigate, whether the
relative weighting of the synaptic inputs from movement
and force sensors depends on the behavioral state, for
example, is different at rest compared to an active animal
and whether load potentially functions as a mechanism
for tuning individual pathways. These questions may give
insight into how a multimodal, distributed network can
produce precise changes in output when they are behav-
iorally relevant.
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3 Timing of Multimodal Proprioceptive Feedback

3.1 Temporal Differences of Load & Movement Signal Integration

in the Sensorimotor Network of the Insect Leg
Gebehart, C., Blschges, A.

In Chapter 3, the timing of proprioceptive signals and of the resulting responses in interneurons, MNs,
and muscle fibers is determined and compared between the two sensory modalities load and move-
ment. Signal transmission times and latencies establish distinct short- and long-latency responses in
neurons postsynaptic to sensory afferents. The data is used to infer anatomical and functional network
connectivity and to determine a timeline of multimodal proprioceptive integration in the sensorimotor

network of an insect leg.

Sensory afferents, NSls, and MNs were stained for morphological characterization. Exemplary stainings

of recorded neurons are shown in Figure 2.4 and Supplementary Figure 2.1.
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3.3 Abstract

Animals navigating through complex environments are faced with a torrent of sensory inputs, including
proprioceptive feedback about their body’s movement and perceived forces and load. The nervous
system is faced with the task of integrating these sensory inputs, and signal integration does not only
depend on spatially, but also on temporally coinciding signals. It is unclear how sensorimotor networks
time the arrival of signals from multimodal, spatially distant sense organs, and whether the processing
of sensory signals from different sense organs has distinct time courses. We measured signal transmis-
sion times and response latencies along the sensorimotor pathways controlling movements of the stick
insect leg using intra- and extracellular recordings. Sensory signals from load-sensing CS (tiCS, tr/fCS)
had longer transmission times to the premotor network than movement signals from the fCO. We
identified the connectivity pattern of sensory signals from tiCS, tr/fCS, and the fCO to identified local
premotor NSIs and MNs by distinguishing between short- and long-latency responses to sensory stim-
uli. Functional connectivity of NSIs, i.e. whether they were 1% or higher order neurons in the sensory
processing cascade, depended on the specifics of the sensory input. The timeline of sensorimotor pro-
cessing of simultaneously elicited tiCS and fCO signals showed an early phase of movement signal pro-
cessing, and a delayed phase of load integration. The temporal shift between load and movement pro-
cessing persisted into the motor output of the network. Initial responses of MNs and muscle force
were solely based on movement feedback, and load effects manifested with a temporal delay. The
results show a consistent temporal shift in the processing of two distinct sensory modalities, load and
movement, that persists throughout the sensorimotor network and is able to affect motor output. The
impact of sensory signal timing on sensory processing and signal integration establishes its relevance

for motor control, and for understanding sensory network computation and function.
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3.4 Introduction

Motor control, as well as most, if not all, other neural processing, critically depends on the integration
of inputs from multiple sources, including distant neuronal networks, or distinct sense organs. Neu-
ronal signal integration in this sense will be defined by spatial and temporal summation, meaning
where, in which neurons, are signals integrated, and when are signals combined in these networks.
Taken together, spatial and temporal summation shape the amplitude and time course of signals, and
thus, a network’s processing and output. In recent years, time and effort of motor control research in
various model organisms and different regions of the nervous system have been invested to identify
and examine neuronal points of convergence, e.g. in reticulospinal pathways in monkeys (Fisher et al.,
2021), interlimb coordination in crayfish (Smarandache-Wellmann et al., 2014), the feeding connec-
tome of Drosophila melanogaster (Miroschnikow et al., 2018), or sensory convergence in motor and
interneurons of the stick insect walking system (Schmitz and Stein, 2000; Gebehart et al., 2021
(Chapter 2)). With the increasing availability of connectomes and EM datasets, our knowledge on
where neuronal signals converge is likely to expand rapidly (e.g. Scheffer et al., 2020; Phelps et al.,
2021). Increasingly detailed information on morphological connectivity necessitates in-depth studies
about the functional relevance of individual, specific connections, including temporal aspects of signal
integration. We therefore decided to make use of the size of the stick insect, Carausius morosus, which
results in signal transmission times and velocities on time scales that are measurable and easily within
the temporal resolution of electrophysiological techniques. Combined with the vast background of
knowledge on locomotor networks in large insects (for reviews, see Burrows, 1996; Bassler and
Blschges, 1998; Biischges et al., 2008), this allowed us to compare temporal aspects of premotor pro-

cessing between multiple proprioceptive sense organs.

Proprioception, an organism’s sense of self-motion and body position, is essential for skilled move-
ments and fine-tuning of ongoing muscle activity, as well as for postural control and stabilization
(reviews in Béassler, 1993; Burrows, 1996; Deliagina et al., 2012; Grillner and El Manira, 2020). The
sense of proprioception arises from the concerted action of different types of sensory structures, es-
pecially load and movements sensors, which are providing distinct information to the nervous system.
The diverse sensory signals converge in local networks to establish the comprehensive representation
of sensory context that is used to shape and adapt motor output to self-generated feedback and ex-
ternal perturbations (Kistemaker et al., 2013). Although based on anatomically different sense organs,
proprioception shares many common principles between vertebrates and invertebrates (Tuthill and
Azim, 2018). Movement sensors, i.e. muscle spindles in vertebrates and chordotonal organs in insects,
monitoring joint position and velocity, and load or strain sensors, i.e. Golgi tendon organs and CS, re-

spectively, send signals from the limbs to local premotor networks in the spinal cord or ventral nerve
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cord (Zill and Moran, 1981a; Field and Matheson, 1998; Duysens et al., 2000; Zill et al., 2004; Biischges
and Gruhn, 2007; Windhorst, 2007; Tuthill and Wilson, 2016a). The information is subsequently pro-
cessed to adjust the motor output, e.g. by initializing a resistance reflex to maintain leg posture or by
updating the control of an ongoing active movement. In both cases, i.e. sudden external perturbation
and ongoing movement, the sensory input is changing on very short time scales. External perturbations
cause the sensory signaling to the network to jump from no velocity, fixed position, and constant load
to an abrupt increase in sensory activity caused by the transient increase in the rate of change of the
sensory input (Hofmann and Bassler, 1982; Blschges, 1994). During active movements, for example,
the stance phase of walking, the sensory flow to local networks is constant, but not consistent, i.e. it
varies in strength and information content as joints move and forces change when the leg exerts forces

on the ground to propel the body forward (Dallmann et al., 2016).

Ininsects, the constant flow of sensory information can be transmitted to MNs directly via monosynap-
tic connections from sensory afferents to MNs, or indirectly via polysynaptic pathways that include
one or more intercalated spiking and nonspiking local interneurons (Burrows, 1996). Assuming longer
transmission times from more distally located sense organs (Hustert et al., 1981), an intuitive hypoth-
esis, which will be tested in this study, is that the sensory information that is most relevant in a given
physiological context will be transmitted along the shortest pathway. The shortest pathway in this case
being from the most proximal sense organ monosynaptically onto the MN or the processing network.
The parallel transmission across multiple synapses and processing within any number of interneurons
of the premotor network will necessarily require more time. In a previous study, load signals from the
distal tibial and the more proximal trochanterofemoral CS (tiCS, tr/fCS), and movement feedback from
the fCO was found to be distributed onto a single set of local premotor NSIs, which control movements
of the FTi leg joint (Siegler, 1981; Biischges, 1990; Blischges and Wolf, 1995; Sauer et al., 1996;
Gebehart et al., 2021 (Chapter 2)). Local NSls are individually identifiable in the stick insect and it is
therefore possible to pinpoint with a high degree of precision where load and movement signals are
summed in the premotor network of the insect leg. The question therefore arises when this infor-
mation actually converges and whether monosynaptic parallel pathways from sensory afferents to

MNs circumvent time-consuming network processing.

Temporal summation, as we are approaching it in this study, can be subdivided into two aspects: 1) The
number, and order, of neurons a signal passes through before being summed, and 2) the absolute
signal latency that is imposed by transmission distances in unmyelinated invertebrate neurons, but
which can also be affected by other aspects such as axon diameter (Hodgkin, 1954; Hartline and
Colman, 2007). The number of neurons, and thereby computations, that a signal has to traverse to

reach the converging neuron might alter its content. This means that the later in the chain of
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connectivity a signal is merged with another, the more possibilities there are in the upstream neurons
to preprocess, shape, and contextualize the information. The connectivity of networks that process
sensory inputs is a determining factor for their function. Clear examples of this are lateral inhibition
improving spatial discrimination in vision (review in Thoreson and Mangel, 2012), and the neuronal
delay line and coincidence detection in cricket song pattern recognition (Hedwig and Sarmiento-Ponce,
2017). In this study, we addressed the question of neuronal connectivity by using transmission times
and signal latencies to infer mono- and polysynaptic connections from sensory afferents onto NSIs and
MNs. We tested the connectivity within the well-studied control loop of the FTi joint, i.e. fCO, tiCS,
NSIs, and the ExtTi MNs, and use tr/fCS and the RetCx MNs of the more proximal thorax-coxa joint as
a reference (Bassler, 1993). Individual NSIs and MNs received load and movement signals via a web of
mono- and polysynaptic connections. We show how the signaling cascade through the NSI network
during concurrent sensory inputs changed depending on the sensory context, i.e. depending on the
sensory afferents transmitting information in a given situation. The concept of flexible functional net-
work connectivity was supported by reciprocal excitation between a pair of NSls identified by a paired

double intracellular recording.

The absolute timing of a signal, i.e. how long it takes for sensory signals from multiple sense organs at
different locations on the leg to reach and pass through the network, will predetermine its impact on
network activity and, thereby, on motor coordination, force production, and even action selection
(Sponberg and Daniel, 2012; von Reyn et al., 2014; Putney et al., 2019). We hypothesized that, should
signal transmission times differ between sensory modalities, this would be reflected in the time course

of the resistance reflex to simultaneously elicited bimodal stimuli.

In this study, we compare the absolute transmission times of load and movement feedback to and
within the local network and find a marked disparity in which movement signals consistently outpaced
load feedback. This pattern was already established during sensory transmission to the local networks,
holding true even for the more proximally located tr/fCS, and was reflected by delayed effects of load
on movement resistance reflexes in the ExtTi MNs and the resulting isometric muscle force. These
findings will be essential in our understanding of how proprioceptive signals, and their timing, shape

time- and phase-dependent behaviors like walking.
3.5 Materials & Methods

3.5.1 Animals
Adult female stick insects, Carausius morosus, were reared in a 12 h light / dark cycle at 23-27 °C and
50 % humidity in the parthenogenetic colony at the University of Cologne, and fed with blackberry

leaves. Experiments were performed at room temperature (20-24 °C) in inactive animals (distinction
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between behavioral states reviewed in Bassler, 1993). Animal dissection, electrophysiological record-
ings, and mechanical stimulation paradigms followed the procedures described in a previous study

(Gebehart et al., 2021 (Chapter 2)).

3.5.2 Dissection

The right mesothoracic leg was left intact, all other legs were removed. The two most proximal leg
joints were immobilized at right angles with light curing glue (3M ESPE Sinfony, Neuss, Germany) and
a minuten pin inserted into the ventral trochanter (Haberkorn et al., 2019). Animals were positioned

dorsal side up. To stimulate tiCS, the FTi joint was additionally set to 90-110 ° and glued to the platform.

The mesothoracic ganglion was exposed, all lateral mesothoracic nerves except nervus cruris (ncr), ni3,
and nl5 were cut or squeezed (nomenclature according to Marquardt, 1940), and the ganglion was
pinned with cactus spines on a wax-coated steel platform (cf. e.g. Blischges, 1990; Driesang and
Blschges, 1993). Pronase E crystals (VWR, Darmstadt, Germany) were applied directly to the ganglion
sheath for 45 s before rinsing with extracellular saline (178.54 mM NaCl, 17.61 mM KCl, 7.51 mM CaCl,,
25 mM MgCl;, 10 mM Hepes buffer, set to pH 7.2 with NaOH (Weidler and Diecke, 1969)).

3.5.3 Electrophysiological Recordings

Intracellular activity from neuropilar arborizations of NSls, sensory afferents, and MNs in the ipsilateral
hemiganglion was recorded with sharp microelectrodes (resistance 25-35 MQ, borosilicate glass capil-
laries 8GB100TF-8P, Science Products, Hofheim, Germany, micropipette puller P-1000, Sutter Instru-
ments, Novato, CA, USA) with chlorinated silver wire and intracellular saline (1 M KAc, 0.1 M KCl, 5 %
neurobiotin tracer (Vector Laboratories, Burlingame, CA, USA)). Interstitial potentials were compen-
sated (5 - 20 mV; Dorr et al., 1996), current injection was controlled digitally (MS501 stimulator, Elec-
tronics Workshop Animal Physiology, University of Cologne, Germany). For the paired double intracel-
lular recording of two NSIs, the equipment was mirrored to a second intracellular recording electrode
containing a different dye (3 % tetramethylrhodamine dextran, 3,000 MW, Invitrogen). Recording pro-
cedure was the same as in single electrode recordings. Both intracellular electrodes were inserted into

the ganglion before each electrode was lowered into an individual neuron.

Motor activity was recorded extracellularly with hook electrodes (Schmitz et al., 1988) from nlI3 or F2
(ExtTi MNs) and nlI5 (RetCx MNs), and sensory signals from ncr proximal (1 mm) or distal (7 — 10 mm)

to the ganglion.

Electric signals were amplified (intracellular: gain x20, high-cut filter 3 kHz, SEC-06 preamplifier, SEC-
10LX single electrode clamp amplifier, npi, Tamm, Germany; extracellular: gain x2000, low-cut filter

0.3 kHz, high-cut 2.5 kHz, notch filter 50 Hz, MA101 preamplifier & MA102 differential amplifier,
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Electronics Workshop, University of Cologne), digitized and stored (sampling rate 12.5 kHz (extracellu-

lar signals), 6.25 kHz (intracellular signals), ADC Micro1401 mkl, Spike2 v7.16, CED, Cambridge, UK).

3.5.4 Mechanical Sensory Stimulation

A metal probe pushed the trochanterofemur into a posterior or anterior, or the tibia into a dorsal or
ventral direction by 50 um with ramp-and-hold stimuli to activate tr/fCS or tiCS, respectively (see also
Zill et al., 2013; Haberkorn et al., 2019; Gebehart et al., 2021 (Chapter 2)). Ramp duration was 0.1 s
with a hold duration of 1 s if not indicated otherwise. The onset of the stimulus corresponds to loading,

returning to the initial baseline to unloading of the leg.

In experiments with tiCS stimulation, the dorsal femur was cut and the fCO receptor apodeme was
clamped and elongated / relaxed to imitate flexion / extension movements, respectively, using ramp-
and-hold stimuli. Ramp duration was 0.2 s, with a hold duration of 1 s. Ramp amplitude was 300 um,
corresponding to a 60 ° tibial flexion, rising stimuli indicate increasing mimicked flexion (Weiland and
Koch, 1987). fCO clamp, tr/fCS, and tiCS stimulators were controlled using Spike2 (CED) or a digital
stimulator (MS501) and driven by custom-build linear motors (lowpass filter 1 kHz, VCM Control-

ler/Power Amplifier, Electronics Workshop, University of Cologne).

In experiments with tr/fCS stimulation and for sensory recordings in Figure 3.1 A and B the tibia was
not immobilized. tiCS were ablated with a heated metal probe before tr/fCS stimulation, and the fCO
was stimulated by ramp-and-hold flexion of the tibia with a forked metal probe controlled by a rota-
tional stepper motor (Mach3 software, v7.13, CNC Steuerung Bocholt, Germany). This stimulation par-
adigm constrained the fCO stimulus parameters to an angle of 50 °, velocity of stimulus ramps was
300 °/s, approximating 0.2 s ramp duration; hold duration was 1 s. Minimum interval between CS
and / or fCO stimuli was 2.6 s. For fCO signal latency analysis other than Figure 3.1 A and B, only ex-

periments with fCO clamp, but not tibial movement, stimuli were analyzed.

3.5.5 Isometric Muscle Forces

To determine the timing of ExtTi muscle force in response to exclusive or combined fCO and tiCS stim-
ulation, isometric muscle force was measured. A window was cut into the most distal femur, the ExtTi
muscle tendon and the cuticle surrounding its attachment into the FTi joint were excised and placed
on a hook shaped from a minuten pin. The hook was attached to the lever arm of a force transducer
(Aurora 300 B dual-mode lever system; Aurora Scientific Inc., Ontario, Canada, resolution 0.3 mN).
Isometric muscle length was maintained by adjusting the transducer’s force to exceed ExtTi muscle
forces. Force baseline values were defined as force measured while the minuten hook rested on the
FTi joint, but without the muscle tendon attached. Data was digitized, stored, and analyzed with Spike2

software (sampling rate 6.25 kHz, ADC Micro1401 mkl, CED).
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3.5.6 Neuron Identification

For the identification of individual NSls, their effect on ExtTi MNs activity during de- and hyperpolariz-
ing current injection, responses to fCO and CS stimuli, and morphologies were compared to established
characteristics (Blischges, 1990; Sauer et al., 1996; Gebehart et al., 2021 (Chapter 2)). Recorded neu-
rons were classified as nonspiking if no action potentials occurred at any time during the experiment
or could be elicited by sensory and tactile stimuli, current injection, or when the animal was actively
moving (Hengstenberg, 1977; Biischges, 1990). The identity of MNs, NSlIs, and sensory afferents was
verified by intracellular staining with iontophoretic neurobiotin tracer injection, following the same

procedure as described in Gebehart et al. 2021 (Chapter 2, cf. Berg et al., 2015).

3.5.7 Data Analysis

Latencies were calculated from waveform averages of 5-10 consecutive stimuli if not indicated other-
wise, using Spike2 software (CED). Latencies were defined as time differences from stimulus begin to
onset of the initial neural response. Only latencies of responses with unequivocal identification of re-
sponse onset were included. Conduction times from sense organ to distal and proximal ncr (A*, A,
Fig. 3.1) were inferred from extracellular recordings, all other latencies are based on intracellular data.
Conduction velocity of tiCS signals was calculated from signal time difference and distance between
proximal and distal ncr electrodes. To test for correlation between tiCS action potentials recorded from
the distal ncr and intracellular changes of NSI membrane potential, both signal traces were triggered
on tiCS action potentials and averaged across 5 consecutive stimuli (Fig. 3.2 A-D). For identification of
short- and long-latency connections, latencies were normalized by subtracting the maximal duration
for signal transmission from each sense organ to the neuropilar arborizations of the respective sensory
afferent. Specifically, the standard deviation and average latency to recording site B in Fig. 3.2 E were
subtracted from response latencies of the recorded neurons. Action potential frequencies in Figure 3.4
were calculated over the duration of the entire simultaneous load and movement stimulus, and over
the initial 50 ms of stimulation. These frequencies were normalized to frequencies elicited by exclusive
fCO stimulation in the same animal. Throughout the manuscript, N refers to the number of animals,
n to the number of stimulus runs per animal. If not indicated otherwise in the figure legends, each
stimulus run consisted of 5 — 10 consecutive stimuli. N, n, averages, standard deviation, and original
data for all figures are included in Supplementary Tables 3.1 and 3.2. Figures were created with

MATLAB (R2018b, Mathworks), Spike2 (CED), and Adobe Illustrator CS6 (v16, Adobe Systems).
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3.6  Results

Proprioceptive feedback from load and movement sensors in and on the leg plays a critical role in
generating and controlling the motor output of the leg muscle control system both in standing and
during active leg movements. The fact that these signals are processed within a distributed network of
local premotor NSIs raises the question to which extent temporal characteristics of conduction and
processing play a role in the integration of movement and load feedback. In the following, we will
present data on latencies and relative timing of sensory signals from individual movement and load
sense organs to the membrane of premotor NSIs and MNs to unravel connectivity between sensory
neurons and postsynaptic neurons. Using absolute timing of sensory responses in sensory afferents,
NSls, and MNs, we demonstrate the timeline of load and movement signal processing. We show that
temporal differences between load and movement processing affect the resulting motor output,

thereby establishing behavioral relevance.

3.6.1 Signal Transmission Times from Load & Movement Sense Organs
to the Local Premotor Network

The sense organs providing information about leg loading and movement are located on and within
the leg and are spatially separated (Fig. 3.1). The spatial distribution results in different distances from
the sensory spike initiation zone to the central nervous system for individual sense organs. In the com-
parably large stick insect, these differences amount to 11 mm (the length of the trochanterofemur)
between tiCS and the fCO, while tr/fCS and the fCO are located at about the same distance from the
local networks (approx. 2 mm). We therefore asked whether these differences in location have func-

tional effects on transmission times.

The axons of fCO, tiCS, and tr/fCS afferents enter the ganglion via the ncr, with tiCS afferents joining
the ncr more distally than fCO and tr/fCS afferents. The fCO and tiCS are activated when the tibia is
flexed by an external force (Fig. 3.1 Ai). Extracellular electrodes on the distal ncr (Fig. 3.1 Aii, A*) record
only tiCS signals, while both fCO and tiCS signals traverse the proximal ncr (A’). Latencies from stimulus
onset to the recorded signals in the ncr were longer for tiCS in the distal ncr than for fCO signals in the
proximal ncr (Fig. 3.1 Bi). The effect was consistent (A*: 9.1 £ 0.5 ms, A’: 4.3 + 0.3 ms, Fig. 3.1 Bii) and
suggest that the transmission times for tiCS signals through the proximal ncr and into the local premo-
tor networks will be even longer. The number of experiments and stimulus runs for all analyses are

given in Supplementary Table 3.1 (Fig.s 3.1-3.4) and Supplementary Table 3.2 (Fig. 3.2 E).
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Figure 3.1: Transmission times of fCO
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tion of sense organs (fCO, tiCS), extra-
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sponses at both recording positions on
the ncr. B: fCO and tiCS signal latencies
during a natural stimulus as shown in Ai.
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(fCO, tiCS), intracellular recording electrode (B), stimulation directions, and signal laten-

cies. ii: Transmission times from tiCS to the neuropil were longer than from the fCO, con-

sistent with C. E: Sensory signal transmission times between middle leg sense organs and

the mesothoracic ganglion; data summarized from C & D, including synaptic transmission

time to the first postsynaptic neuron (C). *1: signal conduction time from ncr to neuropilar

arborizations of sensory afferents (fCO: 1.8 ms, tiCS: 2.9 ms); *2: signal conduction time

across a synapse, assuming a monosynaptic connection (<2 ms, Burrows and Siegler, 1978).
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Figure 3.1 (continued): Black: experimental data, grey: estimated values. All panels: Laten-
cies: mean * SD; dashed vertical lines: stimulus onset; arrows indicate stimulus directions;
Aii, Cii, Dii: exemplary raw data traces. For detailed data, standard deviation, and N, see

Suppl. Table 3.1.

The situation in Figure 3.1 Ai resembles a natural stimulus, but the unspecific stimulation paradigm
might obscure responses of individual sense organs. We therefore applied mechanical stimuli exclu-
sively targeting either the fCO, tiCS, or tr/fCS, while the other two respective sense organs were not
stimulated or ablated (Fig. 3.1 Ci). tr/fCS were included because they provide information about the
same modality as tiCS while being spatially close to the fCO. To allow for precise fCO stimulation (see
Chapter 3.5), the electrode needed to be positioned slightly more distally. This resulted in shorter la-
tencies from stimulus onset to the recorded tiCS afferent signals (A*: 6.8 + 1.6 ms, Fig. 3.1 Ci, cf.
Fig. 3.1 B). tiCS signals in the recording of the distal ncr were used to identify the same spikes in the
proximal ncr. This added another 2.1 £ 1.2 ms to the transmission time for tiCS signals into the ganglion
(Fig. 3.1 Ci), resulting in an approximate total of 8.9 ms. From these experiments we were also able to
determine the conduction velocity of tiCS signals to be 2.24 + 0.31 m/s (N = 6), which is in good accord-

ance with previous reports from the locust (2.3 ms; Burrows and Pflliger, 1988).

Surprisingly, although tr/fCS are located close to the fCO, their transmission time was markedly longer
(fCO: 2.5+ 0.2 ms, tr/fCS: 5.9 + 0.9 ms, Fig. 3.1 Ci), while tr/fCS signals were only 3 ms faster than the
total transmission time for the much more distal tiCS. Taken together, this resulted in a signal cascade
in which fCO signals were the fastest to pass the proximal ncr and thus to reach the premotor networks,
followed by tr/fCS and lastly by tiCS (Fig. 3.1 Cii). This was reflected in intracellular recordings from the
neuropilar arborizations of tiCS and fCO afferents within the ganglion, where signal latencies for both
sense organs were longer, but the temporal offset between them remained (fCO: 4.3 £ 0.6 ms, tiCS
11.8 £ 0.7 ms, Fig. 3.1 D). For the following analyses, we assumed a latency similar to tiCS, i.e. 2.9 ms,
for the short distance from the proximal ncr into neuropilar tr/fCS afferent arborizations. Adding
5.9 ms latency from stimulus onset to the tr/fCS signals in the proximal ncr, we expect tr/fCS signals to
reach the afferent arborizations 8.8 ms after stimulus onset. Transmission times from all three sense
organs to the recording positions in the ncr, the neuropilar arborizations of the sensory afferents, and
the estimated total latency to a monosynaptically connected neuron are summarized in Figure 3.1 E.
Latency from each sense organ to the first postsynaptic neuron was estimated by summation of mean
latencies to sensory afferents, the standard deviation, and 2 ms for synaptic transmission, respectively
(Burrows and Siegler, 1978). Based on these estimates, sensory signals will reach the first postsynaptic
neuron in the local network after 6.9 ms (fCO), 10.8 ms (tr/fCS), and 14.5 ms (tiCS) following stimulus

onset at the latest (Fig. 3.1 E).
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In summary, latency differences appeared to be no simple correlate of the distance between sense
organ and the central nervous system, as transmission times from tr/fCS, whose location is near the
fCO, were markedly longer than from the fCO and not as much faster than tiCS as would be expected

given the difference in distance from the ganglion of approximately 11 mm.

3.6.2 Signal Transmission Times from Movement & Load Sensory Afferents
to Nonspiking Interneurons & Motor Neurons

Transmission times from sense organs to the segmental ganglion and the local postsynaptic neurons
showed marked differences for load and movement sensors (Fig. 3.1). A second potential source for
time delays arises from intra-ganglionic network connectivity between sensory afferents, interneu-
rons, and the output stage of the motor system, i.e. MNs. The more synapses between sensory input
and MNs, the longer the latency between the two will be. Previous studies on the locust have found
mono- and polysynaptic connections between tiCS and unidentified NSIs (Burrows and Pflliger, 1988;
Laurent and Burrows, 1988), leading to short and long latencies of sensory responses in MNs, respec-
tively. When focusing on the same sense organ (tiCS) we found a similar situation in the stick insect,
i.e. differences in transmission times between sensory neurons and NSls, by using time-locked events

between extracellular tiCS spikes and intracellular changes in NSI membrane potential (Fig. 3.2 A-C).

Identification of short- and long-latency connections between sensory afferents and their postsynaptic
partners based on time-locked events requires unambiguous identification of sensory action potentials
in extracellular ncr recordings (for classification of mono- and polysynaptic pathways, see Chapter 3.7).
The signal-to-noise ratio of tiCS signals in the distal ncr is sufficiently high to enable threshold-based
triggering on single tiCS spikes (Fig. 3.2 A-Di). Averaging extracellular tiCS and intracellular neuron ac-
tivity at the time of tiCS spikes resulted in distinct single tiCS action potential shapes (Fig. 3.2 A-Dii). A
short-latency connection between a tiCS afferent and a postsynaptic neuron should result in a time-
locked and sharply defined change in membrane potential occurring within a short time window, as
was observed for NSI E3 (Fig. 3.2 A). A time-locked, distinct change in membrane potential with a long
latency indicates an indirect, polysynaptic connection (see Chapter 3.7). The latter is likely mediated
by a single intercalated neuron which relays tiCS action potentials one-to-one to the NSI, as shown for
NSI 14 (Fig. 3.2 B). Gradual changes in membrane potential without a distinct, time-locked event such
as found in NSI I3 indicate long-latency, indirect connectivity (Fig. 3.2 C). A lack of synaptic inputs from
short- and long-latency pathways is exemplified by a RetCx MN that showed only a weak response to

tiCS stimulation (Fig. 3.2 D).

Expanding the analysis of sensory signal transmission times to include tr/fCS and the fCO required an
alternative approach. Triggering on individual sensory action potentials in ncr recordings is not feasible

for fCO and tr/fCS signals, as the signal-to-noise ratio in the proximal ncr recordings allows to
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distinguish the onset of the overall sensory response, but not to identify single action potentials from

a given type of sensory neuron. It is, however, possible to detect the onset of the response to sensory

stimuli in intracellular recordings of NSIs and MNs and, by comparison with stimulus onset, to deter-

mine signal latencies. We used this fact to determine the latencies of tr/fCS and fCO responses in

postsynaptic NSIs and MNs, and to increase our sample size of latencies with regard to tiCS inputs.
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Figure 3.2 (previous page): Connectivity from sensory afferents onto NSIs and MNs. A-D:
Identification of short- and long-latency connections between tiCS afferents, identified
NSIs and a RetCx MN using time-locked events. Data from tiCS and NSIs / RetCx MN record-
ings (i) were averaged (X) over 5 consecutive stimuli and triggered on tiCS spikes (ii, trigger
threshold dotted horizontal line in i). Distinct time-locked, short-latency events were in-
dicative of direct connections (6 ms, A, E3). Long latencies with (12.5 ms, B, 14) or without
(C, 13) distinct time-locked events suggest intercalated interneurons. No time-locked event
occurred in the RetCx MN (D). i: exemplary data traces of tiCS (extracellular) and NSI / MN
(intracellular) recordings; ii: averaged tiCS (top) and NSI / MN (bottom) traces. E: Sensory
signal transmission latencies to sensory afferents, NSIs, and MNs, normalized to conduc-
tion times from the respective sense organ to the local network (cf. Fig. 3.1 E (B)). Laten-
cies of excitatory (i) and inhibitory (ii) intracellular responses in NSIs and MNs to fCO
(magenta), tr/fCS (blue), tiCS (green) signals. Bold symbols: average across responses in
one neuron type to individual sensory stimuli; faded symbols: each data point (average of
5-10 stimuli) represents one animal. Fast inhibition in 11 is an outlier. For details on nor-

malization, see Chapters 3.5 and 3.6.2. For detailed data, see Suppl. Table 3.2.

We used signal latencies, distinguishing between short-latency and long-latency responses, as a proxy
for network connectivity. The shorter the signal latency between stimulus onset and neuronal re-
sponse, the more likely is a direct connection between sensory afferent and the recorded neuron, as
signal transmission along neurites and across synapses takes time (Fig. 3.2 E). We used the same pop-
ulation of NSIs and MNs presented in Gebehart et al. (2021, Chapter 2) and included not only the ele-

ments of the FTi joint control loop, i.e. fCO, tiCS, and NSIs, but also tr/fCS and RetCx MNs as reference.

To compare transmission times between different sense organs, we normalized intracellularly meas-
ured latencies to the maximal time by which the signal will have been transmitted to the ipsilateral
neuropil of the mesothoracic ganglion (cf. Fig. 3.1 E (B), for details on latency normalization, see Chap-
ter 3.5). This provided us with a common baseline for all sensory signals; negative latencies result from
using maximal latencies for normalization. Accounting for synaptic transmission and distance between
input synapse and recording electrode, we set the limit for potentially monosynaptic connections to
2.5 msin normalized latencies (Fig. 3.2 E, dashed line; Burrows and Siegler, 1978; see Chapter 3.7). We
distinguished between excitatory and inhibitory effects on intracellularly recorded NSIs and MNs in-
duced by fCO (magenta), tr/fCS (blue), and tiCS (green) stimulation (Fig. 3.2 E). Normalized latencies of
signals recorded from intra-ganglionic neuropilar arborizations of fCO and tiCS afferents are shown as
reference. Sensory afferent responses were all excitatory and had short latencies, being directly trans-

mitted from the periphery, and represent the entry of the sensory signal into the local network.
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All recorded NSIs except for those of type E9 received short-latency inputs from fCO afferents
(Fig. 3.2 Ei). Short-latency transmission from tiCS or tr/fCS to NSIs did not overlap between the rec-
orded types of neurons, except for NSI E1, which received short-latency inputs from all three sense
organs. tiCS signals were transmitted with short latencies to NSIs E1, E3, E9, and 15, tr/fCS signals to
E1, E4, I1, and 14, whereas all CS inputs to NSIs E2 and I3 had long latencies. Average values show a
clear grouping of short-latency responses below the defined threshold for potential monosynaptic con-
nections, and of long-latency responses above it (Fig. 3.2 Ei, dashed line). Note that average values
mask the possibility of multiple signaling pathways from one sense organ to the same postsynaptic
neuron. Averages for tr/fCS responses in E4 and |1, and for tiCS responses in 15 were close to threshold,
and tr/fCS responses in 14 showed clearly distinct short- or long-latency responses, indicating two dis-
tinct signaling pathways to the same type of neuron (see also Suppl. Table 3.2). Polysynaptic excitation
was more common for CS than fCO signals and found in all NSlIs, with latencies up to 39.4 ms (Fig. 3.2 E,
14). All inhibitory signals had long latencies (Fig. 3.2 Eii). NSls were inhibited by fCO, tiCS, or tr/fCS
signals in varying combinations, apart from 13, which was not inhibited following onset of any stimula-

tion.

We identified the latency pattern from sense organs onto the ExtTi MNs SETi, FETi, and Cl;, as well as
RetCx MNs to search for potential differences in the connectivity between CS and MNs of the same
and adjacent joints (Fig. 3.2 E). Whereas all ExtTi MNs received short-latency excitation from the fCO,
only FETi was excited by short-latency tiCS inputs. tiCS-elicited excitation of SETi was mediated by long-
latency connections. While fCO and tiCS responses in RetCx MNs consistently had long latencies, tr/fCS
latencies were more diverse, potentially indicating diverse connectivity to individual RetCx MNs

(Fig. 3.2 E).

3.6.3 Functional Connectivity between Sense Organs & Premotor Nonspiking Interneurons
in Different Sensory Contexts

Distributed multimodal sensory processing within the same network of premotor interneurons
(Gebehart et al., 2021 (Chapter 2)) raises the question whether functional coordination of sensory af-
ferent signals, their synaptic inputs to the studied NSI network, and the resulting effects on ExtTi MNs
are based on a fixed network connectivity, or whether signal processing pathways change depending
on the sensory context. Sensory context depends on the behavior of the animal and individual leg
movements and is determined by the activity of individual sense organs at any given time. Responses
of the premotor NSIs depend on the type of sensory feedback and can support or oppose ongoing
motor activity, such as stimulus-elicited resistance reflexes (Blischges, 1990; Gebehart et al., 2021
(Chapter 2)), and are mediated by a pattern of short- and long-latency connections from sensory af-

ferents (Fig. 3.2). Focusing on the FTi joint control premotor network and the contributing neural
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components, i.e. sensory neurons of the fCO, the tiCS, and the premotor NSls, allowed us to reduce
the complexity to four simple sensory settings. These are combinations of tibial flexion and extension,
leading to fCO elongation or relaxation signaling, and activation of tiCS G6A (ventral stimulation) or
G6B (dorsal stimulation) elicited by forces exerted on the tibia. The sense organs would be activated
by a passive flexion or extension of the tibia while the leg does not have ground contact (Fig. 3.3. Ai, iv),
categorized as being 1% or higher order depending on whether sensory input in the given context was
relayed via short- or long-latency influences (Fig. 3.3 A). Since at least one NSI could be sorted into
each category of 1%t and higher order recipient of tiCS and fCO inputs in all possible combinations of
the aforementioned sensory signals, the group of NSIs analyzed present a representative sample of

the entire NSI network.

In each of the four sensory contexts (Fig. 3.3 Ai-iv), NSIs that were higher order processing neurons for
both movement and load stimuli, i.e. which received long-latency sensory inputs from both sense or-
gans, are supporting the movement response in ExtTi MNs (Driesang and Blischges, 1996; Sauer et al.,
1996; Gebehart et al., 2021 (Chapter 2)). One of these supporting NSIs in every sensory setting addi-
tionally supported the respective load response (Fig. 3.3 A, bold type, bottom right quarters). Depend-
ing on the sensory context, most NSIs changed their position in the hierarchy of sensory signal pro-
cessing. For example, E1 received short-latency excitation upon fCO elongation and tiCS G6A activa-
tion, and was thus classified as a 1% order NSI for these sensory signals, i.e. responding to signals that
had not been processed by another upstream interneuron (Fig. 3.3 Ai). E1 became a higher order neu-
ron, i.e. receiving signals at longer latencies, when tiCS G6B were stimulated instead (Fig. 3.3 Aii). We
found a set of NSls, i.e. 13, 14, and E4, that did not change their functional connectivity. These NSls,
referred to as stable NSls, received synaptic inputs of the same latency category in any sensory context.
The stable NSIs were 1°* order NSls for fCO signals and higher order for tiCS signals (Fig. 3.3 Ai-iv). For
all other NSils, functional hierarchy, i.e. position in the sensory processing cascade, depended on, and

changed with, the context of sensory feedback.

Intracellular double recording of an exemplary pair of NSIs included in this study, i.e. E2 and E4, re-
vealed recurrent connectivity (Fig. 3.3 B). E2 was depolarized by current injection into E4 and vice versa
(Fig. 3.3 Bi, iii), and the effects were increased when the respective postsynaptic NSI was hyperpolar-
ized (Fig. 3.3 Bii, iv). E4 was a stable NSI, whereas E2 received sensory inputs of similar (Fig. 3.3 A, ii)
or different latencies (Fig. 3.3 Aiii, iv) as E4, depending on the sensory context. Recurrent connectivity
between NSIs support the hypothesis of a flexible functional connectivity that depends on the context

of sensory feedback.
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Figure 3.3: Functional hierarchy of NSI processing and sensory integration. A: Functional

NSI processing connectivity depended on multisensory context. NSIs sorted by short-

(1t order) and long-latency (higher order) signal transmission during fCO elongation (i, ii)

or relaxation (iii, iv) and tiCS G6A (ventral bending, i, iii) or G6B activation (dorsal bending,

ii, iv). Position of NSls, i.e. functional connectivity, changed with the sensory context, with

the exception of 13, 14 and E4 (grey box). Independent of sensory context, all NSIs that

were higher order for both sensory modalities were supporting the respective fCO stimu-

lus-evoked motor output (i-iv, bottom right quarter). Of those NSI, one in each sensory

context was additionally supporting tiCS-evoked motor output (bold). B: Recurrent connec-

tion between 2 exemplary NSlIs.
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Figure 3.3 (continued): Double intracellular recording of NSIs E2 and E4, positive current
was injected into E2, while no (i) or negative current (ii) was injected into E4, and vice
versa for the opposite synaptic direction (iii, iv). Resting membrane potential indicated by
dashed line, upper limits of membrane potential of the current-injected NSI cut off.
C: Timeline of multimodal sensory integration in the local network. i: Absolute latencies of
responses in fCO and tiCS afferents, NSIs, and SETi MN to fCO elongation and tiCS G6A
activation, grey box: scale bars for neuron responses. ii: Graphical representation of the
number of NSIs being activated by a transient stimulus in 5 ms bins. fCO signal latencies
(magenta) were shorter than tiCS latencies (green) in sensory afferents and NSIs, and the
movement-evoked motor response in SETi started before NSIs responded to load signals.
Stimulus in B corresponds to a forced flexion of the tibia in the resting animal when the
leg is suspended in midair (cf. Ai & Fig. 3.1 Ai). Data in C depicts mean latencies, for de-
tailed data, standard deviation, and number of experiments, see Suppl. Table 3.1. Data was
recorded in separate experiments (For more details on NSI response shapes see Blischges,

1990; Sauer et al., 1996; Gebehart et al., 2021 (Chapter 2)).

3.6.4 Absolute Response Timing Delineates a Hierarchy of Sensory Modalities
in the Local Network

Normalizing latencies of signals from different sense organs is necessary to delineate and compare a
timeline of the processing for multiple types of sense organs and NSls (Fig. 3.3 A). Normalizing, as was
done in Figure 3.2 to establish network connectivity, creates an artificial situation in which all sensory
signals reach the central nervous system simultaneously, by deliberately neglecting differences in
transmission times from the sense organs in the periphery to the premotor network. To investigate
the functional consequences of the timing of sensory signal processing in a behaviorally relevant con-
text, absolute latencies of sensory stimulus-evoked signals in sensory afferents, NSIs, and MNs have to
be compared. For this we chose the sensory context of simultaneous elongation of the fCO and activa-
tion of tiCS G6A. This sensory context likely mimics a perturbation of the leg suspended in midair,
causing a forced flexion of the tibia (cf. Fig. 3.1 Ai, 3.3 Ai, Zill et al., 2011). Aligning the responses of
separately recorded neurons to fCO elongation and tiCS G6A activation due to ventral bending of the
immobile, resisting tibia along a single timeline depicts the cascade of neural activity in the local net-
work following perturbation (Fig. 3.3 C). fCO afferent signals were the first to reach the neuropil
(4.3 ms, cf. Fig. 3.1 D), eliciting the initial wave of changes in NSI membrane potential (Fig. 3.3 C, ma-
genta). tiCS afferent signal transmission through the length of the trochanterofemur was markedly
longer (11.8 ms, cf. Fig. 3.1 D). The tiCS signal thus entered the neuropil after the subthreshold re-
sponse in the ExtTi MN SETi to the fCO stimulus had begun and only 0.5 ms before the MNs su-
prathreshold response (6.0 ms, 12.3 ms, Fig. 3.3 Ci). The timing of responses in NSIs to load feedback

spans a wide range, the earliest starting at 14.5 ms (E9), others initiated as late as 60.6 ms (E3), and
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consistently, tiCS G6A inhibition of SETi firing had strikingly long latencies (31.7 ms subthreshold,
48.7 ms suprathreshold, Fig. 3.3 Ci).

The absolute timing of responses in NSIs and the SETi MN to load and movement feedback revealed a
staggered processing of multimodal sensory signals in the local network. Movement signals from the
fCO arrived and were processed early after stimulus onset, while load signals were processed later and

over a wider time range (Fig. 3.3 Cii).

3.6.5 Delayed Effects of Load on Movement-Elicited Resistance Reflexes

The timeline of multimodal sensory processing in the premotor network established in Figures 3.1 and
3.3 demonstrates temporal differences in the processing of load and movement feedback in the range
of a few milliseconds. We asked whether this is sufficient to affect motor output and behavior, or if
temporal differences would be smoothed and filtered by MN activity and muscle properties. ExtTi MN
and muscle responses were analyzed and compared during exclusive fCO, and simultaneous fCO and

tiCS stimuli (Fig. 3.4).

Timing and sign of the motor response in the SETi MN, i.e. a fast, fCO elongation-elicited frequency
increase and a slow, tiCS G6A-based frequency decrease, predict a time course of the motor response
in situations when both signals are elicited concurrently. Absolute latencies and sensory signal trans-
mission times suggest a resistance reflex in the resting animal whose initial response is unaffected by
load feedback (Fig. 3.1, 3.3). The effect of tiCS activation should alter SETi MN frequency and ExtTi
muscle force in response to fCO stimuli with a temporal delay. We tested these predictions experimen-
tally (Fig. 3.4). An elongation of the fCO combined with a dorsal stimulus targeting tiCS G6B (Fig. 3.4 A)
corresponds to the situation demonstrated in Figure 3.3 Aii; elongation combined with ventral stimuli
targeting G6A (Fig. 3.4 B-F) corresponds to Figure 3.3 Ai and C. For analysis of SETi MN frequency, load
was applied by a ramp stimulus with no hold phase to avoid adaptation to load signals during the hold
phase of the movement stimulus (Fig. 3.4 A-C). Activation of tiCS G6B, elicited by dorsally directed
bending of the tibia, i.e. a forced extension, increases ExtTi MN frequency in comparison to exclusive
movement stimuli (Fig. 3.4 A, Zill et al., 2011). A forced flexion of the tibia by ventrally directed bending
activates G6A and decrease ExtTi MN frequency (Fig. 4 Bii, Cii, Zill et al., 2011). Consequently, during
the fCO-evoked resistance reflex, the frequency of the excitatory ExtTi MNs SETi and FETi was in- or
decreased respectively in the presence of load (fstimus: 1.13 £ 0.19, 0.67 £ 0.15, normalized to fstimulus
ini, Fig. 3.4 A, B). In the initial 50 ms of the resistance reflex, however, the frequency was essentially
unaltered in both load conditions, albeit slight shifts were observed (fso ms: 1.05 + 0.35, 0.93 + 0.19,
normalized to fsoms in i, Fig. 3.4 A, B). Similar observations were made in an intracellular recording of
the SETi MN (Fig. 3.4 C), where load elicited a delayed hyperpolarization of the membrane potential
(Fig. 3.4 Cii, arrow).
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Figure 3.4: Delayed effects of load feed-
back on movement-elicited resistance

reflexes. Exclusive fCO stimulation
caused a reflex activation of ExtTi MNs
(Ai, Bi, Ci). Excitatory ExtTi MN (SETi,
FETi) frequency during the course of the
fCO stimulus was increased when tiCS
G6B were stimulated simultaneously
(fstimulus, dorsal stimulation, Aii). Con-
currently, the frequency was decreased
by tiCS G6A stimulation (ventral stimula-
tion, Bii). The effect was smaller in the
initial 50 ms following ramp onset in
both loading conditions (fso ms). C: De-
layed effects of load in an intracellular
SETi MN recording (arrow: onset of load-
evoked inhibition). Di: Simultaneous
stimulation of tiCS G6A (green) delayed
and altered ExtTi muscle force responses
to fCO stimuli (magenta). Dii: The effect
of tiCS stimulation was delayed and in-
terrupted the ongoing fCO-elicited re-
sponse; enlarged view of Di. E & F: Tim-
in muscle

ing of fCO response onset

force varied between animals, but tiCS

enlarged view. Asterisk: time points at which

load began to alter force trajectories (D: 29.9 ms following fCO-evoked response onset,

E: 25.2 ms, F: 44.5 ms). Force traces in D-F are waveform averages of 5 consecutive stimuli

in individual animals; Di, E, F: horizontal scale as in F, vertical scale: 5 mN; faded traces:

standard deviation. For detailed data, see Suppl. Table 3.1.

In the ExtTi muscle, simultaneous stimulation of fCO and tiCS G6A with ramp-and-hold stimuli led to

markedly slower and, typically, lower isometric force development in the ExtTi muscle than fCO stimuli

alone (Fig. 3.4 Di). The difference in the force trajectories between fCO stimuli with and without load

occurred with a delay of 29.8 ms (Fig. 3.4 D-F). Simultaneous occurrence of load signals disrupted

movement stimulus-evoked isometric force development in the ExtTi muscle, highlighting the behav-

ioral relevance of sensory signal timing.
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3.7 Discussion

The integration of converging multimodal sensory feedback depends not only on spatial, but also on
temporal summation. In this study, we analyzed the timing of proprioceptive sensory signals along
their sensorimotor pathways in the local network controlling stick insect leg movements. We measured
signal transmission times from peripheral sense organs of the same (tiCS / tr/fCS) and between differ-
ent proprioceptive modalities (load / movement) to the premotor network. We identified short- and
long-latency pathways from sense organs to local premotor NSIs and MNs of the FTi joint control loop
and the more proximal thorax-coxa joint, providing the connectivity pattern underlying multimodal
sensory integration of load and movement feedback in the stick insect local network. The functional
connectivity of the premotor network, i.e. the NSI pathways along which signals were processed,
changed with the sensory context. The timeline of premotor NSI processing and motor output within
the local network constituted a hierarchy of sensory modalities in which movement signals consistently
outpaced load feedback, which will be discussed in the following. Functional relevance for network
processing and motor output was established by demonstrating the effects of delayed load signaling

on the reflex responses of ExtTi MNs and muscle force.

Signal timing in NSIs and MNs determines how signals will be integrated and, ultimately, affect motor
control. Knowledge about functional network connectivity is an essential step for understanding circuit
function, and the path that a signal takes through the network, i.e. the chain of neurons or computa-
tional units along which it is transmitted, will determine how it is shaped and how it will affect the
system’s output. We will also discuss the behavioral relevance of, relative to each other, fast move-

ment and delayed load signal processing.

3.7.1 Connectivity of Load & Movement Signal Integration in the Local Premotor Network

In the stick insect, load and movement signals are distributed into one set of local premotor NSls
(Gebehart et al., 2021 (Chapter 2)). We extend this view by showing that although both modalities are
distributed to all recorded NSls, distribution is not equal with regard to the latency of NSI responses to
sensory inputs, and therefore, network connectivity (Fig. 3.2). Short latencies are indicative of direct,
monosynaptic connections between the respective sensory neuron and the postsynaptic neuron, long-
latency inputs suggest intercalated interneurons and polysynaptic connections (Berry and Pentreath,
1976). CS and fCO afferents are cholinergic, a transmitter considered to be predominantly excitatory
in invertebrates (Florey, 1963; Lutz and Tyrer, 1988). Inhibitory effects on postsynaptic neurons, there-
fore, will be mediated by polysynaptic pathways. Consistently, all inhibitory responses in NSIs and MNs
had long latencies, and were thus concluded to be polysynaptic (Fig. 3.2 Eii). The results were inde-
pendently confirmed by time-locked event-based connectivity identification of tiCS afferents to NSIs

E3, 14, and I3, and a RetCx MN (Fig. 3.2 A -D).
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Movement signals from the fCO were transmitted directly to all but one type of NSIs (Fig. 3.5). fCO-
evoked response latencies were in the range that was previously described for some of the NSI types
analyzed in this study (Sauer et al., 1995, 1996). tiCS and tr/fCS, respectively, targeted only a subset of
the recorded NSIs via monosynaptic connections (Fig. 3.5). Monosynaptic connections from the fCO
(stick insect) and CS (locust) to unidentified NSIs have been reported (Burrows and Siegler, 1976;
Burrows and Pflliger, 1988; Sauer et al., 1995). Interestingly, there was little overlap between the mon-
osynaptically targeted neurons of the two sets of CS (tiCS / tr/fCS, Fig. 3.5). Only NSI E1 was mon-
osynaptically excited by afferents from all three sense organs, which might be the source of the strong

phasic excitation E1 receives during the stance phase of walking (von Uckermann and Biischges, 2009).

Figure 3.5: Monosynaptic targets of fCO,
movement load load

@ @ tics tr/fCS, and tiCS afferents in the FTi joint

control loop. Afferents of the fCO (ma-
genta), tr/fCS (blue), and tiCS (green)

A formed excitatory monosynaptic, i.e.
E2 13 [E4 1 14 E‘l] E3 5} E9

short-latency, connections with overlap-

Cl, SETi FETi . .
\ ping subsets of NSIs and ExtTi MNs

(bold). Most NSIs received direct input from fCO afferents, whereas the monosynaptic re-
ceptive fields of tr/fCS and tiCS where smaller. Only NSIs of type E1 were monosynaptically
targeted by afferents from all three sense organs. The three ExtTi MNs received direct

inputs from fCO afferents, FETi was additionally directly targeted by tiCS afferents.

The pattern of fast, monosynaptic connections from the fCO onto NSIs and MNs, and to a large extent
slower, polysynaptic inputs from CS indicates that movement signals might be used for fast initial prim-
ing of network action. Load afferents targeted only specific NSlIs directly; their main effects were de-
layed by polysynaptic transmission. Load signals are thus well suited to A) be subject to modulation by

intercalated interneurons, and B) to modify and sculpt an ongoing movement response.

3.7.2 Distinct Innervation of Fast & Slow Motor Neurons by Load Afferents

In the locust, load and movement afferents directly target individual MNs via monosynaptic connec-
tions (Burrows, 1987a; Burrows and Pflliger, 1988). We found specificity in monosynaptic connections
for individual joint control loops, i.e. fCO and tiCS afferents, if at all, directly targeted ExtTi but not
RetCx MNs, and vice versa for tr/fCS. ExtTi MNs control movement of the tibia, whose movements and
strains are monitored by the fCO and tiCS (Fig. 3.5, Zill et al., 2011; Gebehart et al., 2021 (Chapter 2)).
RetCx MNs, by contrast, control movement of the coxa, the strains of which are monitored by tr/fCS
(Schmitz, 1993; Akay et al., 2004). Therefore, monosynaptic connectivity between sensory afferents
and MNs was joint-specific, whereas the premotor NSI network integrated direct synaptic inputs from

all three sense organs.
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tiCS afferent showed distinct connectivity to individual ExtTi MNs (Fig. 3.5). We found monosynaptic
connections only to the FETi MN, but not to SETi. This corresponds to the situation in the locust hindleg
and the fast tibia flexor in Drosophila melanogaster (Burrows and Pfliiger, 1988; Phelps et al., 2021).
We did not distinguish between individual RetCx MNs, but latencies indicated a similar subdivision into
short- and long- latency connections. The consistent distinction across insect species of different sizes
and specialized behaviors, i.e. flying and high-speed running in Drosophila melanogaster, flying and
jumping in locusts, walking and twig mimesis in stick insects, indicates that direct connections from
load afferents to fast leg muscle MNs could be a general characteristic with functional relevance for

insect motor networks and represent species-specific specialization.

3.7.3 The Functional Hierarchy of Multimodal Sensory Integration

Polysynaptic pathways from load afferents to the premotor network constitute a source for modality-
specific processing time differences. Another crucial aspect of temporal summation are absolute trans-
mission times from sense organs to the premotor network. Movement signals from the fCO were trans-
mitted to the network faster than load signals (Fig. 3.1). Adding to the delays from polysynaptic path-
ways, this causes concurrently elicited movement and load signals to reach premotor NSIs with a tem-
poral shift in which load signals are delayed in comparison to movement feedback (Fig. 3.3). The delays
constitute a functional hierarchy of sensory integration in which movement outpaces load processing,
visible at the level of the motor output (Fig. 3.4). This corresponds to the results of a modeling study
in which long delays in positive force feedback stabilized movement control of the mammalian limb

(Prochazka et al., 1997).

Note that movement signals being faster than load feedback is not simply an inevitable property
emerging from the distal location of tiCS on the leg. tr/fCS are spatially close to the fCO, but temporally
their effects were comparable to tiCS, as was observed in this and a previous study on femoral CS (Akay
and Buschges, 2006). Independent of the location on the leg at which load is perceived, and even con-
sidering that strain is transmitted along the cuticle to the most proximal tr/fCS faster than tiCS neu-
ronal transmission (Holtje and Hustert, 2003), signal transmission of movement feedback will be faster
and the initial motor response will be based on movement signals. The delay was not circumvented by
monosynaptic connections from sensory afferents to MNs, since no short-latency connections from CS
to SETi were found and load inputs to FETi are usually not sufficient to evoke supra-threshold responses

(Gebehart et al., 2021 (Chapter 2)).

Under natural conditions, movement and load stimuli rarely occur separately. Based on the functional
hierarchy between sensory modalities we present in this study, the initial motor response to a pertur-
bation will be based on movement signals alone. The later arrival, and broader time range, of load

signals is well suited to tune ongoing activity and put a fast movement response into a sensory context,
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e.g. by dampening a resistance reflex to a persistent forced flexion to avoid damage to the cuticle
(Fig. 3.4 B, C). In a stick insect in the bushes, a passing external perturbation, e.g. a wind-blown leaf,
causing tibial flexion of a leg suspended in midair will elicit only weak load feedback, while the move-
ment signals about tibial bending will elicit a resistance reflex. If the perturbation is mediated by a
persistent force, e.g. a solid branch, load feedback will not alter the early initial movement-evoked
reflex response. It will, however, dampen the ongoing response, so that forces too large to be over-

come by the stick insect leg are not resisted futilely to the point of breaking (Zill et al., 1981).

Fast movement feedback contextualized by load signals will likely also have implications for walking
and the transitions between stance and swing phases. Load feedback has been suggested as a cue for
the transition from swing to stance, and, via CS signaling unloading, for swing initiation (Newland and
Emptage, 1996; Noah et al., 2001; Akay et al., 2004; Akay et al., 2007). In insects, the relevance of
gravity for leg movements is negligible in comparison to passive muscle forces and the activity of the
antagonistic muscle (Hooper et al., 2009). It is therefore necessary to consider the onset of muscle
activity, not kinematic changes, for analyzing the effects of sensory signals on phase transitions
(discussed in Rosenbaum et al., 2010). Activity of stance phase muscles, however is initiated before or
very briefly after touchdown of the leg, leaving not enough time for load sensors signaling ground
contact to assist in the transition of muscle activity. Interestingly, when the levator trochanteris in-
duces unloading, other swing muscles are activated with a latency of 40 ms (Rosenbaum et al., 2010).
Admitting for the time from levator muscle EMG activity to force development and actual movement
(Hooper et al., 2007), this fits very well into the range of CS latencies we report here. Surprisingly con-
sistent, given the differences in muscle size and signal conduction velocities between invertebrates
and vertebrates, cats show a difference in the muscle activity of the stepping pattern when stepping
into an unexpected hole only 30 ms after ground contact should have occurred, indicating that this
would have been the time at which the effects of load signaling would normally take place (Gorassini

et al., 1994).

Taken together, these findings lead to the conclusion that signals about leg loading and unloading dur-
ing touchdown and liftoff, respectively, can support ongoing muscle activity during stance and activa-
tion of muscles during the initiation of swing phase. The precise cues mediating the initiation of muscle
activity, however, are more likely to originate from movement sensors. Our results are supported by
studies on the timing of muscle activation during stepping phase transitions (Rosenbaum et al., 2010;
Schmitz et al., 2015). The long delays of some load signals, (e.g. 60.6 ms, E3, Fig. 3.3 C) might even
serve as a form of extreme short-term memory or delay line (cf. Hedwig and Sarmiento-Ponce, 2017)

for comparing past load signals with more recently experienced movement feedback.
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3.7.4 The Functional Connectivity of Premotor Interneuron Processing

In vertebrates and invertebrates alike, studies have shown the transmission of proprioceptive signals
to distinct populations of interneurons or MNs (Siegler and Burrows, 1983; Tuthill and Wilson, 2016b;
Imai and Yoshida, 2018). Interneurons may, however, process the same type of sensory information
transmitted along different pathways, i.e. intra-populational connectivity might vary. Inherent in the
concept of distinct, distributed pathways involving different (numbers of) neurons is the assumption
that the same sensory signal will be subjected to different computations before reaching individual
elements of the network. A signal may therefore be distributed onto a population of interneurons, but
distinguishing between mono- and polysynaptically pathways is crucial for the interpretation of a signal
as being either preprocessed, and shaped by network activity, or as direct, and comparably unbiased
by the neuronal properties and the context of the surrounding neuronal activity. Note that we are not
considering presynaptic inhibition here, which will act on both cases (Clarac and Cattaert, 1996). We
emphasized this distinction by categorizing local premotor NSls as 1% or higher order neurons and es-
tablishing a functional hierarchy of premotor NSls for a given sensory context (Fig. 3.3 A). According to
this classification, unlike higher order NSls, a 1°* order NSI receives monosynaptic, thus relatively raw

and unprocessed, signals from sensory afferents.

The functional connectivity of most NSls, i.e. whether they were 1% or higher order neurons, changed
with the sensory context. Sensory context refers to the precise subsets of sensory afferents being ac-
tive: tiCS G6A or 6B, fCO afferents signaling elongation or relaxation. Altered functional connectivity
has consequences for how a signal is shaped by the premotor network: The earlier in the processing
cascade a signal passes through a given NSI, the more effect its influences on signal shape, sign, and
information content, will have on downstream processing units. Future studies may reveal how the
individual properties of a given NSI, and its position within the processing hierarchy, tune downstream
signal processing, and what consequences sensory context-dependent functional connectivity has for

motor output and behavior.

A noteworthy exception from the flexible positioning of NSIs within the processing hierarchy were the
stable NSlIs 13, 14, and E4, whose position was not altered, independent of the sensory context. Inter-
estingly, these NSIs share other characteristics. They coordinate movements around several joints via
postsynaptic effects on multiple MNs pools, not only the FTi joint (Blischges, 1990; Bischges et al.,
1994; Bischges, 1995; Sauer et al., 1996; Gebehart et al., 2021 (Chapter 2)). E4 and 14, besides the
sensory allrounder E1, and potentially 11, belonged to the NSIs monosynaptically targeted by tr/fCS,
which integrate load acting on the entire leg (Fig. 3.2, discussed in Holtje and Hustert, 2003; Akay et
al., 2004; Zill et al., 2012). No direct connection was found from tr/fCS to 13, but this might be due to a

lower sampling number. The similarities between sensory connectivity to and downstream MN targets
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of the stable NSls, in addition to their fixed position in the functional hierarchy, and the fact that E4
and 14 play crucial roles in walking and searching behaviors, respectively (Bischges, 1995; Berg et al.,
2015), might indicate that these NSIs play specific roles in the premotor network, e.g. by being involved
in higher level processing and the recruitment of muscle synergies (see also Zill et al., 2015), as opposed

to other NSlIs putatively serving mainly as signal integrators for single leg joints.

The functional role of these NSls, especially the only recently characterized 13, will have to be subject
to further investigations. Furthermore, synaptic connections between NSls, as they were found here
and in a previous study, suggest the existence of layers within the NSI network, which in the past has
been considered as a single computational layer within the network (Burrows, 1979; Burrows, 1996).
Resolving this problem will necessitate more information about the interconnectivity between individ-
ual NSlIs, which will also shed light on the details of 15 order NSls “priming” higher order NSIs (and their
processing) for the sensory input to come. Load and movement stimuli will have to be combined to
investigate the interaction of concurrent sensory signals in the NSlIs, and how delayed load signals af-
fect movement signal transmission. Finally, it will have to be examined whether the hierarchy of sen-
sory modalities scales with the size of the insect. To identify common principles, it will be necessary to
determine whether signal transmission times and delays play the same role in the nervous systems of
8 cm long Carausius morosus as in those of 30 cm long Ctenomorpha gargantua (Hasenpusch and

Brock, 2006) or 0.3 cm long Drosophila melanogaster.
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4 Gain Control in Multimodal Proprioceptive Processing

4.1 Gain Control in Sensorimotor Processing — Nonlinear Integration of Load &

Movement Proprioceptive Feedback in the Premotor Network of an Insect Leg
Gebehart, C., Blschges, A.

In Chapter 4, the interaction of multimodal proprioceptive signals from load (tiCS) and movement (fCO)
sense organs is analyzed. The findings of Chapters 2 and 3, specifically the spatial summation of load
and movement signals that occurs with a temporal delay, led to the hypothesis of ongoing movement
signal processing being tuned by delayed load feedback. This hypothesis was tested in Chapter 4, and
the effects of load feedback on movement signal processing are traced throughout the network, from
presynaptic sensory afferent interactions via nonlinear summation in local NSIs to changes in the gain
of the motor output. The study thereby establishes a local mechanism for context-dependent multi-

modal proprioceptive processing.

Sensory afferents, NSls, and MNs were stained for morphological characterization. Exemplary stainings

of recorded neurons are shown in Figure 2.4 and Supplementary Figure 2.1.
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4 | Gain Control in Multimodal Proprioceptive Processing | 48



4.3 Abstract

An animal’s sense of proprioception emerges from the integration of multiple sensory modalities. To
enable appropriate motor responses to multimodal, externally or internally generated, sensory signals,
the local network controlling leg movement must combine feedback from distinct sensory structures.
In the stick insect, two main proprioceptive senses, i.e. load (tiCS) and movement (fCO), are integrated
within a network of premotor NSIs to shape motor output. In this study, the interaction of fCO and tiCS
signals was traced from the sensory afferents, through the premotor network, to the motor output
and resulting muscle forces. The aim was to determine whether, and how, movement signal processing
is altered in the presence of load. Movement signal gain was reduced at the earliest neuronal stage by
presynaptic inhibition. tiCS stimulation elicited primary afferent depolarizations (PADs) and reduced
action potential amplitude in fCO afferents. In the postsynaptic antagonistic network of premotor NSls,
combined sensory feedback was summed nonlinearly, with load altering the gain of movement signal
responses. Notably, the gain of NSIs opposing the resistance reflex of the SETi MN in response to fCO
elongation was increased. Consistently, SETi MN gain in response to movement stimuli was decreased
in the presence of load. The effects on individual ExtTi MNs were movement parameter- and neuron-
specific. Changes in sensorimotor gain were dependent on presynaptic inhibition; the dependence of
movement signal gain on the presence of load signals in the SETi MN was abolished by pharmacologi-
cally blocking presynaptic inhibition. The effects of sensorimotor gain control mediated by presynaptic
inhibition are shown at the sensory, interneuronal, and motor output level of the network. The results
thereby demonstrate a mechanism by which a local premotor network can implement context-de-
pendent proprioceptive processing based on the presence, or absence, of specific sensory feedback.
The findings broaden our understanding of how the nervous system integrates multiple sensory mo-

dalities to create an internal representation of the state and position of the body and its limbs in space.
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4.4 Introduction

All biological, and indeed also non-biological, neural networks face the task of combining signals from
distinct input sources, to process them, and, ultimately, to generate an appropriate output. In motor
control, e.g. locomotor networks, the input includes signals from central networks, from other regions
of the nervous system, and sensory signals about self-generated feedback (proprioception) and the
external world (exteroception; Bidaye et al., 2018; Grillner, 2021). In legged animals, the various signals
are combined, integrated, and contextualized by premotor networks to coordinate walking, but also
to generate and maintain posture against gravity and other external perturbations (Burrows, 1996;

Deliagina et al., 2012; Grillner and El Manira, 2020).

To prevent this barrage of signals from various sources from flooding the network with information
that is not relevant in the given context, signal gain needs to be controlled. Abolishing gain control
destabilizes motor systems and leads to motor oscillations, as was shown in goal-directed reaching in
mice (Fink et al., 2014). Multiple functions for gain control in sensorimotor systems have been dis-
cussed, including, though not limited to, stabilization of MN activity, gating of self-generated feedback,
and increased precision of online motor control by strengthening of relevant feedback (Azim and Seki,

2019).

Controlling the gain of sensory feedback by either increasing its influences or dampening them, results
in optimized network performance and a more precise motor output (McComas, 2016). However, what
can be counted as optimized performance of a motor network strongly depends on the context in
which the resulting motor output will occur. Gain control therefore needs to be context-dependent
and specific. Consequently, presynaptic modulation of sensory afferent activity depends on the behav-
ioral context, for example, locomotion, in the premotor networks of vertebrates (Koch et al., 2017),

and invertebrates (Wolf and Burrows, 1995).

Sensory signals that are crucial for skilled walking and posture control originate from load and move-
ments sensors in the limbs, i.e. Golgi tendon organs and muscle spindles, respectively, in vertebrates
(Jami, 1992; Windhorst, 2007; Santuz et al., 2019; Grillner, 2021), and CS and chordotonal organs in
insects (Field and Matheson, 1998; Zill et al., 2004; Tuthill and Wilson, 2016a; Bidaye et al., 2018). The
role of these proprioceptive sense organs, in vertebrates and insects alike, is to provide the local motor
networks in the spinal or ventral nerve cord with information about joint movement and position (mus-
cle spindles & chordotonal organs), and about forces acting on the limbs, e.g., imposed by body weight,

resisted muscle forces, or external perturbations (Golgi tendon organs & CS; Pearson, 1995a).

Conceptually, load and movement signals are considered separate sensory modalities. Under most

natural circumstances, however, they are likely to occur simultaneously. A clear example is the stance
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phase of walking, when the leg pushes against the ground to propel the body in the direction of walk-
ing, but simultaneous activation also occurs when an external perturbation exerts pressure onto an
originally stationary limb (Schmitz, 1993; Zill et al., 2004; Blischges et al., 2008). Signal integration and
multimodal processing require the premotor networks to consider movement in the context of load

feedback, and vice versa.

Load and movement sensory feedback are combined by local networks. A recent study on the premo-
tor network of the stick insect leg found signals from the fCO (movement) and distinct groups of CS on
the leg (load) to be integrated by a single distributed network of local premotor NSIs (Gebehart et al.,
2021 (Chapter 2)). In the same motor system, load and movement signals have been shown to interact
at the level of the motor output. Specifically, the strength of movement reflexes is altered in the pres-
ence of load (Schmitz and Stein, 2000; Gebehart et al., 2021 (Chapter 2)). Load feedback additionally
alters the likelihood of occurrence of reflex reversals, a dramatic shift in sensory processing in which
the resistance reflex in a resting animal is switched to an assistance reflex during active movements
(Akay and Bischges, 2006). Reflex reversal occurs in various species (e.g. Forssberg et al., 1975 (cat);
Bassler, 1976 (stick insect); De Serres et al., 1995 (human)). Detailed studies on the stick insect leg
motor system revealed that it involves changes in sensory processing in multiple elements of the motor
network (Driesang and Blischges, 1996; Hellekes et al., 2012). The fact that load signals shift the net-
work balance towards an active reaction is indicative of a more complex integration of load and move-
ment feedback than simple signal summation. This is supported by a study that found presynaptic
inhibition of fCO (movement) afferents mediated by stimulation of tr/fCS (load) (Stein and Schmitz,

1999).

Based on the existing knowledge about multimodal proprioceptive integration in local networks, in-
cluding presynaptic inhibition between multimodal sensory afferents, and the function of presynaptic
inhibition as a mediator for sensory gain control in motor systems, we investigated and traced the
interplay of load and movement signals throughout the accessible and well-studied premotor network
of the stick insect leg (reviews in Bassler and Blischges, 1998; Biischges et al., 2008; Fink et al., 2014,
Azim and Seki, 2019). We hypothesized that load signals are used by the local premotor network to
infer the context of simultaneously occurring movement feedback, and to adapt the latter’s pro-

cessing.

Using the stick insect FTi joint control loop, we specifically asked whether load feedback from tiCS can
change the gain of movement reflexes induced by fCO stimulation. We traced the interaction of these
load and movement signals from the earliest neuronal stage, i.e. presynaptic sensory inhibition, via
nonlinear summation and neuron-specific gain control in the downstream network of NSls, to the mo-

tor output of ExtTi MNs and muscle force. We show that motor output gain was movement parameter-
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and MN-dependent. Pharmacologically blocking presynaptic inhibition established a causal link be-
tween the effects at in- and output sites of the network. By tracing multimodal signal interaction along
the entire processing pathway, i.e. sensory afferents, interneurons, and MNs, our study provides a
mechanism by which a small, local network can implement context-dependent processing of proprio-

ceptive feedback.

4.5 Materials & Methods

4.5.1 Animals
Experiments were conducted on adult female stick insects, Carausius morosus, from the parthenoge-
netic colony at the University of Cologne. The colony is kept at 22 — 24 °C, 50 % humidity, 12 h light /

dark cycle, and fed with blackberry leaves.

4.5.2 Dissection

Animals were dissected as described in a previous study (Gebehart et al., 2021 (Chapter 2)). In short,
all legs except for the right mesothoracic leg were removed; the thorax-coxa, coxa-trochanter, and FTi
joints were immobilized at 90 ° angles using light curing glue (3M ESPE Sinfony, Neuss, Germany) and
a minuten pin inserted into the ventral trochanter. The animal was pinned to a platform, the distal
femur glued to the edge with the tibia protruding from the platform. The mesothoracic ganglion was
exposed by a dorsal midline incision; all lateral nerves except for the ipsilateral ncr and nl3 were

squeezed (nomenclature according to Marquardt, 1940).

For intracellular recordings, the ganglion was pinned with cactus spines on a wax-coated steel platform
(cf. Blschges, 1990; Driesang and Biischges, 1993). The ganglion sheath was softened with Pronase E
crystals (VWR, Darmstadt, Germany). The body cavity was rinsed and filled with extracellular saline
(178.54 mM NaCl, 17.61 mM KCl, 7.51 mM CacCl,, 25 mM MgCl,, 10 mM HEPES buffer, set to pH 7.2
with NaOH, Weidler and Diecke, 1969). All experiments were performed in inactive, resting animals

(as defined in Bassler, 1993).

4.5.3 Electrophysiological Recordings

Intracellular sharp microelectrodes (35-45 MQ) were made from borosilicate glass capillaries
(8GB100TF-8P, Science Products, Hofheim, Germany) using a micropipette puller (P-1000, Sutter In-
struments, Novato, CA, USA) and contained a chlorinated silver wire. Electrodes were filled with intra-
cellular saline (1M KAc, 0.1 M KCl). 5 % neurobiotin tracer was added for morphological neuron iden-

tification (for staining and fixation procedure, see Berg et al., 2015; Gebehart et al., 2021 (Chapter 2)).

Intracellular signals were recorded from arborizations of NSls and MNs in the medio-dorsal neuropil of

the ipsilateral hemiganglion, and from arborizations of sensory afferents at the point where the ncr
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enters the ganglion. Intracellular signals were compensated for interstitial potential (5-20 mV, Dorr et
al., 1996), and amplified (gain x20, highcut filter 3 kHz, SEC-06 preamplifier, SEC-10LX single electrode
clamp amplifier, npi, Tamm, Germany). Extracellular signals of ExtTi MNs were recorded with a hook
electrode from nerve F2 within the femur (Schmitz et al., 1988), and amplified (gain x2000, lowcut
filter 0.3 kHz, highcut 2.5 kHz, notch filter 50 Hz, MA101 preamplifier & MA102 differential amplifier,
Electronics Workshop, University of Cologne). All signals were digitized and stored with Spike2 soft-
ware (sampling rate 12.5 kHz for extracellular, 6.25 kHz for intracellular signals, ADC Micro1401 mkl,
Spike2 v7.16, CED, Cambridge, UK).

4.5.4 Mechanical Sensory Stimulation

The fCO was stimulated by opening the dorsal proximal femur, clamping, and moving the receptor
apodeme (cf. Hofmann et al., 1985; Blischges, 1989). Receptor elongation mimics tibial flexion (upward
deflection of stimulus trace in the following figures), vice versa for receptor elongation. Ramp-and-
hold fCO stimuli in experiments where stimulation amplitude was altered had a consistent ramp ve-
locity of 300 °/s. Ramp-and-hold fCO stimuli where stimulation velocity was altered had a consistent
hold amplitude of 60 °, corresponding to 300 um elongation of the receptor apodeme (Weiland and

Koch, 1987).

tiCS were stimulated by a metal probe that pushed the proximal tibia into a ventral or dorsal direction
by 50 um in all stimulus paradigms, activating G6A or G6B, respectively (Zill et al., 2013). In the follow-
ing figures, an upward deflection of the stimulus trace denotes an increase in load, a downward de-
flection the return to control condition without load stimulus. Ramp-and-hold tiCS stimuli had rise and
fall times of 0.1 s each, with a hold phase of 1 s in between. Triangle tiCS stimulus rise or fall ramp
duration was 0.17 s without a hold component to avoid adaptation and was used as a continuous
stimulation in experiments with fCO stimuli of increasing amplitudes or velocities. The order of exclu-

sive movement and combined load and movement stimuli was varied to exclude adaptational effects.

Sinusoidal waveform stimuli of the fCO and tiCS had a frequency of 0.7 Hz, a maximum amplitude of
60 ° or 50 um, respectively, and consisted of 15 continuous cycles. Intervals between all types of stimuli
were at least 2.6 s long. The time within stimulation paradigms between different stimulus velocities
or amplitudes was at least 10 s during which neither tiCS nor the fCO were stimulated. Mechanical
stimulators were controlled by Spike2 or a digital stimulator (MS501) and moved by custom-built linear
motors (lowpass filter 1 kHz, VCM Controller/Power Amplifier, Electronics Workshop, University of Co-

logne).
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4.5.5 Muscle Force Measurement

ExtTi isometric muscle contraction force was measured with a force transducer (ALS, Aurora 300 B
dual-mode lever system; Aurora Scientific Inc., Ontario, Canada, resolution 0.3 mN), digitized, and
stored (sampling rate 6.25 kHz, ADC Micro1401 mkl, Spike2, CED). ALS force level was set above the
maximum muscle force to maintain constant muscle length. The most distal, dorsal part of the femur
was cut open. The cuticular attachment site of the ExtTi muscle tendon was detached from its insertion
in the FTi joint and fixated with a hook-shaped minuten pin that was attached to the ALS lever arm.
Force offset was determined with the pin in position before the muscle tendon was attached. Stimulus

runs with FETi MN activity were excluded from analysis.

4.5.6 Pharmacology

To block presynaptic inhibition, the ganglion was superfused with the noncompetitive GABAA (y-ami-
nobutyric acid A) receptor antagonist picrotoxin (PTX, Sigma-Aldrich, cf. Sauer et al., 1997). Starting
concentration was 0.03 mM, incomplete removal of extracellular saline from the body cavity prior to
drug application led to further dilution. An increase in ExtTi MN frequency was used as an indicator for
the effect of PTX. Stimulations were started when MN frequency had reached a constant level, approx.
10 min following drug application. Both stimulus paradigms, i.e. movement stimuli with or without
simultaneous load stimulation, were analyzed before and after application of PTX and compared within
each condition. PTX effects on the gain of velocity dependence were not tested. PTX abolishes velocity
dependence in the system, potentially because blocking presynaptic inhibition causes the gain of ve-

locity information in the system to saturate (cf. Sauer et al., 1997; Stein et al., 2006).

4.5.7 Neuron Identification

Local premotor NSIs were identified as nonspiking if no action potentials were elicited by current in-
jection, tactile or sensory stimulation, and by subthreshold effects on MNs (Hengstenberg, 1977). In-
dividual types of NSIs were identified based on their excitatory or inhibitory effects on ExtTi MNs, and
their responses to fCO ramp-and-hold stimuli (Blschges, 1990; Sauer et al., 1995). Sensory afferents
were identified by their responses to sensory stimuli. Current injection into the neuropilar arboriza-
tions of these neurons fails to alter their action potential frequency. ExtTi MNs were identified by the
time-locked relationship between intracellularly and extracellularly recorded action potentials. Identi-

ties of the different types of neurons were verified by their morphology.

4.5.8 Data Analysis
Activation of tiCS subgroups G6A and B by ventral and dorsal tibial bending, respectively, has differen-
tial effects on the firing rate of ExtTi MNs, i.e. inhibition by G6A and excitation by G6B (Zill et al., 2011).

The subgroups showed no differential effects on the gain of NSIs and ExtTi MNs, therefore results were
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pooled. For linear summation of NSI responses to sinusoidal stimuli, the offset of 15 sweeps of re-
sponses to exclusive fCO and tiCS stimulation was removed and response traces to fCO and tiCS stimuli
were summed. Changes in gain were tested by incremental increases of fCO ramp-and-hold stimulus

amplitude or velocity with or without concurrent triangle stimuli to tiCS.

The initial ramp-and-hold fCO stimulus of each tested amplitude or velocity started simultaneously
with the triangle tiCS stimulus, which, in experiments with intracellularly measured changes in mem-
brane potential, consistently led to outliers and was thus discarded. Only responses to the following 4
ramp-and-hold stimuli were included in these analyses. This effect was not observed in experiments
were extracellularly measured action potential frequencies were analyzed, thus all 5 ramp-and-hold

stimuli were included.

Changes in membrane potential to increasing stimulus amplitudes were measured as the average
change from resting potential during the hold phase of the fCO stimulus. For increasing stimulus ve-
locities, depending on the overall response direction of the neuron, the maximum or minimum change
from resting potential during the rising ramp of the fCO stimulus was analyzed. For analysis of action
potential frequencies, we used the average frequency during the hold phase (increasing stimulus am-
plitude) or the rising ramp (increasing stimulus velocity). We did not distinguish between action po-
tentials from the slow and fast ExtTi MNs (SETi, FETi) in analysis of extracellular activity, since su-
prathreshold responses of FETi to fCO ramp-and-hold stimuli were much sparser than those of SETi,
thus the bulk of the effect will be based on SETi activity, with FETi having little to no effect on the
analyses. Within one recording, only stimulus runs with similar baseline levels of MN firing frequencies
were compared. Action potentials of the Cl; MN were extracted from extracellular F2 recordings by
spike sorting. Cl; is not reliably active during the hold phase of ramp-and-hold stimuli, thus only its

velocity-dependence during ramps could be analyzed.

We chose linear fits for our data, as they yield a more intuitive read-out of the slope, i.e. gain, of a
curve than sigmoidal curves, although the latter is typically more realistic for most physiological data.
The parameters tested were chosen because they lie well within the dynamical range of the FTi control
loop, and thus in the linear range of the sigmoidal curve (Weiland and Koch, 1987). Linear fits are thus
a sufficiently precise estimation for the purposes of this study and will, at worst, underestimate any
effects reported here. In Figure 4.3, only data from linear fits whose R? value is equal or greater than
0.6 were included. In all figures, N refers to the number of animals, n to the number of stimulus runs.
For each recording, the data of no more than one stimulus run of increasing amplitude and velocity,
respectively, were included in the analysis. Significance was tested with paired t-tests, significance lev-

els: * 0.05, ** 0.01, *** 0.001. All analyses were done in Matlab (R2020a, Mathworks).

4 | Gain Control in Multimodal Proprioceptive Processing | 55



NSI 1 sensory afferent

SETi MN

4.6 Results

4.6.1 Local Sensorimotor Pathways for Load & Movement Signal Processing

Load feedback provided by tiCS and movement feedback from the fCO constitute two major sources
of proprioceptive information in the FTi control loop. Besides monosynaptic connections from sensory
afferents to MNs, signals are transmitted from sensory afferents to local premotor NSls, which in turn
have excitatory or inhibitory effects on the SETi MN (Fig. 4.1; Bischges, 1990; Burrows, 1996; Gebehart
et al., 2021 (Chapter 2)). Some NSIs additionally affect the fast ExtTi MN (FETi), or the Cl; MN. If load
or movement stimuli are presented individually, sensory afferent and MN firing frequency and NSI
membrane potential are accurate neuronal representations of stimulus shape and distinct parameters
such as velocity or amplitude. Sensory afferents of tiCS G6A and G6B and the fCO, and their down-
stream neuronal partners were able to follow ramp-and-hold, continuously changing sinusoidal wave-

form, or triangle stimuli (Fig. 4.1).

tiCS stimulation fCO stimulation
tiCS GBB tiCS GBA tiCS G6B fCO

BRI .
™ WY e N A

tiCS GGB tiCS G6B tiCS G6B

vt gt iy L L

tiCS GBA tiCS GBA tiCS GBA | o -

T el SO AAAAA T el S
ramp - and - hold sinusoid triangle ramp - and - hold sinusoid

Figure 4.1: Local sensorimotor pathways for load (tiCS) and movement (fCO) signal pro-
cessing. Intracellular responses of fCO, tiCS G6A, and tiCS G6B sensory afferents (1% row),
an exemplary NSI (11, 2"¢ row), and the SETi MN (3 row) to distinct mechanical simulation
of tiCS (1%t — 3"¢ column) and the fCO (4% & 5" column). tiCS subgroups were stimulated by
ventral (G6A) or dorsal (G6B) bending of the tibia; stimulated subgroups are indicated in
the respective panels. 1°' row: indicated stimulated tiCS subgroup also denotes recorded
afferent identity. Responses of G6A and G6B were qualitatively similar apart from opposing
directional sensitivity. Bottom row, stimulus traces: upward deflection indicates fCO elon-
gation (flexion), or increased ventral (G6A) or dorsal (G6B) tibial bending. Dashed line:
NSI / MN resting membrane potential. Scale bar: 0.5s / 5 mV. (For more details on the

diversity of NSI responses to multimodal stimuli, see Gebehart et al., 2021, Chapter 2.)
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4.6.2 Presynaptic Inhibition from Load onto Movement Sensory Afferents

Unlike the controlled experimental settings presented in Figure 4.1, proprioceptive feedback from load
and movement sense organs rarely occurs separately under natural conditions. Temporal and spatial
coincidence of signals in the premotor network could therefore lead to nonlinear interaction, i.e. signal
processing and transmission of one modality being altered in the presence of the other. Presynaptic
inhibition can be used by the nervous system to control the gain of sensory signals when they enter
into the premotor network (Clarac and Cattaert, 1996; Rudomin and Schmidt, 1999; Fink et al., 2014).
Gain refers to the slope of the stimulus-response curve, in other words, the ratio between signal input
and output. Intracellular recordings from neuropilar arborizations of fCO afferents showed altered fir-
ing frequencies, PADs, and a reduced normalized action potential amplitude (0.985 + 0.007, N = 5)
when presented with movement stimuli (Fig. 4.2 A). The latter two are considered hallmarks of pre-
synaptic inhibition, confirming previous findings on presynaptic interactions between fCO afferents
themselves (Burrows and Matheson, 1994; Sauer et al., 1997). Stimulation of tiCS in the same record-
ing did not alter firing frequencies in fCO afferents, but elicited PADs and caused a reduction in nor-
malized fCO afferent action potential amplitude (0.986 + 0.009, N =5, Fig. 4.2 B). Presynaptic inhibition
from load-sensing tiCS thus altered movement signal gain in fCO afferents via presynaptic afferent

inhibition.

fCO stimulation tiCS stimulation Figure 4.2: Presynaptic inhibition of

Ai Bi movement (fCO) sensory afferents in-
duced by movement (fCO) and load (tiCS)
stimulation. Intracellular recording of a

fCO sensory afferent during fCO (A) and

tiCS (B) stimulation. fCO afferent action

1 AT | i‘ IR Y83 A
i LR ki) i

potential (AP) frequency was altered by
fCO but not during tiCS stimulation (i).

Both types of stimuli elicited PADs (ii,

fCO afferent

enlarged view of inset shown in i), and

reduced AP size (iii). Data in iii normal-

ized to the average AP amplitude in the

|
1 s interval previous to stimulation. All
panels show data from the same fCO af-
09 ferent, 5 sweeps of consecutive stimuli

o0°| /_\ﬂﬂ overlaid in each panel. Bottom rows: Ef-

0.981 £ 0.014 0.976 £ 0.010
N=5 0.985%0.007 0.986 + 0.009

AP amplitude (norm.)

fect size of AP amplitude reduction for
this neuron (top) and for N = 5 (bottom,
pooled results for G6A & G6B stimulation). Scale bar: 20 mV (i), 2 mV (ii), iii as given in
Aiii, time scale in Bi.
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4.6.3 Nonlinear Summation & Neuron-specific Gain Modulation in Nonspiking Interneurons

Sensory afferents of the fCO are mono- and polysynaptically connected with a population of individu-
ally identifiable local premotor NSIs that integrate both load and movement signals (Blischges, 1990;
Sauer et al., 1996; Gebehart et al., 2021 (Chapter 2)). Presynaptic interactions between load and move-
ment sensory afferents will therefore directly affect signal integration and processing in NSls. Sinusoi-
dal waveform stimulation targeting exclusively the fCO or tiCS elicited distinct responses in NSls
(Fig. 4.3 Ai-Ci, top row, cf. Fig. 4.1). Stimulation of both sense organs at the same time and with the
same phase led to summed responses in NSls. Summation of load and movement signals was nonlinear
(Fig. 4.3 Ai-Ci bottom row, total N = 20), as would be expected by the interaction of both signals in the
sensory afferents presynaptic to the NSls (Fig. 4.2). Note that individual sinusoidal load stimuli did not
elicit a response in the recording of NSI E2 (Fig. 4.3 Ai, top right), but responses to combined stimuli

differed from those to exclusive movement stimulation.

To identify changes in sensory gain, or parameter dependence, we tested the NSIs’ responses to move-
ment stimuli of increasing amplitude (Fig. 4.3 Aii, Bii) or velocity (Fig. 4.3 Cii) in the presence and ab-
sence of triangle waveform load stimulation (cf. Fig. 4.1). Triangle stimuli were used to maintain an
ongoing presence of load signaling within the network, and no effects of adaptation were found in
control tiCS afferent intracellular recordings for the duration of the applied stimulus paradigms (n = 2,
not shown). Individual NSIs show different degrees of amplitude and velocity dependence which, in
the range applied in this study, can be approximated by a linear relationship between movement stim-
ulus parameter and NSI membrane potential (Weiland et al., 1986; Blischges, 1990; Sauer et al., 1996).
Figure 4.3 shows examples of NSIs in which the gain of movement signal responses, i.e. the slope of
the linear curve fitted to the change in membrane potential, was increased (Aii), decreased (Bii), or
even reversed (Cii) in the presence of load feedback. In some NSI recordings with clear movement
stimulus amplitude dependence, the change in gain could be correlated with the waveform of the
nonlinearly summed response. The same neuron that showed an increase in response gain (Fig. 4.3 Aii)
also showed an increased amplitude in the summation experiment (Ai), while a decrease in gain in a
different NSI coincided with a summation that was smaller than its constituent parts (Fig. 4.3 B). Move-
ment signal gain was up- or downregulated depending on NSI type and movement parameter

(Fig. 4.3 D, 1*t column, N = 23).

All NSls studied here either in- or decrease activity in the SETi MN. Load and movement signal pro-
cessing in this network is distributed and antagonistic, meaning that each NSI’s response to a given
sensory stimulus either supports (+) or opposes (-) the ExtTi MNs’ response to the same stimulus

(Blschges, 1990; Sauer et al., 1996; Gebehart et al., 2021 (Chapter 2)). We categorized NSIs using this
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Figure 4.3: Nonlinear summation and neuron-specific gain modulation in NSIs. Load (tiCS)
and movement (fCO) signals were summed nonlinearly in NSIs (Ai-Ci). Exemplary data from
NSIs E2 (A), 11 (B), E9 (C). Top panels (black): NSI membrane potential, sinusoidal waveform
stimulation of the fCO (left) or tiCS (right). Bottom panels: NSI membrane potential to
combined sinusoidal waveform stimulation of the fCO and tiCS (blue), mathematical linear
summation of response traces to individual stimuli (grey). Solid lines in bottom panels:
average traces. 15 sweeps of consecutive stimuli overlaid in each panel. Stimulus trace in
Ai. Scale bar: 5 mV / 0.5s. In the same NSIs, membrane potential dependence to movement
stimulus amplitude (Aii, Bii) and velocity (Cii) was increased (Aii), decreased (Bii) or re-
versed (Cii) in the presence of triangle waveform load stimuli (blue) when compared to
exclusive movement ramp-and-hold stimuli (black). Changes in membrane potential to in-
creasing movement stimulus parameters: average over hold phase of the ramp-and-hold
movement stimulus (amplitude dependence) or peak value during rising stimulus ramp (ve-
locity), for more details, see Chapter 4.5. Dots (amplitude) / circles (velocity): data from
single ramp-and-hold stimuli; solid (amplitude) / dashed (velocity) line: average; dotted
line: linear fit. D: Gain (slope of linear fits as depicted in Aii-Cii) of NSI| movement param-
eter dependence in the presence of triangle load stimuli normalized to exclusive movement
stimuli (1%t column), and their classification as having a supporting (+) or opposing (-) drive
onto the ExtTi SETi MN (2"¢ & 3¢ column). NSIs were identified; EX / IX: inconclusive iden-
tification, excitatory (E) or inhibitory (I) effects on SETi. * NSIs in D that are depicted in A-
C. Data was excluded if R? of the linear fit < 0.6. N (humber of NSIs) = 12, no more than

1 data point per recording and movement parameter.
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dichotomy, distinguishing between sensory gain changes affecting velocity or amplitude dependence
(Fig. 4.3 D, 2™ & 3™ column). Sensory gain was increased in all opposing NSls. This effect was strongly
expressed in the set of NSls whose gain of amplitude dependency was altered (increase: 3x (-), 1x (+);
no change: 6x (+); decrease: 3x (+)), whereas there was no unidirectional effect on velocity dependence

(increase: 1x (+), 1x (-); no change: 2x (+); decrease: 4x (+); note multiple recordings from same NSI

types).

4.6.4 Parameter-Dependent & Neuron-specific Modulation of Motor Neuron Gain

The velocity and amplitude dependence, i.e. gain, to movement stimuli in NSls that in- or decrease
activity in ExtTi MNs was modulated in the presence of load (Fig. 4.3). Notably, the amplitude depend-
ence in NSIs opposing SETi activation during the movement resistance reflex was upregulated
(Fig. 4.3 D). To test the effects of sensory gain modulation on the motor output of the network we used
the same stimulation paradigm as described for NSIs in Figure 4.3 Aii — Cii. Movement stimulus ampli-
tude or velocity was incrementally increased and ExtTi MN response gain was compared in the pres-
ence and absence of load signals (Fig. 4.4). The gain of action potential frequency of the excitatory
ExtTi MNs (eExtTi MNs, i.e. SETi & FETi) in response to movement stimuli of increasing amplitude was
significantly decreased in the presence of load (Fig. 4.4 Ai, N = 1, Fig. 4.4 D, 1** column, blue, N = 22,
p = 4.8 x 10°%), consistent with the increase of amplitude dependence in SETi-opposing NSls (Fig. 4.3 D).
This effect was dependent on presynaptic inhibition, as it was abolished by the application of PTX
(Fig. 4.4 Aii, N = 1, Fig. 4.4 D, 1** column, grey, N = 6, p = 0.14). The GABA4 antagonist PTX blocks pre-
synaptic inhibition while other inhibitory connections in the network are unaffected in the stick insect

premotor network (Sauer et al., 1997).

SETi MN activity constitutes the majority of eExtTi action potentials during a movement reflex re-
sponse, whereas FETi MN action potential numbers, especially at lower stimulus amplitudes and ve-
locities, lie in the lower single-digit range. The effect on frequency gain in Figure 4.4 A and D in eExtTi
MNs will thus be mediated by SETi MN. Intracellularly measured membrane potential changes in FETi
MN did not show the same decrease in gain, but rather a tendency towards an increase in amplitude
dependent sensorimotor gain in the presence of load that was significant only for higher fCO ampli-
tudes, but not for lower amplitudes, thus indicating a change in gain (Fig. 4.4B,N=1, p =7.5 x10%,
Neotal = 2). Velocity dependence was not consistently up- or downregulated across NSls (Fig. 4.3 D), and,
accordingly, velocity dependent gain in eExtTi MNs was not significantly modulated into either direc-
tion in the presence of load (Fig. 4.4 D, 2" column, N = 14, p = 0.09). The gain of movement stimuli of
increasing velocities in the inhibitory ExtTi MN, Cl;, however, was significantly increased (Fig. 4.4 C,
N =1, Fig. 4.4 D, 3™ column, N=9, p = 1.1 x 10°%). Consistent with the change in eExtTi action potential

frequency, the amplitude dependence of isometric ExtTi muscle force in response to movement stimuli
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without FETi MN activation was decreased in the presence of load (Fig. 4.4 E, N =3/ 4).
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Figure 4.4: Parameter-dependent and

neuron-specific modulation of motor
output gain. A: Amplitude dependence in
eExtTi MNs, measured as action poten-
tial (AP) frequency, was decreased in the
presence of triangle waveform load
stimuli (Ai, blue) in comparison to exclu-
sive ramp-and-hold movement stimula-
tion (black). The effect was abolished
when presynaptic inhibition was blocked
with PTX (Aii). B: Gain of changes in
membrane potential in the FETi MN was
increased; responses differed signifi-
cantly at high (60 °), but not low (10 °)
movement stimulus amplitudes. C: Ve-
locity dependence, measured as AP fre-
quency, was increased in the Cl; MN. A,
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of amplitude (1% column) and velocity dependence (2"? & 3" column) in eExtTi MNs (1%t &

2" column) and Cl; MN (3 column), slope of combined load and movement stimuli nor-

malized to exclusive movement stimuli. Dots (amplitude) / circles (velocity): data from

single animals. Grey: PTX trials. E: Amplitude dependence of isometric ExtTi muscle force

was decreased during triangle waveform load stimuli (blue) in comparison to exclusive

ramp-and-hold movement stimuli (black). F: Schematic pathways along which load signals

affected movement signal gain. Dashed line: polysynaptic pathway; triangle / circle: excit-

atory / inhibitory synapse; + / -: supporting / opposing NSI.
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In summary, the effects of sensory load signals on the gain of movement-signal responses in ExtTi MNs
were movement parameter- and MN dependent. Amplitude dependence was upregulated in the FETi
MN and, consistent with the enhancing effects of load on amplitude gain in SETi-antagonizing NSIs,
downregulated in the SETi MN. Velocity dependence was not unidirectionally modulated in eExtTi

MNs, but was increased in the inhibitory MN targeting the same muscle.

4.7 Discussion

Understanding the complexity of motor systems requires information about signal interactions, such
as gain control in sensorimotor processing. In many model systems, targeting of specific neurons and
tractability of signals impose limitations on our current possibilities to retrieve this information. In the
stick insect, each individual element of the neural network can be recorded from, and sensory signals
can be precisely controlled with mechanical stimuli using a naturalistic parameter space. We traced
interactions between proprioceptive load (tiCS) and movement (fCO) sensory signals and the resulting
gain control through the FTi joint control network (Fig. 4.4 F). Signals interacted via presynaptic inhibi-
tion from load onto movement sensory afferents. In their, in part monosynaptically connected, down-
stream targets, the network of NSlIs, this led to nonlinear signal summation and differential sensory
gain modulation. Specifically, the movement amplitude dependence of NSIs opposing the reflex re-
sponse in the SETi MN was upregulated in the presence of load. Consistently, we found a decrease in
the amplitude dependence, i.e. sensory gain, in SETi, and the resulting isometric ExtTi muscle force,
thereby establishing a behavioral relevance. The effects on individual ExtTi MNs varied for distinct
movement signal parameters and were dependent on presynaptic inhibition, as the effects were abol-
ished when the latter was pharmacologically blocked. Taken together, the results clearly demonstrate
how load feedback specifically tunes individual movement signal pathways, thereby contextualizing

movement signal processing.

4.7.1 Proprioceptive Integration in Local Premotor Nonspiking Interneurons

The network of local premotor NSIs processes movement and load sensory feedback by way of distrib-
uted, antagonistic processing (Blschges, 1990; Sauer et al., 1996; Bassler and Buschges, 1998;
Gebehart et al., 2021 (Chapter 2)). Shifting the weighting between individual pathways of the distrib-
uted network has been suggested as a mechanism for controlling MN gain, especially in the context of
reflex reversal and active behavior (Bassler, 1993; Pearson, 1993; Blischges and Wolf, 1996; Driesang
and Biischges, 1996; Hess and Blischges, 1997; Kittmann, 1997). Controlling the gain of sensory signals
in distributed networks is necessary to use the same network for different tasks and to endow behav-
ioral flexibility. Distributed processing is a crucial component of the mechanism presented in this study;
it permits the system to fine-tune individual pathways of the network and thus modulate distinct mo-

tor channels in different sensory contexts using the same set of NSls.
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Load and movement signals are processed along antagonistic pathways, i.e. the activity of single NSls
can support or oppose an ongoing motor output (Blschges, 1990; Gebehart et al., 2021 (Chapter 2)).
In this study, we present for the first time a mechanism that could shape a distributed, antagonistic
network into a dedicated network. In the presence of load, movement amplitude dependence was
specifically increased in those NSIs which oppose the reflex activation of SETi. Consistently, SETi am-
plitude dependence was decreased in the presence of load and the gain of muscle force decreases.
While this is most likely not the only way in which NSI network activity can be tuned, it provides a first

step to a more detailed understanding of flexible, distributed sensory processing.

4.7.2 Sensorimotor Gain Control

Presynaptic inhibition is a ubiquitous mechanism for controlling sensorimotor gain (Clarac and
Cattaert, 1996; Rudomin and Schmidt, 1999; Torkkeli and Panek, 2002), and is the focus of studies on
active behaviors in model systems ranging from the monkey (Confais et al., 2017), to the locust (Wolf
and Burrows, 1995). It is essential for stable motor output and to prevent oscillations (Fink et al., 2014),
to avoid sensory habituation and saturation (Krasne and Bryan, 1973; Burrows and Matheson, 1994),
and to ensure proper coordination during walking (Koch et al., 2017). Here we studied the effects of
presynaptic afferent inhibition on movement signal gain control in the quiescent animal. In the ab-
sence of active behavior, we demonstrate a local circuit mechanism for multimodal sensorimotor gain

control that is based on the presynaptic interaction of distinct sensory afferents.

By controlling the gain of sensory signals in a motor network, the impact of these signals on down-
stream processing circuits is up- or downregulated. Modulation depends on signal type, i.e. infor-
mation content, their relevance for the current behavioral context, or the necessity to stabilize the
system and prevent signal overload (Azim and Seki, 2019). Using detailed insights into the differential
fine-tuning of individual interneuronal and MN pathways, we suggest a mechanism by which a small
locomotor network can implement contextualized sensorimotor control. Movement signal processing
and response gain of the motor output for joint control in the stick insect was dependent on the pres-
ence, or absence, of load feedback. Thereby, movement sensorimotor gain control was dependent on
the proprioceptive context, i.e. the presence, or absence, of load. This is of especial relevance in the
context of proprioception as a multimodal sense, where load and movement will frequently occur sim-

ultaneously.

4.7.3 Functional Relevance for the Control of Leg & Joint Movement

Our results clearly show that to understand motor control and leg movement, we need to consider
movement signals in the context of load, and vice versa. The gain of movement amplitude and velocity
was differentially modulated in the motor system and its outputs, i.e. ExtTi MNs. In the presence of

load, SETi MN movement amplitude dependence was decreased, its velocity dependence was not

4 | Gain Control in Multimodal Proprioceptive Processing | 63



consistently altered, whereas FETi MN amplitude and Cl; MN velocity dependence were increased.
From a general perspective, downregulation of SETi activity and upregulation of Cl; and FETi is can be
used to support fast leg movements by reducing slow ExtTi muscle fiber activation and recruiting fast
muscle fibers (Bassler et al., 1996). Cl; activation reduces tonic slow fiber activity, thus supporting a
fast movement. Our experiments were performed in resting, inactive animals, and muscle forces were
measured in the absence of FETi activity. The situation might differ for active behaviors, for example,
by increasing the weak effects on FETi response gain. An indication that the situation might be similar
between inactive and active animals is found in the reflex reversal, when the response to a sensory
stimulus switches from a resistance reflex in an inactive animal to an assistance reflex in the active
animal (e.g. Forssberg et al., 1975; Bassler, 1976; De Serres et al., 1995; Pearson, 1995b). In the stick
insect, the balance of the reflex reversal is shifted towards the active reaction by load stimuli, and the
first part of the active response, similar to our data, involves a decrease in SETi and an increase in Cly
activity (Bassler, 1986; Akay and Blischges, 2006). In the context of the results presented here, this
supports the hypothesis that load controls the gain of movement signal processing and thereby shifts

the network balance towards reflex reversal and an active reaction.

In the presence of load, SETi velocity dependence was unaffected, while its gain in Cl; was upregulated.
In stick insects, velocity dependence is a critical premise for catalepsy, a major component of twig
mimesis. Velocity dependence is a prerequisite for the nervous system to accomplish the tight control
over reflexes and muscle activity that enables the extremely slow movements. The latter, in response
to external perturbation of the leg, return the limb to its original position at velocities that are too slow
for predators to detect (Bassler and Foth, 1982; Béssler et al., 1982; Bassler, 1983b; Driesang and
Blschges, 1993). By reducing the amplitude dependent component of SETi’s response without affect-
ing its velocity dependence, the relative weighting of the velocity component in the SETi response is
increased. In combination with an increased velocity dependence in Cly, gain control mediated by load
signals could support the generation of velocity dependent, slow movements seen in catalepsy. Sen-
sorimotor gain control could thereby support the low pass filter characteristics of the muscle fibers
(Bassler, 1983b). Interesting to see would be a comparison with the sensorimotor gain control in the
locust, as these animals do not perform twig mimesis and do not show the same degree of velocity

dependence (Blischges and Wolf, 1995).

Apart from catalepsy, reducing the response strength of MNs to increasing stimulus parameters could
provide a general mechanism by which a leg motor system might prevent damage to its effectors if the
resisted external force is too strong. Consistently, the role of tiCS has been discussed to lie primarily in
the tuning of muscle activity in the ExtTi and its antagonist when activation of these muscles leads to

an increased load on the tibia (Cocatre-Zilgien and Delcomyn, 1999).
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Until recently, functional schemata of load and movement signal pathways were considered as mainly
separate, equivalent pathways that act on the same MNs. In a previous publication, we could show
that load and movement signals are processed within the same network of NSIs (Gebehart et al., 2021
(Chapter 2)). In the present study, we combined sensory signals from distinct sense organs of different
modalities and trace their interaction through the network, from the inputs of the sensory afferents
via the processing in the interneuronal network to the output of the MNs. Our results show that load
tuned movement processing pathways, thus contextualizing movement information in the local net-
work. Taking advantage of the accessibility of the network in the stick insect, we provide a mechanism
that applies gain control of sensory feedback processing to implement context-dependency. Proprio-
ceptive feedback from distinct load and movement sensors, as well as the other neuronal mechanisms
described here, are also found in other locomotor systems that face similar tasks as the stick insect. In
a study on the integration of touch and proprioceptive signals in the ventral nerve cord of Drosophila
melanogaster, Tuthill and Wilson discussed the putative contextualization of sensory signals by load
and movement feedback, which we have demonstrated here (Tuthill and Wilson, 2016b). Future stud-
ies will have to show whether the contextualization of sensory signals by means of sensorimotor gain

control is a general mechanism of motor networks.

Blischges and Wolf suggested four putative mechanisms for sensory gain control in the motor system
of an insect leg, i.e. presynaptic inhibition, changes in weighting of parallel pathways, changes at the
MN membrane, and altered sensitivity of sensory afferents (Blschges and Wolf, 1996). Our results
demonstrate that the first two options might be considered as part of the same mechanism in which
presynaptic inhibition alters the gain of parallel pathways, thereby shifting the balance of antagonistic
pathways. The last two possibilities are thought to be potentially mediated by neuromodulators. These
play an important role in sensorimotor processing and leg muscle control (Stolz et al., 2019; Liessem
et al., 2021), and might present a complimentary mechanism to the neuronal interactions we investi-

gated here.
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5 Perspectives: Lateral Connectivity in the Sensorimotor Network

The following Chapters 5.1 - Presynaptic Interactions between Proprioceptive Sensory Afferents, and
5.2 - Lateral Connectivity & Rhythmicity in the Network of Nonspiking Interneurons provide perspec-
tives for future lines of research on the lateral connectivity within the sensorimotor network. They are
based on data that is not part of the manuscripts of Chapters 2, 3, and 4, and no contributions from

persons other than yours truly, the author of this dissertation, are included.

In Chapter 5.1, lateral connections mediating presynaptic interactions between sensory afferents of
the fCO and tiCS were examined in detail. A new mechanism for presynaptic signal gain control was
identified that results in disinhibition, i.e. release from presynaptic inhibition, in specific fCO afferents
upon tiCS stimulation. This upregulation of sensory signal gain was found only in fCO afferents whose
signals contain unidirectional information about tibial movement, and was sensitive to PTX. Addition-
ally, presynaptic inhibition was found from fCO to tiCS afferents, and between tiCS afferents of the

same and different subgroups, i.e. G6A and G6B.

The results on lateral connections within the premotor network of local NSls will be described in Chap-
ter 5.2. Paired double intracellular recordings revealed reciprocal excitation between all recorded pairs
of NSls. In the absence of external stimuli, individual pairs showed correlated, in some cases rhythmi-
cally correlated, fluctuations of their membrane potential. The membrane potential of specific types
of NSlIs showed rhythmic oscillations at a frequency that was, with few exceptions, consistent across
oscillating NSl types and recordings. The data suggest a previously undetected mechanism for network

synchronization that might increase coupling strength within the NSI network.
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5.1 Presynaptic Interactions between Proprioceptive Sensory Afferents

5.1.1 Introduction

In Chapter 2 it was shown that proprioceptive feedback from load and movement sensors is integrated
by local premotor NSIs. As the data provided in Chapter 4 and the study by Stein and Schmitz demon-
strate, these signals already interact at an earlier neuronal stage, i.e. via presynaptic afferent inhibition
(Stein and Schmitz, 1999). This necessitates investigations on the degree of preprocessing that propri-
oceptive signals are subjected to before they can be integrated into the premotor network. If “raw”
signals from sense organs are filtered and altered by presynaptic mechanisms, this will impact the in-
formation that postsynaptic networks may use to control movement. In Chapter 5.1, | will therefore
focus on the lateral connectivity between sensory afferents of the fCO and tiCS, and provide data that

might provide the basis and a perspective for future investigations.

Presynaptic inhibition is neither a novel concept, nor is it restricted to invertebrates or insects. It was
discovered almost at the same time in vertebrates (Frank and Fuortes, 1957 as cited in Clarac and
Cattaert, 1996; review in Rudomin and Schmidt, 1999), and in crayfish (Dudel and Kuffler, 1961; review
in Clarac and Cattaert, 1996). In the insect leg, fCO afferents have been found to be the target of pre-
synaptic inhibition originating from afferents of the same sense organ (Burrows and Matheson, 1994;
Sauer et al., 1997), or from CS afferents (Stein and Schmitz, 1999, Chapter 4). The following Chapter 5.1
will extend the view of presynaptic effects of CS onto fCO afferents to include also facilitatory effects,

and provide an overview of the presynaptic effects occurring in CS afferents themselves.

The mechanisms underlying presynaptic inhibition may differ between systems. However, studies on
crayfish are complemented by data from locusts and stick insects and thereby provide a coherent pic-
ture on arthropod presynaptic inhibition, some aspects of which are also found in vertebrate systems
(reviews in Clarac and Cattaert, 1996; Rudomin and Schmidt, 1999; Torkkeli and Panek, 2002): Presyn-
aptic inhibition is mediated by inputs from GABAergic interneurons to the neuropilar branches of sen-
sory afferents (Burrows and Matheson, 1994; Clarac and Cattaert, 1996). The inputs are sensitive to
the GABA, antagonist PTX (e.g. Burrows and Laurent, 1993; Sauer et al., 1997), and result in the open-
ing of chloride channels (discussed in Clarac and Cattaert, 1996; Torkkeli and Panek, 2002). Due to a
concentration gradient of chloride in sensory afferents that differs from other parts of the nervous
system, chloride ions flow out of the neuron, causing a PAD (cf. Clarac and Cattaert, 1996). The equi-
librium potential of chloride at the afferent membrane thus causes a depolarization, which has never-
theless inhibitory effects. The conductance increase induced by the opening of chloride channels acts
as a shunting mechanism that reduces the amplitude of action potentials passing through this part of
the neuronal membrane. Because presynaptic inhibition primarily occurs near the ends of neuropilar

afferent branches where electrical transmission becomes passive, the action potential amplitude
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cannot be recovered and leads to a decrease in transmitter released at the afferent synapse (Clarac

and Cattaert, 1996; Cattaert and El Manira, 1999; Cattaert et al., 2001).

In the following study, | will provide data and initial findings that might guide future investigations on
the lateral connectivity of multimodal sensory afferents. The presynaptic effects of tiCS onto fCO af-
ferents will be characterized in detail, and a new type of presynaptic interaction will be described.
Specifically, not all presynaptic effects in fCO afferents are inhibitory, leading to the hypothesis that
the machinery of presynaptic inhibition is harnessed for the upregulation of afferent information by a
form of disinhibition, i.e. a release from tonic presynaptic inhibition. The specific presynaptic actions
of tiCS afferents onto fCO afferents with different sensitivities to tibial position, movement velocity,
and acceleration will be analyzed (cf. Biischges, 1994). Additionally, the reverse situation will be exam-
ined, i.e. whether fCO afferents in turn mediate presynaptic inhibition onto tiCS afferents, and whether
tiCS afferents themselves interact at the presynaptic level. Previous studies, including the results pre-
sented in this dissertation, have focused on fCO afferents as the target of presynaptic inhibition, me-
diated, for example, by either sensory afferents of the same (Burrows and Matheson, 1994; Sauer et
al., 1997) or different sense organs, e.g. tr/fCS and hairplates (Stein and Schmitz, 1999), and tiCS (Chap-
ters 4). Apart from the study by Stein and Schmitz, which indicates the presence of presynaptic inhibi-
tion from hairplates to CS, presynaptic effects on proprioceptive afferents of the insect leg other than
the fCO have received little attention (Stein and Schmitz, 1999). This raises the question whether pre-
synaptic interactions are comparable between proprioceptive afferents of the fCO and CS, or whether

this type of sensory processing is asymmetrical and mainly occurs in the fCO.

5.1.2 Materials & Methods

The experiments and analyses were performed according to the same procedures described in detail
in Chapter 4. Neural activity was recorded intracellularly from neuropilar arborizations of sensory af-
ferents from tiCS G6A and G6B and the fCO. Mechanical stimuli were used to activate sense organs.
Note that changes in action potential amplitude could only be analyzed in sensory afferents with tonic
resting activity or during their preferred stimulus. Where indicated, bath application of 0.03 mM PTX

(Sigma) was used to block presynaptic inhibition.

To observe changes in the input resistance of the neuronal membrane, short pulses of negative current
were injected via the intracellular electrode (pulse duration 0.05 s, frequency 10 Hz). Pulses were con-
trolled using a digital stimulator (MS501). The amount of current injected into the neuron was adapted
in each recording to evoke changes in membrane potential of approximately 5 mV, to avoid activation
of active membrane conductances. In the examples presented in the following, current pulse ampli-
tude was set to -0.4 nA. According to Ohm’s law (potential equals resistance times current, V=R * 1),

the changes in membrane potential evoked by the negative current pulses will be positively correlated
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with the membrane’s input resistance. The latter depends on the number of transmembrane channels
that are open at the time of the current injection. The larger the number of channels that are open at
a given moment, the smaller the input resistance and the smaller the change in membrane potential

evoked by the same amount of current.

5.1.3 Results

Presynaptic inhibition between sensory afferents is an important aspect of sensorimotor gain control
(Clarac and Cattaert, 1996; Azim and Seki, 2019). A mechanism by which presynaptic inhibition could
alter premotor processing and the motor output of the FTi joint control loop dependent on the sensory
context was described in the previous Chapter 4. These results raised questions about the complexity
of presynaptic afferent interactions, including the putative presence of reciprocal effects between af-
ferents carrying load (tiCS) and movement (fCO) information, and the specific identity, i.e. parameter
sensitivity, of the targeted afferents. During these experiments emerged another observation, i.e. that
classical, in the following called PAD type, presynaptic inhibition is not the only regulatory mechanism

of sensory afferent activity in this system.

5.1.3.1 Presynaptic Inputs to Neuropilar Arborizations of Femoral Chordotonal Organ Afferents

Presynaptic inhibition has been described to occur between fCO afferents themselves (Burrows and
Matheson, 1994; Sauer et al., 1997), and from tr/fCS and tiCS onto fCO afferents (Chapter 4, Stein and
Schmitz, 1999, for morphology of neuropilar fCO arborizations, see Suppl. Fig. 2.1). These effects be-
tween fCO afferents and from tiCS onto fCO afferents were also found and analyzed in detail in the

IM

following experiments, and corresponded to descriptions of the “classical”, or regular, PAD type ef-
fects. Stimulation of the fCO (Fig. 5.1 A) or tiCS (Fig. 5.1 B) induced a depolarization of the fCO afferent
membrane potential (Fig. 5.1 Ai, ii, Bi, ii) that was increased by hyperpolarizing the neuron with a tonic
injection of negative current (Fig. 5.1 Aiii, Biii). Simultaneously, the membrane input resistance was
decreased (Fig. 5.1 Aiv, Biv), as could be observed by the decreased amplitude of changes in membrane
potential evoked by negative current pulses (for details on measurements of input resistance, see
Chapter 5.1.2). In combination, these results indicate that ion channels were opened during the ap-
plied sensory stimulus, resulting in an inward current that depolarized the cell. Hyperpolarizing the

membrane increased the deviation from the equilibrium potential of the underlying ionic current and

thereby increased the amplitude of the PAD.

The stimulus-induced PADs decreased the amplitude of concurrent action potentials in the fCO affer-
ent, thereby characterizing it as presynaptic inhibition (Fig. Av, Bv). Presynaptic inhibition of this “reg-
ular” PAD type between fCO afferents was found in 27 out of 28 recordings, whereas only in 8 out of
27 fCO afferent recordings the regular PAD type effects were observed upon tiCS stimulation (cf. Ta-

ble 5.1). Note that, if not indicated otherwise, stimulations targeting tiCS G6A and G6B were pooled.
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Figure 5.1: Presynaptic inputs to neuropilar arborizations of fCO afferents. Presynaptic
effects of fCO (A), and tiCS (B, C) stimulation on fCO afferent activity. A: Presynaptic inhi-
bition in an fCO afferent resulting from activation of the same sense organ. B: “Regular”,
i.e. as previously described, PAD type response in an fCO afferent upon tiCS stimulation.
C: PAD release type response in an fCO afferent upon tiCS stimulation. A, B, and C depict
recordings from the same fCO afferent, respectively. Exception: Av, Biv, corresponding

afferent response to fCO stimulation in insetin Av. i: fCO afferent stimulus response, insets
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Figure 5.1 (continued): in B & C show the respective afferent’s response to fCO stimulation.
ii: Changes in membrane potential upon tiCS stimulation, enlarged view of i. iii: Stimulus-
induced changes in membrane potential while the membrane potential was hyperpolarized
by injecting negative current. iv: Stimulus-induced changes in afferent membrane input
resistance, inferred by injecting negative current pulses (see inset in C) and monitoring the
amplitude of the resulting changes in membrane potential before and during the sensory
stimulus (for details, see text). v: Changes in action potential amplitude induced by sensory
stimuli, normalized to average amplitude in 1 s interval previous to stimulation. Scale
10 mV (i), 2 mV (ii-iv). Membrane potential (Vn) indicated (i, iii). Bottom row: Stimulus
traces. All panels except iv: 5-10 sweeps of consecutive stimuli. For another example of

regular PAD type responses, see Fig. 4.2.

Differing total numbers of afferent recordings are due to experimental constraints that prevented all

types of sensory stimuli to be tested in every single recording.

Aside from the regular PAD type effects on fCO afferents, in very few fCO afferents no effect of tiCS
stimulation was visible (N = 2 / 27). In the majority (N = 17 / 27), the membrane potential of the fCO
afferent was hyperpolarized, i.e. its membrane potential was decreased, in response to a stimulation
of the tiCS (Fig. 5.1 Ci). The hyperpolarization was not mediated by an outward current induced by the
opening of ion channels. This was concluded as the amplitude of the hyperpolarization increased when
the afferent membrane potential was further hyperpolarized (Fig. 5.1 Cii, N =4 / 5, no visible change
in N = 1 / 5). Additionally, the membrane input resistance was increased during tiCS stimulation
(Fig. 5.1 Civ, N =6/ 6). This indicates the closing of ion channels, i.e. a decreased conductance across
the membrane, which leads to larger changes in membrane potential upon negative current pulse in-
jection. It was therefore hypothesized that the hyperpolarization, which did not decrease when the
afferent membrane was lowered and was accompanied by the closing of ion channels, represented a
disinhibition, in other words a release from tonic presynaptic inhibition. This type of presynaptic input
response in fCO afferents was therefore termed PAD release type. Strikingly, and supporting the hy-
pothesis that this phenomenon constitutes the opposite of regular presynaptic inhibition, the ampli-
tude of fCO afferent action potentials concurring with the tiCS stimulus was increased (Fig. 5.1 Cv,
N =4 /4). Note that no fCO afferent was found to receive both types of presynaptic inputs, e.g. regular
PAD type from tiCS G6A and PAD release type from G6B.

Presynaptic afferent inhibition can be blocked by the GABAa antagonist PTX while inhibitory connec-
tions within the premotor network remain unaffected (Sauer et al., 1997). Figure 5.2 depicts the PAD
release type response in a fCO afferent before (A) and 10 min after (B) bath application of PTX (N = 1).
PTX reduced the amplitude of the tiCS-stimulus induced hyperpolarization in the fCO afferent

(Fig. 5.2 Ai, Bi). When presynaptic inhibition was blocked, no more changes in membrane input
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resistance could be observed, i.e. the amplitude of changes in fCO afferent membrane potential elic-
ited by negative current pulses did not differ with or without tiCS stimulation (Fig. 5.2 Aii, Bii). The
overall membrane input resistance, independent of sensory stimuli, was increased after PTX applica-

tion and the resting membrane potential was slightly decreased.

fCO afferent Figure 5.2: Effects of blocking presynap-
pre PTX post PTX tic inhibition in a PAD release type fCO
Ai Bi
§ ‘ '™ afferent. fCO afferent response to tiCS
(o]
§ stimulation before (A) and 10 min after
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£ B1.5mV
@ Aii Bii " onist PTX. i: Stimulus-induced reduction
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@ ‘
é HP w ‘ UM H l } ‘ 10 sweeps of consecutive stimuli.
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a Current Pulses | \| ‘ |“ . . . - .
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L I1]-040A W\\,
4 50 um tive current pulses (see inset in A) and
3
-% j\ m— monitoring the amplitude of the result-
05s

ing changes in membrane potential be-
fore and during the sensory stimulus (for details, see text). Scale 1 mV (i), 3 mV (ii). Mem-
brane potential indicated (i). Bottom row: Stimulus traces. All panels: same fCO afferent

recording.

5.1.3.2 Specificity of Presynaptic Inputs to Femoral Chordotonal Organ Afferents
with Different Parameter Sensitivities

Individual fCO parameters encode different parameters of a movement stimulus (Blischges, 1994; Field
and Matheson, 1998; Mamiya et al., 2018). A single fCO afferent might alter the frequency of its action
potentials to represent the velocity (V) or acceleration (A) of tibial movement, or tibial position (P) or
vibration. Note that it was not possible to test for vibration sensitivity in this experimental setup. The
movement parameter sensitivity of fCO afferents was characterized and sorted by their PAD response
type to tiCS activation, i.e. regular PAD versus PAD release type versus no PAD (Fig. 5.3 A). Parameter
sensitivities were separated into unidirectional and bidirectional velocity or acceleration responses,
i.e. whether the fCO afferent responded only to stimuli in the direction of flexion or extension, or both,
and into positive or negative position dependence, i.e. increased activity by more flexed or extended

positions, respectively (Fig. 5.3 B).

The described sorting of fCO afferents revealed that the release from tonic presynaptic inhibition, the
PAD release type responses, exclusively occurred in fCO afferents which were unidirectionally sensitive
to velocity or acceleration (Fig. 5.3 A). Regular PAD type responses were found in unidirectional affer-
ents with positive position sensitivity as well (N = 4), but bidirectionally velocity or acceleration
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sensitive fCO afferents all received the regular PAD type inputs (Vbidirectional P- N = 2, Vbidirectional N = 1,
Abidirectional N = 1). In contrast, all fCO afferents with PAD release type inputs were unidirectionally sen-
sitive to velocity (Vunidirectional P+ N = 10, Vunidirectional N = 1), or acceleration (Aunidirectional N = 2), or a combi-

nation thereof (VunidirectionalAunidirectional N = 4)

A Velocity Position  Acceleration z Figure 5.3: Specificity of presynaptic in-
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Position dependence in fCO afferents was no indicator for the type of tiCS-evoked effects. Both regular

tential firing demonstrating the distinct
sensitivities applied for fCO afferent

characterization.

PAD and PAD release type responses were found in fCO afferents with positive position dependence
(Fig. 5.3 A). Negative position dependence was only found in fCO afferents with regular PAD type re-
sponses, but sample size of these afferents was too low to be conclusive (N = 2). Positive position
dependence was, however, correlated with unidirectional velocity sensitivity in fCO afferents. The two
fCO afferents that showed no changes in membrane potential in response to tiCS stimuli were unidi-

rectionally sensitive to velocity (Fig. 5.3 A, bottom row).

5.1.3.3  Presynaptic Inputs to Neuropilar Arborizations of Tibial Campaniform Sensilla Afferents
Presynaptic effects targeting the fCO have been the focus of this and other studies (e.g. Burrows and
Matheson, 1994; Sauer et al., 1997; Stein and Schmitz, 1999), but it was unclear whether the situation
in tiCS afferents is comparable. | therefore recorded from neuropilar arborizations of tiCS afferents to
determine similarities, or differences, in the presynaptic processing of proprioceptive feedback in tiCS
and fCO afferents (Fig. 5.4). For morphology of neuropilar tiCS G6A and G6B arborizations, see
Suppl. Fig. 2.1.
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Figure 5.4: Presynaptic inputs to neuropilar arborizations of tiCS afferents of G6A (i, ii)
and B (iii, iv). Presynaptic effects of fCO (A), and tiCS G6A (B) and G6B (C) stimulation on
tiCS afferent activity. A: PADs resulting from activation of the fCO in tiCS G6A (i, ii) and
G6B (iii, iv) afferents. B: PADs resulting from activation of tiCS G6A in tiCS G6A (i, ii) and
G6B (iii, iv) afferents. C: PADs resulting from activation of tiCS G6B in tiCS G6A (i, ii) and
G6B (iii, iv) afferents. ii, iv: Changes in membrane potential upon tiCS stimulation, en-
larged view of i. i, ii, and iii, iv depict recordings from the same tiCS afferent, respectively.
Exception: Biii, Biv. i, iii: tiCS afferent stimulus response. Asterisk: PAD in a G6A afferent
induced by the off-response of G6B afferents. Action potential size in Biii, iv was decreased
during the recording, probably due to an electrode-induced leak current, but action poten-
tial firing was unaltered. Scale 10 mV (i, iii), 2 mV (ii, iv). Membrane potentials indicated

(i, iii). Bottom row: Stimulus traces. All panels: 5-10 sweeps of consecutive stimuli.
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Presynaptic interaction between tiCS and the fCO was found to be reciprocal, i.e. tiCS activity modu-
lated the membrane potential of fCO afferent arborizations (Fig. 5.1), and fCO stimulation elicited PADs
in tiCS sensory afferents (Fig. 5.4 A, N = 9 / 12). Presynaptic effects onto tiCS afferents, however,
showed the regular characteristics of presynaptic inhibition in all recordings. No evidence for PAD re-
lease type effects was found in tiCS afferents. Upon fCO stimulation, PADs were elicited in tiCS affer-

ents of G6A (Fig. 5.4 Ai, ii, N=4 /5) and G6B (Fig. 5.4 Aiii, iv, N =5/ 10, cf. Table 5.1).

Presynaptic inhibition in the form of PADs also occurred between tiCS afferents of the same group, i.e.
between G6A afferents or between G6B afferents, respectively (Fig. 5.4 Bi, ii (G6A, N = 3 / 5), Ciii, iv
(G6B, N=5/10)), and between groups, i.e. from 6A to 6B, and vice versa (Fig. 5.4 Biii, iv (G6A onto 6B,
N =1/3),Ci ii (G6B onto 6A, N = 2 / 4). Note that, due to experimental constraints, not all sensory
stimuli could be tested in all recordings. One 6A and one 6B afferent out of 6 fully tested tiCS afferents
showed no presynaptic effects to any type of sensory stimulation, neither from tiCS nor from fCO af-
ferents. Most tiCS afferents were affected by combinations of presynaptic sources, e.g. from fCO and
tiCS G6A or G6B afferents, or fCO and both tiCS groups. An example of these combinatory effects is
shown in Figure 5.4 Bi and ii, where a tonic PAD during and an additional PAD at the end of the stimulus
are visible (asterisk). The depicted 6A afferent therefore received tonic presynaptic inhibition from
other 6A afferents while the stimulus was ongoing. At the end of the stimulus, the 6A afferent had
already stopped its response in terms of action potential firing, and other 6A afferents will likely have
had done so as well, leading to the conclusion that the additional PAD (Fig. 5.4 Bi, ii, asterisk) resulted
from the off-response of a 6B afferent (cf. Fig. 5.4 Biii, iv). In summary, the results show that some tiCS
afferents of both subgroups receive presynaptic inhibition from tiCS of the same and the other group,
and from the fCO. This is comparable to the situation in the fCO, with the marked distinction that PAD
release type effects were only found in fCO afferents as a result of tiCS afferent activation, not the

other way around.

5.1.3.1 Presynaptic Interactions Within the Same & Between Two Proprioceptive Sense Organs

As the results presented above demonstrate, presynaptic interactions between sensory afferents of
the same sense organ could be found both in fCO and tiCS afferents. Interactions between these sense
organs were reciprocal, but asymmetrical, as both received presynaptic inhibition from each other, but
only fCO afferents showed the upregulation by the PAD release type upon stimulation of tiCS. Table 5.1
summarizes these complex interactions, their prevalence in the set of recorded afferents, and the
shape of the underlying respective regular PADs or PAD releases, respectively. It was distinguished
between phasic-tonic (e.g. Fig. 5.4 Civ), phasic (e.g. Fig. 5.1 Ai), and tonic (e.g. Fig. 4.2 B) effects on
afferent membrane potential. There was a clear difference in the presynaptic effects originating from
fCO and tiCS afferents; PADs elicited by fCO stimulation were almost purely phasic, whereas regular

PADs and PAD releases upon tiCS stimulation often had a tonic component (Table 5.1).
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Table 5.1: Presynaptic interactions within the same and between two proprioceptive sense
organs. Presynaptic inputs sorted in descending order by their source, i.e. whether origi-
nating from the fCO or tiCS and by their target afferents. Target afferents were subdivided
(“type”) into tiCS G6A and G6B (“source”: fCO), into regular PAD and PAD release type
“source”: tiCS, “target”: fCO), or by the tiCS group from which the inputs originated
“source”: tiCS, “target”: tiCS 6A and 6B afferents). Numbers indicate the number of rec-
orded afferents displaying these inputs out of the total number of respective afferents that
were tested for the given sensory stimulus. Bottom rows: Numbers of respective inputs

eliciting phasic-tonic, phasic, or tonic responses in the recipient afferent.

presynaptic inputs

source fco tiCS
o fCO afferent tiCS afferent fCO afferent tiCS 6A afferent tiCS 6B afferent
g N=27/28 N=9/15 N=25/27 N=4/5 N=6/10
tiCS 6A tiCS 6B regular PAD fromtiCS 6A fromtiCS6B  fromtiCS6A  from tiCS 6B
type afferent afferent PAD type release type afferent afferent afferent afferent
N=4/5 N=5/10 N=8/25 N=17/25 N=3/5 N=2/4 N=1/3 N=5/10
[FIEE LD 1 0 0 4 6 0 0 0 3
- tonic
phasic 26 4 5 1 4 1 2 0 0
tonic 0 0 0 3 7 2 0 1 2

5.1.4 Discussion

Presynaptic afferent inhibition enables the gating of sensory inputs, and is one mechanism by which a
sensorimotor network may control its gain (Burrows and Matheson, 1994; Wolf and Burrows, 1995;
Clarac and Cattaert, 1996; Sauer et al., 1997; Torkkeli and Panek, 2002; Azim and Seki, 2019). While
examples of presynaptic facilitation exist, these are usually mediated by mechanisms that differ from
presynaptic inhibition (e.g. Siegelbaum et al., 1982; discussed in Clarac and Cattaert, 1996). Typically,
presynaptic inputs involving GABAergic chloride conductances are considered to reduce the gain of
sensory information that is of lesser relevance at a given moment. Thereby the gain, or salience, of
relevant sensory feedback from other afferents is indirectly increased. It is important to note that this
modulation of sensory gain is achieved by altering the amplitude of afferent action potentials. The
information content of the firing pattern is usually not changed, only its impact on downstream net-
works due to the amount of transmitter released by action potentials of different amplitudes (Dudel

and Kuffler, 1961).

The two types of inputs from tiCS onto fCO afferents shown here demonstrate that the mechanism
underlying presynaptic inhibition could be used not only to downregulate fCO afferent gain (regular
PAD type), but also for its upregulation (PAD release type, Fig. 5.1). The data suggests the hypothesis
that the PAD release type responses in fCO afferents were the result of a disinhibition, i.e. a release
from a tonic PAD, which equals a release from a tonic presynaptic inhibition. This is supported by the

5 | Perspectives: Lateral Connectivity in the Sensorimotor Network | 76



observation that the amplitude of the presynaptically elicited hyperpolarization is increased, rather
than decreased, when the afferent membrane is hyperpolarized by current injection. According to the
PAD release hypothesis, the hyperpolarized afferent membrane is more negative than the reversal
potential of chloride, thereby increasing the amplitude of the tonic PAD. Consequently, the hyperpo-
larization, thought to be the result of closing chloride channels and stopping the PAD, would appear to
increase in amplitude. This is in accordance with the increased input resistance during the hyperpolar-
ization, which, as a measure of membrane conductance, indicates the closing of ion channels. As a
result of reduced membrane conductance, the shunt that the PAD effectively constitutes at this loca-
tion on the afferent membrane would be removed, causing action potential amplitudes to increase, as

was observed here.

Consistent with this hypothesis were the effects of blocking presynaptic PADs by the application of the
GABA, antagonist PTX (Fig. 5.2). The overall membrane potential became more negative when the
tonic PAD was blocked. As a result, the overall input resistance as the inverse measure of membrane
conductance increased, and the amplitude of PAD release type effects decreased. The remaining hy-
perpolarization might have resulted from an incomplete block of presynaptic inhibition by PTX. The
initial effects of PTX are typically observed 10 min following bath application, and it is difficult to main-
tain stable intracellular recordings from the fine afferent branches for much longer in addition to the

required pre-application recording time.

These observations indicate that, despite their opposing effects on the fCO afferent membrane and
action potential amplitude, the PAD release type responses found in this study might rely on the same
cellular mechanisms as the regular PAD type responses that have been described before. Presynaptic
effects of the regular PAD type decrease sensory gain transiently in response to, in this case, tiCS and
fCO stimuli, whereas the gain of fCO afferents of the PAD release type was apparently constantly de-

creased and transiently released by tiCS activity.

The finding that proprioceptive information in fCO afferents was not only down-, but also upregulated
broadens the possibilities of gating movement sensory feedback and of tuning the ensuing movement
signal processing. It is therefore necessary to identify the type of information which is up- or downreg-
ulated to estimate the effects on downstream processing networks. fCO afferents can be characterized
based on their sensitivity to tibial position, velocity, and acceleration (Blschges, 1994; Field and
Matheson, 1998). Using these distinctions, it was possible to determine differences in the information
content whose gain was in- or decreased (Fig. 5.3). Specifically, the gain of fCO afferents transmitting
unidirectional information about changes in tibial position, i.e. velocity and acceleration, was in-
creased. These sensory afferents not only carry information whether a movement has occurred, but

also into which direction, whereas signals containing more general information from bidirectionally
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sensitive afferents was suppressed. This indicates that in the presence of load, e.g. when the leg is in
stance phase or encounters an external perturbation, movement signals containing information about
the direction of movement become more relevant. Simultaneously, the relevance of non-directional
information about movement is decreased. This must be considered together with the finding that
fCO-mediated presynaptic inhibition was almost purely phasic, or present only during the velocity com-
ponent of a movement, while most presynaptic effects from tiCS had a tonic component. The presyn-
aptic modulation by load signals therefore represented a state-dependent-like effect while load is pre-
sent. This effect was independent of the direction of load, i.e. whether tiCS G6A or G6B were activated.
Movement signals, on the other hand, presynaptically transiently inhibited afferents as an update of

changes in the status quo, i.e. phasically while the tibia was moving.

Drawing conclusions for walking must be done with caution, as all experiments were performed in the
resting animal. Assuming, however, that the situation in the actively moving leg might be similar to the
one observed here, the gain of load and movement afferents would be phasically decreased by fCO
afferent-mediated presynaptic inhibition while the tibia was moving. During active movements, a large
number of sensory signals is generated and the transient inhibition could prevent the system from
being flooded with, and saturated by, sensory information. Once load is detected, the gain of more
general fCO signals is decreased and directional information becomes more relevant. These distinct
effects on sensory gain can be intuitively explained in the walking animal: Without load, during swing
phase, deviations from the leg’s trajectory will not have an effect on the walking animal as long as
deviations into any direction do not significantly alter the duration or the location of the leg at the end
of swing phase. During stance phase, however, in the presence of load, any deviation from the leg’s
trajectory will immediately impact walking kinematics, ground reaction forces, inter-leg coordination,
and possibly even walking direction (cf. Dallmann et al., 2016; Dallmann et al., 2017). It must therefore
be precisely compensated for, which requires information about the direction into which the deviation
occurred. Furthermore, independent of walking, information about the direction of tibial movement
can be used to infer the location, and possibly the strength, of an external perturbation. Berg et al.
ruled out tiCS as the mediator of targeted searching movements around the location of an encoun-
tered perturbation, but tr/fCS might serve a similar purpose (Berg et al., 2013). In the inactive stick
insect, velocity information is crucial for posture control and catalepsy (Bassler and Foth, 1982; Bassler,
1993). By increasing the gain of specific velocity information, load feedback might support this mech-
anism. It might also be the source of the phasic presynaptic inhibition of fCO afferents found in walking
locusts (Wolf and Burrows, 1995). Furthermore, the complex interactions between load and move-
ment afferents might explain some of the variability seen in the gain of movement processing in local

premotor NSlIs in Chapter 4 (Fig. 4.3).
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No presynaptic effects of the PAD release type have been observed between fCO afferents themselves,
between tiCS afferents, or from fCO afferents onto tiCS afferents. It must therefore be concluded that
the presynaptic interactions between load and movement afferents are asymmetrical insofar that
movement signal gain control in the presence of load is more differentiated than the reverse situation.
The asymmetry of load and movement signal processing will be discussed in detail at a later point.
Nevertheless, the complex pattern of presynaptic inhibition raises questions about the relevance of
the upregulated fCO information for downstream processing that present possibilities for future re-
search. Studies based on the data presented in this perspective Chapter 5 will have to substantiate the
findings of the effects of blocking presynaptic inhibition with PTX, and investigate the source of the
tonic PAD that is hypothesized to underly the PAD release type effects. In Chapter 4, one mechanism
of how presynaptic afferent interactions influence downstream processing has been elucidated. Nev-
ertheless, the complexity of the interactions suggests the presence of further possibilities by which the

gating of sensory information might shape motor control.

The recordings of tiCS afferents shown here are the first extensive intracellular recordings of CS affer-
ents, besides short excerpts of recordings in Chapter 4 and the work of Stein and Schmitz (1999). In-
creasing the number of these recordings will help to determine the specificity of presynaptic inhibition
in these afferents. Aside from the presynaptic effects, an interesting observation was the high fre-
quency of tiCS afferent responses in intracellular recordings, which seems to stand in contrast to the
number of spikes identified on extracellular recordings of the ncr (cf. Chapter 2, Fig. 3.2, and Zill et al.,
2011; Zill et al., 2012; Zill et al., 2013; Zill et al., 2017). Additional recordings form the individual tiCS
afferents might also determine whether all of them have the same phasic-tonic response pattern that

was found in this study.
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5.2 Lateral Connectivity & Rhythmicity in the Network of Nonspiking Interneurons

5.2.1 Introduction

In Chapter 2, local premotor NSIs were established and introduced as a point of convergence within
the premotor network (e.g. Burrows, 1987b; Laurent and Burrows, 1988; Laurent and Burrows, 1989b;
Kittmann et al., 1996; Ludwar et al., 2005). In Chapter 3, differences between short- and long-latency
sensory afferent inputs to NSIs were observed and used to infer mono- and polysynaptic connectivity
between sensory afferents and NSIs. The results indicate that the different types of NSIs do not form
a single layer within the premotor network, but are rather positioned at different levels of the sensory
processing cascade. At this point, however, it is unclear whether individual NSIs that are part of differ-
ent, or even the same, processing layer, are connected with each other to form a cross-linked network.
Alternatively, NSIs could be positioned at different levels of parallel processing pathways without being
synaptically connected, thereby essentially processing sensory information independently from each

other.

A previous study on the locust has found unidirectional inhibitory connections between single pairs of
NSls that were not identified individually (Burrows, 1979). In Chapter 3, a double intracellular recording
between NSlIs E2 and E4 revealed reciprocal excitation (Fig. 3.3). Inferring the implications of synaptic
connectivity on network function, however, requires more information on the extent of the intercon-
nectivity, i.e. which NSIs are connected, and whether these connections are excitatory or inhibitory,
unidirectional or reciprocal. A hypothetical network of interconnected NSIs that process distributed
input from the same sense organs greatly increases the network’s complexity, but potentially also its
computational power. A parallel might be drawn to artificial neural networks, where the degree of
interconnectivity and the number of layers increase the computational power of the network. This
approach underlies the advanced capabilities of deep learning networks and artificial intelligence
(Alzubaidi et al., 2021). Sensory signals would not be processed independently along parallel pathways,
as synaptic connections between NSIs would cause the activity and sensory processing in a given NSI

to depend on the activity of all NSls that it is connected to.

These considerations led to questions about the coupling within the premotor NSI network. Assuming
that synaptic connectivity between NSls exists, how does this affect network coupling, i.e. the com-
bined processing of the distributed inputs? In the following, initial data on the lateral connectivity
within the NSI network will be presented. Specifically, simultaneous intracellular recordings from pairs
of NSIs were used to reveal reciprocal excitation. Based on these experiments, the correlation between
NSls at rest was analyzed, leading to the discovery of relatively high-frequency rhythmic activity within

specific NSls in the absence of sensory stimuli.
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5.2.2 Materials & Methods

Double and single electrode intracellular recordings from local premotor NSIs were performed accord-
ing to the same procedures described in Chapter 3. Essentially, the recording procedure for double
intracellular electrode experiments was the same as for single electrodes. Recording equipment was
duplicated, and intracellular sharp electrodes were lowered through the ganglion sheath one after the
other before searching for NSIs. Each NSI of a recorded pair was stained with a different dye (neurobi-
otin tracer (Vector Laboratories) or tetramethylrhodamine dextran (Invitrogen)) to allow for individual

staining and identification.

Correlation of neural activity was analyzed between pairs of NSlIs recorded simultaneously (cross-cor-
relation, Fig. 5.6) or within single NSIs (auto-correlation, Fig. 5.7). In both cases, between 4 and 10
windows of 10 s duration were extracted from the recording traces. Only intervals of resting activity
were included in the analysis, i.e. intervals during which the animal was not actively moving, no sensory
stimuli were applied, no current was injected via the recording electrode, and no large fluctuations in
membrane potential were observed. The remaining DC fluctuations were removed from the recording
trace with Spike2 (CED). Traces were smoothed in Matlab (MathWorks). The results of this smoothing
procedure were visually controlled for accuracy to avoid data distortion and maintain actual features
of membrane potential oscillations while removing high-frequency noise. Z-scores were computed
from smoothed data. Processed data was cross-correlated within each 10 s window between simulta-
neously recorded NSIs. For auto-correlation, each 10 s data trace was correlated with itself. Average
traces show the average across all 10 s windows from the same recording. Auto-correlation frequency
was calculated by measuring the period from the expected correlation peak of 1 at 0 ms to the first
following peak. Average frequencies were calculated for each type of NSI, only NSls in which rhythmic-
ity was observed were included in the calculation of averages. Correlations were considered rhythmic
if correlation strength showed peaks in addition to the auto-correlation peak at 0 ms. Fourier transfor-
mation was applied to raw, unprocessed data of the same 10 s windows for independent verification

of correlation results.

5.2.3 Results

5.2.3.1 Reciprocal Excitation between Identified Premotor Nonspiking Interneurons

Different types of local premotor NSIs are part of the premotor network processing proprioceptive
input from the leg and controlling motor output. To determine whether these NSIs form a network of
interconnected neurons, simultaneous intracellular activity of 4 different pairs of NSIs was recorded
(Fig. 5.5). NSlIs were stained for unequivocal identification following each recording (Fig. 5.5 i, for mor-
phology of identified NSlIs, see also Suppl. Fig. 2.1). Depolarizing current was injected via one or the

other recording electrode, and the effect on the respective other NSI's membrane potential was
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recorded simultaneously, respectively. The pair E2 / E4 was recorded twice in different experiments,
extracts from the second recording are included in Chapter 3. All recorded pairs exhibited reciprocal
excitatory connections, i.e. each part of the pair was depolarized when positive current was injected

into the respective other NSI.

Ai Figure 5.5: Reciprocal
excitation between
identified premotor

NSls. NSIs of types E2 /
E4 (A), E9 / E10 (B), 12/
E3 (C), and I3 / E3 (D)
were recorded simulta-

neously. Positive cur-

v I 72n 0nA rent injection into each
. ) NSI elicited a depolari-
g N ‘ zation in the membrane

potential of the respec-

tive other NSI. i: NSI
morphology, NSls on the
left mirrored for this

depiction, all NSIs were

recorded from the neu-

ropil of the same
hemiganglion; location
of somata indicated if
detectable (arrow). ii,
iii: Effects of current in-

jection (I) on the re-

spective other NSI’s

membrane potential
(Vm). Resting membrane
potentials indicated; as-
terisk: stimulation arti-

fact.

NSIs show fast, small amplitude membrane potential fluctuations even in the absence of any external
stimuli or apparent activity of the animal. To test whether the resting activity between NSIs was cor-

related, cross-correlation analysis between multiple 10 s windows of paired recordings was performed
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(Fig. 5.6, for details on data processing and analysis, see Chapter 5.2.2). Both recorded E2 / E4 pairs
showed a correlation peak with a temporal offset towards E4 (Fig. 5.6 A). Thus, the activity in E2 cor-

related with that of E4 with a time lag of 2.6 or 5.9 ms in both recordings.

The resting activity of E9 and E10 was not correlated (Fig. 5.6 B). E3, however, was rhythmically corre-
lated with both 12 (Fig. 5.6 C) and I3 (D). The cross-correlation analysis revealed multiple peaks of in-
creased correlation strength with a frequency of 31.3 and 28.6 Hz, respectively (Fig. 5.6 Ci, Di). The
activity in E3 precede that of the simultaneously recorded NSI in both cases by 0.6 and 3.2 ms, respec-

tively (Fig. 5.6 Cii, Dii).

Figure 5.6: Cross-correlation between
NSI resting activity in paired recordings.
Simultaneous activity of NSIs E4 / E2 (A),
E9 / E10 (B), E3 /12 (C), and E3 / I3 (D)

was cross-correlated (for details on data

T L e—— |
02 2 02 o0t 0 001 hrocessing & analysis, see Chapter

5.2.2). Same recordings as Fig. 5.5, ex-
ception: for reciprocal excitatory effects
of Aiii, iv, see Fig. 3.3. Correlation
strength (y-axis) plotted against tem-

poral offset (x-axis). Only data from in-

active animals was included while no
sensory stimuli or current injections
were applied. Colored traces: data from
individual 10 s windows; black trace: av-
erage. ii (iv): enlarged view of the area

around 0 s in i (iii). Dashed lines in

ii (iv): Temporal offset of cross-correla-
tion peak from 0 s, offset length is indi-
cated; the NSI whose activity precedes is
named first in i (iii) (e.g. in Ai, ii, E4 pre-

cedes E2 by 5.9 ms). Dashed lines in Ci,

Di: Temporal distance between consecu-
tive peaks of cross-correlation strength,
period length and frequency are indi-

cated.
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5.2.3.2 Rhythmic Membrane Oscillations in Nonspiking Interneurons at Rest

The rhythmically correlated activity between NSIs shown in Figure 5.6 C, D raised the question whether
the resting activity of a given NSl itself was also rhythmic. The presence or absence of rhythmicity in
the activity of individual NSIs was determined by cross-correlating NSI activity with itself (auto-corre-
lation, Fig. 5.7). No paired intracellular recordings were required for this analysis, thereby greatly in-
creasing the sample size for each type of NSI. Auto-correlations were applied to NSIs of type E1 — 4,
E9, E10, and 11 — 5 (Fig. 5.7). Auto-correlation results were complemented and supported by Fourier
transformation regarding the presence or absence of frequency peaks in the single-sided amplitude

spectrum (Fig. 5.7, insets in B).

The results were surprisingly consistent for a given type of NSI, both in whether or not auto-correlation
showed rhythmicity, and, if so, at which frequency. With few exceptions, NSls of type E1, E4, E9, and
I3 showed rhythmicity in their auto-correlation at a narrow range of frequencies, typically around
30 Hz (Fig. 5.7 A, Bi, iv, vi, x). Note that in 3 recordings of E4, no rhythmicity was observed. A previous
study has shown that two copies of E4 exist per hemiganglion, which might explain these seemingly
heterogenous effects in E4 (Fig. A, Biv, v, Blischges and Wolf, 1995). A similar explanation might un-
derly the effects in E9, which had previously also been stained twice in the same ganglion (data not
shown). Note that rhythmicity in NSIs of type E9 was typically weak, indicated by only few additional
peaks in the auto-correlation and a weak signal in the Fourier transformation (Fig. 5.7 Bvi). NSls of type
E2 showed a greater variability of frequencies that was on average lower than that of NSIs E1, E4, E9,
and I3 (Fig. 5.7 A, Bii). NSIs of type 12 had on average a higher auto-correlation frequency (Fig. 5.7 A,
Bix). Results for NSls of type E10 were not consistent, as one recording showed rhythmicity, whereas
two others did not (Fig. 5.7 A, Bvii). It is unknown whether multiple copies of E10 exist. NSls E3, 11, 14,
and 15 did not show rhythmicity in any recording, which was corroborated by the results of Fourier

transformation (Fig. 5.7 A, Biii, viii, xi, xii).

The rhythmicity of membrane potential oscillations was also observed in the unprocessed intracellular
recording traces, as shown for exemplary extracts from recordings of NSIs 12 and E3 in Figure 5.8. 12’s
membrane potential oscillated rhythmically with, in this example, an average frequency of 39.1 Hz
(Fig. 5.8 A). The membrane potential of E3 also fluctuated, albeit with no detectable rhythmicity or
pattern (Fig. 5.8 B).
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Figure 5.7 (previous page): Rhythmic membrane oscillations in NSIs at rest. In the absence
of external stimuli or self-generated movements, auto-correlation of the membrane poten-
tial showed rhythmic oscillations in specific types of NSIs. A: Auto-correlation frequency
of individual types of NSIs; circles: individual NSIs, black dots: average frequency, white
dots: no rhythmicity in auto-correlation. B: Exemplary auto-correlations for each NSI type;
correlation strength (y-axis) plotted against temporal offset (x-axis). Only data from inac-
tive animals was included while no sensory stimuli or current injections were applied. In-
sets: Fourier transformation of the same, but unprocessed, data as used for the respective
correlation plot. Single-sided amplitude spectrum (y-axis) of frequency range up to 60 Hz.

All plots: colored traces: data from individual 10 s windows; black trace: average.

A rhythmic oscillations (12) Figure 5.8: Exemplary intracellular
traces of NSIs exhibiting rhythmic oscil-
lations (A, 12), or non-rhythmic mem-

brane fluctuations (B, E3). Correlation

analysis of the NSIs depicted here are

B no rhythmic oscillations (E3)
shown in Fig. 5.7 Biii (E3), Bix (I2).

V: membrane potential; dashed line:

resting membrane potential.

5.2.4 Discussion

Proprioceptive and other types of input are known to be distributed to the set of premotor NSIs that
control leg movements (Blischges, 1990; Burrows, 1996). Typically, these are described as individual
pathways, whose antagonistic properties, for example, are summarized to generate motor output or
the weighting of which can be adapted to generate reflex reversal (Bassler and Blschges, 1998). In this
study, the view of the NSI network as mostly independent, parallel pathways was tested and chal-
lenged by the results of paired double intracellular recording experiments. All recorded pairs of NSIs
demonstrated reciprocal excitation (Fig. 5.5). Even in the absence of external stimuli or self-generated
movements of the animal, the membrane potential fluctuations of some NSIs were correlated, includ-
ing rhythmic correlations (Fig. 5.6). Additionally, a number of NSI types showed rhythmic oscillations
of their membrane potential (Fig.s 5.7, 5.8). The frequencies of these rhythms, both within and be-

tween NSIs, covered the same narrow range and, with few exceptions, were consistent across animals.

A previous study had found inhibitory, unidirectional connections between premotor NSIs (Burrows,
1979), which stands in contrast to the reciprocal excitation reported here. In the experiments by Bur-
rows, however, NSIs were not individually identified, therefore the results are not necessary contra-
dictory. A larger sampling size of paired recordings will be required to determine the range of the in-
teractions between premotor NSIs. Nevertheless, both Burrows’ and the present study clearly show
the presence of lateral connectivity within the NSI network. Reciprocal interconnections between NSls
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might have far-reaching implications for premotor processing and the sensory integration underlying
motor control. Assuming two hypothetical NSls, A and B, performing computations X and Y, respec-
tively, then a reciprocal connection between A and B would result in signal computations in the order
of X-Y, or Y-X, depending on whether signals are transmitted first to A or B. As described in Chapter 3,
the functional connectivity of NSIs changed with the sensory context. In terms of sensory processing,
this means that a different NSIs will receive short-latency, unprocessed sensory inputs depending on
the sensory context. Note that for the sake of simplicity, presynaptic afferent effects on sensory signals
are not considered here. To understand the effect of these alternative functional connections on net-
work computation, knowledge about NSI interconnectivity is essential. Altering the order of computa-

tions might result in different outputs based on similar inputs and the same network components.

From the present data, no definite conclusion can be drawn as to whether the connections between
NSIs were based on chemical or electrical synapses. Some NSIs were hyperpolarized when negative
current was injected into their recorded partner, in addition to the excitatory effects upon depolariza-
tion shown in Figure 5.5. This is usually considered an indicator for an electrical synapse. Some NSls,
however, tonically release transmitter at their resting membrane potential (Burrows and Siegler,
1978), which would result in the same observation of seemingly excitatory and inhibitory effects onto
the postsynaptic NSI. At present, chemical synapses seem to be the most likely hypothesis because
changes in the membrane potential of the postsynaptic NSIs were small and did not indefinitely follow

the amplitude of current injected into the presynaptic NSI, indicating saturation of chemical synapses.

Interestingly, local premotor NSIs were not only connected, i.e. their activity was not only correlated,
when one of them was depolarized by current injection. E2 and E4, and E3 with both 12 and I3, showed
correlating fluctuations of their membrane potential at rest. Specifically, activity in E3 was rhythmically
correlated with, and preceded that of 12 and 13. It is important to note that the correlation of mem-
brane fluctuations between NSIs per se does not allow inference of causality. All three NSIs could re-

ceive the same input, with different temporal shifts, from an unidentified source.

An indicator of causality, nevertheless, can be found in the activity and correlation of E3, which was
rhythmically correlated with 12 and I3, but not rhythmic itself. The membrane potential of both 12 and
I3, by contrast, showed rhythmic oscillations that were in a range similar to the rhythmic cross-corre-
lation with E3. A possible hypothesis explaining these results suggests E3 as a reference point for 12
and I3. The frequency of the oscillations would represent a sort of metronome, or sampling frequency,
at which 12 and 13 adjust their activity to match either a depolarization, hyperpolarization, or another,
unknown state variable in E3. This form of rhythmic “sampling” of non-rhythmic E3 membrane oscilla-
tions by 12 and I3 could explain the time shift and rhythmicity in their correlation with E3, as well as

the rhythmicity of their own activity. According to this hypothesis, E4 and E2, whose activity was
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correlated without rhythmicity, and which themselves showed rhythmic oscillations, could play similar
roles as 12 and 13. Both would be “sampling” from an unknown third NSI serving the same function as
E3 for 12 and 13, causing their oscillations to be correlated, but not rhythmical. Following these expla-
nations, E9 and E10 would not be part of the same oscillatory network, as their activity was not corre-

lated and they showed only weak, or no rhythmicity in their membrane fluctuations.

These hypothetical considerations require further experimental support, and, potentially, computa-
tional circuit modeling. The large sampling size of individual NSIs, however, allows more definite con-
clusions on the presence of a strong rhythmicity in the membrane fluctuations of specific types of NSls.
NSIs of types E1, E2, E4, 12, and I3 showed strong rhythmicity in the absence of sensory input, and, with
the exception of E2, their oscillations were restricted to a narrow range of frequencies around 30 Hz.
The presence of this constant frequency across NSIs and animals and in the rhythmic cross-correlations

between NSls implies a functional relevance for the rhythmicity or its underlying cause.

Rhythmic oscillations, or synchronization, of networks are the focus of many studies on attention and
sensory awareness in the vertebrate brain (review in Engel and Singer, 2001), and have also been re-
ported in the olfactory and visual systems of locusts and Drosophila melanogaster, respectively
(Laurent and Davidowitz, 1994; Grabowska et al., 2020). In the nervous system of Drosophila melano-
gaster, oscillatory activity in the range of 20-30 Hz is modulated with the salience of a stimulus, and
can be linked to visual attention (van Swinderen and Greenspan, 2003; Grabowska et al., 2020). There
are, however, crucial differences between these studies and the oscillations reported here. Most stud-
ies focus on sensory processing in the brain, while in this case rhythmicity occurred in the ventral nerve
cord in the explicit absence of external stimulation. Oscillations therefore cannot be interpreted as a
sign of focusing attention on a specific input, howsoever such a focusing would manifest in a proprio-
ceptive network. Additionally, the network investigated here consists of nonspiking neurons. Thus, no
immediate comparisons to rhythmic spiking networks with spike synchronization and coincidence de-

tection can be drawn.

In this and the preceding Chapter 5.1, initial results are presented to provide starting points for hy-
pothesis building and to guide future investigations. As discussed above, further questions need to be
answered to fully understand the relevance of lateral connectivity between local premotor NSIs for
sensorimotor processing. These include the origin of the oscillations, i.e. the mechanism, neuron, or
network architecture that gives rise to the oscillations in membrane potential across and between NSI
types. Rhythmic synchronization can be induced by common inputs to individual elements of the net-
work, or by lateral connections within the network (Niebur et al., 2002). Synchronization via lateral
connectivity can be based on recurrent inhibition, which does not seem applicable in the present case

as recurrent connections were excitatory. Alternatively, it can be elicited by an intrinsic oscillator that
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entrains the network, or by delayed mutual excitation, both of which represent possible hypothesis

for the premotor network of the stick insect leg (Ritz and Sejnowski, 1997).

Another aspect to be investigated is the function of the synchronization. Here it will be important to
know the source or the mechanism of the oscillations to determine whether they are the observable
side effects of unknown network or neuron properties, or whether the oscillations themselves have a
function. Synchronization facilitates the association of distributed networks, especially of networks
integrating different parameters of a (sensory) input (Kénig and Schillen, 1991; Ritz and Sejnowski,
1997). This difficulty, also known as binding problem, arises as a consequence of neuron assemblies
that are required to process a given input parameter while other features of the information are su-
perimposed onto the same network. Temporal coordination within a network is improved by synchro-
nized oscillations, which can solve this binding problem (Kénig and Schillen, 1991; Buzsaki and

Draguhn, 2004).

Note again that in this case NSIs were synchronized in the absence of sensory processing, which might,
however, be considered as a preparation for any incoming sensory inputs that will then require binding
of a distributed network. Entraining the, in comparison to MNs and sensory afferents, “noisy” resting
activity of premotor NSls could prepare the network for incoming stimuli. This might be especially rel-
evant in the context of distributed sensory input. If resting activity of the NSI network would be asyn-
chronous, an incoming input will impinge onto, at this instant in time, more and less receptive NSls.
The weighting of the more receptive NSIs would be relatively larger in an unpredictable way, thus
increasing the noise or instability of sensorimotor processing. A synchronized network could support
input selection and have larger, and more tightly controlled, effects onto its postsynaptic targets
(Buzsaki and Draguhn, 2004). Identifying the function of the network oscillations will also provide in-
sights into the functional difference between NSIs that were found to be rhythmic and those that

showed no rhythmicity in the auto-correlation analysis.

To approach these questions, further paired double intracellular NSI recordings will be required. The
resulting cross-correlations between NSls will help to establish the network architecture and poten-
tially lead to the origin of the oscillatory patterns. The latter will have to be further characterized by
input resistance measurements and during tonic current injections, which will determine whether they
are based on synaptic inputs or NSI properties (cf. Laurent, 1993). Sensory stimuli can be used to test
whether rhythmicity breaks down or is enhanced during actual sensorimotor processing. Pharmaco-
logical or physical blocking methods, i.e. blockers of GABAergic, glutamatergic, or cholinergic synaptic
transmission and cutting of connectives and lateral nerves, will determine whether the oscillations
emerge intrinsically from NSI properties, originate from tonic sensory, intersegmental, or local inputs,

or are an emergent property of the NSI network itself.
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6 General Discussion

6.1 Summary of Results & Ensuing Implications for Multimodal Proprioceptive

Integration in Sensorimotor Networks

As a multimodal sense, proprioception depends on the integration of sensory feedback from distinct
sense organs. Therefore, the nervous system is faced with the task of combining information of differ-
ent sensory modalities and about different parameters of the same modality into a single coherent
neuronal representation. This representation of the animal’s proprioceptive context must be suffi-
ciently detailed to enable appropriate motor responses, while remaining flexible enough for adaptive
behavior in complex surroundings. In many experimental model organisms, such as mice, cats, and
other vertebrates, populations of interneurons in the premotor networks of the spinal cord have been
identified as major sites of signal integration, including proprioceptive sensory feedback (reviews in
Pearson, 2004; Grillner, 2006; Jankowska, 2013a; Grillner and El Manira, 2020). Consequently, the
starting point of this dissertation was to identify the neuronal point of convergence and integration of

multimodal proprioceptive feedback in the premotor network of the stick insect leg.

In invertebrates, specifically large insects such as locusts and stick insects, single neuron recordings
have demonstrated the existence of converging signal pathways onto single interneurons (e.g.
Burrows, 1985, 1989; Laurent and Burrows, 1989b; Biischges et al., 1994; Burrows, 1996; Hess and
Blschges, 1997). Furthermore, recent studies using the genetic toolkit of Drosophila melanogaster
have identified interneuron populations as candidates for multimodal signal integration (Tuthill and
Wilson, 2016b; Agrawal et al., 2020). In the premotor network of the stick insect leg, single neurons
are identifiable and accessible to intracellular recordings in the semi-intact animal, while stimuli are
applied to individual sense organs. In this dissertation, taking advantage of the accessibility of individ-
ual elements of the network, | analyzed the sensorimotor pathways of multimodal proprioceptive in-
tegration from sensory afferent input via the network of interneurons to the motor output. An ad-
vantage of studies on large insects is the possibility to record intracellular activity from neuropilar ar-
borizations. Thereby it is possible to detect small changes in membrane potential that are not trans-
mitted to the soma, which, in invertebrates, is typically not involved in electrical signal transmission
(review in Matheson, 2002). Recordings from the neuropil can therefore detect small responses to
sensory stimuli, and determine with higher confidence whether a neuron does or does not receive

inputs from a given source than recordings from the soma.

Based on these methodological considerations, this dissertation’s analysis of sensorimotor processing
in different types of NSls, but also in sensory afferents and MNs, was not restricted to predetermined

individual neurons. Using this unbiased approach, single neuron responses to sensory stimuli were
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combined with the analyses of network and population effects. Focusing on the sensorimotor control
loop of the FTi joint, | analyzed the integration of two proprioceptive senses, load and movement,
against the backdrop of established information on movement feedback transmission (Burrows,
1987a; Burrows et al., 1988; Blischges, 1990, 1994). In the many years of previous research on large
insects, movement signal processing has been established to be distributed and antagonistic
(Blschges, 1990; Sauer et al., 1996), and the role of the premotor circuit and specifically local premotor
NSIs in motor control has been demonstrated repeatedly (e.g. Burrows, 1980 (MN recruitment);
Blschges and Schmitz, 1991 (resistance reflex); Blischges et al., 1994 (walking); Blschges, 1995
(rhythmicity); Kittmann et al., 1996 (leg reflexes & voluntary movements); Bassler and Biischges, 1998
(review); von Uckermann and Blischges, 2009 (walking); Berg et al., 2015 (searching)). In addition, the
relevance of load feedback for motor output has been studied extensively (e.g. Zill et al., 1981; Schmitz,

1993; Zill et al., 2004; Zill et al., 2012; Zill et al., 2013, 2015; Haberkorn et al., 2019).

Based on this wealth of information, local premotor NSIs were hypothesized to be the most likely can-
didate for spatial summation of load and movement signals. And indeed, NSls that are part of the FTi
joint control loop by coordinating the activity of ExtTi MNs were established as a point of convergence
for proprioceptive signals from movement (fCO) and multiple load sense organs (tr/fCS, tiCS) in Chap-
ter 2 (Fig. 6.1 A). Similar to fCO signals (Blischges, 1990), load signals from the stimulated groups of CS
(groups 1-6) were distributed onto all NSls of the FTi control network that were found in the unbiased
search, including 3 types of NSIs that were characterized for the first time in this study. NSls integrated
feedback signaling movement of the tibia (fCO) and load feedback from the same (tiCS) and adjacent
(tr/fCS) leg segments, i.e. load within and orthogonal to the leg plane (cf. Zill et al., 2012). Additionally,
antagonistic processing, i.e. signal transmission along parallel pathways that support or oppose the
final motor output, was found to not only apply to movement signals (Blschges, 1990; Sauer et al.,
1996) but also to load feedback. Intriguingly, these findings implicate not only a few specific NSls in
the integration of load and movement feedback, but show that the NSI network as a whole is the point
of convergence. Consequently, multimodal proprioceptive integration must be analyzed, and can only

be understood, by looking at network activity and populations of neurons.

To determine whether signal integration in the network controlling leg movements is as homogeneous
as the spatial summation in Chapter 2 suggested, the timing of load and movement signal processing
was analyzed (Chapter 3). Although both types of feedback converged onto the same NSI network
(spatial summation), there was a persistent time difference in their signal transmission to and within
the premotor circuit (temporal summation, Fig. 6.1 B). Signals elicited by fCO stimulation were trans-
mitted to the ventral nerve cord with a shorter latency than CS signals. tr/fCS signal transmission was

faster than tiCS, but did not reach fCO values despite comparable distance between the sense organ’s
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Multimodal Proprioceptive Integration in Sensorimotor Networks of an Insect Leg
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Figure 6.1: Multimodal proprioceptive integration in sensorimotor networks of an insect
leg. Schematic depiction of results presented in this dissertation. Proprioceptive infor-
mation from load (CS) and movement (fCO) sense organs is distributed into an antagonistic
network of local premotor NSIs (A). Movement signal transmission along sensorimotor
pathways is faster than load processing (B). Load signals alter movement signal gain in NSIs
and MNs by presynaptic afferent inhibition (C(1)-(3)). Presynaptic interactions between load
and movement afferents are widespread and diverse (D). The premotor NSI network is con-

nected by reciprocal excitation and synchronized 30 Hz oscillations (E).
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position on the leg and the central premotor networks. Notably, the delay of load signals was already
present at the level of sensory afferent projections within the neuropil, persisted within the premotor
NSI network, and was functionally relevant as it affected ExtTi MN output and muscle force. Short-
latency, i.e. potentially monosynaptic, connections from fCO to NSIs were common, whereas short-
latency CS connectivity was more specific and, apart from NSl type E1, restricted to either tiCS or tr/fCS,
but not both. Similar results were found for connections between sensory afferents and MNs; while
short-latency fCO connections were found in all three ExtTi MNs, tiCS elicited fast excitation only in
FETi but not in SETi or Cl;. Functional connectivity, i.e. which elements of the NSI network were the
first to respond to a sensory input, depended on the sensory context of the leg and, therefore, on the
applied sensory stimuli. This was supported by reciprocal excitation between a pair of NSls, indicating
that NSIs may switch positions within the signal processing cascade depending on the sensory context.
The findings in Chapter 3 demonstrate a temporal hierarchy of sensory processing that had not been
previously observed in proprioceptive integration. Despite the homogeneous distribution of load and
movement signals onto the entire NSI network (Chapter 2), their integration was markedly different
with regard to temporal summation and monosynaptic connectivity. These findings provide experi-
mental support for the hypothesis that both sensory modalities fulfill distinct roles in motor control,
and that proprioceptive integration is asymmetric (see also Chapter 6.3). Specifically, it could indicate
a network that processes detailed movement information and which is tuned, or modified, by load

feedback.

This hypothesis was tested in Chapter 4. It was found that load and movement feedback were not
processed independently, and their network effects could not be described by simple linear signal
summation (Fig. 6.1 C, Chapter 4). Multimodal signal interaction occurred at the earliest neuronal stage
via presynaptic afferent inhibition from load (tiCS) onto movement (fCO) afferents that reduced fCO
afferent action potential size (Fig. 6.1 C3)). In postsynaptic NSIs, signals from both sense organs were
summed nonlinearly, and sensorimotor gain of movement responses was altered. The effects were
neuron-specific and depended on movement stimulus parameters (velocity / amplitude). Notably, the
amplitude dependence was upregulated in NSIs opposing the movement reflex response in the ExtTi
MN SETi (Fig. 6.1 C(3)). Consistently, SETi amplitude dependence was reduced. This is the first time that
experimental results provide a mechanism for how a distributed, antagonistic network can be modified
and shaped into a (temporarily) dedicated network by the presence of feedback from another sensory
modality (Fig. 6.1 C3)). Load was therefore able to tune movement signal processing, establishing a
mechanism by which presynaptic inhibition can shift the balance of an antagonistic, distributed net-
work in a context-dependent way. If found to be present not only in the inactive, but also in the walking

animal, sensory feedback-dependent contextualization at the local level will have far-reaching
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implications for our understanding of how the swing and stance phase of walking are coordinated (see

Chapters 4.7, 6.2, & 6.3 for further discussions).

Further in-depth analysis of the presynaptic afferent interactions between tiCS and fCO afferents iden-
tified a complementary mechanism to presynaptic inhibition (Fig. 6.1 D, Chapter 5.1). Harnessing the
machinery of regular presynaptic inhibition mediated by PTX-sensitive PADs, the gain of fCO afferents
transmitting unidirectional information about tibial movement was upregulated by a release from
tonic presynaptic inhibition. The PAD release type effects were mediated by load stimuli and effectively
represented a disinhibition of the respective fCO afferent. Regular, PAD-mediated presynaptic inhibi-
tion also occurred in tiCS afferents, evoked by fCO or other tiCS afferent activity, but no upregulation
of signal gain was observed in tiCS afferents. Additionally, fCO afferent-mediated effects were mostly
transient, whereas load-evoked effects were tonic. Thus, presynaptic afferent signal gain control of
load and movement afferents was asymmetric and more complex than previously known. The majority
of sensory afferent signals was modulated presynaptically. Consequently, the postsynaptic premotor
network will receive sensory inputs that for the most part have already been contextualized and mod-
ified by other sensory and non-sensory inputs (cf. Burrows and Matheson, 1994; Wolf and Burrows,
1995; Sauer et al., 1997). The upregulation of salient sensory inputs by a release from tonic presynaptic
inhibition presents a complimentary mechanism to the downregulation of less relevant information by
means of regular presynaptic inhibition. This bidirectional modulation of sensory gain broadens the
possibilities for how sensory input can be weighted as it enters the premotor network. Lateral connec-
tions between sensory afferents thereby constitute a first signal processing layer that determines the

signal gain of information which is passed on to the downstream network.

Lateral connectivity was not only present at the sensory input level of the premotor network, but also
between premotor NSlIs (Fig. 6.1 E, Chapter 5.2). Supporting the hypothesis formulated in Chapter 3
that NSIs might change their position within the signal processing cascade depending on the current
sensory context, reciprocal excitatory connections were found between pairs of NSIs in simultaneous
intracellular recordings. Additionally, fluctuations of their membrane potential in the absence of ex-
ternal stimuli were correlated between individual pairs, with some of the correlations showing rhyth-
micity. The frequency of these rhythmic cross-correlations was similar to that of rhythmic oscillations
that specific types of NSIs demonstrated consistently. NSI rhythmicity, or the absence thereof, was
consistent across recordings of a given type of NSI. The results suggest the existence of a mechanism
for synchronizing NSI network activity, thereby potentially increasing network coupling and processing
strength. NSls lie at the center of spatial summation of load and movement integration (Chapter 2), of
the effects of temporally shifted summation on motor output (Chapter 3), and are the mediators of

load-induced gain control of movement signal processing (Chapter 4). Therefore, gaining insights into
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the mechanisms and functions of premotor NSI network interactions will deepen our understanding

of the computations underlying sensorimotor processing.

In the following, | will discuss the relevance of the findings of this dissertation in the context of an
antagonistic network architecture, with a specific focus on how such a network may be tuned to
achieve specific outputs. | will also highlight the conceptual differences of load and movement feed-
back, and how these are reflected at different stages of the sensorimotor processing cascade. Finally,
| will expand on the importance of understanding proprioception not as a summation of individual
sensory modalities, but as a multimodal sense that emerges from the nonlinear interaction of sensory

signals.

6.2 Multimodal Proprioceptive Integration in an Antagonistic Network

Movement feedback from the fCO is processed by a distributed, antagonistic network. The signals are
transmitted and processed through multiple, parallel pathways before impinging on the ExtTi MNs.
The responses of these individual pathways, together with their effects on downstream MNs, either
support or oppose the motor response to the initial sensory stimulus (Blischges, 1990; Sauer et al.,
1996). This type of network architecture is thought to confer behavioral flexibility. By shifting the
weighting between individual pathways, the same set of neurons may partake in multiple behaviors,
such as different walking directions, searching behavior, or reflex reversals (discussed in Bassler and
Blschges, 1998; Blischges and El Manira, 1998). A similar network structure is expected to underly
locomotor control in cats and other vertebrates, confirming its advantages for signal processing in local

networks (Duysens et al., 1990; cf. Pearson, 1993).

To reduce the complexity of the system, previous studies have focused mainly on the processing of
single sensory modalities. Under natural conditions, however, the nervous system simultaneously re-
ceives proprioceptive signals from more than one sense organ. As it is shown in this dissertation (Chap-
ter 2), load feedback does not reduce the complexity of sensorimotor processing by its immediate
actions on the membrane potential of NSIs. For example, by exciting resistance reflex opposing path-
ways and thereby supporting a reflex reversal, the antagonistic movement pathways could hypotheti-
cally be sorted, but at the cost of reducing flexibility by hardwiring load onto a movement processing
network. Instead, load added another level of complexity by being distributed and eliciting antagonistic
responses in the same pathways that movement feedback occupies. The effects of load signals on the
membrane potential of local premotor NSIs by themselves did not sort the antagonism of the fCO-
induced network responses. They can therefore only to some extent explain how load alters the
strength of movement-feedback reflexes (Schmitz and Stein, 2000) or increases the likelihood of a re-

flex reversal to occur (Akay and Blischges, 2006). Note that the experiments by Akay and Blischges
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(2006) were done on the group of CS on the femur (group 5), but preliminary data showed a similar

effect of tiCS on the occurrence of the active reaction (see Suppl. Table 6.1).

These findings indicate a more complex integration of load signals into movement feedback processing
than simple linear signal summation at the NSI membrane. Reflex reversal in the presence of exclusive
fCO feedback depends on shifting the weighting of pathways presynaptic to the NSI network (Driesang
and Bischges, 1996). Presynaptic inhibition of individual fCO afferents might mediate this shift (cf.
Wolf and Burrows, 1995; Sauer et al., 1997), suggesting that load signals could act on movement pro-
cessing via the same mechanism. Stimulation of tr/fCS (Stein and Schmitz, 1999) and tiCS (Chapters 4 &
5.1) was indeed found to alter presynaptic action potential size in fCO afferents. Consequently, not
only the absolute membrane potential was altered in postsynaptic NSIs by the immediate, mono- or
polysynaptic, action of CS afferents, but also the gain of the NSI’s movement responses was altered in
the presence of load. Interestingly, specifically the amplitude dependency, or gain, of NSIs opposing
the resistance reflex was increased, independent of the sign of the NSI’s response to CS stimuli. The
resulting decrease in SETi amplitude dependence reduced the strength of the resistance reflex, indi-
cating a shift towards a reflex reversal and an active response. In the stick insect, the active response
to an elongation of the fCO consists of two parts. In the first part, SETi activity stops and is reinitiated
during the second part (review in Bassler and Biischges, 1998). The reflex reversal, from resistance
reflex and SETi activation to active response and SETi inactivation, can therefore be seen as an extreme
case of altered gain, one in which the gain is completely reversed. Under this regard, the network
effects of load on movement signal processing described in Chapter 4 might very well explain the in-
creased likelihood of occurrence of reflex reversals described by Akay and Blischges (2006). Gain re-

versals were in fact observed in some NSls (Chapter 4, Figure 4.3).

Although themselves distributed onto and processed by antagonistic pathways, load signals coordi-
nated, by their action on movement signal processing, the balance between antagonistic movement
processing pathways. By increasing the gain of specific pathways, load dedicated the network towards
a specific behavioral response in the sensory context of multimodal proprioceptive feedback. This is
very likely to be one of many mechanisms by which load influences network processing, and by which
the antagonistic network can be tuned. In fact, the results presented in this dissertation indicate the
complexity of the interactions by highlighting the distinct effects of load on the movement response
of individual ExtTi MNs (FETi, SETi, Cl,, Fig. 4.4), the dependence of the effects on movement stimulus
parameters, and the diversity of the effects on individual NSIs (Fig. 4.3). These effects are comple-
mented, and at least partially caused by, the diverse presynaptic interactions that were found between
proprioceptive afferents, which in- or decrease load and movement signal gain before these signals
are processed by the local network. Additionally, the effect of timing delays in load signal transmission

will result in load signals from the, in terms of milliseconds, more distant past affecting the processing
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of relatively more recent movement signals. The shift in time might have important implications for

proprioceptive processing by determining which sensory signals are combined by the network.

The modulation of movement feedback gain in the premotor network in the presence of load signals
via presynaptic inhibition establishes one way to tune a distributed, antagonistic network. Future lines
of study include the possibility of load effects themselves being dependent on the behavioral context.
Furthermore, the presynaptic modulation of both load and movement signal gain raises the question
which and how other signals contribute to the control of proprioceptive sensorimotor gain. In locusts
and crayfish, for example, presynaptic afferent inhibition is modulated during (fictive) locomotion (El
Manira et al., 1991; Wolf and Burrows, 1995). It will therefore be essential to investigate how the

findings of this dissertation translate to the actively walking animal.

6.3 Distinct Roles of Movement & Load for Multimodal Proprioceptive Integration

During walking, a stepping leg encounters continuously changing joint movements, load, and forces
(Dallmann et al., 2016; Zill et al., 2018). These activate distinct load and movement sense organs,
whose signals are summed spatially within the network of local premotor NSlIs (Chapter 2). The tem-
poral summation within the premotor network is shifted insofar that load signals are processed later
than the corresponding (i.e. simultaneously elicited) movement signals (Chapter 3). The temporal shift
may have strong implications for multimodal proprioceptive integration in sensorimotor networks, in-
cluding: 1) Delayed load signals arrive in time to tune ongoing movement processing; 2) load and move-
ment feedback have distinct roles in the sensorimotor network; 3) the delay of load signals has a func-
tional purpose in proprioceptive signal processing. The first point has been highlighted in Chapter 6.2,

the second and third will be discussed in the following.

Despite their convergence onto the same set of premotor NSlIs, load and movement feedback may
serve distinct roles in sensorimotor control. This view is supported by the distinct timing of signal trans-
mission from CS and fCO afferents. The temporal shift between load and movement feedback will re-
sult in spatial summation of multimodal proprioceptive signals from different time points, i.e. more
recent movement signals with preceding load signals. Moreover, it may affect the sensorimotor gain
control described in Chapter 4 in a similar manner. In these experiments, responses to ongoing, repet-
itive load stimuli were analyzed to avoid effects caused by the timing discrepancy. Under natural con-
ditions, varying load stimuli will affect ongoing movement processing. In Chapter 4, the reverse situa-
tion of movement feedback effects on load processing were not tested; however, these are likely to
exist as well, since presynaptic inhibitory effects of fCO stimuli on tiCS afferents were also found (Chap-
ter 5.1). Nevertheless, any effects of movement signals on load feedback processing will be distinct
from the reverse situation. Because of their timing, fCO signals may act on load processing pathways
before, or only shortly after, the load signal has been perceived. Thus, load feedback may tune ongoing
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movement processing, whereas movement feedback may prime a network before load processing has
started. Furthermore, only movement signal gain was not only down- but also upregulated in the pres-
ence of load, whereas all effects on load signal gain were inhibitory. Load-mediated effects on sensory
afferent signaling were mostly tonic, signaling state-like changes of the sensory context, while move-
ment-dependent changes in sensory gain were transient. Taken together, the results presented in this
dissertation provide clear evidence that load and movement feedback processing is asymmetric and

not equivalent for both modalities.

The temporal asymmetry between load and movement feedback and the distinct modulation of their
presynaptic signal gain may also indicate separate roles of these proprioceptive modalities for behav-
ior. All the experiments presented in this dissertation were performed in inactive, i.e. resting animals
(for details on behavioral state-dependency in the stick insect premotor network, see Bassler and
Blschges, 1998). The results might therefore not directly apply to walking, but it is a reasonable as-
sumption that distinct delays in sensory afferent transmission times from the periphery to the central
nervous system will be independent of the behavioral state. Given the temporal differences between
load and movement feedback, the premotor networks will either be required to compensate for them,
or assign distinct roles to individual modalities during walking. In accordance with this hypothesis, the
fast feedback from movement sense organs is thought to be relevant for phase transitions, whereas
the slower load signals are considered to support ongoing muscle activation, e.g. support the activation
of retractor muscles as load increases during the stance phase of forward walking (Pearson, 1993;

Blischges et al., 2008; Rosenbaum et al., 2010).

In addition to temporal aspects, load and movement themselves are very different sensory modalities.
They are described by distinct physical parameters of different complexity not only for signal interpre-
tation by the premotor network, but also for experimental designs. Movement signals from the fCO
represent a comparatively straightforward parameter space. They essentially consist of a single varia-
ble (FTi position) over time, its derivatives (velocity and acceleration) and combinations thereof, in-
cluding vibration sensitivity (Blischges, 1994; Field and Matheson, 1998; Mamiya et al., 2018). This
information can be immediately derived from the action of a single joint, whose movement stretches
the fCO apodeme, providing a direct correlation between apodeme elongation and FTi joint angle over
a wide range of the natural parameter space (Weiland et al., 1986; Weiland and Koch, 1987). The only
additional information necessary to describe the movement of the FTi joint is a corollary discharge to
distinguish between self-generated and passive movements. Opposed to this, load feedback presents
a stark contrast, as neural activity in CS afferents represents a much more integrated signal. The neural
activity of a single CS depends on material properties and shape of its cap, collar, and other surround-
ing structures (Sane and McHenry, 2009). It is influenced by its position on the leg and its orientation

relative to the acting forces (Zill and Moran, 1981a, b; Cocatre-Zilgien and Delcomyn, 1999; Zill et al.,
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2004; Dinges et al., 2021), the force distribution across the cuticle (Kaliyamoorthy et al., 2001), and
other parameters (for detailed discussion of CS mechanics and morphology, see Dinges, 2021; Dinges
et al., 2021). The neural activity of a group of CS thereby represents the integrated information about
internal muscle forces, gravitational forces, ground reaction forces, external perturbations, and any
other type of force that distorts the cuticle (Zill et al., 2004). Additionally, the forces measured by a
given group of CS may have originated on a different leg segment. Especially tr/fCS are considered to
act as integrators of overall leg loading (Holtje and Hustert, 2003; Zill et al., 2012). These aspects stand

in stark contrast to the mathematically easier definable parameter space of the fCO.

Based on these different complexities of the parameter space of the fCO and CS, it stands to reason
that fCO afferents provide a sufficiently unambiguous signal that can be applied for the precise control
of phase transitions during locomotion. At the level of the premotor network, the complex and ambig-
uous CS signal potentially provides more general information on the general state of the system that
have broader effects on network processing. The latter idea is supported by the temporal delays and
network-wide effects of load feedback on movement signal processing (Chapter 3 & 4). Note that this
argument does not preclude targeted effects of individual (groups of) CS on specific MN pools. The
information necessary for decoding load feedback at the network level, however, might be provided
by the simultaneous signaling of other proprio- and exteroceptive sense organs, such as the fCO or hair
plates and fields. Load signal processing, and its impact on the processing of other sensory modalities,
would thereby need to be contextualized by behavior or movement, or the absence thereof, in order

to be decoded by the network.

Following the argument of “not a bug, but a feature”, the temporal delay of load relative to movement
signals might serve a functional purpose in the network. This hypothesis is supported by the finding
that signals from tr/fCS are slower than fCO signals, despite a similar distance from both sense organs
to the premotor network. The delay does not seem to be imposed by physical restraints on the system,
as could be argued for the more distal tiCS. Even though invertebrates do not have myelinated axons,
load signals could be transmitted fast enough to be processed simultaneously with movement feed-
back. Multimodal signal transmission could be synchronized by altering afferent axon diameter and
thereby altering transmission velocity, or by sending fCO signals through neuronal delay lines inserted
prior to the premotor circuit (Hodgkin, 1954; Hartline and Colman, 2007). The absence of these com-
pensating mechanisms is indicative of a functional purpose for delayed load signals. The functional
relevance of differential timing of sensory signals has not been investigated in proprioception, but
there are examples from other systems where signal delays are integrated into circuit function. In the
auditory system of many vertebrates, the timing difference between signals from the right and the left
ear is used for coincidence detection to infer the location of an acoustic signal source (Joris et al.,

1998), auditory signals are send through a parallel delay line and integrated by a coincidence detector
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that is integral for song pattern recognition in crickets (Hedwig and Sarmiento-Ponce, 2017), and a

similar mechanism underlies visual motion detection (Reichardt, 1987).

In the control of leg movements, the functional relevance could be approached by examining with
which other signals, from other sense organs or other signals sources such as central pattern genera-
tors, load feedback coincides because of its delay. An interesting notion is the idea of delay lines serving
as a very short short-term memory which, in the present case, stores information about load encoun-
tered in the past to compare it to, or integrate it with, more recent movement signals. In future exper-
iments, the effects of temporal delay on sensorimotor processing could be tested by applying move-
ment stimuli as they occur during the stepping cycle simultaneously or time-shifted with naturalistic

torque stimuli (cf. Zill et al., 2018; Zill et al., 2021).

6.4 Proprioception as a Multimodal Sense

The results presented in this dissertation support and extend the view of proprioception as a multi-
modal, integrative sense. It is constituted by the convergence of signals from distinct sources, mainly
load and movement sense organs. These sensory signals must be interpreted by the central nervous
system to form one coherent representation of the proprioceptive context of a limb, i.e. its proprio-
ceptive signal space. The way in which these signals from different sense organs are integrated is es-
pecially important since the information about an electrical signal’s source lies solely within its neural
pathway (Adrian, 1932). As soon as their neuronal signal pathways merge, load and movement feed-
back become virtually indistinguishable for the nervous system. Therefore, as it was shown here, the
convergence of proprioceptive modalities must be specific and involve more complex mechanisms

than signal summation.

Specifically, the population of local premotor NSIs was found to be a major point of convergence. These
neurons also receive signals from other elements of the nervous system, such as exteroceptive sensory
afferents (Laurent and Burrows, 1988), spiking local and intersegmental interneurons (Burrows, 1987b;
Laurent and Burrows, 1989b; Kittmann et al., 1996; Ludwar et al., 2005), and other NSls (Chapters 3,
5.2; Burrows, 1979). NSls thereby act as general signal integrators in the premotor network of the
insect leg, a task to which interneurons using graded potentials are well suited (for details on the
advantages of graded transmission in information processing, see reviews in Siegler, 1984; Burrows,
1989). An in-depth understanding of the sensory processing and computations performed by the NSI
network requires further information about their interconnectivity. Initial data on this topic is given in
Chapter 5.2, which also identified 30 Hz oscillations of the NSI resting membrane potential. These con-
sistent oscillations of similar frequency across specific types of NSIs apparently originate from an un-
derlying synchronizing mechanism in the NSI network. Determining the source and function of the
synchronization might provide crucial information for understanding how a single network can process
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multimodal inputs from various sources that contain a multitude of information about distinct param-
eters. This challenge, the so-termed binding problem, contrasts the requirements for network flexibil-
ity by distributed, multimodal processing with maintaining network coherence, e.g. eliciting reproduc-

ible motor responses to given inputs.

The integration of proprioceptive load and movement information into one common framework can
be understood on a behavioral, as well as on the circuit level. Both sensory modalities are not com-
pletely separable; they are concurrently elicited by many stimuli, for example, a flexion of the tibia
while the tarsus has ground contact. Nor do they provide entirely redundant information. In the exam-
ple of tibial flexion, CS and fCO afferents will signal an increased joint flexion. The fCO signal, however,
will contain information about joint angle, velocity, and acceleration (BlUschges, 1994; Field and
Matheson, 1998). In contrast, CS feedback indicates the source of the stimulus by the identity of the
signaling CS, e.g. external perturbation, ground contact, and / or internally generated muscle forces
(zill et al., 2004). Multimodal proprioceptive sensory signals thereby complement each other’s infor-
mation by representing different aspects of the limb’s proprioceptive space. In the premotor network,
this is reflected by the context-dependent processing of one of these modalities in the presence of the

other (Chapter 4).

In experimental paradigms on insect proprioception, the senses of load and movement are typically
treated separately. The separation allows to analyze the individual effects and the underlying circuitry,
and presents one of the advantages of invertebrate model organisms. In vertebrates, studies of this
kind are impeded by the anatomical situation of the sense organs. Golgi tendon organs and muscle
spindles are positioned in series, which complicates the search for stimulation paradigms that exclu-
sively activate one sensory modality and not the other (discussed in Proske and Gandevia, 2012;
Jankowska, 2013b). The situation in vertebrates highlights the advantages of exclusive mechanical
stimuli in insects. However, the separate effects and the neural circuits identified by stimuli targeting
single sense organs on the insect leg must be merged to understand how, under natural conditions,
proprioceptive integration occurs. Ultimately, load feedback most likely will only be understood in the
context of movement in the premotor network, since load acting on the limb will also alter its position.
To some extent, this statement also holds for the reverse situation of movement in the context of load

feedback, because most movements of the leg will be accompanied by altered load signaling.

The results presented in this dissertation provide a first step to understanding how the central nervous
system integrates multimodal proprioceptive input. The complexity of the evoked motor responses
and of the underlying neuronal responses clearly demonstrate that proprioceptive integration is more

than the sum of its constituent parts.
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6.5 Conclusion & Perspectives

The context-dependency of proprioceptive processing and the resulting motor output reveal a highly
nonlinear system. Open lines of inquiry for future studies include the relevance of lateral connections
at different levels of the premotor network, the functional implications of the temporal difference
between load and movement sensory signals in the walking animal, and computational consequences
of the specificity found in the connectivity from sensory afferents to individual local premotor NSIs and

MNs.

Combined experimental and computational approaches may shed further light on the functional con-
nectivity of the NSI network itself. This specifically includes the implications of a network that is syn-
chronized by fast membrane oscillations and whose individual neurons change their functional posi-
tion within the circuit depending on the sensory context, i.e. the combination of simultaneously elic-
ited sensory signals. These investigations will also require more details on the lateral connectivity
within the NSI network. Initial results and previous studies (Chapters 3, 5.2; Burrows, 1979) indicate
the presence of reciprocal connections between NSIs. Depending on the membrane properties and
computational processes of individual neurons, altering the functional position of a computational
unit, i.e. a NSI, within the network could alter and determine the resulting downstream processing
cascade. In other words, the order of NSls that a signal passes through represents the order of compu-
tations that the signal will be subjected to, thereby determining the network’s motor output. Altering
the order of computations will affect signal processing and network output and could be an efficient
way to employ the same network in different behavioral contexts. Furthermore, as discussed in Chap-
ter 5.2, synchronizing NSl oscillations might strengthen the network’s output. By de- or increasing cou-
pling strength between distinct sets of NSls, signal processing could be altered. This last effect would
provide an alternative approach to the historical discussion of dedicated versus distributed pathways
(Burrows, 1996; Sauer et al., 1996; Biischges et al., 2000), as it could serve as a mechanism for selective,

i.e. dedicated, attention in a distributed network.

All computations and integrations presented and proposed in this dissertation depend on the input
signals that the premotor network receives. It is therefore essential for our understanding of proprio-
ception to identify if and how these signals represent the “raw” information as sent from the sense
organs, or whether they have already been preprocessed. This and other studies have presented evi-
dence for presynaptic interactions between sensory afferents of different modalities (Chapter 5.1,
Stein and Schmitz, 1999). The modulatory effects on movement signal gain shown in Chapter 5.1
demonstrate that these interactions might be more complex than previously thought, emphasizing the

need for further investigations of this stage of the local network.
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In this dissertation | have investigated the interaction of the two main proprioceptive senses involved
in the control of leg movements and posture. | have identified their point, or rather network, of con-
vergence in the premotor network of local premotor NSls (Chapter 2), illuminated the temporal course
of their signal processing and transmission from sensory afferents to muscle fibers (Chapter 3), and
presented a mechanism for local, context-dependent proprioceptive integration and sensorimotor
control (Chapter 4). Initial data emphasize the relevance of lateral connectivity between sensory affer-
ents and within the layer of NSIs for proprioceptive signal processing and provide insights into network
computations underlying motor output and behavior (Chapter 5). The results on spatial summation,
temporal differences, and sensory gain control of load and movement feedback provide a framework
for multimodal proprioceptive integration. The underlying mechanisms of distributed processing, dis-
tinct lateral and horizontal connectivity, transmission times, and context-dependent sensory pro-
cessing controlled by presynaptic afferent interactions will guide not only future studies on inverte-

brate systems, but might also be applicable to vertebrate motor control.

The results of this dissertation provide a new perspective on the flexibility of sensorimotor processing
and posture control. Sensorimotor networks in vertebrates and invertebrates clearly consist of more
than a number of separate reflex arcs from a sensory modality to its effector muscle. This study opens
up new avenues of questions regarding proprioceptive signal integration. It emphasizes that the nerv-
ous systems of invertebrates are by no means simple and how their study provides valuable insights
into general aspects of sensorimotor processing and proprioceptive integration for both vertebrates

and invertebrates.
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10 Supplementary Material

10.1 Supplementary Material Chapter 2

tiCS 6A
afferent

Supplementary Figure 2.1: Morphology of identified NSIs, MNs, and sensory afferents in-
cluded in this dissertation. All neurons were stained following intracellular recording by
iontophoretic injection of neurobiotin tracer (see Chapter 2, Materials and Methods). Mor-
phology was used to complement physiology for neuron identification. NSls were identified
based on previously published characteristics. (Bischges, 1990; Driesang and Bischges,
1993; Bischges et al., 1994; Sauer et al., 1995, 1996; Rosenbaum, 2013; Berg, 2014). Note
that NSI E10 was originally named E9 by T. Akay and first recorded by R.A. DiCaprio
(personal communication in Akay, 2002), but was relabeled E10, for details see Chapter 2,
Discussion (Akay, 2002). Axons of SETi and FETi MNs project through nl3; axons of RetCx
MNs project into nl5 via the ncr; tiCS & fCO afferents project through the ncr. Scale bar

given in E1.
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Supplementary Table 2.1: Number of recorded NSIs. (N/N): number of recordings with qual-

itatively the same response / total number of recordings. (N): number of recordings with

qualitatively the same response, equals the total number of experiments. (Niotal): total

number of recordings of each type of NSI.

NSI N Nico Nics Nics N, rcs N, s
dorsal ventral anterior posterior
E1 7 7 4 2 2 3
E2 8 8 5 1 3 4
E3 12 9/12 7 2/3 2 2
E4 22 22 9/10 3 910 911
E9 3 3 2 1 1
11 1 11 3 7 6/7
13 10 10 6 2/3 1 2
14 6 6 3 2 1 3
15 6 6 4 3 1 2

10.2 Supplementary Material Chapter 3

Supplementary Table 3.1: Number of recordings (N), number of stimulus runs per recording

(n, each stimulus run depicts average of 5-10 consecutive stimuli), average, standard de-

viation and raw data of Fig.s 3.1 — 3.4. Data for Fig. 3.2 E in Suppl. Table 3.2. lincludes

anterior & posterior stimulus direction; %includes dorsal & ventral stimulus direction;

3each; “suprathreshold, fCO stimulus; *suprathreshold, tiCS stimulus; ®fCO stimulus; 7tiCS

stimulus; 850 ms; %stimulus, °frequency of combined tiCS & fCO stimuli normalized to ex-

clusive fCO stimuli.
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2.40 13.1
2.40 1Di 11.38
2.47 - 12.01
2.52 tiCS 11.51
2.95 11.21
6.56 Z_Aii 1 5 (every tiCS spike above threshold
7.19 Dii 3 in 5 consecutive stimuli)
7.34 10.24
> 6.16 12.77
) 6.24 14.34
i 2-7 5.94 0.93 6.01 3C 14.66
st 4.54 _ 8.92
527 . 10 1 12.27 1.97
SETi 12.57
5.04 4 12.84
6.24 13.47
4.80 9.68
G 5.75 13.24
) 7.19 53.79
ics 1-2 6.76 1.65 4.55 53.21
- 8.81 48
7.52 3C 51.28
3.6 3 43.8
. =) - 10 1 4870 | 431 502
- 2 208 | 116 | i toat
tiCS 1.12 45.2
A'2 1.53 54.94
1.59 46.88
3.2 5.74
4.64 5.34
4.00 5.30
1Di 4.64 5.77
- 1 4.33 0.59 4.00 3C
5.49
. 11 E;6 10 1 5.62 0.20 S ea
5.28 5.79
4.66 5.60
4.5 5.90
1 11.76 0.71 11.37 5.68
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3C

60.71 65.71 1.08
32.86 36.43 1.11
4.29 6.43 1.50
30.71 24.29 0.79
32.14 42.87 1.33
100 100 1
60 40 0.67
60 40 0.67
60 60 1
80 80 1
4B 11 1 100 80 0.8
60 80 1.33
100 100 1
60 60 1
100 80 0.8
60 60 1
39.29 22.86 0.58
20 16.43 0.82
21.43 8.57 0.40
14.29 10.7 0.75
22.14 15 0.68
4B° 11 1 40 34.29 0.86
32.86 17.86 0.54
47.14 41.43 0.88
52.86 35 0.66
57.14 33.57 0.59
39.29 22.86 0.58

18.00
- 2 18.30 0.42
I5 8 18.60
29.9
25.2
4D
5 29.8 9.5 30.9
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fCO + nor-
fco .
[Hz] tiCS mal-
z
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60 40 0.67
20 40 2
60 40 0.67
60 60 1
4A8 11 100 100 1
120 120 1
120 120 1
120 120 1
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120 120 1
35.71 40.71 1.14
22.86 25.00 1.09
10.71 13.57 1.27
4A° 11
16.43 15.71 0.96
17.86 19.29 1.08
28.57 32.14 1.13

(4 D-F see above)
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Supplementary Table 3.2 (following pages): Latency data [ms] of sensory afferents, NSIs, and MNs to sensory stimuli in Fig. 3.2 E. Raw data

from individual recordings (average of 5-10 consecutive stimuli), average / standard deviation, and normalized latency. Latency data was

normalized by subtracting the average transmission time from stimulus onset to recording site B plus the standard deviation (see Fig. 3.1 E;

fCO: 4.9 ms; tr/fCS: 8.8 ms; tiCS: 12.5 ms; for details, see Chapter 3). Each data point within one sensory modality from a different recording.

NSIs E4 and I5 show depolarizations in response to fCO elongation and relaxation (E4) or to dorsal and ventral tiCS stimulation (I15). Data

for different stimulus directions was pooled in Fig. 3.2 E, but separated in Fig. 3.3 C; the subset of data from Fig. 3.2 E used in Fig. 3 C is

duplicated in Suppl. Table 3.1.
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3.20 -1.70
4.64 -0.26
fCOaf- | 400 | 431/ | -0.90
ferent 4.10 0.71 -0.80
5.28 0.38
4.66 -0.24
11.37 6.47
tiCSaf- | 13.10 | 11.76 | 8.20
ferent | 11.38 | /0.71 | 6.48
12.01 7.11
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11.51 6.61
11.21 6.31
5.00 0.10 8.90 0.10 13.50 1.00 | 79.70 67.20
6.24 1.34 12.64 3.84 11.10 -1.40 | 40.50 | 53.05 | 28.00
6.08 / 10.35 12.30
E1 6.44 1.54 9.50 0.70 41.70 / 29.20
0.63 /2.01 /1.70
6.10 1.20 50.30 | 18.29 | 37.80
6.60 1.70
5.00 0.10 | 12.70 7.80 | 20.98 12.18 24.90 12.40
7.30 2.40 | 10.58 5.68 | 28.00 19.20 22.10 9.60
29.44
5.81 | 6.20/ | 091 | 10.80 | 12.16 | 5.90 | 20.70 | 23.23 | 11.90 19.50 7.00
E2 /
6.40 | 1.08 | 1.50 | 17.60 | /3.30 | 12.70 /4.14 38.90 26.40
10.19
5.14 0.24 | 9.09 4.19 41.78 29.28
7.55 2.65
6.15 1.25 | 8.10 3.20 | 27.20 18.40 13.30 0.80 | 57.11 44.61
4.90 0.00 | 15.29 10.39 | 34.15 25.35 13.30 0.80 | 64.06 51.56
6.42 1.52 | 13.60 8.70 14.30 1.80
6.04 1.14 | 11.67 6.77 13.82 1.32
5.83/ 11.81 30.68 13.18 60.59
E3 5.40 0.50 | 11.22 6.32 12.90 0.40
0.46 /2.29 /4.91 /0.92 /4.91
5.70 0.80 | 13.60 8.70 13.93 1.43
5.80 0.90 | 10.30 5.40 11.42 -1.08
6.16 1.26 | 9.50 4.60 12.46 -0.04
5.90 1.00 | 13.04 8.14
5.74 | 6.02/ | 0.84 9.80 | 11.72 | 1.00 | 14.04 | 1827 | 5.24 | 21.15 | 20.98 | 8.65 | 22.33 | 24.00 | 9.83
E4
5.34 | 0.50 | 0.44 953 | /246 | 073 | 13.10 | /7.14 | 430 | 20.80 | /0.25 | 8.30 | 26.90 | /4.27 | 14.40
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5.30 0.40 13.91 511 | 18.63 9.83 25.60 13.10
5.77 0.87 14.80 6.00 | 13.03 4.23 20.10 7.60
5.49 0.59 10.54 1.74 | 15.54 6.74 19.82 7.32
5.64 0.74 34.80 26.00 20.20 7.70
5.79 0.89 17.14 8.34 21.78 9.28
5.60 0.70 19.90 11.10 32.50 20.00
5.90 1.00 26.80 14.30
5.68 0.78
6.09 1.19
6.28 1.38
6.63 1.73
6.23 1.33
5.98 1.08
6.32 1.42
6.80 1.90
6.55 1.65
7.14 2.24
6.20 1.30
13.30 8.40 | 12.30 7.40 | 22.70 13.90 14.41 1.91 | 25.20 12.70
10.83 11.43 19.86 14.46 20.23
E9 8.37 3.47 | 10.56 566 | 17.48 8.68 14.50 2.00 | 15.26 2.76
/3.49 /1.23 /2.64 /0.06 /7.03
19.40 10.60
6.02 1.12 | 10.00 510 | 8.28 -0.52 | 10.88 2.08 16.80 4.30
6.14/ 14.52 11.44 17.15 19.09
11 6.30 1.40 | 14.70 9.80 | 14.60 5.80 | 19.86 11.06 17.40 4.90
0.15 /2.77 / 4.47 / 5.44 /2.69
6.24 1.34 | 15.70 10.80 20.70 11.90 19.25 6.75
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6.00 1.10 | 17.50 12.60 18.42 5.92
14.70 9.80 23.60 11.10
6.00 1.10 15.73 6.93 21.60 9.10
6.18 1.28 32.42 19.92
5.60 0.70 27.60 15.10
5.80 0.90 25.20 12.70
7.16 2.26 33.98 21.48
6.07 1.17
6.33/ 28.16
13 6.60 1.70 15.73
0.54 /5.10
5.60 0.70
6.94 2.04
6.20 1.30
6.80 1.90
7.10 2.20
6.24 1.34
5.00 0.10 41.61 32.81 | 13.83 5.03 28.21 15.71
5.83 0.93 9.51 | 25,56 | 0.71 | 34.60 | 24.81 | 25.80 26.30 | 27.82 | 13.80
14 7.80 618/ 2.90 / 26.00 / 17.20 15.81 / 3.31
5.80 o4 0.90 22.70 10.44 40.96 | 10.32 | 28.46
6.45 1.55
6.25 1.35 | 13.00 8.10 | 27.10 18.30 12.50 0.00
6.56 | 6.33/ | 1.66 9.70 | 11.03 | 4.80 | 22.10 | 20.73 | 13.30 11.50 | 14.71 | -1.00
> 6.25 0.19 1.35 9.84 | /136 | 4.94 | 13.00 | /7.15 | 4.20 13.26 | /2.94 | 0.76
6.09 1.19 | 11.60 6.70 14.40 1.90
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6.49 1.59 | 11.00 6.10 18.00 5.50
18.60 6.10
6.10 1.20 | 12.39 7.49 45.61 | 38.21 | 33.11 | 32.30 19.80
SETi 6.01/ 15.80 31.67
5.62 0.72 | 1441 9.51 30.80 / 18.30 | 34.70 22.20
MN 0.35 /4.28 /3.39
6.30 1.40 | 20.60 15.70 10.47 28.00 15.50
5.62 0.72 | 16.87 11.97 | 48.20 39.40 13.70 1.20
6.49 1.59 | 12.60 7.70 12.10 -0.40
FETi 592/ 14.29 14.32
5.60 0.70 | 13.30 8.40 48.20 15.16 2.66
MN 0.36 /1.87 /1.82
6.00 1.10 | 14.40 9.50 16.30 3.80
5.90 1.00
4.81 -0.09 24.09 11.59
529 | 533/ | 0.39 18.20 | 21.15 | 5.70
Cly MN
4.82 0.75 -0.08 /4.16
6.40 1.50
22.60 17.70 | 11.98 7.08 | 11.89 3.09 32.90 20.40 | 23.70 11.20
37.95
RetCx 53.30 48.40 | 13.10 | 14.39 | 8.20 | 15.20 | 14.11 | 6.40 37.60 | 35.43 | 25.10 | 17.32 | 20.51 | 4.82
/
MN 18.10 | /3.26 | 13.20 | 19.24 | /4.02 | 10.44 35.80 | /2.37 | 23.30 /4.51
21.71
10.10 1.30
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10.3 Supplementary Material Chapter 6

Supplementary Table 6.1: Likelihood of occurrence of the active reaction in response to
fCO stimuli in the presence and absence of tiCS ramp stimuli. Animals were decerebrated,
and dissected for tiCS and fCO stimulation as described in Chapter 2, Materials and Meth-
ods. ExtTi MN activity was recorded from nerve F2. The animals were activated by repeated
tactile stimulation of the abdomen, ExtTi MN responses were defined as active reactions
according to established criteria (Bassler, 1976, 1986, 1988; Driesang and Blischges, 1993;
Schmitz et al., 2019). Likelihood of occurrence to combined stimuli was normalized to the

occurrence during exclusive fCO stimuli.

likelihood of occurrence for the active reaction number of stimuli ol
exclusive fCO | combined fCO + tiCS | normalized combined per stimulus i::ns“;ra:js
stimulus [%] stimulus [%] fCO + tiCS stimulus paradigm

65 82.5 1.27 40 6B
65 70.9 1.09 110 6B
70 67.5 0.96 40 6B
38 74 1.95 50 6B
81.4 84.3 1.04 70 6B
38.6 96.7 2.51 60 6B
77.1 88.6 1.15 70 6B
60 70 1.17 10 6B
77 70 0.91 100 6A
45 72.5 1.61 40 6A
15 25 1.67 20 6A

average 1.39

standard deviation 0.49
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