Interaction of locomotion and

intraspinal lumbosacral organ in
birds

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tiibingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von

M.Sc. Viktoriia Kamska

aus Odessa/Ukraine

Tiibingen
2022






Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tibingen

Tag der mindlichen Qualifikation: 24.02.2023

Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter: Dr. Alexander Badri-Sprowitz
2. Berichterstatter: Prof. Dr. Jan Benda

3. Berichterstatter: Prof. Dr. Hanspeter Mallot






Abstract

Avian ability to agile and precise locomotion in every livable habitat has fas-
cinated researchers for over a century. One explanation for birds’ agility is a
mechanosensory organ directly integrated into the lower spine in the lumbosacral
region. The proximity of the potential mechanosensory organ to the sciatic
nerve and its associated motor circuits could explain how birds circumvent the
limits of nerve conduction velocity associated with proprioception by shortening
neural circuits, thereby contributing to the agility of avian locomotion. Avian
lumbosacral region’s specializations are unique among vertebrates. The lum-
bosacral region, recently referred to as the lumbosacral organ (LSO), consists
of a high-density glycogen body wedged between the spinal cord hemispheres,
supported by a pronounced network of denticulate ligaments. From the lateral
sides of the spinal cord, accessory lobes with potential mechanosensory function
protrude into a fluid-filled expanded spinal canal with transverse semicircular
grooves on the dorsal side. Although the LSO specializations were discovered
more than a century ago, their functional features remain unknown. The to-
pographic anatomy of the accessory lobes suggests two excitation mechanisms
that are not necessarily mutually exclusive. Firstly, the intimal connection of
the accessory lobes to the denticulate ligament network supporting the spinal
cord olerk a strain-based mechanism of accessory lobe excitation. Secondly,
the accessory lobes’ alignment with the opening of transverse grooves, which
resemble the semicircular canals of the mammalian inner ear, indicates that the
excitation mechanism could be associated with a fluid flow.

In this thesis, by applying modern techniques to earlier hypotheses about the
LSO’s perception of fluid flow, pressure, and strain - we developed a new
mechanosensing hypothesis, which in contrast to previous theories, considers
the interaction of the lumbosacral specializations. 3D morphometric analysis of
data produced by digital dissection allows us to evaluate the fluid space around
the neural soft tissue. Additionally, classical dissection shows fine details of
the hammock-like network of denticulate ligaments not visible in our 3D map.
We estimate potential soft tissue displacement and deformation capacity inside
the enlarged and fluid-filled lumbosacral spinal canal by combining the digital
and classical dissection results. Establishing morphological and biomechanical
properties allows us to hypothesize a sensing mechanism based on lumbosacral
soft tissue oscillation caused by external acceleration, with a motion similar
to a fluid-filled spring-mass-damper system. Potentially the mechanosensitive
accessory lobes encode signals about the internal state of the neural soft tissue,
entrained by external physical forces. Hence, the LSO may sense acceleration
forces independently from the vestibular apparatus localized in the head. A
relatively dense glycogen body potentially loads the viscoelastic spinal cord,
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causing it to deform. However, no study has tested whether the soft tissues
inside the lumbosacral canal of birds are movable. The state-of-the-art tech-
niques show limits in identifying soft tissue movements in vivo inside highly
pneumatized bones of a fused synsacrum covered with multilayered soft tissue.
Therefore, we combined in situ digital dissection and biophysical simulation.
3D scanning of cadaver LSO samples in dilerent orientations enabled us to
reveal that the LSO soft tissues exhibit minor position displacement in a static
state. Our modification of the traditional diceCT protocol allowed us to visualize
previously undocumented details on the denticulate ligament topology, which
potentially aledts soft tissue mobility. Inspired by LSO morphometrics, we
developed a reconfigurable biophysical LSO model to study the impact of indi-
vidual lumbosacral anatomical structures. The biophysical simulation confirmed
our assumption that the denticulate ligament network and the magnitude of
acceleration a[edt soft tissue mobility. By altering the LSO model parameters,
we also revealed the fluid dynamics e [edts of the lumbosacral spinal canal mor-
phology on the soft tissues’ time and frequency response. Our hypothesis that
the LSO resembles a spring-damper system is supported by the glycogen body
model acting as a mechanical amplifier for spinal cord oscillations.
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Zusammenfassung

Die Fahigkeit von Vogeln sich wendig und prazise in jedem bewohnbaren Leben-
sraum fortzubewegen, fasziniert Forscher seit Uber einem Jahrhundert. Es wird
vermutet, dass die Beweglichkeit der Vogel durch ein mechanosensorisches Organ
ermoglicht wird, welches direkt in die untere Wirbelsaule, im sog. Lumbosakral-
bereich, integriert ist. Diese Spezialisierung der Vogel im Lumbosakralbereich
ist dabei einzigartig unter den Wirbeltieren. Obwohl die morphologischen
Spezialisierungen bereits vor mehr als einem Jahrhundert entdeckt wurden,
sind ihre funktionellen Merkmale nach wie vor unbekannt. Die unmittelbare
Nahe dieses mechanosensorischen Organs zum lIschiasnerv und den damit ver-
bundenen motorischen Schaltkreisen kénnte erklaren, wie Vogel die Grenzen
der Nervenleitgeschwindigkeit umgehen, die neuronalen Schaltkreise verkirzen
und so die Agilitat und Tiefensensibilitdt (Propriozeption) auch bei hohen
Geschwindigkeiten ermoglichen. Die lumbosakrale Region bzw. das "lum-
bosakrale Organ™ (LSO) besteht aus einem sehr dichten Glykogenkdrper, der
zwischen den Ruckenmarkshalften eingekeilt ist und von einem Geflecht aus
zahnférmigen Béndern gestutzt wird. Aus den lateralen Seiten des Ruckenmarks
ragen akzessorische Lappen in einen mit Flissigkeit gefullten, erweiterten Ruck-
enmarkskanal mit halbkreisformigen, querverlaufenden Rillen auf der Dorsalseite.
Diese akzessorischen Lappen kénnten mdoglicherweise eine mechanosensorischer
Funktion aufweisen. Die topographische Analyse der Anatomie dieser Lappen
lasst auf zwei Anregungsmechanismen schlieen, welche sich nicht zwangslaufig
gegenseitig ausschliefen. Zum einen kénnte die enge Verbindung der akzes-
sorischen Lappen mit dem das Rickenmark stiitzenden Ligamentum denticulare,
einen dehnungsbasierten Mechanismus darstellen. Zum anderen deutet die Aus-
richtung der Lappen hin zu den 6 [ningen der querliegenden Rillen, welche
den Bogengéangen eines Saugetierinnenohrs ahneln, auf einen Mechanismus hin,
welcher Uber die Bewegung der Flussigkeit induziert wird.

In dieser Arbeit wurden existierende Hypothesen zur Funktionsweise des LSO
und dessen Wahrnehmung von Strémungen, Druck oder Dehnung durch die
Anwendung moderner Techniken erweitert. Im Gegensatz zu friheren Theorien
wurden hier die Interaktion der lumbosakralen Spezialisierungen bertcksichtigt.
Die morphometrische 3D-Analyse von Daten, die per digitaler Dissektion erzeugt
wurden, erméglichen es den Flussigkeitsraum um das neurale Weichgewebe
zu analysieren. Zusatzlich zeigt die klassische Dissektion zeigt feine Details
des hangemattenartigen Netzwerks der dentikularen Bander, die in unserer
3D-Karte nicht sichtbar sind. Durch die Kombination der Ergebnisse der digi-
talen und der klassischen Dissektion kdnnen wir die Verschiebung- und Verfor-
mungskapazitat des Weichgewebes im vergroRerten und mit FlUssigkeit gefullten
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lumbosakralen Wirbelsaulenkanal abschéatzen. Die Ermittlung der morpholo-
gischen und biomechanischen Eigenschaften erlaubt uns die Hypothese eines
sensorischen Mechanismus aufzustellen, der auf der Oszillation des lumbosakralen
Weichgewebes durch externe Beschleunigung beruht und dessen Bewegung einem
flussigkeitsgefullten Feder-Masse-Dampfer-System &hnelt. Moglicherweise kon-
nten Auslenkungen des neuralen Weichgewebes durch duRere physikalische Kréfte,
Uber die mechanosensiblen, akzessorischen Lappen erfasst werden. Auf diese
Weise konnte der LSO Beschleunigungskrafte unabhéangig von dem im Kopf
lokalisierten vestibuldren Apparat wahrnehmen. Eventuell wird das viskoe-
lastische Rickenmark durch den dichten Glykogenkorper belastet und dadurch
verformt. Allerdings wurde bisher in keiner Studie untersucht, ob die Weichteile
im Lumbosakralkanal von Vdgeln beweglich sind. Die ldentifizierung der We-
ichteilbewegungen in vivo innerhalb der stark pneumatisierten Knochen des
fusionierten Synsakrums, die ebenfalls mit mehrschichtigem Weichgewebe be-
deckt sind, ist mit den derzeit verfigbaren Techniken nur sehr schwierig zu
analysieren. Aus diesem Grund haben wir eine Kombination aus digitaler in
situ Dissektion und biophysikalischer Simulation zur Analyse herangezogen.
Durch 3D-Scanns von Kadaver-LSO-Proben in verschiedenen Orientierungen
konnten wir zeigen, dass die LSO-Weichgewebe im statischen Zustand eine
geringe Positionsverschiebung aufweisen. Durch eine Abwandlung des tradi-
tionellen diceCT (lod-kontrastverstarkende Computertomographie)-Protokolls
konnten wir auRRerdem weitere Details der Topologie der Ligamenta denticularis
sichtbar machen, welche sich auf die Mobilitat des Weichgewebes auswirken
kénnten. Inspiriert von der LSO-Morphometrie entwickelten wir so ein kon-
figurierbares, biophysikalisches LSO-Modell, um die Auswirkungen einzelner
Strukturen zu untersuchen. Die biophysikalische Simulation bestatigte unsere
Annahme, dass das Netzwerk der dentikularen Bander, sowie das Ausmal der
Beschleunigung, die Beweglichkeit der Weichteile beeinflussen. Durch Veran-
derung der Parameter des LSO-Modells konnten wir zeigen, dass fluiddynamische
E [eKte des lumbosakralen Wirbelkanals ebenfalls einen Einfluss auf die Zeit-
und Frequenzantwort der Weichteile haben. Unsere Hypothese, dass das LSO
einem Feder-Dampfer-System &hnelt, wird durch das Glykogenkdrper-Modell
gestutzt, welches als mechanischer Verstarker fir Ruckenmarksschwingungen
fungiert.
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Chapter 1

Introduction

Birds belong to a diverse class of vertebrates showing shared exceptional ability
to nesse locomotion in various habitats (Daley, 2018). The mechanism that
controls precise movements in birds remains unclear. But recently, it has been
suggested that avians possess an additional intraspinal mechanosensing organ
in the lumbosacral region at the lower spinal cord. The structures are referred
to as the lumbosacral organ (LSO), possibly contributing to birds' locomotor
agility and evolutionary success (Necker, 1999, 2005, 2006). While interest in
a potential LSO mechanosensing functionality has long arisen, nevertheless,
the mechanism remains unclear. There currently exist uid- ow and strain-
based mechanosensing hypotheses that possibly do not mutually exclude each
other. One of the most prevailing hypotheses relevant to a uid- ow excita-
tion mechanism was suggested by Necker, 1999 that the LSO is the second
center of equilibrium that acts similarly to the vestibular organ of the inner
ear. We suggested an alternative hypothesis on a strain-based mechanosensing
mechanism suggested by Schroeder and Murray, 1987. So far, only a few cases
of strain-based intraspinal mechanosensing systems have been discovered in
vertebrates: a lamprey (Grillner, Williams, et al., 1984) and a zebra sh (Picton

et al.,, 2021). Nevertheless, these rare examples can shed some light on the
possible intraspinal mechanosensing mechanism for the LSO.

The thesis focuses on a putative intraspinal mechanosensitive lumbosacral organ
potentially contributing to birds' agile and robust locomotion. We hypothe-
size that the nerve soft tissue inside the lumbosacral spinal canal oscillates
in response to acceleration caused by birds' locomotion, which indicates the
LSO similarity to a mass-spring-damper accelerometer. The currently available
imaging technologies are limited and cannot directly visualize the behavior of
nerve soft tissue within a synsacrum formed by the fusion of pelvic and highly
pneumatized spines. In addition, the synsacrum is covered with the multi-layered
soft tissue of varying density. Therefore, the methodology combines classical and
digital dissections with a biophysical simulation approach to study the impact
of LSO morphological features on the system response shaping. | worked in
collaboration on three individual projects to accomplish the thesis objectives.
Each project is presented as a separate chapter.

In Chapter 2, | introduce the lumbosacral organ as an additional potential

mechanosensory organ in an avian trunk uncoupled from the vestibular inner ear
organ in the head. The unique avian lumbosacral morphology of the anatomical
features suggests their interaction results in intraspinal mechanosensation. Direct
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integration into the lower part of the spinal canal and its proximity to the hind
legs indicates the LSO informs the central nervous system about unpredictably
changed terrain and coordinates limbs with minimal neural delay. Morphological
features of the lumbosacral spine are introduced, accompanied by information
on already established physiological properties and functional hypotheses.

In Chapter 3 | present the rst project focused on the 3D anatomy of the
lumbosacral spinal canal in quail. The project aimed to quantify the geometric
and biomechanical properties of the lower spine anatomical structures relevant
to the hypothesis on the mechanosensing function of the LSO. We hypothesize
that the anatomical structures' unique morphology collectively results in them
acting as a mass-spring-based accelerometer. To quantify the morphological
parameters of the LSO anatomical structures, we combined classical dissection
using a stereomicroscope and digital dissection based on contrast-enhanc€d
data.

The second project described in Chapter 4 focused on studying the soft tissue's
capacity to motion inside the lumbosacral canal. We altered the applied gravity
orientation to the dissected lumbosacral sample at its static state and extracted
data by approaching a digital dissection. The qualitative biophysical LSO model
allowed us to test our hypothesis on the in uence of the anatomic interactions
on soft tissue mobility at static and dynamic states.

The third project described in Chapter 5 aimed to study the lumbosacral soft
tissue response to external movements and accelerations by approaching the
biophysical stimulation. With a con gurable modular biophysical model inspired

by the 3D morphometrics of the avian LSO, we tested the impact of each relevant
anatomical structure individually on the soft tissue response to the external
oscillations.

Motivation and Objectives

A

Creating a 3D map of anatomical specializations inside the lumbosacral
region in birds.

Quantifying the geometric and biomechanical properties of the lumbosacral
region relevant to its potential mechanosensing function.

Quantifying whether the neural soft tissues de ect at a quasi-static and
dynamic state of the expanded lumbosacral canal under interacting and
counteracting physical forces produced by unique lumbosacral anatomic
specializations.

Establishing a function for each anatomical structure, exhibiting the LSO
as a mechanosensitive organ acting similarly to a mass-spring-damper
system.
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Contributions

| developed the main concept of the thesis project under the supervision of
Dr. Alexander Badri-Sprowitz. | have reviewed the literature related to avian
anatomy, neurobiology, neuromechanics, and physiology, focusing on the avian
lumbosacral region. Also, the literature concerns the broad spectrum of hypothe-
ses on the functional relevance of avian lumbosacral spine anatomical features,
both individually and in combination.

The rst project described in Chapter 3 | formulated, implemented, and pub-
lished (Kamska, Daley, et al., 2020) under the mentorship of Dr. Alexander
Badri-Spréwitz and Prof. Dr. Monica Daley.

Based on classical and digital dissection data, | conducted a morphometric
analysis of the lumbosacral organ's components.

For the digital-based morphometry, using 3D segmentation, | created a new
3D map of the bone, soft and connective tissue constituting the lumbosacral
organ housed inside the synsacrum of a common qualldturnix coturnix ).
The quail sample was processed andCT scanned by Dr. Michael Doube
of the Royal Veterinary College of London.

| have developed a new 3D segmentation approach for poorly visible ne
structures to accurately segment the denticulate ligament network as a
separate 3D model and align it with the entire LSO 3D models at the nal
step.

| have evaluated a denticulate ligament network topology approaching a
classical dissection of the quail cadaver under the assistance of Dr. Karin
El ein.

By combining the data | have extracted using the digital and the classical

dissection of quail specimens - | evaluated the potential for a maximum
extension of the denticulate ligaments under the hypothesized soft-tissue
deformation.

The second project described in Chapter 4 | formulated, implemented, and
prepared for the publication submission under the supervision of Dr. Alexander
Badri-Sprowitz. The project aimed to evaluate the soft tissue capacity to de ect
inside a lumbosacral canal. The limitation in visualization technology forced
us to look for alternative approaches. In collaboration, | worked on developing
methods for assessing the soft tissue capacity to de ect inside a lumbosacral canal.
In this project, we use a combination of an in situ and a biomechanical simulation.

" With Dr. Rolf Pohmann of the Max Planck Institute for Biological
Cybernetics, we modi ed a protocol for imaging small animals using
MRI. We visualized ne structures without chemical treatment through
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preliminary tests, a prompt dissection of the fresh domestic chicken cadaver
by me, and an MRI by Dr. Pohmann.

Together with Dr. Karin El ein, | chose a xative solution that causes
less of a shrinking e ect on the neural soft tissues by testing the speed
and intensity of the soft tissue response.

I modi ed the traditional diceCT sample processing technique by opening
an additional inlet and gentle manual infusing chemicals inside the spinal
canal. | used micro-surgical instruments for ne dissection to open the
inlet for the xative and staining solution to the soft tissues housed inside
the spinal canal.

With Dr. Alexandros Karakostis and his assistant Alessio Maiello we
conducted several experimental micro-CT scans of the iodine-stained sam-
ple of the lumbosacral region of a chicken. As a result, we developed a
successful diceCT scanning protocol.

| developed an approach of semi-automatic segmentation in 3D of the soft
and solid tissue that minimizes deviations in size and shape of the same
sample scanned in di erent orientations.

| developed approaches for measuring the soft tissue de ection and evalu-
ating the errors caused by the scanning, 3D segmentation, and the nal
step of the 3D models' alignment.

An Mo helped me with the nal run of the iterative closest point (ICP)
algorithm to align the 3D models of the sample scanned in its di erent
orientations.

| created 3D maps of anatomical structures housed inside chicken lum-
bosacral samples based on data produced with di erent imaging protocols.

In collaboration with An Mo, | modi ed the LSO biophysical model by
fabricating the denticulate ligament network to test their e ect on soft
tissue mobility.

In collaboration with An Mo, we tested the LSO biophysical model response
on static and dynamic acceleration. At the analysis step, | evaluated data
on the model response to the static acceleration.

The third project described in Chapter 5 | conducted as the second author where
we applied mechanical simulation to test our hypotheses about the function
of individual anatomical features of the LSO. The project was formulated,
implemented, and prepared for publication submission under the supervision of
Dr. Alexander Badri-Sprowitz.

" In collaboration with An Mo, | equally contributed to the simpli cation of
the morphometric parameters of the quail lumbosacral region | extracted
in the rst project described in Chapter 3.



Chapter 1. Introduction 5

In collaboration with An Mo, | equally contributed to developing hypothe-
ses for each anatomical structure we assume impacts the LSO response
under external acceleration.

In collaboration with An Mo, | have contributed to developing a re-
con gurable design for the modular LSO biophysical model to test our
hypotheses.

In collaboration with An Mo, | have equally contributed to evaluation
materials and methods for the qualitative replication of the LSO soft and
connective tissue.

At the step of data analysis, which centrally was conducted by An Mo and
Dr. Fernanda Bribiesca-Contrera, | contributed to the results interpretation
step.






Chapter 2

Background

2.1 Diversity of Avian Locomotion Modes

Birds are one of the most diverse groups of vertebrates in the modern world,
with around 10,000 extant species habitat in almost every environment on
earth (Abourachid and H6 ing, 2012; Brusatte et al., 2015) and capable with
exceptional agility of aerial, terrestrial, aquatic, and arboreal locomotion (Daley,
2018). Birds are characterized by three distinct locomotor modules: forelimbs,
hindlimbs, and tail (Dial, 2003; Gatesy and Dial, 1996). The mechanical
properties of hindlimbs provide birds with a multi-purpose tool engaged in
walking, running, hopping, ying, and swimming (Abourachid and Ho ing,
2012). Locomotor adaptation to habitat is facilitated by body size and mass
varying from 2 grams (hummingbirds) (Brusatte et al., 2015) td.50kg (ostrich)
(Abourachid and Ho6 ing, 2012), bone density, limbs length, neck, and trunk
posture (Abourachid and H6 ing, 2012; Dumont, 2010; Gatesy and Middleton,
1997; Heers and Dial, 2015; Ze er et al., 2003). However, despite variations in
the size and proportions of the trunk and limbs, as well as the morphological
specialization of the locomotor apparatus (Gatesy and Middleton, 1997; Heers
and Dial, 2015), the birds share approximately the same body design (Abourachid
and H6 ing, 2012). That can indicate that body morphology and proportion
variations are not the only reason birds achieve locomotor agility (Kamska,
Daley, et al., 2020).

2.2 Sensorimotor Factor in Agile Locomotion

The ability of birds to respond to substrate changes during locomotion is sup-
ported by sensorimotor control (Daley, 2018; More, O'Connor, et al., 2013).
Sensorimotor delays constrain the accuracy and responsiveness of the sensorimo-
tor system (Churan et al., 2017; Daley, 2018; More and Donelan, 2018; More,
O'Connor, et al., 2013). The transmission e ciency of sensory input and motor
commands are linked to the source, distance, and speed at which the informa-
tion travels through di erent sensorimotor pathways (Abraira and Ginty, 2013;
Dusenbery, 1992; Martin, 2012). One of the primary keys to the fast reaction
speed that leads to the immediate recovery after the unexpected perturbation is
minimal signal transmission delay (Daley, 2018; Daley, Usherwood, et al., 2006)
(see Figure 2.1). The time required for the potential action transmission with
minimal conduction delay becomes more acute as the sensory and motor nerve
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Figure 2.1: Sensorimotor delays of di erent categories of sensory inputs.

The length of the sensorimotor pathways from the potential sensor to the hind limb
muscles a ects the nerve conduction delay. The example of the largest bird of our time
schematically shows the moment that follows the unexpected perturbation experienced
by an ostrich running through terrain with a changing surface. The orange ellipse
highlights the putative intraspinal mechanosensing lumbosacral organ (LSO); the green
circle indicates the peripheral vestibular organ begins in the inner ear; the pink square
shows the peripheral cutaneous end-organ sensitive to the ground impact that begins
from the sensory corpuscles in toes. The blue dash line illustrates the sensor signal
path that starts from peripheral sensors to the central neural system (CNS); the red
dash line is the motor signal path from the CNS to the muscles. Inner ear was modi ed
from Obrist et al., 2010, ostrich outline was modi ed from Chan DMD, 2007

bers' length increases (More and Donelan, 2018; More, O'Connor, et al., 2013).
The anatomical specializations in the lumbosacral region, collectively known as
the lumbosacral organ (LSO), hypothetically contribute to bird's locomotion
agility (Gi n, 1990; Kamska, Daley, et al., 2020; Necker, 1999; Stanchak, French,
et al., 2020). Its unique morphology, direct integration into the central neural
system in the lower part of the spine, and proximity to the hindlimbs indicate
the LSO potentially acts as an intraspinal mechanosensing organ, independent of
the vestibular organ (Kamska, Daley, et al., 2020; Necker, 1999, 2006; Stanchak,
French, et al., 2020; Urbina-Meléndez et al., 2018). The LSO is intimately close
to the lumbosacral plexus that communicate motor commands for locomotion
(Beko et al., 1975). This plexus innervates the skin and muscles of the lower
limb through the sciatic nerves and the thigh muscles through the crural nerves
(Bentley and Poole, 2009; Giu re and Jeanmonod, 2020; Haimson et al., 2021,
Kardon, 1998; Lance-Jones and Landmesser, 1981). The advantage of the LSO
comes from reducing input and output pathways, contributing to a faster sensori-
motor response by minimizing the signal transmission delays (Coté et al., 2018).
Direct integration with the pelvic-localized spinal motor circuits and proximity

to the feet provides the LSO a functional advantage over the head-localized
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Figure 2.2: E ciency evaluation of sensory input by sensory-motor delays.

Simpli ed estimation (see Equation (2.1)) of the sensorimotor pathways shows the
dependency of the neural signal transmission delay on the distance between the
considered sensory inputs and the actuated legged muscles. The blue dash line
illustrates the sensor signal path from the peripheral sensors to the central nervous
system (CNS). The leg length (1 m) corresponds to the sensor path of the sensory-
motor circuit, and the neck length (1 m) to the path for the vestibular system. The
red dash line is the motor signal path from the CNS to the muscles. The inner ear
was modi ed from Obrist et al., 2010

vestibular sensory organs (Urbina-Meléndez et al., 2018) and sensory-motor
circuit or a monosynaptic re ex arc (More, O'Connor, et al., 2013) to which
input starts from cutaneous end-organs at the tips of hindlimb toes (Suazo et al.,
2022; Zimmerman et al., 2014). Therefore, it provides an evolutionary advantage
for birds. Ostrich is a vivid example demonstrating how the neural signal trans-
mission delay depends on the path length the sensory-motor signal travel. To
qguantify the advantage of the potential intraspinal mechanosensory lumbosacral
organ over the peripheral sensory-motor circuit (H. H. Chen et al., 2003) and
vestibular organ (T. L. Thompson and Amedee, 2009), we conducted simpli ed
calculations (see Equation (2.1)) of the neural signal transmission delay based
on the distance between the considering sensory inputs and the actuated hind
limb muscles (see Figure 2.2). The approximate value of the nerve conduction
velocity (50 m=s) we took from (Stetson et al., 1992; Whalen et al., 1988). For
simpli cation of calculations, the time for the signal generation is identical for
all comparing sensory organss(ms). Determination of the approximate length
of the nerve paths distance from the vestibular organ and sensory-motor circuit
to the lower part of the spine was based on the length of the neck (1 m) and
the length of the leg (1 m), respectively (see Figure 2.1). In contrast, the
intraspinal mechanosensor LSO is directly integrated into the lower part of the
spine.
n
NCD =SSG + SR+ Sp + MR (2.1)



10 Chapter 2. Background

the NCD is a nerve conduction delay, SSG is a time for the signal generated
by a sensor, SR is a sensor root through which the signal travels from the
sensory input to the CNS, Sp is the time for converting sensory signals to motor
signals in a spine, MR is a motor root through which the signal travels from the
CNS to the actuated legged muscles. Simpli ed calculations and comparative
analysis demonstrate the e ectiveness of the putative intraspinal lumbosacral
mechanosensory organ, which costs the ostrich abdl@ms of the delay over the
peripheral vestibular and cutaneous end-organs cost aboBbms of the delay
each (see Figure 2.2). Considering that range of an ostrich's running speeds
varies around11 m=sto 17 s (Alexander et al., 1979; Daley, Channon, et al.,
2016), the nerve ber distances between the peripheral sensor system inputs
are too long to provide prompt sensorimotor signals for e cient control of the
body position during the legged locomotion (Abourachid, Hackert, et al., 2011;
More, O'Connor, et al., 2013; Stetson et al., 1992; Urbina-Meléndez et al., 2018;
Wedel, 2011).

Figure 2.3: LSO stimulation through mechanical shock wave propagation.

(A) The schematic illustration shows the moment immediately after the ostriches' foot
broke through the tissue paper, masking the di erence in substrate height. As a result
of the unexpected disturbance, it hit the ground with its toe. (B) The mechanical
shock caused waves to propagate directly through the bone tissue of the hind limb to
the synsacrum housing the LSO. Ostrich outline was modi ed from Chan DMD, 2007,
skeleton was modi ed from (Coutureau, 2014)

The lumbosacral organ sensory perception mechanism is currently not fully
understood. We assume that bone's capacity to convert external mechanical
stimuli into biochemical reactions (Stewart et al., 2020) may contribute to a
hypothetical proprioceptive system. The speed at which sound waves propagate
through hindlimbs depends on the density of constituent tissue (Otani, 2005) and
varies from 400 m/s to 1500 m/s (Dobrev et al., 2017; Kaczmarek et al., 2002;
Otani and Hosokawa, 1998). For comparison, the speed of the nerve-tissue-based
information travel varies around 30 m=s to 65 ms for bird-sized animals (More
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and Donelan, 2018; More, Hutchinson, et al., 2010; Whalen et al., 1988). This
simpli ed comparison shows that the mechanical shock wave signal speed is
about 6 to 50 times faster than the speed of nerve impulses. Therefore, we can
also assume that the intraspinal mechanosensory system minimizes sensorimotor
delay by spreading the signal with sound waves initiated by the toe striking
the ground during locomotor movements, passing through the hindlimb bones
directly into the synsacrum (see Figure 2.3).

2.3 Unigue Anatomy of the Lumbosacral Region

Figure 2.4: The anatomy of the synsacrum of the qualil (modi ed from Kamska,
Daley, et al., 2020). (A) Schematic skeletal outline of a quail synsacrum, emphasized
in green and turquoise. The schematic was modi ed from (Commons, 2009). (B) A
3D view of the synsacrum, also showing a local coordinate system (x-red, y-green,
z-blue), and three planes of reference. The coordinate origin is centered between the
left and right acetabular sockets surrounding the femoral heads, and the coronal plane
is adjusted to the segmental narrow regions of the lumbosacral canal formed at the
vertebral fusion, which serve as attachment sites for the dentate ligaments network.

Avian lumbosacral spinal canal exhibits unique enlargement compared to
other vertebrates (Badawi et al., 1994; Gin, 1990, 1995; Haziroglu et al., 2001).
In many tetrapods, the lower part of a spine enlargement is caused by a plexus
increase to innervate hindlimbs (Gin, 1990, 1995). Birds demonstrate that
the uid space in the extended lumbosacral spinal canal exceeds the volume
occupied by the neural soft tissue (Gin, 1990). The enlargement of the spinal
canal in the lumbosacral region is housed within the synsacrum (see Figure 2.4),
the holistic structure formed by the fusion of lumbar and sacral vertebrae and a
pelvic girdle (J. J. Baumel, 1993; Gi n, 1990). The soft tissue (see Figure 2.5)
includes the spinal cord and glycogen body supported and stabilized (J. Baumel,
1985; Polak-Krazxna et al., 2019; Ranger et al., 2008) within the enclosed and
extended spinal canal by the connective tissue consisting of the cerebrospinal
uid (CSF) and the denticulate ligaments (Necker, 2005, 2006; Rosenberg and
Necker, 2002; Schroeder and Murray, 1987; Streeter, 1904; Urbina-Meléndez
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et al., 2018; Yamanaka, Kitamura, and Shibuya, 2008). The glycogen body is

Figure 2.5: 3D anatomy of the lumbosacral region of the common quail

(from Kamska, Daley, et al., 2020). 3D model created with digital dissection on CT
data showing: (A) right lateral view at the sagittal section of the lumbosacral spinal
canal; (B) coronal view at the spinal canal truncated at half height, soft tissues are
not cut. See abbreviations in Table 1.

settled in between two hemispheres of the spinal cord at the level of sciatic plexus
(Imhof, 1904, Lyser, 1973; Ollé, 2006; Terni, 1924). The segmentally arranged
accessory lobes protrude bilaterally from the ventrolateral surface of the spinal
cord (see Figure 4.19 A) into the vertebral canal (L. D. De Gennaro and C. A.
Benzo, 1976, 1978; Eide, 1996; Rosenberg and Necker, 2002; Vukovi¢, Luci¢, and
,urkovi¢, 1999). The lobes are adjacent to the region of the intimal connection

of the spinal cord with a network of supporting dentate ligaments (Eide, 1996;
Necker, 2005, 2006; Schroeder and Murray, 1987; Streeter, 1904; Yamanaka,
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Kitamura, and Shibuya, 2008). The CSF is the multifunctional connective tissue
that, in addition to passively protecting the soft tissue as a cushion, also acts
as a nourishing, homeostasis, excretory, and lymphatic system that contributes
ontogenesis of the entire organism (Johanson et al., 2008; Kaneko et al., 2008;
Orts-Del'Immagine et al., 2020).

2.3.1 Spinal Canal

The unique morphology of the lumbosacral canal is formed by modi ed lumbar
and sacral vertebrae, which invariably consist of a neural arch on the dorsal side
and a vertebral body on the ventral side (Bui and Larsson, 2021; Christ et al.,
2000). The neural arc is composed of the junction of the pedicle and lamina (Bui
and Larsson, 2021; Mellado et al., 2011). On the dorsal side of the lumbosacral
spinal canal are transverse grooves that Necker, 1999 has compared with the
semicircular canals of the vestibular organ. They are formed by the fusion of
modi ed laminas of two adjacent vertebrae along the median longitudinal sulcus
(Jadwiszczak, 2014).

2.3.2 Glycogen Body

The glycogen body is a glycogen-rich cell anatomical structure distinguishing
birds from other vertebrates (L. De Gennaro, 1982). Indirect measurements
of the glycogen density in rat liver and human leukocytes (Scott and Still,
1970) indicate that the glycogen body is a high-density anatomical structure,
denser than the spinal cord and surrounding cerebral uid ow. The glycogen
body as an avian unique anatomical structure wedged between the spinal cord
hemispheres (see Figure 2.6 A) was described in adult avian species by Emmert,
1811 and one-year after in embryo by Nicolai, 1812. The subsequent studies
found glycogen in vertebrates' nervous systems (Gage, 1917) and, a bit later,
Terni, 1924 documented the presence of glycogen cells in a bird's unique glycogen
body. The term glycogen body itself was introduced later by Watterson, 1949.

Figure 2.6: The glycogen body visible on a classically dissected young
chicken. (A) The spinal canal of the cooled chicken carcass opened from the dorsal
side. (B) The glycogen body pulled with tweezers out of the groove formed between
the spinal cord hemispheres.



14 Chapter 2. Background

The glycogen body is richly vascularized (Vukovi¢ and Luci¢, 2005) oval-shaped
translucent gelatinous Figure 2.6 B) composed of glial origin (L. D. De Gennaro,
1993) cells that are potentially astrocytes (Lee et al., 2001; Lyser, 1973; Sansone,
1980; Uehara and Ueshima, 1984) and highly branched glucose polymers (C.
Benzo and L. De Gennaro, 1983; L. De Gennaro, 1982; Imagawa et al., 2006;
Koizumi, 1974; Necker, 2005; Ollé, 2006; Streeter, 1904). At the glycogen
body location, the spinal cord hemispheres are connected only by the ventral
commissure (Uehara and Ueshima, 1982; Watterson, 1949) and form intense
intumescence (J. J. Baumel, 1993). But the distinctive lumbosacral enlargement
is not a result of the spinal cord shape modi cation but because of embedded
avian unique glycogen body from the dorsal side (Necker, 2005).

2.3.3 Denticulate Ligament Network

The meningeal connective tissue includes three separate mater, di erent by
physical properties: dura, arachnoid, and pia (Streeter, 1904). The dura mater is
the strongest one, lining the spinal canal (Streeter, 1904); the delicate arachnoid
mater forms a mesh between the vertebral inner wall and the neural soft tissue and
separates the grooves from the spinal canal, turning them into separate transverse
canals (Necker, 1999; Stanchak, French, et al., 2020; Streeter, 1904); the pia
mater covers the neural soft tissue (McCormick and Stein, 1990; Streeter, 1904;
Watterson, 1949). The denticulate ligaments, also known as meningovertebral
ligaments, emerged from the condensation of the pia membrane on the ventral side
of the spinal cord (McCormick and Stein, 1990; Shi et al., 2014). The denticulate
ligaments are brous, dense connective tissue, which, in accompaniment of
vessels, extends through the arachnoid membrane, attaching between adjacent
nerve roots to the dura mater (J. Baumel, 1985) with the ventral and lateral
processes (R. Chen et al.,, 2015; Schroeder and Murray, 1987; Sillevis and
Hogg, 2020). The presence of denticulate ligaments in the spinal canal is not a
unique avian feature, but the topology formed by additional ventral longitudinal
and transverse ligaments (Angevine et al., 2011; Schroeder and Murray, 1987).
Avian denticulate ligament network consists of lateral and ventral longitudinal
ligaments intersected by ventral transverse ligaments at segments' junction
along the lumbosacral canal (Schroeder and Murray, 1987). The network is not
homogeneous; the most prominent ligaments are longitudinally oriented strips
that compose elastin and collagen brils (Ceylan et al., 2012; Polak et al., 2014;
Schroeder and Egar, 1990; Schroeder and Murray, 1987; Tunturi, 1978). The
less prominent part of the network is ventral transverse ligaments in contrast to
the ventral longitudinal ligament present only within the lumbosacral segments
of the avian spine (Schroeder and Murray, 1987).

2.3.4 Accessory Lobes

Longitudinally oriented ovoid shape accessory lobes (Huber, 1936; Lachi, 1889),
also known as Hofmann nuclei major, are clusters containing the marginal

neurons embedded in somata and glia-derived glycogen cells (Eide, 1996; Milinski
and Necker, 2001; Rosenberg and Necker, 2002). Koélliker, 1902 labeled the
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