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ABSTRACT

Understading how the nervous system controls locomotion igm@atimportance to
improve treatments of mobility disorders. The numerous muscles and joints in a limb
participatingin a given movement, have to feed sensory informatiok tmathe central
nervous systemso that, individuals have the capacity to perform functional movements
and cope with diverse environmental variables. The integration of proprioceptive feedback
derived from muscle spindles and Golgi tendon organs intoghtal nervous systemm

still a fascinating topicequiringa deeper understanding. We have analyzed locomotor
patterns irdifferentbehavioral conditiong mice,in which proprioceptive feedback was
geneticallyremoved or attenuated by adesmssociated virus technology. Our results
showed that proprioceptive feedback from muscle spindlesGaitgi tendon organare
essential forthe coordination of flexor and extensor muscles neceskaryunctional
terrestrial locomotion or swimming. Widggpectrum muscle spindle feedback deficiency
changed muscular activation patterns, generated incapability to precisely target the limbs
after a stumble event during walking, and harmed the regulation of muscle esttigitgth

or speeddependent EMG amplitude. Our results stibat the ablation gbroprioceptive
feedback from an individual group of muscles, neither diminished functional locomotion
nor alteed musck activationpattern Nonetheless, thieedback from muscle spindles of

the ankle extensor muscles, the triceps surae, is the main sufuspeeddependent
modulation ofactivity-strength in contrasto themuscle spindle feedback frothe knee

joint which has no influence on speediependent amplitude modulatidie conclude that
proprioceptive feedback is essential for controlling vadeiaspects of locomotiorlhe
group la/ll and Ib afferentsarly the informatiorused by the spinal cotd controlmuscle
activity strengthandregulatethe onset and offse¢iming of muscle activity patterns during
locomotion
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CHAPTER 1 INTRODUCTI ON

1.1 MOTIVATION

The ability to adapt t@hanges irthe environment is observed from the most primitive
forms of life to complex multicellular organissn Animals have thecapaility to
continuougy extract sensory information from the world around them, process that
information andtransform it ino actions towards specific goals or demantise typical
well-coordinated movenmt observed in functional mottehavior relies on sensorimotor
transformationsand inthe absence of sensory feedb#t& movement isincoordinated

andmaladapte (Akay, Tourtellotte, Arber, & Jessell, 2014; Woo et al., 2015)

Movements that express behavior, even in its simplest form, embodies complex neural
processedn general terms, the central nervous system (CNS) is regfmif@i planning
movement&ven before any type attionis producegdconsequentlgortical circuits must

bein place to elaborate and send commands along to subcortical reg&idS (Rizzolatti

et al., 2014) Thesecommands participate in central processes prior to the activation of
skeletal musclewith theconsideration of sensory feedback friimaperiphey that informs

the CNS about thactualposition of the bodyGratsch et al., 2019Yhis sense of self
movementand body positionknown as proprioception, is essential for body coordination
as it feeds the CNS with informatioagarding theurrentposition and movemeituring
differentmotorbehaviorgdDelhaye et al., 2018Furthermoreit is alsofascinatingthat the

executive component of the movement, meanwvitgt muscles are recruited under which



temporal parameters and sequeiscenostly assigned by processes within the alipoord

(Romanes, 1951)

The activation of limb muscleduring a single step movemeamtuires precise temporal
pattern and perfect coordination of about 50 to 60 lmuiscles. Tus circuits are in place
at various levels of thepinal cordo ensurgroper function oflexor and extensor muscles
required to perform a functional stéfmr example, @recisealternating activation of flexor
and extensor muscles is typigaien limts move whichis essentiafor performing smooth
and functional locomotionthus basic neuronal circuigs shown in Figure éxist in the
spinal cord to ensu@ppropriate functionalityConsidering that a singlenb is composed
of multiple joints that move in a wetloordinated manner, the spinal citeyithat controls
limb movement is even more complexd helevel oforganization of thee circuitss not

entirelyunderstood

Motoneurons are key elements in this spinal neuronal nefaockwthout them limited
action is conveyed out of the CH Motoneurons engage striated muscles in activity
allowing body partso move and perform all sorts of motor acts. Thestly populatethe
ventral horn of the spinal cord and their prolongations, the aponoigctout of the spinal
cord via spinal nervego innervate muscles with remarkable precigiBomanes, 1951)
As a consequengcanuscles allocated iwlifferent limb compartments, with different

functions, are innervated by a specific and dedicategbset) of motoneurons.



Figure 1.1 Basic spinal circuit of sensoyotor control and flexeextensor activity(i)
Motoneuron pool to flexor muscles (light greenylotoneuron pool to
extensor muscles (dark green). Flexor muscle proprioceptive sensory neuron
(gray). Extensor proprioceptive sensory neuron (purple). Proprioceptive
sensory neurons inform the state of contraabbimdividual muscles back to
the spinal cord for processing sensargtor transformation. Note that the
transformation occursvith one synaptiaelay similar to a monosynaptic
stretch reflex where sensory neuron connects directly with motoneurons
innervaing the same muscle. Inhibitory interneuron (brown) that silences the
antagonistmuscle of the movement. Commissural interneuron (Black)
responsible t@end sensory information to thentralateral sidef the spinal
cord.(ii) EMG recordingllustratingalternatng pattern of activation between
flexor and extensor muscles.

sensory

Movementgenerating processes in theN& ensureactivation of motoneurons with
precision suchthat muscle contraction is translatedbiomechanicathanges in the limbs
for the pupose of any movementloreover, he motor act itself is constantly monitored
by the CNS to certify that theequiredperformance is being achieved and matching the
behavioal needs(Prochazka, 2011)The proprioceptive sensory neuroase especially
importantfor monitoling the state of contraction of limb muscles. Proprioceptaus
respond to different @ects of muscle contractiam stretchand arejn general classified

aseithertonic or phasiaeceptorsthe firstrespong to a stimulusolong asthe stimulus



is maintainedand the latteladaps$ to a constant stimulushiencestop respondingfter

adaptatior(Cabelguen, 1981)

Muscle spindleareproprioceptivesensory organsonsisting of sensond motor endings
embedded among musculéibers (Ruffini, 1898) (Figure 1.2. Each muscle spindle
receives afferent innervation from a single large group la fibers whiclsfamoospiral
endings in the equatorial zone of a muscle spindle. This type of sensory ettty the
dynamic phase of muscle lengtheningrbgponahg to both rapidstretchrelated changes
in muscle length and the velociof length change<Group Il fibers end adjacent to the
group la afferents andetectthe tonic component of muscle stretmh sustaining action
potentials in response tauscle stretch{Hulliger, 1984) Muscle spindles also receive
efferent innervation from gamma motoneurdBBaway et al., 2002; Taylor et al., 2006)
In order to maintain theesponsivenessf the muscle spindsadluringmovementsgamma
motoneuronsnduce contracion of the intrafusal fiberswvhich stretchesthe equatorial
regionto adjust the spindles to a functional lengthsummary, changes in muscle length
are detectedby type la and Il afferentasthe musclesontract The intrafusal muscle
spindle fibers are adjusted by gamma motoneurensuringthat muscle spirids are

sensitve throughout muscle contraction

Isometric mude contractios produce varying degrees of tension tendons hence
encapsulated nerve endings in the vicinity of the myotendinous junckioosn asGolgi
tendon orgas(GTO), conveythis information back to the central nervous system. GTOs
are sensitive to minor changes in tendension andelay that information to the spinal

cordvia grouplb afferent fiberfHouk & Henneman, 1967ach GTO is innervated by a
4



single gro

up Ib afferentshus the tension produced by migscontractiors excite only

those fibers in thergans. In summary, GTOs signal forces producethbgcular activity

or by a passive stretch applied in muscular tendons.

Figure 1.2

Diagram of muscle spindle and Golgi tendon organ. Muscle spindle primary
ending enciras the central portion (equatorial zone) of intrafusal fibers
Group la afferent fibers transmit sensory signals to the spinal cord regarding
changes in spindle length. Muscle spindle secondary entyngsp 1) are
adjacent to the equatorial zoaedtransmit ggnals to the spinal cord related

to tonic stretch. The Golgi tendon orgaarelocatal on the myotendinous
junction are sensitive to muscle tensiamd receive innervation from group

Ib afferent fibers. Gamma motoneurons innervate contractile parts of
intrafusal fibers to avoitbss of tension in the spindle&lpha motoneurons
innervate large extrafusal fibersa theendplates of a motor unit.

Alpha motoneuron to
extrafusal muscle fiber

la fiber from anulospiral endings

in the equatorial region Gamma motoneuron to

intrafusal muscle fiber

ay

I afferent fibers
I efferent fibers

Ib fiber from Golgi tendon organs

Il fiber endings adjacent
to the equatorial region

Circuits in the CNS have to accommod&te diverse motor tasks such as reaching a

determined goalAzim & Alstermark, 2015pr skilled manipulation of objes(Rizzolatti

et al., 2014)and they must be able tope with unpredictable situati®mvhile performing

suchtasks. Foexamplesensory integration and sensonptor transfamationis necessary

5



for overcomingcomplicationsduring locomotiorandkeep the pace flueriBantuz et al.,
2019) It is, therefore reasonable to think that sensory feedisackextreme importance
in sucha scenario. Motor actions throughoutr daily life may go unnoticed due to our
ability to perform them with easdut behind simple effortless movemdigs a mult+

layered and complex neural process thatill to beunderstood

We believe that finding answers to those poorly understood and intricate mechanisms of
neural sensorimotor transformations would pave the road for better clinical applications.
Numerous neurodegenerative diseases affect ones walking capalaifii@aowing how

the nervous system controls locomotion may be of key importance to help health
professionalsleveloptreatments focused on regaining the ability to walke goal of this
thesisis to improve ourunderstanding of how proprioceptive feedback interacts with the

neuronakircuitsin the central nervous systehat control locomotion.

1.2 LOCOMOTION

Locomotion isdefinedas he i ndi vi du adraurither babitathtythgirowno mo v e
means(Prochazka, Gosgnach, Capaday, & Geyer, 200@¢omotion isnecesary for

animal survival and if compromised in humans, affects the quality of.liumerous

medical conditions affect the humawalk, and gait analysis has been presented as a
powerful tool for diagnosng neurodegenerative diseaséBiander et al.,, 2017;

Radovanovil et al.., 2014: Strata et al ., 2



The control of locomotion depends on the temporal coordinationudtiple flexors and
extensomuscek contractions actingnthe hip, knee and ankle join&ngberg & Lundberg,
1969; Grillner, 2011; Rossignol, 2011)At the spinal level, these motor programs are
thought to emergeia theintegrated actions of local interneuronal circuits functioning as
central pattergenerators (CPGs), and potentialig segmental sensory feedback mediated
by cutaneous and proprioceptive inp@@earson, 2004; Rossignol, Dubuc, & Gossard,
2006) Despiteresearch ormhesetopics core questions remaimansweredegarding the
contributionsof sensory feedback systenm the CPG and coordination of mammalian
locomotion. These questions have remained unanswered because afadbility to
manipuate the activity of a defined population of sensory afferents with anatomical

precision under conditions in which locomotionvivocan be evaluated.

Traditionally, kinematic and EMG analys of the walking step cycle with particular focus

on the cat hindlimi§Engberg & Lundberg, 1969; Stuart & Hultborn, 2008; Grillner, 2011;
Rossignol, 2011hasprovided fundamental insiglstinto the neural control of locomotion
These studieshowedhat individualextensor and flexor muscles controlling the hip, knee
and ankle display distinct onset and offset timing, as well as a pronounced alternation in
flexor-extensor phasing that accompanies the biomechanical transition of the hindlimb
from stance to swing aswing to stanc€Engberg & Lundberg, 1969; Grillner, 2011,

Rossignol, 2011)

There is convincing evidence that the core aspects of locomotion are commanded through
a localspinal CPG. The spinal cord itsetinpreserve elements of the locomotor pattern

even aftetransection omanipulation of the descending neural pathways (Jordan, Pratt, &
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Menzies, 1979; Grillner, 2011). Nonetheless, other studies suggest that sensory feedback
may modify locomotor output to accommodé#be changes in terraior duringspecific
required tasks (Duysens & Pearson, 1980; Grillner & Rossignol, 1978; Hiebertaihel
Prochazka, & Pearson, 1996; Lam & Pearson, 2001; Lam & Pearson, 2002; McVea,
Donelan, Tachibana, & Pearson, 20@9)houghproprioceptive feedbadkas been proved

to participate inlocomotion, the degree to whictproprioceptors are necessary for

geneatinga functional locomotor pattern is still obscure.

Contemporary literaturpropo®s tvo modelsor the collaboratiorbetweerproprioceptor
systens and motor pattern outputThe first claims that the locomotor pattern can be
achieved by the CPG the absence of the sensory feedback, implying that the locomotor
pattern in an animal would be preserved following ablation of sensory fee(ibaltiker

& Zangger, 1984) The second model suggests thatin the absence of proprioceptive
feedback, the CPG would lyrngenerate a flexeextensor alternation where all flexor and
extensor motoneuron (MN) pools would be active during the flexor or extensor phases
respectively(Lundberg, 1981)This second modeherefore implis that the locomotor
pattern observed anintact animamay betheresult of interaction between proprioceptive
feedback ad the CPGHow thesetwo models explain the generation of {6BG in an

intact terrestrial mammal performing locomotion still debatable

Differentiationbetween these two models requires recoslafghe locomotor pattern in
absence of proprioceptive feedback in freely behaving aniiMailst of the available data
come from experiments in which sensory input was eliminated either by acute and intensive

surgical manipulation&Grillner & Zangger, 1979; Hiebert & Pearson, 19688y blocking
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movements with drug injectiondordan et al., 1979; Pearson & Rossignol, 199h)

alternative approach towards the elimination of proprioceptive come from woltlardet

fiber afferentswhi ch i ncl udes tronetheGmuscle ppindleaandaGT@s | b 6 s
were silencetby pyridoxine ovedosaggPearson & Rossignol, 1991; Helgren et al., 1997)

however, the drawbackn this methodis that it doesot eliminate all large fiber primary
afferentgHelgren ¢al., 1997) Mouse models offeviderange of applicable physiological
techniques and the potential for genetic manipulation of the neucaits underlying
locomotion.Hence ve believethat miceare akey animal model to understarstnsory

controlof locomotion.

Previously, the main physiological approach used in investigating the spinal locomotor
networks was then vitro preparation in which the spinal cord from neonatal mice is
isolated and kept alive in a difikiehn, 2006) However, hisvaluablepreparation hatew
limitations, including the lack of important elements crucial to locomotion, such as sensory
feedback, and the fact that the neuronal network underlying locomotion in neonates is still
under maturation. As technology has progressed, vivo methods of recording the
locomotor patterrhave been improve(Pearson et al., 2005; Akay, Acharya, Fouad, &
Pearson, 2006)new ways oftimulaing peripheral nervebave beemocumentedCarp,
Tennissen, Chen, & Wolpaw, 2006a, 2006b; Akay, 2014; Mayer & Akay, 2amhé)
different approdees tomeasuing kinematic parameters ofimb movement during free
walking in adult micehave been presentéélkay et al., 2014; Fiander et al., 2017; Santuz

et al., 2019)Modernin vivo methodology taassess laamotion in mice has theogential

to provide new insighnto thesensory controlfdocomotion.



1.3 THESIS ORGANIZATION

Chapter 2  describes the rolef proprioceptive feedbacik controlling the locomotor
pattern. It demonstrates that functional walking or swimming is not accomplished in a total
lack of proprioceptive feedback. It also presents a novel methodology that allowed us to
investigate the role of muscle spindle feedbfokn asingle joint of the hindlimbUsing

this new methodology, waiscusghe importance of muscle spindle feedback ftbehip,

knee and ankle joints.

Chapter 3  outlines features of how muscle spindle feedback ensures precise foot
placement during locootion. It unveils a methodology to trigger stumbling corrective
reaction in freelybehaving miceas an investigative tool and demonstrates that
proprioceptive feedback from muscle spindtamportant in targeting the hindlimb during

normal locomotion om skilled locomotion whergrecise foot placement is taséquired.

Chapter 4  delineates the role of muscle spindle feedback in regulating muscle activity
strength. It shows that proprioceptifeedback plays a major role in the regulation of
muscle advity strength during walkingand suggest that muscle spindle feedback is
necessary for boththe increased walkingspeed and speedlependent amplitude
modulation Finally, it supports the viewhat muscle spindle feedback from andktensors

is requiredto modulate andegulatemuscleactivity strength locally

10



Chapter 5 summarizs, discuses and concludg the major findings reached in our

work, as well as postulates future directions motivated by this thesis.
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CHAPTER 2 PROPRIOCEP TIVE FEEDBACK
CONTROLLING THE LOCO MOTOR PATTERN

2.1 | NTRODUCTION

The mtterned contractions of multiple muscles working inrégm, antagonism, and
synergies produce rhythmic and wetlordinatedimb movementgEngberg & Lundberg,
1969; Grillner, 2011; Prochazka, Trend, Hulliger, & Vincent, 1989; Santuz, Ekizos,
Eckardt, Kibele, & Arampatzis, 2018 general, flexor and extensor musakesponsible

for moving the hip, knee and ankle joints mubt coordinatedo achieve functioal
locomotion.Dedicated motoneuron poolsthin the spinal corthnervatedifferentmuscles

and provide command for the patterned contracti@hsing locomotion(locomotor
pattern) therebybody movements are achievedarcoordinated manner. The patesin
activation of motoneuron pools is driven by ttwlaboration betweelocal interneuronal
circuitry participating incentral pattern generators (CP@s)cesseand sensory feedback

(Brown, 1911; Duysens & Van de Crommert, 1998; Grillner & Jessell, 2009)

Scientists have provided insighinto the neural control of locomotion by analyzing
kinematic and electromyographic (EMG) parameters of the step ¢icigberg &
Lundberg, 1969; Stuart & Hultborn, 2008; Grillner, 2011; Rossignol, 2@&tuiylieshave
shown that the activity of flexor and extensauscles controllinghe hip, knee, and ankle
joint, display distinct onset and offset timing with remarkable alternation in flexor and
extensor phasinguring movemers of the hindlimb(Grillner, 2011; Rossignol, 2011)

Nevertheless, after surgical manigion of descending neural pathways or total spinal
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cord transection, animals preserve the basic features of locomotion, which is persuasive
evidence that a localized spinal circuitry is sufficient to generate locom@ialiner &

Zangger, 1979; Jordan et al., 1979; Grillner, 2011)

Several studigsusing stimuation and perturbation of single joints or the entire limb,
suggesthat sensory feedback maegthe locomotor patterm a terrain or taskdependent
manner (Grillner & Rossignol, 1978; Duysens & Pearson, 1980; Hiebert, Whelan,
Prochazka, & Pearson, 1996; Lam & Pearson, 2001; Lam & Pearson, 2002; McVea,
Donelan, Tachibana, & Pearson, 2Q0Bjthough tlese approachewere successful in
describing the role of different aspects of proprioception in locomotion, they did not show
how proprioceptivefeedbackcontrol core elements of the manalian locomotor pattern.
Published data come from experiments in whad¢hersensoy feedback was eradicated by
acute and severe surgical approadiaginer & Zangger, 1979, 1984; Hiebert & Pearson,
1999) or mobr outputwas blockedand proprioceptive feedbacskas silenced bylrug
administration(Jordan et al., 1979; Pearson & Rossignol, 13®digren et al., 1997,
Pearson, Misiaszek, & Hulliger, 2003)Jowever, the question of how the spinal GPG
convert feedback information to its functions in an intact and freely behaving animal has

not been redwved.

The mouse is becoming an important animal mofiel addresmg the role of
proprioception in locomotiorince their neural circuits can be geneticallgnipulaed for
studies(Kiehn, 2006) Advances in genetics have made it possible to moukiyonal
networks andmanipulatethe proproceptive neurons in intact animaf$ourtellotte &

Milbrandt, 1998; deNooij, Doobar, & Jessell, 2013; de Nooij et al., 2015; Bourane et al.,
13



2015; Mayer et al., 2018Hence in this chapter, weliscuss oucombination of mouse
genetics virus technology andin vivo recording techniqueAkay, 2014; Akay et al.,
2014)to selectiveeliminate proprioceptiveensory feedbaclandcharacterize&ehanges in

locomotor pattern

In the following, we will present a series of experiments that corroborate with the
hypothesis that proprioceptive feedback is necessary foedfadlishmenof functional
locomotor patterns in intact animalsVe also considethe mechanisms by which
proprioceptve feedback interacts with CRGo generate locomotor patterasd how
proprioceptivefeedback from an individual a particular group of muscles affects the

coordinated activity of multiple muscles moving different joints.

2.2 METHODS

2.2.1 Anim als

The experiments in this chapter werenductedon adult miceof either sex andiges
ranging from 60 days to 90 days. None of the mice were trained prior to the experiments.
All procedures were in accordance with the Canadian Council on Animal Care and

approved by the University Committee on Laboratory Animals at Dalhousie University.
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2.2.2 Total Removal of Proprioceptive Feedback

To remove proprioceptive feedback from both muscle spindles and GTOs, we have used a
mutant mouse line which is an gffing of an intersectional breeding B¥::.cre (Py,
parvalbumin)Hippenmeyer et al., 2008ndIs|2::DTA (X. Yang et al., 2001mnice. In the

Pv:.cre mouse, thecre recombinase is expressed under the control ofPdrealbumin
promoter, which is expressed selectively in all proprioceptorks|2tDTA line, a gene
encoding conditionally activatable diphtheria toxin A chain (DTA) is introduced into the
Isl2 locus. Sincds|2 is expressed in all sensory neurons in thesaloroot ganglia, this
strategy would induce the eradication of sensory proprioceptive neurons. The resulting
mousdine (Pv::cre;lsl2.:DTA or here so nameekill mice) lack all proprioceptive neurons

from both muscle spindle and GTQ#&ieseling & Arber, 2006)

2.2.3 Complete Removal of Muscle Spindle Fee dback

To remove proprioceptive feedback from the muscle spindles we utilizégyjtBénock
out mice Egr37). In this line, the proprioceptive system is intact at bintiwever muscle
spindles progressively degenerate over the first two weeks of(Em#tellotte &
Milbrandt, 1998) In contrast, the group Hifferent feedback frothe GTOs are preserved
(Chen et al., 2002)Thus, theEgr3’ provide anopportunty to access the impact of the

selectiveloss of proprioceptive feedback from muscle spindles.
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2.2.4 Selective Attenuation of Muscle Spindle Feedback from Specific

Muscles

To acutely eliminate muscle spindle feedback from a subset of muscles, vieaPeccre
mice in combination with gene delivery through adeseociated virugAVV). To
conditionally and selectively ablate proprioceptors we used A&dtype 9 to delivea
gene encodinghe diphtheria toxinreceptor(DTR) fused with green fluorescent protein

(GFP in a Flexswitch (AAV9-DTR-GFP) (Azim et al., 2014)

Injection of the AAV9 into selected mussleaused infection off all mateurons and the
proprioceptive afferents from that particular muscle. Since only pgptive afferents

but not themotoneurongexpress the parvalbumin, the expression of the {GHR only
occurs in thePVv" proprioceptive sensory neurons. The injections of the AAW9e
conducted while the mice werelD days old as thBv expression dimintsed after the
second week following birth. This injection made proprioceptive afferents from muscle
spindles from the injected muscle to selectively express the DTR. After thes® AAV
injections, mice were kept until adulthood when they underverEMG electrode
implantationsurgeries (see 2.2.8hd control recordings of locomotion (see 2.2.6). Finally,
the acute elimination of muscle spindle afferents was performed by intraperitoneal injection
of diphtheria toxin (DTX, 400m dissolved in sterile phosphatauffer). In these
experiments, since only the afferent neurons from muscle spindles of the muscles injected
with the AAV9 will express the receptor, these afferents will selectively be affected by

DTX (detailed informationmesults 2.3.4 and Figure 2.8
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2.2.5 Electrode Implantation Surgeries

Eachwild type, Pv::cre;lsl2:DTA, Egr3’, or Pv::cre mouse injected with AAVDTR-

GFP, received an electrode implantation surgery as previously des¢Rieadson et al.,

2005; Akay et al., 2006; Akay et al., 2018yiefly, the animals weranesthetizedavith
isoflurane, ophthalmic eye ointment was applied to the eyes, and the skin of the mice was
sterilized withthreepart skin scrub usindpibitane alcohol,andpovidoneiodine. A set of

six bipolar EMG electrodewasimplanted in all experimental mice as follows: theck

region and the right hirisnb were shaved. Small incisions were madée neck region

and in the hindlimb just above the aimed muscles. The electrodes were drawn
subcutaneously from the neck incision to kingb incisions and théeadpieceonnector

was stitched to the skin around the neck incision.

The EMG recording electrodes were implanted inpoflexor (iliopsoas, Ip) and extensor
(anterior biceps femoris, BF), knee flexor (semitendinosus, St) and extensor (vastus
lateralis, VL), and ankle flexor (tibialis anterior, TA) and extensor (gastrocnemius, Gs).
The incisions were closed, and buprenampl{0.03 mg/kg) and ketoprofen (5 mg/kg) were
injected subcutaneously as analgesics and -ifldmmatory drugs. Additional
buprenorphine injections were performad.2-hourintervals for 48 hours. The anesthetic
was discontinued and mice pladach hed@ed cage for 3 days and finally returned to their
regular mouse rack. Food mash and hydrogel was provided for the first 3 days after the
surgery. Handling of the mice was avoided until they were fully recovered and the first

recording session started nalea than ten days after electrode implantation surgeries.
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2.2.6 Behavioral Recording Sessions

Following the full recovery from electrode implantation surgeries, the behavioral
recordings were performed as showrfigure 21 and previously describdékay et al.,

2006; Pearson et al., 200%)nder brief anesthesia with isoflurarmeistom madeone
shapedeflective markers (2 mm diameter) were attached to the siirthe level of the
anterior tipof the iliac crest, hip, knee, ankle, the metatarsophalangeal joint (MTP), and the

tip of the fourth digit (toe).

The anesthesia was discontinued and the mouse matkee mouse treadmill (model 802;
custom built in thevorkshop of the Zoological Institute, University of Cologne, Germany).
The electrodes were connected to the amplifiexdeh 102 custombuilt in the workshop

of the Zoological Institute, University of Cologne, Germany). We waited at least five
minutes beafre the session started to allow the mice to fully recover from anesthesia. The
mice started walking on thteeadmillwhen the treadmill was turned on. The speed of the
treadmill was changedtarting from 0.2 m/s and increasep tothe 0.6 m/s a speed at

which allwild type mice could walk.

The walking mouse was filmed from the sagittal plane withigh-speedvideo camera
(IL3, Fastec Imagingat 250 frames per second, and video filesestor the computer for
later motion analysis. The EMG daterestored separately on the computer by using the
Digitizer (Power 1401, Cambridge Electronic Design, UK) combined with Spike 2 software
(Version 8, Cambridge Electronic Design, UK). Only walksggiuences where the mouse

would walk stationary without drifting forward or backward indicating equal walking speed
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and treadmill speedere considered for data analysis. These recordings were performed
once with eachvild type andEgr3’” mouse. In thexperiments with thé@v::cre mice that
received AAV9 injection, recordings at different days were performed before and after
DTX injections. As thdPv::cre;Isl2.:DTA mice were not able to perform functional walk,
the recordings took place innaalkwayinstead of a treadmill. After walking trials, all mice
were placed in a longitudinal water tank with controlled temperature at 24°C. The

swimming EMG activity was recorded for approximately 2 minutes.
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Figure 2.1 Kinematic and EMG recording procedures to measure locomotor paitern.
investigation of two different locomotor behaviots.walking on a treadmill
and Aii swimming in longitudinal tankB: EMG recordings from multiple
musceks in the hindlimbBi: electrodes chronically implanted in six muscles
of the hindlimb.Bii: representation of EMG recordings of the exact same
muscles performed over different conditions and behaviisnematic data
obtained by digital reconstruction of the hindlinth: markers attached to the
skin over bony parts and joints in the hindino detect coordinate€ii: by
connecting the coordinates provided by markers, the hindlimb is
reconstructedCiii : frameby-frame reconstruction of the hindlimb allowing
investigation of spatial dislocation during movements. (adapted with
permission fron Akay et al., 2014).
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2.2.7 Data Analysis

The kinematic parameters of walking were obtained from the video files usingt@m
madesoftware written by Dr. Nicolas Stifani wittmageJ (KinemadJ) and R (KinemaR)
(Bui et al., 2016; Fiander et al., 201The coordinates and thegular joint movements
werethenimported into the Spike2 files containing the EMG data using a custiiten

Spike2 script to analyze the kinematic and EMG data.

All plots were created with the Excel 2016 software and statistical analysis with the data
anal ysis package for Excel : titestewassused toi st i X
compare data betweevild type andEgr3’ mice, and the walking at 0.2 m/s and 0.4 m/s

in wild type mice. Moreoveri-test for paired data compag data before and after DTX

injection in Pv::cre mice injected with AA\® wereused. The changes were considered

statistically significant i < 0.05.

2.3 RESULTS

2.3.1 Describing the Mice Locomotor Pattern

Locomotion involvegherepetitiverhythmic movements of multiplappendagedn mice
the hindlimbs producevell-coordinated movements amoting hip, knee and ankle joints.
In this thesis, theaordinated movement of one hlimdb was measured while mice walked
forward on a treadmill at 0.D,4, and 0.6 m/sDuring the stance phase, while the foot was

on the ground and therib was supporting the bodys/eight, the foot moved in eaudal
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direction from the anterior extreme position (AEP) towards the posterior extreme position
(PEP) (Figure 2.2Ai). At the end of the stance phase, whdmthevas extended, the foot
reached the PEP and the swing movement began. Durirsgvthg phase themice lifted
thefoot off the surface and moveidforwardin a smooth trajectoryreturning back tohe
treadmill belt at the AEP (Figure 2.2Aii). As the fqmbgressedrom the PEP to AEP, it
crossed the level of the hip joint at the horizontal axist@el) and landegdon averagel5

mm + 2 standard deviation (SD) in front of the hip joint at the AEP. The step cycle was

defined as one swing phase witfe followingstance phase.

The coordinated movement of thrigab joints during a step cyclis contolled by the
patterned contraction of multipfeexor and extensor muscles. Angular movement of the
hip, knee, and ankle joints, synchronized with electromyogram (EMG) activity of six
muscles throughout four swing phases (shaded background) and theeegpéiases (white
background) are illustrated in Figure 2.2B. The hip joint was flexed dtivasyving phase,
whereagheknee and ankle joints were initially flexed and then extended. At early swing,
the transition from flexion to extensiaccurred first in the knee joint than it was followed
by the ankle joint (Figure 2.2B). The angular movement of the joints was well reflected in
the EMG activity pattern of the hip, knee, and ankle jiexor and extensor muscleBhat

is, the hip flexoriliopsoas Ip), wasactive during swingphaseand the hip extensobiceps
femoris BF) during stance phas€or movementgerformedin the knee and ankl¢he
muscle activity switches from flexosemitendinosugSt), to extensar vastus lateralis
(VL), moving the knee followed by flexprtibialis anterior (TA), to extensar
gastrocnemiu§Gs), transition in ankle jointDetails oftheactivation pattern of flexor and

extensor muscles are given in Table 2.1.
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Figure 2.2 Kinematics and EMG pattern of stepping in mige stick reconstruction of
one stance (i) and one swing phase (ii). Toe trajectory is indicated by the red
line and the direction of the foot movement is indicated by the green arrows.
PEP, posteriogxtreme position (white circle); AEP, anterior extreme position
(yellow circle).B: joint angles, toe position on the horizontal axis relative to
hip (rel.toe; dotted horizontal line indicates the hip position), toe height, and
raw EMG data fronflexor and extensor muscles during a stepping sequence
that includes four swing phases (shaded background, a, b, ¢, d) and three
stance phases (white background). Ip, iliopsoas (hip flexor); BF, anterior head
of biceps femoris (hip extensor); St, semiteidus (knee flexor); VL, vastus
lateralis (knee extensor); TA, tibialis anterior (ankle flexor); Gs,
gastrocnemius (ankle extensor). As in A, PEP and AEP are indicated by white
and yellow circles, respectively. The stick diagram at the bottom of the figure
represents swing phases of a, b, ¢, and d. (adapted with permission Mayer &
Akay, 2018)

23



swing phase

A stance phase

o

Ip

joint angle [deg]
nkle knee hi

a
=

toe height T T ,-/M _//"‘“-—«\|1crr1




Table 2.1 Baseline musclactivity duringthe step cycle. Percentage valoésnsetand
offsetof EMG activity inflexor and extensomuscles related to completion
of theswing or stance phase. Mean valuesayerwild type animals walking
at 0.2 m/s.

ONSET THROUGH STEP CYCLE OFFSET THROUGH STEP C'

Ip 80.7% 91.8%
(stancephase) (swingphase)
Flexor St 89.5% 28.6%
muscles (stancephase) (swingphase)
TA 94.4% 60.2%
(stancephase) (swingphase)
BE 95.9% 96.4%
(swingphase) (stancephase)
Extensor VL 65.7% 82.6%
muscles (swingphase) (stancephase)
G 79.2% 99.2%
S (swingphase) (stancephase)

Thisset of data illustratthe temporal sequence of muscle activity from flexor and extensor

muscles movinghehip, knee, and ankle joints during walking in wild type mice.

2.3.2 Functional Locomotion Relies on Proprioceptive Feedback

The locomotor patteras observed in the wild type miosas severely disrupted in the
absence of proprioceptive feedback. The same featulesoohotionwere studied irPkill
mice in which the proprioceptive afferents (group la/lbiNgre abolishedluring early

development.

In the Pkill mice, traces of the joint angles became unstable. The distal joints (knee and

ankle) exhibited inconsistent kinematic recordings while the hip joint descnitoed
organizedraces Figure 23). The toe landingfter the swing phase was measirelative

to the hip position (rettoe) and recorde@n average of 7 mm (x 9 mm SD). The large
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variability of the reltoe indicatesthat footplacement wasither in front of or behind the
hip joint. Inconsistent spatial dynamics of the faetrealso observed with the toe heights
and with the stick diagram reconstruction of four swing phases. Everysstgpa( b, c, d
Figure 24) had a differerttindlimbdisplacemenand lackedegular intralimb coordination

and pattern in thabsenc®f propriocetive feedback.
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Figure 2.3 Kinematics and EMG pattern Bkill walking mice. Joint angles, toe position
on the horizontal axis relative to hip (rede.; dotted horizontal line indicates
the hip position), toe height, and raw EMG data from flexor and extensor
muscles during a stepping sequence that includes fong iases (shaded
background, a, b, c, d) and three stance phases (white background). Ip,
iliopsoas (hip flexor); GM, gluteus maximus (hip flexor); St, semitendinosus
(knee flexor); VL, vastus lateralis (knee extensor); TA, tibialis anterior (ankle
flexor); Gs, gastrocnemius (ankle extensor). PEP and AEP are indicated by
white and yellow circles, respectively. The stick diagram at the bottom of the
figure represents swing phases of a, b, ¢, and d. Note the flexor and extensor
muscles activated during theisgyy phase and inconsistent limb coordination
during the swing phase represented by stick diagrams.
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The typical sequence of activation of flexor and extensor muscles moving the hip, knee and
ankle joints Figure 2.2B and 2.4Awasdrastically changed teynchronousctivity of all
recorded muscle during the swing phaseafled background Figure 2.3 and 2.1/A&iach

Pkill mousehad adopteddifferent strateg for weightbearing during the stance phalse.

each animal, a different extensor was activated dutiegstancephasewhile the other
extensor muscles were activatalbngside the flexor muscles during the swing phase
(Figure 2.4Ai). Although all recorded lexor muscles were activated during th&ing

phase, the temporal structure of the activity pattern showed remarkable variabgégg. Th
data suggest that a welbordinated locomotor pattern requires proprioceptiveldfaek

from muscle spindles ar@TOs.

Someotherafferents are likely to be compromisiedPkill miceas well, since 1:05% of

the Pv" cells inthe DRG are not from muscle spindles or GTOs but from Meissner or
Pacinian corpusclgsle Nooij et al., 2013; Ernfors et al., 199%iherefore, the missing nen
proprioceptivePV" positive sensory neurons might have influenced the locomotor pattern
especially while thdimbs were in contact with the ground. @ better understanthe
neuronal network and the firing pattern of the motoneurons, we reasonagviimaning

the Pkill mice would eiminate the interference aveightbearing and cutaneotsedback

on the locomotor pattern.

The Figure 2.4Bishows that the wild type mice expredsa wellcoordinatedactivity
patern of flexor (black bars and EMG traces) and extensor muscles (gregniolaEsVIG
traces) during swimming that is clearly distinct from the pattern expressed during walking.

On the other hand, changing the cutaneous and proprioceptive feeBkaickwimming)
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led to an activity pattern where all muscles were adiveiltaneouslyKigure 2.4Bi) and
these mice were not able to swim. The @nd offsés of muscular activity during walking
andswimmingin wild types andPkill miceare shown irmable 2.2 Thesedata suggest that
sensory feedback is necessary to genaxatellcoordinated and functional locomotor

pattern.
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Figure 2.4 Degradation of locomotor patterntiotal absence of proprioceptive feedback
from muscle spindles and Golgi tendon orgaAs. treadmill locomotion at
0.2 m/s in wild type mice including two complete swing phases (blue
background) and one complete stance phase (white background). Averaged
EMG adivities are represented by black bars for flexor muscles, and gray bars
for extensor muscles (N = 6 wild type mice, 64 bursts for Ip, 64 for BF, 55 for
St, 55 for VL, 64 for TA, and 55 for GsAii: individualized averaged
locomotor pattern of fouPkill mice during free walking. Note that the flexor
muscles are likely to fire within the swing phase while a chaotic organization
of extensor muscle activities. The difference in the scalentaateshat the
step cycles are longer RKill mice (N = 4Pkill mice, 27 bursts for Ip, 27 for
GM, 27 for St, 18 for VL, 27 for TA, and 14 for G®&i (left): bar diagram
illustrating the average EMG activity pattern during wild type swimming. The
whiterectangle indicates a swimming cydB (right): Average EMG ativity
during swimming in wild type mice. EMG recordings for flexor muscles are
in black and extensor muscles are in grey. Ip onset esfeaencefor
swimming cycle (vertical dashed line). Note the antagonism of flexor and
extensor muscles (N = 6 wild type mice, 70 bursts for Ip, 70 for BF, 59 for St,
70 for VL, 60 for TA, and 55 for GsRii (left): bar diagram illustrating EMG
activity pattern of swimmindPkill mice lacking muscular antagonisiii
(right): the average EMG activity shows -activation of all muscles in
reduced gravitational conditions in the swimming tank. Note that Gs
activation is likely to be delayed among the recorded muscles (¥Pkill4
mice, 80 bursts for Ip, 80 for GM, 80 for St, 80 for VL, 80 for TA, and 52 for
Gs).
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Table 22 Muscleactivity duringthe step and swimming cycle (wild typékill mice).
Percentage values representdhset anaffsetof EMG activity inflexor and
extensor muscles through phases. Mean valusswanwild types walking

at 0.2 m/s andbur Pkill mice free walking.

wild type X Pkillwalking

ONSET THROUGHEP CYCL

OFFSET THROUGH STEP C

WT Pkill WT Pkill
[
Ip 80.7% 98.8% 91.8% 4.5%
(stancephase) (stancephase) (swingphase) (ne;)(rtlztse;r)lce
Flexor St 89.5% 97.4% 28.6% 69.4%
Muscles (stancephase) (stancephase) (swingphase) (swingphase)
TA 94.4% 2.5% 60.2% 93.9%
(stancephase) (swingphase) (swingphase) (swingphase)
BE/GM 95.9% 97.2% 96.4% 95.2%
(swingphase) (stancephase) (stancephase) (swingphase)
Extensor 65.7% 88.9% 82.6% 69.3%
muscles (swingphase) (swingphase) (stancephase) (next swingphase)
Gs 79.2% 56.4% 99.2% 93.4%
(swingphase) (swingphase) (stancephase) (stancephase)
wild type XPkill swimming
ONSET THROUGH SWIMMING CY OFFSET THROUGH SWIMMING C
WT Pkill WT Pkill
Ip 0% 0% 100% 100%
(flexor-phase) (flexor-phase) (flexor-phase) (flexor-phase)
Flexor St 99.3% 22.3% 26% 83.3%
muscles (flexor-phase) (flexor-phase) (flexor-phase) (flexor-phase)
TA 7.2% 6.2% 83.7% 99.3%
(flexor-phase) (flexor-phase) (flexor-phase) (flexor-phase)
BE/GM  91.6% 16.2% 86.2% 4.3%
(flexor-phase) (flexor-phase) (extensorphase)  (extensorphase)
Extensor 70.9% 17.9% 58% 98.1%
muscles (flexor-phase) (flexor-phase) (extensorphase) (flexor-phase)
Gs 90.9% 19.2% 89.5% 1.2%
(flexor-phase) (flexor-phase) (extensorphase)  (extensorphase)

Thesedata demonstratéat, in freely behaving mice, spinal circuits are not able to generate

typical and functional walking or swimming patternstive absence of proprioceptive

feedback.

33



2.3.3 Locomotion in Absence of Muscle Spindle Feedback

To address the rolef propriocetive sensory feedbaclspecifically from the muscle
spindles during walking, we directed our attention to another mouse model in which muscle
spindles degenerate but GTOs are intact, Flge3” mice (see methods 2.2.3). The
kinematic parameters Hgr3’ mice were similar to those findings by Akay et al (2014).
Hip joint angle tracesvere likewild type mice, although assumingrmaoreoverall flexed
position. Similarly, the knee joint was qualitatively more flexed than the wild typdsg

the entire swig phase. As previously described (Akay et al 2014), an exaggerated flexion
of theankle joint duringheswing phase was detected. In accordance with thisfeseon

of the ankle joint, a prolonged TA activity during swing was also appagezerfarrows
Figure 2.5. Thesedata provide evidence that proprioceptive sensory feedback from muscle
spindles is necessary for the locomotor pattern that underlies normal angular joint

movement in wild type animals.

The angular changes detectedtlie hirdlimb joints were accompaniedy significant
changes in toe trajectories during walking. The movement d¢itheand thetoetracesor

a walking sequence including five swing phaisabustrated inFigure 2.5 A typical high
stepping behaviowas obsered among the seveBgr3’ mice as a result of delayed TA
and St offset activityThe relative tog(yellow circles Figure B) was statistically shorter

in Egr3” mice (10 + 3 mmgomparedo the wild type (15 + 2 mnP < 0.001 aftet-test).

This suggestthat proprioceptive feedback from the muscle spindles is necessary for

maintainingthetypical toe trajectory during walking.
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Figure 25 Kinematics and EMG pattern dgr3’” mouse walking at 0.2 m/s. Joint
angles, toe position on the horizontal axis relative to hip foel; dotted
horizontal line indicates the hip positiotgeheight, and raw EMG data from
flexor and extensor muscles during a stepping sequence thadesdive
swing phases (shaded background, a, b, c, d, e) and four stance phases (white
background). Ip, iliopsoas (hip flexor); BF, anterior head of biceps femoris
(hip extensor); St, semitendinosus (knee flexor); VL, vastus lateralis (knee
extensor); TA,tibialis anterior (ankle flexor); Gs, gastrocnemius (ankle
extensor). The PEP and AEP are indicated by white and yellow circles,
respectively. The stick diagraat the bottom of the figure represents swing
phases of a, b, ¢, dnde. Note that the AEP (Ylew circles) are positioned
close to the hip joint (dashed line) and the prolonged activation (green arrows)
of the TA muscle resulting in high step behavior. Functional locomotion is
achieved without disrupting the overall intralimb coordination (stiag@ms
in the bottom).
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Removng the muscle spindles also effect the temporal parameters of stepping
movementsKigure 26). During walking at 0.2 m/s, the average step cycle was statistically
shorter inEgr3’ mice (0.28 + 0.03s) than in the wild types (0.30 + O®8&;0.01aftert-

tes). All of the wild types managed to walk at 0.4 m/s, howevwr out of severEgr3”

mice couldnot walk at that speedihe step cycle was also statistically shorteEgr3”

mice walking at 0.4 s (0.17 + 0.02s) than in the wild typ€0.19 + 0.03P < 0.001 after

t-test Figure 2.6A. The swing duration was statistically shortefEgr3” mice (0.10 +

0.02s) than in the wild tysg0.11 + 0.02 < 0.001aftert-tes) while walking at 0.2m/s.

During walking at 0.4 m/s, the swing duration was alsdisticallyshorter inEgr3’ mice

(0.07 £0.01s) than in the wild typf.08 + 0.03 < 0.001 aftet-test Figure 2.6A. Stance
duration,howevey was not significantly different inEgr3’- mice (0.18 + 0.03s) compared

to wild types (0.19 + 0.04s)One possible explanation for the altered swing phége

minor changs in stance phase is that the lack of muscle spindle feedback may be
compensated by GTO signaling during stance. The decrease in the step cycle period was
largely the result of a decrease in the swing phase and lesser to changes in stance duration

(Figure 26A).

The spatial parameters of louotion exhibited changes aftabolishingmuscle spindle
feedback. During treadmill walking at 0.2ntse swing amplitude wastatisticallyshorter
in Egr3” mice (2.9 + 0.5cm) than in the wild ty$€8.2 + 0.6 P < 0.01 aftert-tes). While
walking at 0.4m/s, swing amplitude remairsdtisticallyshorter inEgr3’- mice (3.06 +
0.3cm)compared tavild types (3.4 £ 0.4 P < 0.001aftert-tes). Thus thesedata suggest

that muscle spindle feedbaltkely plays arole in regulating swing amplitude.
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Next, we were interested in how this shortening of the swing movemEgt3' mice was
achieved Hgure 2.6Biishows that the swing onset position was more distant from the hip
joint in theEgr3’ mice walking in both speeds (at 0.2mi¢d type: -1.64cm +0.60EQr3

/- -1.90cm#+ 0.44;P < 0.05 and at 0.4misild type: -2.02cm + 0.35Egr3": -2.37cmx+
0.35;P < 0.001).As for the swing offset positiothere was little difference acrospeeds

in wild type mice(1.56cm + 0.23 at 2.0m/s and 1.37cm = 0.21 at 0.4Ms) swing offset
position was significantly closer to the hip jointheEgr3’- mice (1.04cm 9.38 at 2.0m/s

and 0.66cm = 0.41 at 0.4mR< 0.001 in both speefsThesedata suggeghat in absence

of feedback from muscle spindles, not only the swing ampldedeasgbut also the entire

step shift posteriorly relative to the hip position.
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Figure 26 Step cycle and spatial parameters inahsencef muscle spindle feedback.

distance [cm]

seconds

A: box plots showing cycle period, swing duration and stance duration. At 0.2
and 0.4 m/s the cycle period and swing durati@amesconsistently lower in
Egr3’ mice (red boxesBi: swing amplitude in thabsencef muscle spindle
feedback is shorter dugr0.2 and 0.4 m/s walkin@ii: hindlimb positioning

at the beginningsfyv onset position) and endw offset position) of the swing
phase.Egr3’” mice started the swing phase with the leg positioned more
distant from the hip joint compared to wild typasd ended the swing phase
with the leg positioned closer. Seven wild types were able to walk at 0.2 and
0.4 m/s, sevelEgr3’” mice walked at 0.2 m/s and only five mice reach 0.4
m/s. Two-tailedt-test **P < 0.01, ***P < 0.001.
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We alsoinvestigated th quantitative changes in the locomotor pattern in the absence of
proprioceptive feedback from the muscle spindles by comparing EMG activity patterns of
wild type andEgr3’ walking and swimming. In wild type mice walking, muscle activation
underwent a spiential propagadnfrom the proximal muscles to the distal musckegire
2.7Ai). The hip flexor(lp) onset occurred first at the end of stance, followekn®e flexor

(SY) onset, and finally the onset of ankle fleXdA), all of these events occurred prior the
startof the swing phaseThe offsets of the flexor muscles followed a different sequence:
StTA-Ip during swing, where Ip offset occurred at the end of the swithghérecorded
extensor muscles were active during the stance phase with onsets of the knee and ankle
extensors (VL andsS respectively) occurringt midswing phase. Thesdata provide
baseline parameters and establish tyhmcal locomotor patternin anmals with intact

proprioceptive system.

Elimination of proprioceptive sensory feedback from muscle spindles led to selective and
consistent modifications in the activatideactivation pattern of the flexor musclds
illustrate this, we timed the eand offsebf themuscle activitiesdopting the swing onset

as time 0. Negative numbers represdmvents before the swing onset whereas positive
valuesoccurredafter the swing onsethe hip flexor [p) onset was delayed in average 17
milliseconds \vild type -37ms + 18ndEgr3’: -20msz* 12; P < 0.001- Ip white hatched

area Figure 2.7A)i whereas early onset of the knee fle§®t) was observedafild type: -

20ms + 0&andEgr3’: -36ms+ 17; P < 0.00) with prolonged activityst offset wild type

33ms + 18FEQgr3’: 42mst 24;P < 0.00) as showtheStred hatched aréa Figure 2.7Aii
Delayed offseteading toprolonged activity of the ankle flexdiTA) were ato observed

(wild type: 70ms + 27andEgr3’: 88mst 24;P < 0.001)as shown th&A yellow hatched
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areain Figure 2.7Aii Changes itheextensormusclés acti vati on/ deacti v
not consistent. We reasoned tbampensatorgction of proprioceptive feedback from the

GTOscould explain this lack of consesit change

During theswimmingt as k, af f er ent icongderedow duestothe fadk e GT O
of gravitational influencéAkay et al., 2006; Gruner & Altman, &0). The lack of weight

bearing due to the buoyancy of the water significantly reduces the input from the Ib
afferents. Because kinematics was not measured during swimming, the swimming cycles
were defined from the onset to the next onset of the iliopsoaderactivity. The averaged

EMG recordings showed in tit@gure 2.7Bidemonstrat¢hat wild type mice performed a

swimming pattern in which the extensor muscles BF, &id Gs produced overlapping

activity and two distinct periods of activations for thextie muscles. In a first moment-co

activation of Ip and TA muscle followed by activation of St muscle. Particularly, all wild

type mice also showed perfect alternation, with minor overlapping activity, between flexor

and extensor muscles moving a singl@foi

The locomotor pattern found in wild type mice was oloserve in the Egr3’- mice while
exposed to buoyancy effects of watkack of afferent signals from la/ll and reduced
signaling from the Ib afferented toremarkable synchrony of flexor angtensor muscles
(Figure 2.7Bi) that resembled the walking and swimming patterRlall mice (described
in section 2.3.2). However, the activation of extensor muscles Egt8 mice appear to
propagate from proximal to distal muscles, starting fBfto VL to Gs(Figure 2.7Bi),
differently than wild tygsin which extensor muscles are activated concurrefilyu¢e

2.7Bi). Table2.3shows detailed onseffset timing for flexorextensor of muscles in wild
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types andEgr3” mice. These data suggesiat proprioceptive feedback from muscle
spindles and GTO are necessary for functional locomotion, supporting the conclusions

reached with th@kill mice in section 2.3.2.
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Figure 2.7 Degradation of locomotor pattern in absence of proprioceptive feedback from
muscle spindles. Ai: treadmill locomotion at 0.2 m/s in wild type mice
including two complete swing phases (blue background), and one complete
stance phase (white background). rfaged EMG activities are represented
by black bars for flexor muscles and gray bars for extensor muscles (N = 6
wild type mice, 64 bursts for Ip, 64 for BF, 55 for St, 55 for VL, 64 for TA,
and 55 for Gs)Aii : averagedocomotor pattern of sevegr3’ mice during
0.2 m/s walking. Note that the flexor muscles display a dashed area indicating
changes in onsetffset of the muscles. The white dashed area is the delayed
onset activity of the Ip muscle in Bfr3’ mice compared with wild type after
St u dse-test (B < 0.001). The red dashed areas indicate differences in
earlier St onset (P < 0.001) and delayed onset (P < 0.0Eyr® "mice
compared witlwild types. The yellow dashed areas indicate that the TA offset
is delayed when compared witlild types (P < 0.001). N = FEgr3” mice, 88
bursts for Ip, 35 for BF, 88 for St, 48 for VL, 88 for TA, and 67 for Bs).

(left) bar diagram illustrates the average timing of EMG activities during wild
type swimming. Thavhite rectangle indicates a swimmingate. Bi: (right)
averaged EMG recording during witdpe swimming. EMG activities of
flexor muscles are indicated by black lines, whereas the gray lines illustrate
the average EMG activities of extensor muscles. Ip onset was taken as a
referencdor theswimming cycle (vertical dashed line). Note the antagonism
of flexor and extensor muscles (N = 6 wild type mice, 70 bursts for Ip, 70 for
BF, 59 for St, 70 for VL, 60 for TA, and 55 for G8)i: (left and righ) as in

Bi but for Egr3’ mice. Notice that aring Egr3’- swimming (Bii, right) the
averaged EMG activity shows -axtivation of all muscles under reduced
gravitational conditions in the swimming tank. Note that GS activation is
likely to be delayed among the recorded muscles (NEgr8 " mice, ®
bursts for Ip, 48 for BF, 62 for St, 62 for VL, 69 for TA, and 48 for Gs).
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Table 23 Muscle activity during the stepping and swimming cycles of wild type and

Egr3’ mice. Percent values represent the onset and off&G activity in
flexor and extensor muscles thg the phases. Mean values of sevel
types walking andsevenEgr3’ mice walking at 0.2 m/s.

wild type XEgr3'- 0.2 m/s walking

ONSETHROUGH STEP

OFFSET THROUGH STE

CYCLE CYCLE
Ip 80.7% 88.9% 91.8% 97.8%
(stancephase)  (stancephase) (swingphase) (swingphase)
Flexor 89.5% 80% 28.6% 41.5%
muscles St (stancephase)  (stancephase) (swingphase) (swingphase)
TA 94.4% 94.8% 60.2% 86.5%
(stancephase)  (stancephase) (swingphase) (swingphase)
BE 95.9%  81.7% 96.4%  93.7%
(swingphase) (swingphase) (stancephase) (stancephase)
Extensor VL 65.7% 62.4% 82.6% 70.7%
muscles (swingphase) (swingphase) (stancephase) (stancephase)
Gs 79.2% 86.2% 99.2% 100%
(swingphase) (swingphase) (stancephase) (stancephase)
wild type XEgr3'- swimming
ONSET THROUGH SWIMMING CY OFFSET THROUGH SWIMMING C
WT Egr3- WT Egr3-
Ip 0% 0% 100% 100%
(flexor-phase) (flexor-phase) (flexor-phase) (flexor-phase)
Flexor 99.3% 23.2% 26% 17%
muscles St (flexor-phase) (flexor-phase) (flexor-phase) (extensorphase)
TA 7.2% 17% 83.7% 90.4%
(flexor-phase) (flexor-phase) (flexor-phase) (flexor-phase)
BE 91.6% 26% 86.2% 35.5%
(flexor-phase) (flexor-phase) (extensorphase) (extensorphase)
Extensor 70.9% 82.6% 58% 95.3%
muscles VL (flexor-phase) (flexor-phase) (extensorphase) (extensorphase)
Gs 90.9% 50.4% 89.5% 86.9%
(flexor-phase) (flexor-phase) (extensorphase) (extensorphase)

2.3.4 Role of Muscle Spindle Feedback from Specific Joints in Locomotion

How is proprioceptive information from the muscle spindle processed by the central

nervous system to generate the temporal aspect of muscle activity pattern that coordinated
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limb movement during locomotion? Our previous experimshtsvedthat the locomoto
pattern during walking is subtly changed when inputs from GTOs are intact and muscle
spindle feedback igliminated On the other hand, attenuating proprioceptive feedback
from both themuscle spindles and GTOs, as shown in the studies witRkillemice or
during the swimming task for tHegr3’ mice, drastically changes the locomotor pattern to

a point that no longer resembtgpicallocomotion. Here we were interested to address the
guestion ofvhether muscle spindle feedback signaling angularatisphent o& particular

joint has aspecific role in pattern generation or whetpesprioceptiveinformation from

all jointsis equallyimportart.

If the muscle spindle feedback from thip, knee, and ankle joints are equally important
for locomotorpattern generation, attenuation of muscle spindle feedback from one of the
joints should have similar but slight effects. In contrast, if muscle spindle feedback from a
specific joint is more important than the othattenuation from that particular jagishould

have dargereffect on the locomotor pattern. To differentiate between thessibilities

we acutely eliminatedmountf muscle spindles from only one of the hip, knee, and ankle
joints in a single legand analyzed differencem the locomobr patternbefore and after

experimental procedures

To acutely attenuate muscle spindle feedback from a subset of muEgle® (28 and
methods 2.2.4), we usdlte Pv::cremice in combination with AAV9 adescribedabove
When injected into the muscle &fv:.cre animals at p10, AAV9 infects sensory and
motoneurons innervating that particular muscle. Sifbe is only expressed in

proprioceptive afferents during the first two postnatal weeks, the-GFR is expressed
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onlyin PV* proprioceptors due to the Flaxitch Figure 2.8A). Noteworthy is that AAV9

is incapable of jumping synapses, therefd?& interneurons that synapse onto
motoneurons (such as the la inhibitory interneurons) are not infected. Expression of DTR
makesproprioceptive afferents susceptible to diphtheria toxin (DTX) by which mice are
normally not affected. After the AAV9 injectionBy::cre mice were kept until adulthood
when they underwent EMG implantation (methods 2. Eigure 2.8Aiishows that muscle
spindle morphology was unaltered after AAV9 administratidext, EMG and kinematic

data recordings were performed befdfeg(re 2.8Ai) and 515 days after intraperitoneal
diphtheria toxin (DTX) injection when the muscle spindle afferents were desi{eigede

2.8Aiii).

Although parvalbumin is expressed in all proprioceptive sensory neurons in the dorsal root
ganglia(de Nooijet al., 2015)the AAV9 injected in the center of the muscular belly is
possibly avoiding the infection of the group Ib afferents due to its anatomical location at
the myotendinous junctiong=igure 2.8B) further away from the injection site. This
method eliminate$5% to 73% of the muscle spindles infected musclegéMayer et al.,

2018) while the GTOmorphologyremairs unaltered Figure 2.8Bi). AlthoughPv is
expressed in sonmauscle fiberdCelio & Heizmann, 1982and AAV9 is known to also

infect extrafusalmuscle fibers(Katwal et al., 2013)we performed experiments with
histological assessments to show that DTX injection did not affecfusaimuscle fibers

(Chapter 4 antlayer et al., 2018)
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Figure 2.8 Acute elimination of proprioceptive afferents from specific muscles. Adeno
associated virus (AAV9) was used to deligecreconditional (flexed) gene
encoding a diphtheria toxin receptor (DTX) into targeted muscl@y:ofre
mice, where parvalbumirP{) was selectively expressed in proprioceptive
afferents and some interneuroAs. dorsal root ganglia ofRv::cremo us e 6 s
gastrocnemius injected with AAV9 at pl0. Axons and bodies of
proprioceptive neurons were labeled with GFP. Motoneurons do not express
Pv, therefore the diphtheria toxin receptor (DTR) gene was only expressed in
proprioceptive afferentsAii: muscle spindle labeling of a mouse at p50
showing that the AAV9 does not alter morphological characteristics of
spindle afferents. Electromyogrameeirodes were implanted during this
stage for control recordingAiii : muscle spindle afferent removal. Notice that
the typicalanulospiralstructures degraded to punctuated structures in the
experimental leg after DTX injection. Pe3T X recordings werelone 515
days after intraperitoneal DTX injectioBi: schematic representing the site
of muscular injection, Ib afferents are likely preserved due to their anatomical
location within the myotendinous junctiomBii: histological images of
proprioceptive Herents innervating Golgi tendon organs from a Gs muscle.
Afferent fibers were labeled with antibody staining against VGIuT1 (green)
and UV light (blue) reflecting the tendinous structdree preDTX image is
from a muscle thateceivedonly AAV9 injection, and the podDTX image
shows a muscle after AAV9 and DTX injection. Note that the GTOs appear
normal in both cases. Scale bars, 50 pum.
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Two wild type mice received DTX injections to serve @meatedcontrols. Since those
animals were not genetically manipulated, we confirmed that the diphtheria toxin injections
by themselvesverenot enough to induce kinematic variatiofsg(ure 2.9A or temporal
changes in the step cycle parametEigure 2.9B. Measurements in the mean motion and
range of motion (ROM) in those treated control mezeperformed throughout their step
cycles,and the results are shown Table 2.4. These results demonstrate that the DTX
injections, without the selective expressioh TR, have no qualitative effect on

locomotion parameters
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Figure 29 Joint kinematics and gait temporal parameters of I‘Edted controls.
Intraperitoneal DTX injections in wiltlype mice did not alter the functional
aspects of walking behaviok: kinematics of hip, knee and ankle joints-pre
injection (black traces) andoptinjection (red traces). Bold traces denote
averagemotion and thinner traces denote 846 confidence intervalThe
pink shadowed area represents the 95% confidemedapping inpre- and
postDTX recordings. B: the average duration of step cyclewing phases
and stance phases did not change in treated control animals (N = 2 wild type
mice, 26 steps pfBTX and 21 steps pofTX at 0.2 m/s, 19 steps pERTX
and 18 steps pofXTX at 0.4 m/s, 16 steps pE2TX and 19 steps pofRTX
at 0.6 m/s).
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Table 24 Motion parameters during the step cycles of treated control mice. The mean
motion (average joint position during walking) and range of motion (amount
of joint excursion from its maximum flexed position to its maximum extended
position) are shown for pl@TX and postDTX experimentsn wild type
animals

Mean Motion Range of Motion

Joint PEJEEPIRGINEBAPg outcome % EPIRGN e iEIPD g outcome %

TT®Y TO0Dt on®c opdc

HID  108) (s13) 58Mx 5 s *19
Treated THOPN TN DY HYy ®1 0oH®(
Control Knee (#£5.8) (#1.7) 5.3 1lx (£13) (¥16) +16.4
PT Or MmOt ypd® yodg i
Ankle L3y 23) 591 g3 02 2.6

Thesedata demonstrate that we have a reliable method to target and reduce muscle spindle
feedback from a specific group of muscles in the hindliibo, we have shown that the
diphtheria toxin injection imon-geneticallymodified mice does not induce kinemati
disorders or temporal changegie stegparametersTherefore, the results obtained in this
section provide a scientific background for the following experiments described in this

thesis.

2.3.5 Reducing Muscle Spindle Feedback from Hip Muscles

We next did a set of experiments in which we recorded the locomotor pattern during
walking and swimmindpothbefore and after the attenuation of the muscle spindle feedback
signalinghip joint angles. To assess the functional group of hip flexors andsextehe
iliopsoas muscle (Ip) and the muscular mass inserted in the vicinity of ischial tuberosity
(Charles et al., 2016¢presented by the semimembranosus (Sm), semitendinosus (st) and
biceps femoris (BF)were infected withAAV9. Thelp and BF muscles received EMG

electrode implargtto monitor the activity of hip flexarand extensor respectively. We first
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measured the average angular movement and the range of motion of each joint before and
thenafter DTX injection taobtaina full description of the angular movement characteristics

of the joints.

The attenuation of muscle spindles in hip muscles evoked by the DTX injections decreased
hip angle averagd-(gure 2.10A. During the step cycle, animals have adopted a 27% more
flexed hipangle compared to their baseline gr€X) recordings Table2.5), however, no
statistically significant® = 0.061 paired-test), although this flexed outcome was achieved
in the hip joint in three out of four mice. No remarkable changes were obseeckinee

(6% more flexed podDTX, P = 0.273) and ankle (3.5% more extended,; 0.557) joints
regarding mean motion. The range of motion (ROM) in 4mBX recordings had a
tendency to decrease in the hip (224, 0.054), however, milder changes were observed
in the knee which has ROM increased (6.9%= 0.305), and ankle recording ROM
decrease (10.2% = 0.492) after attenuation of muscle spindles in the hip joint. The 95%
confidence interval between prand pstDTX (shaded pinkFigure 2.10A) shown that

the mean motion is distinguished from pawverlapping areas of the hip joint, while knee
and ankle main motion tend to be performed within the 95% confidence inteiyale

2.10Aii illustrates the mean moi and ROM performances of individual mice.

Next, we investigated whether the role of proprioceptive feedback would be more or less
perceptiblewhen locomotor speeds increase to 0.4 or 0.6 m/s. We asked if the changes
observed at 0.2 m/s would become enobvious, ocouldeven disappear while increasing
the treadmill speedOur resultonfirmedthat the more flexed movement of the hip joint

after removal of muscle spindles from the hip joint musalasmaintained regardless of
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the speed of locomotiorsimilar to walking at 0.2 m/s, angular movement of knee and
ankle joints did not change after muscle spindle removal from the hip joint at 0.4 or 0.6 m/s
(Figure 2.10A). As a consequence of the more flexed hip joint, we have observed that the
posterior ad anterior positioning of the foot at the beginning and end of the swing was
shifted anteriorly Figure 2.10B. Only in one out of four mice, the foot position at the
beginning of swing shifted posteriorlynterestingly the landing position which is
represented by thewing-offset positiorhas shifted more anteriorl§figure 2.10B. These

data suggest that muscle spindle feedback signaling hip angular displacement may
selectively control the movement of the hip joilMeverthelesswithout statistical

significance presumably due to the small number of experiments.
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Figure 2.10 Joint kinematics and paw positioning parameters after attenuating the muscle
spindle feedback of hip flexor and extensor musdéskinematics of hip,
knee and ankle joints in pi2TX (black traces) and pefiTX (red traces)
injections (N = 4Pv::cre mice, average from ~10 step cycles from each
animal pre and postDTX in all given speeds). Bold lines represent average
motion and th lines the 95% confidence interval. The pink shadowed area
represents the overlapping motion within the confidence interval goe
postDTX recordingsAii : mean motion and range of motion (R.O.M.) scores
of individual animalsB: hindlimb positioningat the beginning (swnset
position) and ending (swffset position) of the swing phase. After DTX
injections, three out of four mice, placed their hindlimb at a shorter distance
from the hip joint and land it further compared with basal recordings- Two
tailed pairt-test *? < 0.05, *P < 0.01, **P < 0.001).
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Table 25 Motion parameters through the step cyaféhip-infected experiments. The
mean motion (average joint position during walking) and range of motion
(amount of joint excursion from its maximum flexed position to its maximum
extended position) of pfBTX and postDTX infected Pv::cre mice are
shown (Man values and standard deviations of ~10 cyclesapiepostDTX
recordings ofour Pv::cre mice).

Mean Motion Range of Motion
Joint EEVEEDADENSEPIDY outcome % WGCEBIRENeLiZBAPE outcome %
Hip TM®PND pPHDD 27 fix HY ® HH®nN Y

(11.6)  (+10.7) (+0.6) (£4.2)
Hip ccdr cMD1 Hp ®1 HcC D(
Infected "€ (:9.9) (+8.6) 6 flx @7.7)  (+6.2) +6.9
ycdc y b1 CH®I pcdc
Ankle 7. 'g) 09) SO o5 (e1L9) 10.2

Despite the changes in hip joint angles and the anterior shifting of the foot position after
removal of spindle feedback from the hip joint, the temporal characteristics of the stepping
were not changedParametersuch as step cycle, swing durati@md stance duration
showed no changes after the DTX injections at any sgagdré 2.11A). We reasoned

that since muscle spindle feedback plays a more crucial role during the swilAkayg

et al., 2014)we decided to investigate temporatgraeters for the swimming cydes well

as the flexor and extensor phases. Our results indicate that the ablation of muscle spindles
only from one hp joint was not enough to generate changes in the temporal characteristics

of thelimb movements during swimmingrigure 2.11Ai).

To further investigate locomotor pattern generation following the ablation of hip joint
muscle spindles, we examined the EMG@ivity patterns before and after removing hip
joint muscle spindles by aligning muscle activity bursts to phases of the step or swim cycles.
Muscle onset ¢losed circles Figure 2.1)Eand offset ¢pen circles Figure 2.1)Bvere

studiedaccording to the swingnset time\(erticaldashed lind=igure 2.11Bifor walking)

57



and the lliopsoas onsetgtical dashed line Figure 2.11iBfor swimming) serving as
referenceOur results showed that all flexor muscles recorded her8t, TA) had i onset
before the beginning of the swing phase, and the DTX administiai®not influenced

the pattern of activation of these muscles during walkingigetP = 0.878, StonsetP =

0.437, TAonsetP = 0.381) Figure 2.11B). The activation of extensonuscles (BF, VL,

Gs) occurred towards the end of swing phase, and no changes in their pattern were observed
after limiting the feedback from muscle spindles of the hip ittt DTX administration
(BF-onsetP = 0.154, VL-onsetP = 0.681, GsonsetP = 0.347). Similarly, no changes in
offset timings relative to thetepcycle could be detected after DTX injection in flexor
muscles (lpoffsetP = 0.331, SboffsetP = 0.509, TAoffsetP = 0.474) or inthe extensor
muscles (BFoffset P = 0.067, VL-offset P = 0.659, Gsoffset P = 0.545). Finally, the
activation pattern remained the same during the swimming task in flexor muscles enset (St
onsetP = 0.210, TAonsetP = 0.073), flexors offset (Hoffset P = 0.676, StoffsetP =

0.498, TAoffsetP = 0.120) extensoonset (BFonsetP = 0.360, VL-onsetP = 0.979, Gs
onsetP = 0.292) or extensor offset (BéffsetP = 0.336, VL-offsetP = 0.903, GsoffsetP

= 0.561) Figure 2.11Bi). Our datasuggestthat muscle spindle feedback from the
unilateral hip jointmuscles hano effect on the timing of the locomotor pattern during
walking and swimming. It mgyhonethelesse important for selectively maintaining hip

joint angular movement during walking.
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Figure 2.11 Temporal parameters of locomotion and muscle activity pattern after
attenuating hip joint muscle spindle feedbagk: duration of step cycle,
swing phase and stance phase were not susceptible to changes after DTX
muscle spidle attenuation (N = Bv::.cre mice, average from ~10 step cycles
from each animal preand postDTX in all given speeds)Aii: swimming
cycle period and extensor phase showed slightly lower values although
without statistical significance (N = Pv::icre mice, average from ~10
swimming cycles from each animal prand postDTX). Bi: treadmill
locomotion at 0.2 m/s. The swing onset time is represented by the dashed
vertical line, preDTX recordings are shown in black, and pb3tX
recordings are shown in re@losed circles represent muscle onset and open
circles represent muscle offset. Note that onset and offset timing were similar
after ablating muscle spindleBii: swimming behavior. There were no
detectable changes using a paitgdst (N = 4Pv:.cre mice, average from
~10 step and swimming cycles from each animal @nel postDTX).
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2.3.6 Reducing Muscle Spindle Feedback from Knee Muscles

We next investigated the role of muscle spindle feedback selectively from the flexor and

extensor muscles mig the knee joint. The AAV9 infections were performed in the

guadriceps muscle (knee extensors) and hamstrings (knee flédtesuation othe knee

muscle spindles evoked by the DTX injections increasedvbeageknee angle but not

proximal (hip) anddistal (ankle) joints Kigure 2.12A). During the step cycle, animals

adopted a 12.3% more extended knee arfgle 0.05) compared to their baseline (pre

DTX) recordings Table 2.9, and this extended outcome was achievedllifiour mice

(Figure2.12Aii). Although a slighincreaseof the mean motion wadetectedn the knee

joint after DTX injectionswe observed that thmeanmotionwas mostly performed within

the center 085% confidence intervatHick lines andpink shaded arelanee joint,Figure

2.12A).

Table 26 Motion parameters through the step cycle of knee infected experiments. The
mean motion (average joint position during walking) and range of motion
(amount of joint excursion from its maximum flexed piasi to its maximum
extended position) are shown in & X and postDTX infection of Pv::cre

mice (mean values and standard deviations of ~10 cycleamigostDTX
recordings ofour Pv::cre mice).

Mean Motion Range of Motion
Joint EEJEEPID QN SaBADE outcome % EDIRGNeiEDIDE outcome %
A L S
nieced " oz en | 123ex LR GRS 17
ake (b low !t 18ext OigT BGgY +02

No remarkable changes were observed in the hip (3.4% more extenddTpoR =

0.662) and ankle (1.8% more extended, 0.727) joints regarding mean motion. The 95%
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confidence interval shows the overlapping performaridbe hip and ankle joints as well
(pink shaded area Figure 2.12AThe range of motion (ROM) in peBXTX recordings
decreased only 3.19% (= 0.714) in the hip, increased 1.7® £ 0.860) in the knee and
increased 0.2%R(= 0.985) in the ankle after attuation of muscle spindles in the knee
joint (Table 2.6). Individual scores for each animal are representédure 2.12Aii The
slightly extended knee during walking induced different leg positioatrige end of the
swing phaseThe point wheréhe foot touched the ground at the swing offset became more
distant from the hip joint after the DTX injections in 3 out of 4 animiigufe 2.12B).

This suggesthat muscle spindle feedback from the knee may change the positioning of the

limb during locanotion despite no changes in angular joint movements could be detected.
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Figure 2.12 Joint kinematics and paw position parameters after attenuating the muscle
spindles from the knee flexor and extensor musglekinematics of the hip,
knee and ankle joints pi@TX (black traces) and pce&iTX (red traces)
injections (N = 4Pv::.cre mice, average from ~10 step cycles from each
animal pre and postDTX in all given speeds). Bold lines represent average
motion and thin lines represent the 95% confidence interval. The pink
shadowed area represents the overlapping motion within the confidence
interval pre and postDTX recordingsAii : mean motion and range of motion
(R.O.M.) scores of individual animals. None of these were statistically
different aftet-test for paired dat&: hindlimb position at the beginningw-
onset position) and endw~offset position) of the swing phase. Three out of
the four mice placed their paws further from the hip after the knee infection
when compared with basal recording.o-tailedpairedt-test *P < 0.05, **P
<0.01, **P < 0.001).
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Next, we investigatedhe temporal characteristics of locomotion. We found that the swing
duration was shorter after the DTX injections, but only during walking at 0.2 m/s (pre
DTX=0.10sec +0.01, pof2TX=0.09 + 0.01P < 0.05) Figure 2.13A). No changes were

detected in the temporal properties during swimmkigure 2.13Ai).

To further investigate the effect of attenuating knee joint muscle spindles, we examined the
EMG activity patterns before and after attenuation and aligned muscle activity to phases o
the stepping or swimming cycleBhe onset (closed circlésgure 2.13B and offset (open
circles Figure 2.13B of the muscles werexaminedrelative to the swingnset time
(verticaldashed lin€igure 2.13Bfor walking) and the lpnset yerticaldasled line Figure
2.13Bii for swimming) as aeferenceOur results showed that all flexor muscles recorded
here (p, St, TA) had its onset before the beginning of the swing phase, and the DTX
administratiorhasnot influenced the pattern of activation of¢henuscles during walking
(Ip-onsetP = 0.832, StonsetP = 0.263, TAonsetP = 0.867) Figure 2.13B). The
activation of extensor muscles (BF, VL, Gs) occurred towards the ¢hdsking phase,

and no changes in their pattern were observed after Ignitia feedback from muscle
spindles of thé&neejoint (BF-onsetP = 0.620, VL-onsetP = 0.180, GsonsetP = 0.222)
(Figure 2.18i). Similarly, no changes in offset timings relative to sitepcycle could be
detected in flexor muscles (hffsetP = 0.068,St-offsetP = 0.160, TAoffsetP = 0.072)

or in extensor muscles (BdffsetP = 0.411, VL-offsetP = 0.946, GsoffsetP = 0.636)
(Figure 2.13B) after DTX injection. Finally, the activation pattern remained the same
during the swimming task in flexor muss onset, excepor stonset (StonsetP < 0.05,
TA-onsetP = 0.257), flexors offset (hoffsetP = 0.552, StoffsetP = 0.079, TAoffsetP

= 0.148) extensor ons@@F-onsetP = 0.107, VL-onsetP = 0.242, GsonsetP = 0.206) or
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extensor offset (BfoffsetP = 0.872, VL-offsetP = 0.282, GoffsetP = 0.653) Figure

2. 13Bii).
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Figure 2.13 Temporal parameters of locomotion and muscle patterns after attenuating
knee flexor and extensor muscle spindle feedbAckThe duration of the
swing phase was shorter during 0.2 m/s treadmill walking after DTX spindle
afferent removal (N = Pv::cremice, average from ~10 step cycles from each
animal pre and postDTX in all given speeds)Aii: The swimming cycle
period and muscle phases were similar after DTX infection (NPv:Zre
mice, average from ~10 swimming cycles from each animalgmé post
DTX). Bi: treadmill locomotion at 0.2 m/s. Tisg~onsettime is represented
by the dashed vertical line, pBET X recordings are shown in black, and post
DTX recordings are shown in re@losedcircles denote muscle onset and
open circles denote muscle s#t. Note that the onset and offset timings were
similar after attenuating the knee muscle spindBis. recordings during
swimmingbehaviorshowing detectable changes in st onset, paitest(N =
4 Pv:.cre mice, average from ~10 step and swimming eycdrom each
animal pre and postDTX).
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Comparing the muscle activipatternduring walking and swimming revealed that muscle
activation patterns were ndtastically affected by theemovalof muscle spindle feedback

from the knee joint. Thesdata suggest thatuscle spindle feedback from the knee joint
does not influence the temporal characteristics of the locomotor pattern during walking and
only the stonset timing during swimming-he data presented in this section suggest that
muscle spindle feedback from the knee joint may control kinematic parameters of the knee,
however without broader effects on hip and ankle joints. The attenuation of muscle spindle
feedback from th&neejoint does not influence severely the temporal parameters and

muscular patterns of locomotion in walking or swimming.

2.3.7 Reducing Muscle Spindle Feedback from Ankle Muscles

Lastly, we investigated the effect of selectively removing muscle spindle feedback from
distalhindlimbjoint, the ankle joint. The AAV9 was injected into the triceps surae muscle
and the tibialis anterior. Similar to above, none of the four recdpgedre mice had any

struggle swimming or walking on the treadmill at speeds up to 0.&ftefsDTX injection.

Average knematic traces of the hindlimb joints revealed that ankle and hip joints became
more flexed during 0.2 m/s walking after DTX injections in most of the animals and those
changes diminished at higher spedeigifre2.14Ai). However, no statistical significance
could be detectelly pairedt-test in any of the parameteBse and postDTX mean motion

of the joints were performed within tleerlappingange 005% confidence interval (pink
shadow Figure 2.14Ai A persistent overlap of motion of the knee joiveis recordedt all

speeds. The hip and ankle jomean motiortend not to overlaat 0.2 m/s(Table 2.7)
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althoughthis performance was achieved withaverlapping range 095% confidence
interval During thestep cycle, animals have adopted a 13.1% more flexed mottbe in
hip joint, although not statistically significa(f® = 0.186) compared to their baseline ¢pre
DTX) recordings (Table 2.7), and this flexed outcome was observed in 3 out of 4 mice
(Figure 214Aii). Minor values were observed in the knee joint (1.1% more fléxed
0.871) posDTX and slightly higher values were achievedhe ankle joint (9.8% more
flexed, P = 0.403) posDTX. The range of motion (®.M.) in postDTX recordings
decreased 18% (P = 0.143) in the hip, reduced 14.2%+ 0.358) in knee and diminished
21.6% @ = 0.142) in ankle after attenuation of muscle spindles in the ankle joint. Individual
scores for average motion are illustratedrigure 2.14ii, and itshows thatthreeout of

four animals had adoptesimilar joint performance. The changes in the joimdvements
before and after DTX injection are illustratedTiable 2.7 These datauggesthat muscle
spindle feedback from the ankle joint may have widespread effects on the movesient of

three joints however none of these changes could be statigtioalified.
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Table 2.7 Motion parameters during the step cycle of ankle infected experiments. The
mean motion (average joint position during walking) and range of motion
(amount of joint excursion from its maximum flexed position to its maximum
extended position) are shown foreDTX and postDTX recordings of
Pv::cre mice (mean values and standard deviations of ~10 cyclesapde
postDTX recordings ofour Pv::cre mice).

Mean Motion Range of Motion
Joint EEVEEDADENSEPIDY outcome % WGCEBIRENeLiZBAPE outcome %

Hip yna®dy 170 P 13.1 fix on® HYy ®cC

(+11.6) (£7.8) (+6.0) (£5.8) -18.7
Ankle pT ®d pT Pt HH®I MpPn
Infected \"®®  (:8.0) (*4.7) LI 69y i) 14.2
YH®N Tn Py cod ndpdc
Ankle  163)  (6.7) 981X g0) (59 21.6

The flexed behavior on hip and ankle joints pd$X administration, as shown ihable

2.7 and Figure 2.14A, was accompanied by an anterior shift of the foot position at the onset
of the swing phase in 3 out of 4 mice (Figure 2 1ABesalata suggesha muscle spindle
feedback from the ankle may change the positioning of the limb during locomotion and

slightly affects the movement of hip and ankle joints while walking at slower speeds.
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Figure 2.14 Joint kinematics and paw positioning parameters after attenuation of muscle
spindle feedback from ankle flexor and extensor muséliekinematics of
hip, knee and ankle joints in p@IrX (black traces) and pe8TX (red
traces) injections (N = #v:.cre mice, average from ~10 step cycles from
each animal preand postDTX in all given speeds). Bold lines represent
average motion and thilines the 95% confidence interval. The pink
shadowed area represents the overlapping motion within the confidence
interval pre and postDTX recordingsAii : mean motion and range of motion
(R.O.M.) scores of individual animald: hindlimb positioning & the
beginning (swonset position) and ending (sffset position) of the swing
phase. After DTX injections, three out of four mice placed their hindlimb
closer to the hip joint at the beginning of the swing phase and two animals
further at the end of thewing phase after ankle infection. Data compared
with basal recordingstwo-tailed pair t-test *P < 0.05, **P < 0.01, ***P <
0.001).
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Removal of muscle spindle feedback selectively from ankle joint caused larger changes in
temporal characteristicomparedvhen muscle spindle feedback was selectively removed
from the hip or knee joints. The step cycle duration differed significantly during walking
at 0.2 m/s between pi@TX (0.328 + 0.017 sec) and peBTX (0.263 = 0.023 secP(<
0.001); and at @.m/s preDTX (0.178 + 0.008 sec) and pd3fX (0.166 + 0.011 secP(

< 0.001). Moreover, the swing durations were significantly different in 0.2 and 0.£m/s (

< 0.001 andP < 0.005 respectively). The average swing duratiorDpFX was 0.125 *
0.017 secrad postDTX 0.098 + 0.012 sec at 0.2 m/s; and 0.080 + 0.009 sebPpxreand

0.075 + 0.005 sec poBITX at 0.4 m/s. Stance duration was also influenced by the
manipulation of muscle spindiéen the ankle joint at 0.2 and 0.4 m/s treadmill walking
with moresevere changes at 0.2 mfgeedPreDTX recordings at 0.2 m/s score an average
time of 0.202 + 0.022 sec as p®&TX timed 0.165 + 0.013K < 0.001); while walking at

0.4 m/s the results were piE' X 0.098 + 0.004 sec and pd3TX 0.091 + 0.006R < 0.095
(Figure 2.15A). However, inconsistent results were observed during the swimming task
which had increased the variability and standard deviation, especially in the whole cycle
period (preDTX= 0.182 £ 0.024s, pof2TX= 0.198 + 0.032s) and the flexor pbapre

DTX= 0.091 + 0.011s, poddTX= 0.099 + 0.049s)Rigure 2.15Ai).

Finally, we investigated the changes in the temporal characteristics of the activities of flexor
and extensor muscles during walking and swimmidigure 2.15B. We examined the
EMG activity patterns before and after muscle spindle removal from the ankle joint,
aligning burst activities to phases of the step cycle or swimming cycle. The onset (closed

circlesFigure 2.15B and offset (open circleSigure 2.158 of the muscles were studied
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according to the swingnset time erticaldashed lind=igure 2.15Bifor walking) and the

liopsoas onsetverticaldashed lind=igure 2.1Bii for swimming) as aeference.

Our results showed that all flexor muscles recorded (e, St, TA) had its onset before

the beginning of the swing phase, and the DTX administrdtammot influenced the
pattern of activation of these muscles during walking, except for T-ar(§etP = 0.184,
StonsetP = 0.308, TAonsetP = 0.021) Figure 2.15B). The activation of extensor
muscles (BF, VL, Gs) occurred towards the end of swing phase, and no changes in their
pattern were observed after limiting the feedback from muscle spindles of the hip joint BF
onsetP = 0.101, VL-onsetP = 0.126, GsonsetP = 0.075) Figure 2.15B). Similarly, no
changes in offset timings relative to gtepcycle could be detected after DTX injection in
flexor muscles (IpffsetP = 0.112, StoffsetP = 0.431, TAoffsetP = 0.328), antne of

the extensomuscles, the VL, had changed its offset pattern after limiting the feedback
from muscle spindles of the ankle jo{BtF-offsetP = 0.071, VL-offsetP < 0.05, Gsoffset

P = 0.098) Figure 2.1Bi). No changes in these parameters in[pieX versus posDTX

were detect# during walking at 0.6 fs. Finally, no changes were observed in the
activation pattern during the swimming task in flexor muscles onsen&tP = 0.142,
TA-onsetP = 0.544), flexors offset (hoffsetP = 0.773, StoffsetP = 0.151, TAoffsetP

= 0.4@) extensor onset (BénsetP = 0.998, VL-onsetP = 0.361, GsonsetP = 0.934) or
extensor offset (BfoffsetP = 0.631, VL-offsetP = 0.863, GsoffsetP = 0.771) Figure
2.13Bii). We could detect minor changes in the muscle activation pattern beforetand af
the injection of DTX to remove muscle spindle feedback from the ankle joiatethata
suggest that muscle spindle feedback from the ankle joint gently influence the timing of

onset and offsets of muscle activities during walking butniale swimming.
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Figure 2.15 Locomotion temporal parameters and muscule pattern after attenuation of
muscle spindle feedback from ankle flexor and extensor muggleduration
of step cycle, swing phasandstance phaseereshorter at 0.2 and 0.4 m/s
treadmill walk after DTX spidle afferents removal (N = Bv:.cre mice,
average from ~10 step cycles from each animalgre postDTX in all given
speeds)Aii: swimming cycle period, flexor and extensor phase recorded
similar values after DTX infection, although exhibited highetaklity (N =
4 Pv:.cre mice, average from ~10 swimming cycles from each animal pre
and postDTX). Bi: treadmill locomotion at 0.2 m/s, thew-onsettime is
represented by the dashed vertical line;[pfeX recordings in black and pest
DTX recordings in ed, closedcircles = muscle onset activation and open
circles = muscular offset activation. Note that most ofdhsetand offset
timing were shorter after the spindle afferent removal asrsequencef
shorter cycle periodshowever,the muscles mainit@ed its proportional
temporal pattern within the step cycBii: recordings during swimming
behavior no detectable changes with paitedstwere seen (N = ®v:.cre
mice, average from ~10 step and swimming cycles from each animahplre
postDTX).
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The overall results presented in this chapter demondtthtg functional walking or
swimming requires proprioceptive feedback (sectthB.1 and 2.3.2). Furthermore,
combining gene delivery with AAV9 anév::cre mice allowed us to investigate theeol

of muscle spindle feedback selectively from single joints of the hindlimb (section 2.3.4).
Our findingssuggesthat, in contrastto muscle spindle feedback frothe hip (section
2.3.4.1) and knee (section 2.3.4.2) joints, muscle spindle feedback from the ankle joint
(section 2.3.4.3) affects the timing parameterBnolb movement during walkingut not

during swimming.

2.4 DISCUSSION

The primary goal of this chapteras to provide a framework to understand the role of
proprioceptive feedback from muscle spindles and Golgi tendon organs over different
aspects of locomotion in freely behaving mice. Our results suggeshétatmporal and
spatial parameters of coordied movements such as in walking or swimming require

proprioceptive sensory input.

2.4.1 Dysfunctional Locomotor Pattern without Proprioceptive Feedback

We have shown that proprioceptive sensory feedback is necessary for the generation of
functional locomotor patterns. Wheaproprioceptive feedback from group la/ll and group
Ib afferents from muscle spindles and GTOs, respectively, were killeadGrelsl2:DTA

(Pkill) mice, we observed seveitaws in walking and swimming behavior. Durinbese
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tasks,EMG recordings from flexor and extensor muscles coimigohip, knee, and ankle
jointsrevealedasynchronous rather than an alteathpattern of activation. The readon

this observation and dysfunctionfkill mice is that the group la/ll sensorgéback from
muscle spindles have a dominance patterning the motor output of flexor n{dsagset

al., 2014; Hiebert et al., 1996\hereas is likely the group Ib afésts from GTOs
determine the pattern of activation on the extensor mugtkesy et al., 2014; Hiebert &
Pearson, 1999; Pearson, 2QQMpreover, the lack of proprioceptive feedback during the
embryonic development &y cause disorganization of pretor interneurns that control
the activity of flexor and extensor mussle Pkill animals(Tripodi et al., 2011)and the
consequence of this structural disarrangement may reg@heral activation of flexor end
extensor motoneuronuingled within the sameool. Therefore,it was important to do
experiments with a mouse line with milder changes of the nervous system, such as in the
Egr3’” mice. Nevertheless, owulata support the findings thptoprioceptive feedback is

required for welcoordinated functional locomotion.

2.4.2 Influence of Group la/ll on Different Locomotor Programs

The Egr3’ mice provided us with an opportunity to assess the impact of selective loss of
group la/ll afferent{Chen et al., 2002; Tourtellotte & Milbrandt, 1998he group Ib
feedback from the GTOs that inform the CNS with changes related to muscular tension are
intact. However, the engagement Bfr3” mice in swimming diminishes éhphasic
component of group Ib feedback due to the lack of gravitational influemeeter. The
outcome of this condition was an EMG activity pattern qualitatieeljwparableo that

observedn Pkill mice during walkinglnterestingly, he Egr3’ swimming behavior was
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pronounced by onset and offset of flexor muscles occurring almost simultaneously, while
the extensor muscle activation occurred more in a sequential fashion, tending to start with
the hip extensor and propagating towards the ankle ext8imoexplanation for this might

be that the patterning of flexor activity is partially controlled by group Ib feedback
generated by the unloading of the GTOs at the end of stance (ptiaskan et al., 1995)
therefore attenuating group Ib influence due to water buoyancy, and without having
feedback from muscle spindles, has changedtythieal flexor muscle actiation pattern to

a staggered pattern of activation during swimming.

During walking, the flexor muscles amostly activatedduring the swing phase, while
extensor muscles atgpically active during stance phase. However, our recordings have
shown that onset and offset activity is way more complex than that simple interpretation.
The precise timing relationship of flexor muscle activities around the swing phase, but not
of the extensor mscles, was altered in the absence of feedback from muscle spirtaies.
temporal parameters of the step cycle such as swing duration changed when proprioceptive
feedback from muscle spindles was absent, while stance duration remained the same. This
is in accordance with previous findings thle stance phase is stronger controlled by the
group Ib feedback from the GT@@onelan & Pearson, 2004a; Donelan & Pearson, 2004b;
Duysens & Pearson, 1980; Pearson, 2a0@)ng walking. Our datzorrespondwwith
previous findings suggesting thidite stance phase is likely controlled fegdback from

muscle spindles and the GT@dereas the swing phase is mostly controlled by the muscle

spindle feedback.
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2.4.3 Single Joint Group la/ll Feedback and Fluency of Locomotion

We demonstrated that fluent and functional locomotor pattern requires proprioceptive
feedback from muscle spindles and GTBswever, it is unknowmhether proprioceptive
feedback from specificojnts play more important rokethan the other jointgn pattern
generation. We acutely eliminated group la/ll feedback only from a subset of muscles
within the hip, knee or ankle jointasinga new methodology developed in collaboration
with Dr. Andrew Muray (Mayer et al., 2018) tonderstandiow feedback from a specific
joint or group of muscles modulate motor output. Although the redaltsot represent
complete ablation of muscle spindle proprioceptive feedback, since dherglight
variations in vial infectivity ranging from 55% to 73%, we at least, successfully attenuated

the feedback input towards the CNS.

Our data indicatthatmanipulating theroprioceptive feedback fromuscle spindle of a
single joint in the hindlimb is not enough to induce major changes in the locomotor pattern.
This could be due to several reasdist, the CPG circuitry might compensate for the
sudden loss of muscle spindle feedback in a singld. j8iecond the loss of sensory
information from one joint might beompensated by sensory feedback from other joints of
the samdimb or joints ofotherappendagedt is documented in spinalized cats that la
afferents feedback from the hindlimb provideigatory inputs to motoneurons of muscles
responsible to move the same jofkccles, Eccles, & Lundberg, 195Hut la impulses

also provide excitation tanotoneuronsof muscles moving different jointéEccles &
Lundberg, 1958)Third, possibly the partial attenuation of feedback from muscle spindles

may not have been enoughgenerate a detectable effé@ur current datao not allow
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the differentiation between these three possibilities and therefore requires further

investigation.

An interesting result of our study was that the localized ablation of group la/ll feedback
tends tocause changes the angular movement of theame joints. Specifically, removal

of group la/ll feedback frorthe hip or knee joints evoked minor kinematic variations in

the same joint that led to changes in the foot positioning at the swing onset and offset. The
exception was the ankle joint, whichpeared to have a more widpread effect, although

the results were statistically inconsistent. Removal of muscle spindle feedback from the
ankle joint, caused changes in the swing and stance durations, and the cycle period during
walking at different spads, partially similar to the results observe&gi3’” mice. That is,

the swing durations significantly decreased following muscle spindle removal from the
ankle joint with a significant decrease in the stance duration leading to a significant
decreasén the cyde period. Interestingly, removirthe muscle spindle afferents from the

hip or knee joint resulted in much milder effeoh swing duration and the cycle period

and no effect on the stance duratione3éresuls suggesthat muscle spindles fno the

ankle muscles haveamore prominent effect ahestep duration parameters than the muscle

spindles from the hip or knee muscles.

Despite tlesevery interesting observatisrwith clear tendencies, the small number of
succeskul experiments in eachroup desnot allowfor definitive conclusionincreasing
the number of animals in each group would be necessary to reach statistically significant

results that would lead tosalid conclusion.
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CHAPTER 3  MUSCLE SP INDLE FEEDBACK ENSUR  ING
PRECISE FOOT PLACEMENT

Part of the work presented in this chapter is copyrighted by the Company of the Biologists
Ltd. Published in thdournal of Experimental Biology, and the content has been adapted
with permission.

Mayer, W. P., & Akay, T. (2018). Stumblirgrrective reaion elicited by mechanical and
electrical stimulation of the saphenous nerve in walking nlice. Journal of Experimental
Biology, jeb.178095.

https://doi.org/10.1242/jeb.178095

3.1 INTR ODUCTION

The typical locomotor behavior of terrestrial mammals is achieved by rhythmic and
coordinated movement of two (bipeds) or four (quadrupkof)s with multiple joints
(Grillner, 1981). The rhythmic stepping movement oflthés is divided into sance and

swing phases. Throughout the stance phase, the foot is on the ground, carries the body
weight and provides propulsion. As the body moves forward, the foot moves backward
relative to the body, beginning from an anterior extreme position (AEP)rdewthe
posterior extreme position (PE@ruse, Kinérmann, Schumm, Dean, & Schmitz, 1998)
Once the foot reaches the PEP at the entie$tance phase, it lifts off the ground and

moves forward (swing phase) to reach the AEP to begin the next stance phase.

The transition from stance to swing phase requires extension of the hip joint followed by
reduction of weighbearing in the hindlimb (Grillner and Rossignol 1978, Hiebert et al
1996, and Duysens and Pearson 1980). It has been suggested that musckispimelle

hip joint and GTOs in calf muscle are the key structures signaling the timing of the
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transition from stance to swing phase to the G8flIner and Rossignol 1978; Hiebert et

al., 1996; Pearson, 2004)ontrary to the stance to swing transitjgroprioceptive control

of AEP at the swig to stance transition is not well understdddyVea et al. (2005)pound

no indicaton that activating proprioceptors in ankle extensor muscles during the swing
phase would influence the regulation of swing to stance transition. However, there is solid
evidence that modifying proprioceptive input from hip flexor muscles affects theaturati
and amplitude of flexor activit.am & Pearson, 2008nd that may affect the endtbie

swing phase. Previous research on stick insect suggests that the swing movement of a
posterior leg igiuided by the ipsilateral anterior Idgean & Wendler, 1983nd this aimed
movement is guided by proprioceptive sensory feedf@akse, Dean, & Suilmann, 1984)
Furthermore, research on human walking suggests that visual information can guide the
foot trajectory (Reynolds & Day, 2005)However, visual feedback is not viable in
guadrupedal mammals, because their body structure blocks visualizatien lohdimb

during walking.

Although the lack of visual feedback, forelimb to hindlimb coordination is easily achieved
in quadrupedal locomotion. This organized movena@mbng appendages is atdoserved

when mammals are requested to walk on a horizoai@ddler. Rats for example,
spontaneously walk from a starting point towards an ending point along the rungs in front
of them. Such behavior requires skilled walking that depends on the placement of the foot
in a precise location at thhengsin theend of the swing phag&etz & Whishaw, 2002)
Animals showing deficits in limb positioning or coordination, for example, due to nervous
system injuries, show difficulties in performing this t¢Bkrr et al., 2006)In addition to

injuries, previous research with rédtdncent et al., 2016and mice (Akay et al 2014) have
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shown that without proprioceptive feedback from the muscle spindles, severe deficits in
placing the foot from rung toung is observed, suggesting that proprioceptive feedback

from muscle spindles is important in targeted moveswfthelimb during walking.

Another relevanaspecto consideregardingocomotion is that the central nervous system

has the ability to ltange the stepping pattern according to the challenges imposed by the
environment. For example, an unexpected obstacle intercepting the normal path of the foot
during swing movement requires the central nervous system (CNS) to respond with a
Astumblkieongi ecerr eact i(Bonssberg 499N Rosssberg et 8. CLR7H
1977; Prochazka et al., 1978)henever an object collides with theab during swing

phase, cutaneous mechanoreceptors are activated, eliciting a flexor response that moves the
foot higher to clear the obstaq@/and et al., 1980)However, if his same perturbation

occurs during a stance phase, no flexor response is triggered but an enhanced extensor
activation is observe(Forssberg, 1979; Forssberg et al., 19This phenomenoshows

an example of reflex reversal: thet when identical stimuli cause opposite effects
depending on the context of the stimulat{Puysens, Trippel, Horstmann, & Dietz, 1990;

Pearson & Collins1993)

Traditionally,insightsinto the neuralcontrolof SCRhavebeenprovidedby kinematicand
electromyographiEMG) analyss of the stepcycle, with a particularfocus on the cat
hindlimb (Doperalski et al., 2011By usingthe catasananimalmodel,it hasbeenshown
that stimulationof cutaneousfferentsis sufficientto elicit SCR (Buford & Smith, 1993;
Quevedo, Stecina, Gosgnach, et al., 2005; Wand et al.,. T3&0¥is furtherevidencehat

the networkcontrolling the SCRis locatedwithin the spinalcord,asSCR canbe elicited
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in spinalizedcats(Forssberg et al., 197 &lectricalstimulationof the superficialperoneal
nerve,activatingcutaneousfferentfibers that otherwisewould signal obstacletouchon
the dorsumof the paw, havebeenshownto elicit a motorresponseloselyresemblinghe
SCR.Theseexperimentdiavebeendoneduring fictive locomotionin the absencef any
physical movement, and consequentlymovementrelated (phasic) sensory feedback
(Quevedo, Stecina, Gosgnach, et al., 20B&tausef thelack of anyphysicalmovement
in theseexperimentsQuevedeetal namedhesereactiondi f i ¢ SCR.¥Fuwetliermorethe
sameauthorsperformedntracellularrecordingdrom differentmotoneuronsluringfictive
SCRto infer thatdi-, oligo-, andpolysynatic pathwaysnediateSCR (Quevedo, Stecina,
& McCrea, 2005) In addition, SCRwith similar characteristidhiasbeencharacterizedn
humans(Schillings et al., 1996)As in the cat electrical stimulationof the superficial
peronealnerveelicits SCRin a phasedependentnannerin humans(Van Wezel et al.,
1997; Zehr et al., 1997)ence this whole body of work from experimentson humanand
catshaveprovidedconsiderablensightsinto the neuramal mechanismshat control SCR
but a clearunderstandingf the spinalinterneuronahetworkthatcontros SCRstill up to

debate

Recently,mice havebecomea preferredanimatmodelfor studyinglocomotiondueto the
possibilitiesof geneticmanipulationof the neuralcircuits,andcapabilityfor measuringts
effect on locomotorbehaviorin eitherin vivo or in vitro experimentgGoulding, 2@9;
Grillner & Jessell, 2009; Kiehn, 201@®y combininggeneticandbehaviorabbservations,
arecentstudyidentifiedagroupof interneuronsgistinguishedy selectiveretinoid-related
orphan receptor (ROR) alpha expressionthat was important for corrective reflex

movementgluringwalking on a narrowbeam(Bourane et al., 2015Furthermoremany
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more interneuronshave been identified basedon gene expression patternsthat are
interconnectedetweersensoryafferentsandmotoneurongAlvarez et al., 2005; Bourane

et al., 2015; Bui et al., 2013; Hilde et al., 2016; Koch et al., 2017; Zagoraiou et al., 2009;
Zhang et al., 2008Neverthelesst is notknownwhetherany of the previouslyidentified
interneuronsare part of the neuronalnetwork underlyingthe SCR, and how much they
contributein targetinglimbs to its final destinationafter a swing phase This is mainly

becausenethodgo elicit SCRin freelybehavingmice havenot beenavailable.

In this chapter we soughtto developa reliablemethodto trigger SCRin micethatallows
experimentsin  combination with mouse geneticsto identify the neuronal circuits
underlyingthe SCR,aswell asto undestandthe mechanismshatthe hindlimb employsto
achievefoot precisionat the endof swing phasein its Anterior ExtremePosition- AEP.
Thus this swing to stancetransition was investigatedunder conditions where the
proprioceptivdeedbackrom musclespindlesvereattenuatedr abolisted concomitantly
to perturbationr manipulationof the swing phaseto gaininsightsregardingthe role of

proprioceptiveeedbackcontrollingthe swing phaseandachievemenof AEP targeting.

3.2 METHODS

3.2.1 Animal s

Experiments were carried out on nine wild type mice of either sex, ages ranging from 74 to
141 days. FouEgr3 knockout mice Egr3”) mice of either sex, ages ranging from 74 to

178 days, and 18 parvalburrine Pv::.cre) mice of either sex, ages ranging from 68 to
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107 days. None of the mice were trained prior to the experiments. All procedures were in
accordance with the Canadian Council on Animal Care and were approved by the

University Committee on Laboratory Animals@dlhousie University.

3.2.2 Removal of Muscle Spindle

We used two methods to remove proprioceptive feedback from the muscle spindles. The
first model used th&gr3’ where all muscle spindles are ablat€@hen, Tourtellotte &
Frank, 2002; Tourtellotte & Milbrandt, 1998)luscle spindles fail to form properly during
development while the proprioceptive feedback from the Gi§@st intact as described

in chapte 2 (section 2.2.8

The second method acutely eliminates muscle spindle feedback from a subset of muscles
We used aPv:.cre mouse line infected with AAV9 in target muscles and later
administration of diphtheria toxin to eliminate muscle spindles asidedcin chapter 2

(section 2.2.4andFigure 2.8.

3.2.3 Electrode Implantation Surgeries

Each mouse received an electrode implantation surgery as previously deg&kiaget
al., 2014). Briefly, mice weranesthetizeavith isoflurane, ophthalmic eye ointment was
applied to the eyes, and the skin of the mice was sterilized withghreskin scrub using

hibitane alcohol,andpovidoneiodine. A set of six bipolar EMG electrodeasimplanted
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in all animals (Akay et al 2006; Pearson et al., 2005). Five wild type animals and four

Egr3’ received an additional nerve stimulation cuff electrode implant (Akay, 2014).

Small skin incisions were madethe neck region and to the righihdimb to expose the
target musclesind the saphenous nerve (SPN). Electrodes were drawn subcutaneously
from the neck incision to thiémb incisions, and théeadpieceonnector was stitched to

the skin around the neck incision. The EMG recording electrodes were implanted into hip
flexor (iliopsoas, Ip) and extensor (anterior biceps femoris, BF), knee flexor
(semitendinosg) St) and extensowréstudateralis, VL), and ankle flexor (tibialis anterior,

TA) and extensor (gastrocnemius, Gs).

The cuffstimulatorelectrode was implanted around the saphenous nerve, a nerve carrying
cutaneous afferent fibers from the anterior part of the distalilibdb the spinal cord.

The hindlimb incisions were then closed and anesthetic was discontinued. Analgesics,
buprenorphine (0.03 mg/kg) and ketoprofen (5 mg/kg), were injected subcutaneously one
hour prior to the surgery to avoid pain. Additional injectionsenggrformedn 12-hour
intervals for 48 hours. Mice were housed separately, placed in a warmed cagé&egth a
mass of hydrogel for the first three days and then returned to their regular mouse rack. Any
handling of the mouse was avoided until mice wellg recovered, and the first recording

session started at least ten days after electrode implantation surgeries.
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3.2.4 Behavioral Recording Sessions

Following the full recovery from electrode implantation surgeries, the behavioral
recordings were p&rmed as previously describékay et al., 2006; Pearson et al., 2005).
Under brief anesthesia with isoflurane, custoradeconeshapedeflective markers (2

mm diameter) were attached to the skin at the level adrtexiortip of the iliac crest, I,

knee, ankle, the metatarsal phalangeal joint (MTP), and the tip of the fourth digit (toe). The
anesthesia was discontinued, and the mouse was placed on a mouse treadmill (model: MA
102; custom built in the workshop of the Zoological Institute, Uniwersit Cologne,

Germany).

The electrodes were connected to an amplifiezd@h 102,custombuilt in the workshop

of the Zoological Institute, University of Cologne, Germany) and to a stimulus insulation
unit (Isoflex). We waited at least five minutes tedin the recording session to allow the
mice to fully recover from anesthesia. The mice started stepping on the treadmill when it
was turned on. The speed of the treadmill was set to 0.3 m/s. In the four wild type mice that
did not receive the nerve cuffeetrode, a custormade metallic hook was placed in the
path of the moving foot during the swing phase to elicit a stumbling corrective reaction.
For the other five wild type and the fogr3”~ mice, with the nerve cuff electrode
implanted, the saphenouserve was electrically stimulated with five brief impulses

(duration: 0.2ms, frequency: 500 Hz).

Only one recording sessiomas performed with each mouse to avoid a learning effect.

Therefore, mice in which SCRs were elicited by mechanical stimulatoa different than
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the mice in which SCRs were elicited by electrical nerve stimulation. The strength of the
stimulation was set to be 1.2 times the current that was necessary to elicit the slightest
response in the tibialis anterior muscle during restiiach varied between 96 to 1200 pA

from animal toanimal

The stepping mouse was filmed from the sagittal plane wiilglaspeedvideo camera

(IL3, Fastec Imagingat 250 frames per second, and video files were stored in a computer
for later motion aalysis. The EMG datwerestored separately on the computer by using
the Digitizer (Power 1401, Cambridge Electronics Design, UK) combined with spike2

software (Version 8, Cambridge Electronic Design, UK).

The precise foot placement ability during locorontwas assessed by recording the
animals walking on the treadmill and on the horizontal ladder. During the treadmill walk,
we measured electromyogram (EMG) activities of multiple mugElgsire 3.1A together

with kinematic parameters of ttienb movemets (Figure 3.1B).The Hindimb Anterior
Extreme PositionHLaep) was defined as thimitial point of contact of the toe with the
treadmill while starting astancephase, and the Forelimb Posterior Extreme Position
(FLrep) as the last contact of the forelimb with the treadmill before initiating its swing
phase. The measurements of relatite\er and FLpep position were giveiy having the

hip joint as a reference the xaxis Theforelimb wasdigitized in its last frame of contact
with the treadmill, just before starting a swing phase, and distance was taken between
forelimb and the toe marker in thénindlimb (FLpep - HLaep) (Figure 3.1GQ. All

measurements were p@med between ipsilateral limbs.
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Figure 3.1 lllustration of EMG and kinematics recording techniques of stepping during
mouse walking.A: representation of implanted animal with six EMG
electrodes coupled with a headpiecedsen signals to an amplifier and cuff
electrode attached to a stimulation box. EMG activities are recorded during
treadmill walk to produce a locomotor patteéBnkinematic data are obtained
by reconstruction of the hindlimb by means of detecting thedauates of
markers attached to the skin above hindlimb segments. Stick diagrams are
reconstructed by ¢ onn@ dindlimbdargetiagrisk er 6 s
obtained by measurements of distances between toe to the higHjbiab)(
and forelimb paw tdip joint (FLpep) along the horizontal-axis (A and B
are adapted with permission Akay et al., 2014).
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Errors in foot placement accuracy were also tested in the horizontal ladder task. The
horizontal ladder was custom built in the workshop of the Zoological Institute, University
of Cologne, Germany, made of Plexiglas and metal rungs with a distance dfe2veeen

rungs.

A quantitate analysis of skilled walking was achieved by allocating the mice in an initial
point where requiredo across the laddgestepping rung to rung towards the end of the

ladder. During this task, mice were filmed performing 10secutive steps in the sagittal
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plane. Later the steps were counted accurate if the foot securely landed and held on a rung,
or missed step if the foot dropped down missing or slipping dropping down in between the

rungs (Akay et al., 2014).

3.2.5 Data Anal ysis

The kinematic parameters of stepping were obtained from the video files using Motus
Vicon or acustommade softwarevritten by Dr. Nicolas Stifani withmageJ (Kinemald)
and R (KinemaRJBui et al., 2016; Fiander et al., 201 The coordinatesand theangular
joint movements were then imported into the spike2 files containing the EMG data in a
way that the kinematic and EMG data were synchronized with a cwstitten spike2
script. The data analysis was performed using this final spike2 file comtairéermerged
EMG and kinematic data. All plots were done using Excel 2016 software, and statistical
analyss with the data analysis package for Excel: the statistiXL (version 1.8). Comparisons
of swing durations, swing amplitudes, relatideaer and FLpep position during control

steps and SCR were performed after Mann\&ihitneytest usingstatistiXL.

3.3 RESULTS

3.3.1 Mechanical Perturbation of Swing Movement with Obstacle Elicits
AStumbling Corrective Reactionbo

When the hindinb encountered an obstacle (the rod in our experiments) during the swing
phase, the foot was lifted higher to clear the obstacle and placed on the AEP without

disrupting the ongoing stepping, a response previously described ag&Gsberg, 1979)
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(Figure 32). In these experiments, mice stepped on the treadmill at a constant speed of 0.3
m/s and in a random sequence, a rod was manually placed briefly along the path of the
hindlimb movement duringhe swing phase. When thienb touched the rod during swing

phase, the foot was lifted higher to clear the obstacle, and the swing continued until the foot

touched the ground at the AEIFdure 3.2A and B

The lifting of the foot over the obstacle was achieved by an extra burst of activity in the
knee and ankle éxor musclesKigure 3.2A green arrows). The SCR could be elicited
regardless of whether the swing was perturbed dwanty-, mid-, or lateswing Figure

3.2Bii-iv). Of the perturbed swing phases, neither the swing amplitude (distance between
PEPand AB) PO 0.674) nor the duP®dtiOoan 7@f tchean
compared to the unperturbed swing phases (statistical comparison with Mann and Whitney
test) Figure 3.20. These data indicate thie SCR can be elicited in mice, as previously
descibed in cats fEorssberg et al., 1977; Forssberg, 19@@d humangSchillings et al.,

1996; Van Wezel et al., 1997; Zehr et al., 1997)

The high stepping frequency (4.14 Hz, + 0.91) and short swing duration (0.113 sec, £ 0.017)
made mechanical perturbati of the swing phase without additionally disturbing the
following stance phase very challenging. Therefore, a large number of trials (188 trials)
were performed and only trials in which the rod only touched the foot a single time during
theswing phaseg4 trids) were analyzed. This preseninajor limitation to the feasibility

of this method as a tool for further projects.
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Figure 3.2 Stumbling corrective reaction elicited by mechanically perturbing hindlimb
movement during swing phase. Kinematics and EMG pattern during a
stepping sequence that includes two swing phases (shaded background)
before and two swing phases after mechani@lbked stumbling corrective
reaction (SCR).A: hip, knee, and ankle joint angles, rel. xfoand y
coordinates (toe height) synchronized with raw EMG activity of Flexor (Ip,
St, TA) and Extensor (BF, VL, Gs) muscles. Mechanical perturbation of the
swing plase is represented by the darker gray inside the third swing phase.
Green arrows point to thectivity of knee and ankle flexor muscle initiated
by the perturbation. Stick diagram reconstruction of a swing phase before
SCR,an SCRand after SCR are illusited belowB: average toe trajectories
during control swing phasé)( SCR elicited during earlyi§, mid (ii), and
late swing ). Thin lines indicate toe trajectories from individual trials from
one animal and bold line the average trajectGrypox and whisker diagrams
illustrating average swing duration (left) and average swing amplitude (right)
from control unperturbed swing phases (open bars, 24<n<90 swing phases)
and SCRs elicited by mechanical perturbation (blue bars, 8<n<30 SCRs) from
four mice. None of these comparisons were statistically significant after Mann
and Whitney test. MMM4 represents the four individual mice used in this
study.
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One could imagine that an automated system could be developed to carry out the
mechanical perturlti@n of the swing movement in a much more precise way, nevertheless,
the SCR could be elicited by electrical stimulation of peripheral nerves, activating sensory
afferents selectively that would signal obstacle touch. This has been done in the past in cats
and humans by stimulating the superficial peroneal n€uevedo, Stecina, Gosgnach, et

al., 2005; Van Wezel et al., 1997; Zehr et al., 198i0wever, implanting cuff electrodes
around the superficial peroneal nerve was not feasible, due to the sreatif anice.
Therefore, we hypothesized that the saphenous nerve, whidhraseateshe skin of the
dorsum of the foo{Dezhdar et al., 2016; Zimmermann et al., 200@ght be similarly

effective in mice.

3.3.2 Saphenous Nerve Stimulation Elicits Stumbling Corrective

Reaction in Mice During Walking

Previously in the cat, it was shown ththe SCR can be evoked either by electrically
stimulating the superficial peroneal nerve in intact aninfBlsord & Smith, 1993)or
during fictive locomotior(Quevedo, Stecina, Gosgnach, et al., 2005; Quevedo, Stecina, &

McCrea, 2005)

We thought that aimilar approachwith the saphenous nerve (SPM)uld overcome the
limitations of mechanical stimulation. When SPN was electrically stimulated at 1.2 times
the threshold current to elicit any motor response during rest, we could provoke a strikingly
similar SCR as elicitethy mechanical stimulation (see above). When the stimulation of the

SPN occurred during the swing phase, angular joint moventeatsajectory, and EMG
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pattern of muscles reacted in a similar fashion as in SCR evoked by mechanicatistimula

(Figure 3.3.

Furthermore, during SCR elicited with electrical SPN stimulation, the lifting of the foot to
clear thefivirtual obstaclé was achieved by activation of flexor muscles moving knee (St)
and ankle (TA) jointsKigure 3.3A green arrows)Only when the stimulation occurred

later in swing phase thieindlimb tends to terminate the swing and proceed to the next

stance phase instead of clearingfihietual obstaclé (Figure 3.3BWy.

When the SPN was stimulated, as in the mechasigallation, we could not detect any

changes eitherinthe swingamplitu®d 0. 629 after Mann and Whi
duratonPO 0. 580 after MaFigores8.8®compiredtorupgriurbed st )  (
swing phases. Our data provide evidetizg electrical stimulation of the SPN during the

ongoing swing phase consistently elicits a response that strongly resembles the SCR

elicited by mechanical stimulation.

Our data suggest thiite SCR can be evoked when electrical stimulation of the SEeNrsc
within the first and secondhird of the swing phase. The movement of joints during SCR
evoked by mechanical stimulation and electrical stimulation was very similar. The only
difference we could detect was, when the electrical stimulation occurtied ahd othe

swing phase, SCR was not elicited but shengwas terminated. In contrast, mechanical
stimulation at the end of swing phase consistently initiated SCR. Nevertheless, the SCR
elicited by electrical stimulation provides advantages over arecél stimulation since it

can be applied with more accuraay well alicited cleaner responses.
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Figure 3.3 Stumbling corrective reaction elicited by electrical stimulation of the
saphenous nerve during swing phase. Kinematics and EMG pattern during a
stepping sequence including two swing phases (shaded background) before
and two swing phases after electricalyoked SCRA: hip, knee, and ankle
joint angles, rel. tog and y coordinates (toe height) synchronized with raw
EMG activity of Flexor (Ip, St, TA) and Extensor (BF, VL, Gs) muscles.
Electrical stimulation of the saphenous nerve during the swing phase is
indicated by the darker gray inside the third swing phase. Arrows point to the
activity of knee and ankle flexor muscle initiated by the stimulation. Stick
diagram reconstruction of a swing phase before SIBRSCR and a swing
phase after SCR are illustrated belo®:. individual and average toe
trajectories during control swing phasg SCR elicited during earlyi§, mid
(i), and late swingiy). Thin lines indicate toe trajectories from individual
trials fromone animal and bold line the average trajectorypox and whisker
diagrams illustrating average swing duration (left) and average swing
amplitude (right) from control unperturbed swing phases (open bars, 21<n<87
swing phases) and SCRs elicited by eleatrstimulation (red bars, 7<n<29
SCRs) from five mice. None of these comparisons were statistically
significant after Mann and Whitney test. NM5 represents the five individual
mice used in this study.
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3.3.3 Stumbling Correction Reaction in Absence of Muscle Spindle

Feedback Lack Uniform Response and Temporal Control

Previous studies have shown that only cutaneous stimulation is enough to trigger stumbling
corrective reaction@Buford & Smith, 1993; Quevedo, Stecina, & McCrea, 2005; Zehr et
al., 197). Here we sought to establish the role of muscle spindle feedback during such
reaction. Is the SCR a spinal program that once initiated by cutaneous signals does not
require further sensory feedback? Or does the execution of SCR further require muscle
spindle feedback? To address these questions, we performed SCR experiments via

saphenous nerve stimulation in &gr3’ mice Figure 3.3.

Stimulating the SPN during the swing phasé&gr3’ mice evoked angular reactions in

hip, knee and ankle joints qualitatively different than in wild type (joint angle tFagase

3.4A). The rel.toec recordings have shown that the SPN stimulation elicited a paw
withdraw (rel.toe Figure 3.4A similar to thos recorded in the wild types (rébs Figure

3.3A). The toe, although lifted after the stimulation, revealed no qualitative regular pattern

of progression compared with wild type animals.

Similar as in wildtypes during SCR inEgr3’ mice, the footifting to clear thefivirtual
obstaclé was achieved by activation of flexor muscles mostly movireghip (Ip) and
ankle (TA) joints Figure 3.4A,green arrows) when the stimulation occurred in eanty
hindlimb tended to terminate the swing and proceed to the next stance pigse (

3.4Biv) sameas performed by the wild type mideigure 3.3Biy. Thesedata suggest that
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the overall muscle activation pattern during SGGRhot dependent on muscle spindle

feedback.

Qualitative differences were also observed regarding the toe trajectgy3dh SCR. The
individual responses after the stimulation proved to be more variatdeniparison to wild

type animals, as well athe average toe trajectopyresented particular dissimilarities
(Figure 3.4Biiv). The swing duration after the SCR has changed in two out of 6 animals
as well the swing amplitudéigure 3.4Q compared to unperturbed swing phases. Those
results suggest thanuscle spindle feedback is not necessary to elicit the SCR, however, it

provides evidence thétplays arole in finetuning the movement during the SCR.
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Figure 34 Stumbling corrective reactiorelicited by electrical stimulation of the
saphenous nerve during swing phasegn3”. Kinematics and EMG pattern
during a stepping sequence including two swing phases (shaded background)
before and two swing phases after electrically evoked SCRip, knee, and
ankle joint angles, rel. teeand y coordinates (toe height) synchronizétth w
raw EMG activity of Flexor (Ip, St, TA) and Extensor (VL and Gs) muscles.
Electrical stimulation of the saphenous nerve during swing phase is indicated
by the darker gray inside the third swing phase. Green arrows point to the
activity of the hip and kle flexor muscle initiated by the stimulation. Stick
diagram reconstruction of a swing phase before SfiiRng SCR and a
swing phase after SCR are illustrated bel8windividual and average toe
trajectories during control swing phasg SCR elicitel during earlyi{), mid
(i), and late swingiy). Thin lines indicate toe trajectories from individual
trials from one animal and bold line the average trajec@rigox and whisker
diagrams illustrating average swing duration (left) and average swing
amplitude (right) from control unperturbed swing phases (open bars) and
SCRs elicited by electrical stimulation (red bars) from six mice. Two animals
recorded longer swing duration (M1= control 0.08sec and SCR 0.10sec; and
M3= control 0.08sec and SCR 0.&2s Two animals modified swing
amplitude (M1= control 2.80cm and SCR 3.42cm; and M4= control 2.62cm
and SCR 2.46cm). Statistically significant after Mann and Whitney Rest *
0.05 and ***P < 0.001, MXM6 represents the six individual mice used in this
study.
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3.3.4 Targeting of the Hind limb During Walking is Compromised in

Absence of Muscle Spindles

To assess the precision of the foot placement during walking, we measured the distance
between the hip marker to the toe landing at AHPaer), and the hip marker to the paw
position of thepsilateralforelimb at the end of stancEl(pep). Both measurenms were
takenon the horizontal axis (&xis, see methods 3.2.4). These measurements were taken
from control steps (three steps before perturbation) and the SCR steps (steps that had
directly suffered stimulation to evoke a stumbling corrective reactiomild type and

Egr3’ mice.

The HLaer measured during normal walkingithout perturbation in four wild typebad
an average of 1.45 cm 0.23while that distance was shorter Egr3’ mice, 0.90 ct
0.42(P < 0.001 after Mann and Whitney tgd¥loreover, not only was the average lower,
the variability of theHLaepin Egr3” mice was significantly larger compared to wild
types(P < 0.001afterf-test)(Figure 3.5Ai control steps)After the SCR, wild type mice
managed to land their foatan average distance of 1.29 &md.24,which is closer to the
hip joint compared t@ontrolwalking (P < 0.001 after Mann and Whitney tgdDn the
other hand, after the SCR tiLaep in Egr3’ mice was1.03 cm# 0.81, with wider
distribution @ < 0.001 after ttest) but no changan average distancd®(= 0.696 after
Mann and Whitney tept(Figure 3.5A1T SCR steps Thesedata suggest that the
proprioceptive feedback from muscle spindles is necessary for precise foot placement at

the end otheswing phase during normal walking and after SCR.
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What determines thdLaep during normal walking? In humans, it is known thadrégcision

is required, visual information is essential to determine the location at which the foot is
placed during walkingReynolds & Day, 2005)in quadrupedal animals however, visual
guidance is not an option because of the limitation due to body posture. Therefore, we
alternatively hypothesized that the forelimb position dusitagice guides the hindlimb foot
placement at the end of swing. In fact, this has been shown to be the case using insect

models(Cruse, 1979; Dean & Wendler, 1983)

To test this hypothesis, we measuredibe:=p and investigated its relation with thiaep.
The position of thé=Lpep relative to the hip joint wasimilar in either group under both
circumstances (control steps and SORIjd type scored an average Bt.pep= 2.18cm+t
0.45 during control steps while tEgr3’ recorded-Lpep= 1.91cm 0.42 Figure 3.5Bi
control stepps During the SCR wild typELpgp= 1.99cmt+ 0.47 andEgr3” FLpep= 1.99cm

+ 0.54 Figure 3.5Bi SCR steps Thesedata illustrate that thELpep shiftsto a more

posterior position when SCR is elicited compared to normal walking.

To quantify the hindlimb targeting related to tfeelimb, we measured the distance
between the two ipsilateral limbs during the stance phase, the Hindlimb Anterior Extreme
Position subtracted from the Forelimb Posterior Extreme Poskbgref - FLpep). During
control walking, wild type mice showetdlmore concentrated distribution of this distance
compared to theiEgr3’ littermates P < 0.01, ftest). The average distance in wild type
HLaepr - FLper was 0.73cmz 0.51, whereas th&gr3” showeda less concentrated
distribution P < 0.005 after-test) with longeHLaep - FLpep= 1.01cn+ 0.62 P < 0.001,

Mann and Whitney tes{fFigure 3.5C control stepsin the SCR experiments, wild type
106



animals had a distributiodLaep - FLpep Similar to those recded in control steps as the
Egr3’ noted even more scattered distributi®n<(0.001, ftest) Figure 3.5C SCR steps
histogran), the average values farld type SCRHLaep - FLpep were 0.69cnt 0.49 and
Egr3” SCRHLaep - FLpep were 0.96¢n* 0.76 @ < 0.005,Mann and Whitney test)This
set of results showed that the distributioHtfxep andHLaep- FLpep are more variable in
the absence of proprioceptive feedback from the muscle spihaiiesy normal walking.
After SCR, theHLaer was brought closeto the hip joint in wild types but not in the

Egr3” mice.

When the swing phase was perturbed with SCR, btithep and FLpep shifts posteriorly

in wild type mice, howeveEgr3’ mice showed no changes in tHeaerandFLpep buta
morevariable positioning was nioed.Figure 3.6Aillustrates detailed information on such
performance. In additiorkigure 3.6Bshows that no significant changes were observed in
theHLaer- FLpepdistances for both experimental groups after the SCR. Thogsmur
hypothesis that the hihichb is guided by the forelimb and this mechanism requires

proprioceptive feedback from the muscle spindles.
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Figure 35 Foot placement during walking and affetumbling Corrective Reaoh in
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similar during normal stepping and after perturbationsEgr3’ mice,
slightly wider pread was observed in both conditions. Trials from four wild
type animals, n= 252 control steps and 84 stumbling corrective reaction steps,
and sixEgr3’, n= 288 control steps and 96 stumbling corrective reaction
steps.

control steps SCR steps
505 HLAEP
40—
30 .
20 -
wild _{ype (nd) 10 In=84
Egr3” (n6) - n=96 F “” Hlum
0
0 1 2 3 4 -1 0 1 2 3 4
509 FlLpe
40
30 -
20 -
10
0- WW%WW
0 1 2 3 4 -1 0 1 2 3 Bl

50
40
30 -
20 -
10 =
0—

1 2
distance [cm]

108



Figure 36 Hindlimb targeting after tsmbling corrective reaction. Schematics of
hindlimb segments and forelimb position in wild types (black circles) and
Egr3’ mice (red circles)A: hindlimb position in control steps and after SCR.
Notice that hindlimb and forelimb moved posteriorly after perturbation in
wild types. InEgr3”, the variability of these parameters but not the averages
increased during SCR (closed circléd:aep, andopen circlesFLpep). B:
distance between ipsilateral hindlimb anterior position and forelimb posterior
extreme positioffHLaep- FLpep). Notice thatHLaer- FLpep has not changed
during SCR in wild types, while iEgr3’” mice the variability increase but
the average remained unchanged. N= four wild types, 252 control steps, and
84 SCR steps; N=skgr3™, 288 control steps and 96 SCR stefatjstically
significant after Mann and Whitney test P* 0.001.
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3.3.5 Muscle Spindle Feedback Ensuring Acc uracy in Skilled Motor

Behavior

We were further interested to know whether the targeting is achieved by proprioceptive
feedback from a particular joint, or whether proprioceptive feedback from all joints
contributed collectivig. To differentiate between tise possibilities, we counted correct
foot placement or misplacemertisthe paw inthe runggduringhorizontal laddewalking

in wild type, Egr3’ (total absence of muscle spindle feedbackyam a particular joinin
Pv::.cre (partial lack of proprioceptive feedback)aa as previously described in methods

session

In the absence of proprioceptive feedback from all muscle spintdEEgr3’” mice had
severe difficulty in placing theiimbs accurately on the rungs d walking in the
horizontal ladder. Thé&gr3’” showed reduced precision in foot placement during this
skilled task. Wild types performedagell-definedhindlimb placement when walking on the
rungs of a horizontal ladder, with a placement error of only 2%ntcantrast, we detesd

a higher inaccuracy iEgr3” mice (39% =+ 18), with the difference being statistically

significant P < 0.001, twetailedt-test) Figure 3.7.
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Figure 3.7 Performance of wild type anBgr3’”- mice on the horizontal ladder. Higher
incidence of errors occurred whilegr3’ mice walking on the horizontal
ladder compared to wild types. Black bars indicate the number of steps that
precisely landed on the rungdathe red bars specify the number of steps in
which the foot was dropped between the rungs. Data from three wild type and
threeEgr3’ mice (adapted with permission Akay et al., 2014).
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After demonstrating tha&gr3’- micehad severe difficulties performing a task that requires
precise foot placement as walking on the horizontal ladder, we sought to investigate if there
was any specific group of muscle that would contribute rtwtke hindlimb final target
during horizontaladder walking. To do this, we eliminated proprioceptive afferent from
muscle spindles in specific muscles of the hindlimb by using the AAV9/DTX method and
evaluated the horizontal ladder walking as previously described. The attenuation of muscle
spindlesfrom the hip joint has altered the scoring target rates when compared to normal
conditions. In preDTX experiments, the animals had a placement error ot ®wvhile
postDTX the scores were 13% = 5 of inaccuracy. Although four out of six mice had
increagd inaccuracy, the number was not strong enough to be statistically significant

pairedt-test £ = 0.178) Figure 3.8A. In the second group of DTX experiments, where
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the knee muscles were targeted for muscle spindle elimination, six out of six amathals
increased the inaccuracy rate while reaching the rungs of the horizontal ladder, average
values preDTX = 4% + 2, and posbTX = 10% * 3,P < 0.05 twotailedt-test with paired
dataset Figure 3.8B. For the last set of experiments, witlte muscle smdle feedback

being removed from ankle joints, only two out of six mice had increased their inaccuracy
rate, the average pieTX = 6% = 4, and posDTX = 5% * 4, P = 0.688 under twailed

t-test with paired datasefifure 3.8Q. Thesedata suggest thatuacle spindles from the

knee joint is necessary for precise foot placement. In addition, muscle spindles from hip
joint might contribute to the targeting as we could see a tendency, however, the difference

was not statistically significant.
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Figure 3.8 Performance of mice before and after attenuation of muscle spindle feedback
from the hip (A), knee (B), or ankle (C) joint on horizontal ladder. Control
data are represented by {&X graphs and feedbacittenuation is given by
the postDTX graphs. Note that there is a tendency to increase mistakes while
removing feedback from hip musclés)(but this change was not statistically
significant. The only statistical significance could be detected after ramovi
spindle afferents from the knee musclB} Spindle removal from ankle has
not changed performance on the horizontal ladder. Each burst of bars
represents 5 runs of a single animal, black bars are accurate steps and red bars
missteps. N= 18 animalsxsior each experiment performing 30 steps-pre

and postDTX.
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The results presented in this chapter indicate that stumbling corrective reaction can be
elicited in mice, either by mechanical stimulation or through electrical stimulation of the
saphenous nerve, and those findings are qualitatively similar to thoséeeésao cats.
Furthermore, we show that at the end of the swing phase, the foot lands on a specific
location that theHLaep is predetermined by the forelimb. However, in the absence of
proprioceptive feedback from the muscle spindles, this guidance birtdemb by the

forelimb is compromised.

3.4 DISCUSSION

Proprioceptive feedback has been known to be important for the generation of the
locomotor patter{McCrea, 2001; Pearson, 200#owever, the role of muscle spindle
feedback in targeting limbs on the ground after a swing pkag#l obscure. Especially

how proprioceptive information is processed to enadigetingis na known. Here we

have shown that proprioceptive feedback from muscle spindles is important in targeting the
hindlimb during normal locomotion and in skilled locomotion where precise foot placement
is required. Furthermore, although cutaneous stimulatisaffgient to trigger stumbling
corrective reactiomnormalkinematic responsesith normal duration of the swing phase,

and limb positioning required muscle spindle feedback to achieve appropriate performance.
Finally, we have shown that muscle spindé&edback from proximal muscles in the
hindlimb, especially knee muscles, appears to have more influence on precise foot

placement such asquired tovalk onahorizontal ladder.
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3.4.1 Stumbling Corrective Reaction in Mice

We have shown that, in mice, if the swing phase is perturbed by inserting an obstacle in the
pathway of the foot moving from the posterior extreme position to the anterior extreme
position elicits an SCR without affecting the fluency of the locomotion Kirrematics of

the hindlimb during SCR and activation pattern of multiple flexors and extensor muscles
closely resemble the pattern previously described in (@@tford & Smith, 1993;
Forssberg, 1979; Quevedo, Stecina, Gosgnach, et al.,. Z0bknee jait flexed as a
response to the obstacle, whereas the ankle joint initially extend and then flexed, hence the
combination of these movements lifted the foot higher to clear the obstacle. Accordingly,
we detected the activation of flexor muscle as a resgortee obstacle contact during the
swing phaseKRigure 3.2. In previous cat experiments, it has been shown that the elevation
of the foot is mainly achieved through the activation of the flexor muscles oftdistamb

joints leading to increased fleoa (Wand et al., 1980)Our data suggest that SCR
characterized in cats also occurs in mice with striking similarifiggue 3.2. That is,

when the foot encounters an obstacle during swing movement, regardless-pfradrigr
late-swing, the knee joit simply flexeswhile the ankle joint initially extergland later

flexes.

We also recorded that flexor muscleskoke were activated prior ankle flexors and that
the ankle joint described a brief extension after stimulation, wbileonsistent change
activity in the hip flexor musckewas observedVhat is the reason for the shéatency
initial ankle extension prior to ankle flexion? Two explanations for this kinematic behavior

during SCR could be explored. First, it is likely we simply haverecdrded the extensor
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muscle that would underlie the early ankle extension. Multiple muscles extend the ankle
joint, and we only recorded from one head of the gastrocnemius muscle (lateral
gastrocnemius). It is conceivable that other ankle extensors,witBMG electrodes
implanted, such as the medial gastrocnemius, soleus or the plantaris muscles might have
had increased activity assisting the movement. Second, the initial extension of the ankle
joint occurs passively due to ongoing flexion of the himtjahat would push the foot
towards the obstacle causing the ankle joint to extend. Once the foot is cleared, the ankle
would then start flexion due to flexor muscle activity. We do not think the latter is true, as
we observed a similar early extensiontleé ankle joint during nerve stimulation where
there is no actual obstacle to cause a passive ankle extension. Therefore, we believe that
the early ankle extension is an active part of the SCR that is presumably caused by another

ankle extensor muscle negcorded in our experiments.

Furthermore, electrical stimulation of the saphenous nerve, activating cutaneous afferent
neurons that would normally signal tbentact of arobject with the legelicits SCR. Both

SCRs, regardless of whether they wereitelicby mechanical or electrical stimulation,
were similar in kinematic parameters and muscle activation patterns. Moreover, we have
observed that when electrical stimulation of the saphenous nerve occurred during ongoing
stance phase, it did not generatgy kinematic changes or flexor muscle activation as
described in previous studi¢Borssberg, 1979; Forssberg et al., 1975, 1977; Mayer &
Akay, 2018) Our data provide a detailed description of the SCR in mice andenghuzial

for future attempts to address neuronal control mechanisms of SCR by combining this

method with mouse genetics.
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3.4.2 Cutaneous Afferent Signaling is Sufficient to Elicit SCR

Mechanical stimulation leaves open the question of whether a fuact8®R can be
elicited by only cutaneous afferent signals, as suggested from experiments in cats
(Forssberg, 1979). Alternatively, proprioceptive feedback that signals changes in the
natural angular joint movement due to obstacle coriddcVea & Pearson, 2006ould

also contribute to the initiation of the SCR.

To differentiate between these two possibilities, we recorded the SCRehitit
cutaneous afferent activation by electrical stimulation of the saphenous nerve that would
mimic obstacle contact. Here, as there is no actual physical object preventing leg
movement, the proprioceptive component of obstacle detection was elimiflageefore,

we could conclude that a response can be initiated by cutaneous afferent signaling only.
Indeed, electrical stimulation of the SPN, activating only cutaneous afferents, is sufficient
to generate an SCR very similar to the SCR initiated by cootaice foot with an obstacle
during swing phaseF{gure 3.3. These data provide evidence that cutaneous afferent

signals are sufficient to initiate SCR.

The only major difference between mechanically and electrically evoked SCRs was found
at the end othe swing phase. When mechanical stimulation occurred at the end of swing
phase, kinematic changes were triggered to overcome the obstacle. In contrast, the electrical
stimulation of the SPN at the end of swing did not elicit SCR. Our current data cannot

elucidate this discrepancy. However, one possible explanation is that proprioceptive
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feedback, although not necessary to elicit SCR in earlyid-swing phase might have a

more important role at the end of swing phase.

3.4.3 Muscle Spindle Feedback Stan dardize SCR

Our results suggest that cutaneous feedback is sufficient to elicit SCR, however muscle
spindle feedback is required for the accurate execution of the SCR. In the absence of muscle
spindles inEg3’” mice, we could clearly see SCR being elicited when cutaneous afferents
were stimulated, but the regularity of the movement was compronkiggpdéd 3.4. In wild

type mice, the swing duration and swing amplitude during SCR are madtaithin the

same peameters ofiormal unperturbed steps. In contrastEgr3’ mice, the duration of

the swing phase, swing amplitude and regularity of the movewengnot as consistent

as in the wild type micdt has been shown that sensory feedback is important tdateg

the motor outpu{Akay et al., 2014; Pearson, 2004; Rossiget al., 2006) The data
presented here suggest that after an SCR event, the group la/ll feedbawkeapitate the
temporal and spatial propertiesresponse after perturbatiohthe swing phasédowever,

the dataareinconclusive regarding thmle of GTO feedback in the SCR. Future studies
may clarify how feedback through group Ib afferents are integrated with the rhythm

generating circuits that control SCR.
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3.4.4 Targeted Responses and Skilled Locomotor Behavior Rely on

Muscle Spindle Feedback

Previous work by Akay et al. 2014 showed that reaching the rungs of a horizontal ladder
with precision worsens without muscle spindle feedback, however, campromised
precision has not been investigated during normal walking. We stiugbtiress whether

foot placement at the endtbieswing phase during normal walking is a targeted movement
and whether proprioceptive feedback from muscle spindles is necessary to such

mechanism.

We have showithat the swing movement of the hindlinsba targeted movement in which

the foot is placed in a specific location related to the forelimb, and the determination of the
target as wellsthe precision of this movement requires proprioceptive feedback. The
targeting mechanism that is guided by there anterior leg has been previously shown in
walking insectgCruse, 1979; Dean & Wendler, 198B) our study, en the swing phase

was disrupted causing an SGRId type animals withintactproprioceptive feedbackere

able to place their foot precisely to the AEPdasing normal locomotionHowever,
without proprioceptive feedbackhe AEP became more variable during normal walking

and degraded even more after an SCR eagti(es 3.5 and 3)6

Next, we wantedo know whether muscle spindle feedback from a specific yoaigsinore
important than the other joints in precise foot placementr&uitsmplied that removing
muscle spindle feedback from only the knee joint caused sufficient deterioration ofe@ccurat
foot placement on the horizontal laddgthoughatendencyfor deterioation was observed

by removing muscle spindle feedback from hipscles as welFinally removing muscle
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spindles from the ankle joint did notus® changes on precise foot placem&herefore,
our data suggest that muscle spindle feedback from knee joint has a more prominent role

in precise foot placement.

We have mainly focused on sensory feedback from the medsutedHowever, further
consideration has to be given to the spinterneurons that are involved in left and right
coordination(Lanuza et al 2006; Talpalar et al 2013; Kiehn 2016; Zhang et al.,.2008)
Becauseour experiments with the AAV9/DTXonly removed muscle spindle feedback
from one hindlimb, it is conceivable that sensory information from the contralateral
hindlimb could also function to guide tHenb movement. Our data do not provide any
information regarding the influence of sensory feedback from the contralatdraland
future studies focursg in cross reflexes with micf aflamme & Akay, 2018)may shed

light on this issue.
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CHAPTER 4 ROLE OF MU SCLE SPINDLE FEEDBAC KN
REGULATING MUSCLE AC  TIVITY STRENGTH

Chapter copyrighted by American Physiological Society and published iotheal of
Neurophysiology,reproduced with perission.

Mayer, W. P., Murray, A. J., Brenndforton, S., Jessell, T. M., Tourtellotte, W. G., &
Akay, T. (2018). Role of muscle spindle feedback in regulating muscle activity strength
during walking at different speed in mideurnal of Neurophysiology2Q(5), 2484 2497.
https://doi.org/10.1152/jn.00250.2018

4.1 | NTRODUCTION

In terrestrial legged animals, the stereotyped and rhythmix movements (step cycle)
during locomotion can be divided into two phases, the swing and the stance. The swing
phase starts with lifting the foot off the ground and moving it toward the direction of the
locomotion in the air and ends with placing the foatkbon the ground. Once the foot is
placed on the ground, the stance phase starts, in which the foot stays stationary while the
body moves in the direction of locomotion. Thus the limb carries the body weight and
provides propulsion. In mammals, thimb movement is mainly achieved by the precisely
patterned contraction pattern of multiple extensor and flexor muscles that move the hip,
knee, and ankle joints (Akay, Tourtellotte, Arber, & Jessell, 2014; Engberg & Lundberg,
1969; Grillner, 2011; Rossignol,021). In a simplified version, extensor muscles are
mostly activated during stance and flexor muscles during the swing phase. This coordinated
action of muscles is in turn controlléy the patterned activity of pools of motoneurons
(locomotor pattern) ithe spinal cord. This locomotor pattern is known to be the result of
the integrated function of a network of interconnected interneurons in the spinal cord

(central pattern generator, CPG) and the sensory feedback from cutaneous and
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proprioceptive systems the peripherfMcCrea, 2001; Peson, 2004; Rossignol, Dubuc

& Gossard, 2006)

Animals can move around their environment at different speeds to fulfill diverse purposes
such as hunting, escape, migration, or foraging. When the locomotor speed is increased,
the step cycle duration decreases. This is caused by a decrease in thehsteedeiration,
whereas the swing phase duration stays relatively constant (Grillner, 2011). Furthermore,
electromyogram (EMG) activity recordings from flexor and extensor muscles during
different speeds revealed that with increasing speed, the EMG yadaifvihainly the
extensor muscles increases accordin{fjerotti, Roy, Gregor, & Edgton, 1989;
Prilutsky, Herzog, & Allinger, 1994; Roy, Hutchison, Pierotti, Hodgson, & Edgerton, 1991,
Walmsley, Hodgson, & Burke, 1978)owever, the circuits that give rise to this speed
dependent regulation of extensor activity are not understooel.pOssibility is that the

speeddependent amplitude regulation is controlled by proprioceptive sensory feedback.

Experiments with walking cats and humans suggest that proprioceptive sensory feedback
regulates the activity strength of extensor musclemgduwtance phag@®onelan, McVea,

& Pearson, 2009; Donelan & Pearson, 2004a; Donelan & Pearson, 2004b; @isgnNi
Mazzaro, & Sinkjaer, 2007; Sinkjaer, Andersen, Ladouceur, Christensen, & Nielsen, 2000)
Experiments with humans suggest that extensor activity strength during walking is
regulated by proprioceptive sensory feedback from the Golgi tendon d@ay and

from the muscle spindle@f Klint, Mazzaro, Nielsen, Sinkjaer, & Grey, 2010; Grey,
Mazzaro, Nielsen, & Sinkjeer, 2004; Grey et al., 2007; Mazzaro, GreynigasS, 2005;

Sinkjaer et al., 2000; Yang, Stein, & James, 19%i)contrast, experiments with cats
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suggest that the extensor activity during stance is regulated by the GTO feedback, but no
evidence has been found regarding the feedback from musoles{Donelan et al.,

2009; Donelan & Pearson, 2004a; Donelan & Pearga®4I®) In this chapter, we present
evidence that proprioceptive sensory feedback from the muscle spindles regulates the EMG
activity of extensor muscles during stance and that this regulation is necessary for

locomotion at higher speeds.

To address theole of proprioceptive sensory feedback from muscle spindles in the
regulation of activity strength of extensor muscle during walking at different speeds, we
recorded EMG activities of multiple muscles while mice walked on a treadmill at various
speeds,& previously described (Akay et al .,
sensory feedback from muscle spindles is necessary for extensor muscle EMG activity
upregulation during wal king at di fferent
spindes in speedlependent amplitude modulation, we performed the same experiments
with the Egr3” mice, in which muscle spindles fail to properly develop postnatally

(Oliveira Fernandes & Tourtellotte, 2015; Tourtellotte & Milbrandt, 1998)

Furthermore, we developed a viral and mouse geresissd strategy to acutely eliminated
muscle spindles only from quadriceps femoris (QF; knee extensor musdieseps surae
muscles (TS; ankle extensor muscles). In these experiments, data from the same animal
obtained before and after the removal of the muscle spindles were compared to gain insight
into the role of the muscle spindle feedback from specifisaies in the speedependent

amplitude modulation. Our data suggest that sjspdndent amplitude modulation
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requires proprioceptive sensory feedback from the muscle spindles specifically from the

TS, but not from the QF, muscle groups.

4.2 METHODS

4.2.1 Animals

The experiments were done on adult mice, ages ranging from 60 days to 90 days of either
sex. None of the mice were trained prior to the experiments. All procedures were in
accordance with the Canadian Council on Animal Care and were approvéte by

University Committee on Laboratory Animals at Dalhousie University.

4.2.2 Removal of Muscle Spindles

We used two methods to remove proprioceptive feedback from the muscle spindles. The
first utilized theEgr3 knockout mice Egr3”) in which allmuscle spindles are ablated
(Chen, Tourtellotte, & Frank, 2002; Tourtellotte & Milbrandt, 1998). In these mice, the
muscle spindles fail to form properly during development, whereas the proprioceptive
feedback from the GTOs are left intact. The second ededhowed us to acutely eliminate
muscle spindle feedback from a subset of mus€lgsife 4.). For this method, we used a
mouse line that expresses tre-recombinase under the control of the calcioimding

protein parvalbuminKVv) expressioniv::.cre) (Hippenmeyer et al., 2005). To conditionally

and selectively ablate proprioceptors, we generated sasuriated virus (AAV) serotype

9 encoding diphtheria toxin recepimireen fluorescent protein (DF&FP) fusion in a Flex
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switch (AAV9-DTR-GFP) (Azim,Jiang, Alstermark, & Jessell, 2014). When injected into
the muscle oPv::creanimals, the AAV9 infects sensory neurons and expresses@HRR

in PV" proprioceptors.

We injected each one of the QF muscles or the TS muscles whién: itre mice were 7

to 10 days old (Pi7P10). As a control, AAV9 encoding only GFP was injected into the
same muscle groups of the contralatérab. After these AAV9 injectionsPv::cre mice

were kept until adulthood when they underwent EMG implantation. EMG and kinematic
datarecordings were performed before aridl days after intraperitoneal injection of

diphtheria toxin (DTX; 400 ng dissolved in sterile phosphate buffer).
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Figure 4.1 Acute elimination of proprioceptive afferents from selected muscles. Adeno
associated virus (AAV) was used to delivecra conditional (flexed) gene
encoding the receptor for diphtheria toxin (DTX) into specific muscle of a
Pv:.cre mouse, where parvalbumi (Pv) is selectively expressed in
proprioceptive afferents and some interneurofds.Pv::.cre mice were
injected at less than 2 weeks of age, infecting proprioceptive afferents and
motoneurons innervating that muscle. Because motoneurons do not express
Pv, the diphtheria toxin receptor (DTR) gene was only expressed in
proprioceptive afferents. Once the mice were older than 50 days,
electromyogram electrodes were implanted into their muscles and control
recordings were performed. Their locomotor patternne@esrded againia5
days after intraperitoneal (IP) DTX injection. The locomotor patterns
recorded during pre and postDTX sessions were compared. IN,
interneurons; MN, motoneuron®: confocal images of proprioceptive
afferents innervating muscle spindtep) and a Golgi tendon organ (GTO;
bottorm) from a vastus lateralis (VL) muscle. Afferent fibers were labeled with
antibody staining against VGIuT1. Control muscle is from the left hindlimb,
which did not receive an AAV9 injection. Experimental musctashis from
the right hindlimb after AAV9 and DTR injection. Notice that the typical
anulospiral structure is degraded to some punctuated structures in the
experimental limb after DTX injection, but the GTOs appear normal. Scale
bars, 50 um.
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4.2 .3 Electrode Implantation Surgeries

Each wild type,Egr3”, or Pv::cre mouse injected with AAVDTR-GFP received an
electrode implantation surgery as previously descripé&dy et al., 2014; Mayer & Akay,
2018). Briefly, the animals were anesthetized with isoflurane, ophthalmic eye ointment was
applied to the eyes, and tharskf the mice was sterilized with thrgart skin scrub using
Hibitane, alcohol, and povidoriedine. A set of six bipolar EMG electrodes were
implanted in all experimental mi¢gékay et al., 2006; Pearson, Acharya & Fouad, 2005)
as follows: Theneck region and the right hindlimiere shaved. Small incisions were made

to the neck region and in theindlimb above muscles. The electrodes were drawn
subcutaneously from thesok incision to théimb incisions, and the headpiece connector

was stitched to the skin around the neck incision.

The EMG recording electrodes were implanted into hip flexor (iliopsoas, Ip) and extensor
(anterior biceps femoris, BF), knee flexor (semii@osus, St) and extensor (vastus
lateralis, VL), and ankle flexor (tibialis anterior, TA) and extensor (gastrocnemius, Gs).
The incisions were closed, and buprenorphine (0.03 mg/kg) and ketoprofen (5 mg/kg) were
injected subcutaneously as analgesics. itathl buprenorphine injections were
performed at 1:h intervals for 48 h. The anesthetic was discontinued, and mice were placed
in a heated cage for 3 days and then finally returned to their regular mouse rack. Food mash
and hydrogel were provided foreliirst 3 days after the surgery. Handling of the mice was
avoided until they were fully recovered. The first recording session was started no earlier

than 10 days after electrode implantation surgeries.
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4.2 .4 Behavioral Recording Sessions

Following the full recovery from electrode implantation surgeries, the behavioral
recordings were performed as previously descripé&dy et al., 2006; Pearson et al., 2Q05)
Under bref anesthesia with isoflurane, customade coneshaped reflective markersi@

mm in diameter) were attached to the skin at the level of anterior tip of the iliac crest, hip,
knee, ankle, and metatarsal phalangeal joint (MTP) and the tip of the fouttfiaiyi The
anesthesia was discontinued and the mouse placed on the mouse treadmill (model 802;
custom built in the workshop of the Zoological Institute, University of Cologne, Germany).
The electrodes were connected to the amplifier (model 102; cusitirmtibe workshop

of the Zoological Institute, University of Cologne, Germany). We waited at least 5 minutes
before the session started to allow the mouse to fully recover from anesthesia. The mouse
started walking when the treadmill was turned on. Teed of the treadmill was changed,
starting from 0.2 m/s and increasing to 0.6 m/s, a speed at which all wild type mice could
walk. The walking mouse was filmed from the sagittal plane with a-$pgled video
camera (IL3; Fastec Imaging) at 250 framegid, \d@deo files were stored on the computer

for later motion analysis. The EMG data were stored separately on the computer by using
the Digitizer (Power 1401, Cambridge Electronic Design, Cambridge, UK) combined with
Spike2 software (version 8; Cambridgeé&tonic Design). Only walking sequences where

the mouse would walk stationary without drifting forward or backward, indicating equal
walking speed and treadmill speed were considered for data analysis. These recordings

were performed once with each wilghe andEgr3’ mouse.
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In most of the experiments with tiR::cre mice that received AAV9 injection, three sets

of recordings on different days were performed before the DTX injection, and three sets of
recordings were performed after DTX injection. Theee recordings before and after DTX
injections were used to ensure stable EMG recordings over multiple days. Because Pv is
also expressed in some extrafusal muscle fifleéetio & Heizmann, 1982and AAV9 is

known to also infect extrafusal muscle fibg¢katwal et al., 2013)we did histological
assessments to show that in our experiments, DTX injection did not affect extrafusal muscle

fibers Figure 4.2see discussion).
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Figure 4.2 No sign of muscle fiber degeneratiorfm::cre mice previously injected with

A

adeneassociated virus serotype 9 (AAV9) to deliver gene encoding
diphtheria toxin receptor (DTR) after diphtheria toxin (DTX) injectidn.
fluorescence microscope images ofrasssection through a gastrocnemius
(Gs) muscle previously injected with AAV9 to deliieiTR-GFP gene and
after DTX injection. Parvalbumin (Ps¥@xpressing fibers (redeft) have a
very healthy appearance in toluidine blue (TB) stainmght). Occasionk
fibers with centralized nuclei were observed in eifPeér (white arrow) and

Pv (blue arrows) muscle fibers, indicating that this feature was independent
of DTX effect. B: fluorescence images of muscle previously injected with
AAV9 to deliverDTR-GFP gene and after DTX injection. The fibers that are
expressing GFP afV' fibers that were infected with AAV9 (asteriskestt).

The same fiber successfully infected with AAV9 and expressing the delivered
DTR-GFP gene shows no sign of any degeneration (a$tenight). Scale
bars, 50 pm.

Parvalbumin TB
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4.2 .5 Immunohisto  chemistry

After each experiment where muscle spindle afferents were removed acutely by AAV9 and
DTX injections inPv::cre mice, the efficiency of muscle spindle removal was assessed
with Immunohistology After the last recording sessions following DTX injection, enic
were euthanized with an intraperitoneal injection of pentobarbital sodium (40 mg/kg). After
thoracotomy, the animals were perfused with 20 ml of saline solution followed by 10 ml of
4% paraformaldehyde (PFA) through the left cardiac ventricle. The @®edvL were
dissected and then cryoprotected by immersion in 30% suPB®Sesolution overnight at

4°C. The following day, the muscles were embedded in optimal cutting temperature

compound (OCT) mounting medium, flaBlbzen on dry ice, and stored-80°C.

Muscle tissue was sectioned longitudinally at 80um by using a cryostat (Leica CM3050 S),
and the sections were placed on microscope slides. For immunofluorescence staining, the
sections were washed in PBS to remove the OCT, incubated in blockingrsgRBS1%
BSA-0.3% Triton) for 1 h, and later incubated overnight with primary rabbit antibody
against vesicular glutamate transporter 1 {&@&iuT1, 1:8,000)(de Nooij et al., 2015)

The next day, tissues received multiple washes in blocking solution and were incubated
overnight at room temperature with secondary antibody (goatabiiit conjugated to

Alexa Fluor 488,1:500; Life Technologies) in the blocking solution. The sections were
washed with blocking solution, followed by a wash with PBS to remove the BSA. Finally,
the microscope slides with the #eas were coverslip using mounting medium

(Permafluor).
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4.2 .6 Da ta Analysis

The kinematic parameters of walking were obtained from the video files using eustom
made software written by Dr. Nicolas Stifani with ImageJ (KinemaJ) and R (KinemaR)
(Bui, Stifani, Akay, & Brownstone, 2016; Fiander, Stifani, Nichols, AkayRé&bertson,
2017). The coordinates and the angular joint movements were then imported into the
Spike2 files containing the EMG data by using a custaitien Spike2 script to analyze

the kinematic and EMG data. All plots were created with Excel 2016 seftamad
statistical analysis with the data analysis package for Excel (statistiXL; version 1.8).
St u d etest was used to compare data between wild typegr@!” mice and for the
walking at 0.2 and 0.4 m/s in wild type mice. Moreoveriest for paied data was used to
compare data before and after DTX injectiorPwi:cre mice injected with AAV9. The

changes were considered statistically significaRt< 0.05.

4.3 RESULTS

4.3.1 Speed Dependent Amplitude Modulation in Wild Type Mice

To provide irsights into the mechanisms of amplitude modulation, we first examined the
muscle EMG activities of different muscles in wild type mice. None of the seven recorded
wild type mice had any difficulty walking on the treadmill at speeds up to O.6Fglsré

4.3). In Figure 4.3A kinematic and EMG recording data during three episodes of walking

at 0.2, 0.4, and 0.6 m/s speed are illustrated including three, five, and seven swing phases

(shaded backgrounds), respectively. As the walking speed increased, tluirsisgm
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decreasedHgure 4.8). The decrease in the step duration was largely the result of a
decrease in the stance phase and, to a lesser extent, a change in the swing Eigraton (
4.3B). Note also that the EMG activity recorded from the BF (hifemsor), VL (knee

extensor), and the Gs (ankle extensor) increased with increased walking speed.
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Figure 43 Locomotor pattern during walking at different speeds in wild type mice. All
wild type mice ( = 7) were able to walk on the treadmill up to the 0.6 m/s
speed A: angular movement of hip, knee, and ankle joints, toe coordinates
represented as toe height and horizontal toe position relative to hip position
(rel. tog; dashed horizontal linegnd electromyogram activities of the 6
recorded flexor and extensor muscles at 3 different speeds are shown. Shaded
background indicates swing phase. Ip, iliopsoas; BF, anterior biceps femoris;
St, semitendinosus; VL, vastus lateralis; TA, tibialis aoteriGs,
gastrocnemiudB: bar graphs illustrating means and SD of step cycle period,
swing duration, and stance duration at 3 different walking speeds. Notice that
all parameters decrease with the increasing walking speed, with a stronger
effect in cycle priod and stance duration than in swing phase.
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The increase in the extensor muscle activity was also shown in pooled average traces of the
rectified EMG traces from all muscle Figure 4.4 showing minor increase in the flexor
muscles left traces) but major upregulation in the extensor muscigist traces). These

data suggest that during walking, the EMG activity of the extensor muscles are upregulated

in a speedlependent manner.
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Figure 44 Electromyogram (EMG) activity in hindlimb muscles increasesigher
walking speeds. Average EMG activities (rectified and smoothed) from all
flexor (left) and extensormright) muscles at different speeds (black, 0.2 m/s;
yellow, 0.4 m/s; blue, 0.6 m/s) recorded in this study indicate that the EMG
activity of extensr muscles increases at higher speeds. Durations of stance
and swing are shown by horizontal baisp) indicating averages + SD. Ip,
iliopsoas; BF, anterior biceps femoris; St, semitendinosus; VL, vastus
lateralis; TA, tibialis anterior; Gs, gastrocnemius
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The maximal EMG activities normalized to the EMG amplitude at 0.2 m/s walking speed
in individual animals are plotted against walking speed to more easily visualize the speed
dependent amplitude modulatidaigure 4.5. The EMG amplitude of all extensor muscles
was upregulated depending on the speed of locomotion (Gs and ¥10.05; BF,P <

0.01; after ANOVA). In contrast, the activity amplitude of the other flexor muscles was not
dependent on the walking speed, etctor that of the TA muscleP( < 0.05; after

ANOVA).
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Figure 45 Speeddependent amplitude modulation of extensor electromyogram (EMG)
activities in wild type mice. Maximal EMG activitiegpeakto-peak
amplitude, PTP ampl.) in all recorded flexdef{) and extensorright)
muscles, normalized (norm.) to the maximal activity at 0.2 m/s as a function
of walking speed. Note that activity in extensor muscles increases with
increasing speed, bfilexor muscle activities remain relatively unchanged.
Colors indicate individual animals € 7). Ip, iliopsoas; BF, anterior biceps
femoris; St, semitendinosus; VL, vastus lateralis; TA, tibialis anterior; Gs,

gastrocnemius.
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4.3.2 Speed Dependent A mplitu de Modulation is Compromised in

Egr3 /- Mice

To address the role of proprioceptive sensory feedback from muscle spindles in the speed
dependent modulation of muscle activity, we measured EMG signals Hnodhimb
muscles during walking at different treadmill speedsgr3’ mice. In contrast to wl type

mice, none of the sevebgr3’” mice could walk at speeds higher than 0.4 m/s, and only
five of seven mice could reach the 0.4 m/s speed. The kinematic and EMG recording data
during two episodes of walking at 0.2 and 0.4 m/s speeds, shotigure 4.6A, that
include four and five swing phases (shaded backgrounds), respectively. As in wild type
mice, the step duration decreased as the walking speed increased from 0.2 toFigura/s (
4.6B). Furthermore, in thEgr3” mice, the decrease in the stiyration was the result of

the decreasing stance duration with lesser contribution of a change in the swing duration,
similar to that in wild type animal§igure 4.68. Comparing the duration froBgr3’ mice

and wild type mice revealed that the cycleripds and the swing durations were
significantly shorter irEgr3’ mice than in wild type mice. Stance duration, however, was
not significantly different at 0.2 m/s but was significantly shorter at 0.4 niZgri8’ mice
compared with wild type micé?(< 0.05). One possible explanation for the altered swing
phase with minor change in stance phase is that the lack of muscle spindle feedback may
be compensated by GTO signaling during stance (Akay et al., 2014). These data suggest
that proprioceptive sensofeedback from the muscle spindles is important or regulating
the temporal characteristics bindlimb movement during walking at different speeds.
Further examination of extensor muscle activity revealed that the strength of the EMG
signal of each extens muscle did not change considerably wikgm3’ mice increased

walking speed from 0.2 to 0.4 mfi&igure 4.6A. This missing upregulation of the extensor
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muscles is illustrated ifrigure 4.7 where the pooled averages of the rectified EMG
activities fran flexor (eft) and extensor musclesght) during walking at 0.2 and 0.4 m/s

are shown. Our data, therefore, suggest that in the absence of muscle spindles, mice are
unable to reach walking speeds >0.4 m/s. Furthermore, when they do increase theagr walkin

speed, there is no speddpendent amplitude modulation of extensor muscles.

142



Figure 46 Locomotor pattern during walking at different speed&gn3’ mice. None of
the Egr3’ mice would walk at 0.6 m/s, and only 5 of 7 could walk at 0.4 m/s.
A: hip, knee, and ankle joint movements, along with toe height and horizontal
toe position relativdo hip position (rel. tog dashed horizontal line) and
electromyogram activities of the 6 recorded flexor and extensor muscles at 3
different speeds are shown. Shaded background indicates swing phase. Ip,
iliopsoas; BF, anterior biceps femoris; St, semiinosus; VL, vastus
lateralis; TA, tibialis anterior; Gs, gastrocnemiBsall means and SD of step
cycle period, swing duration, and stance duration at 3 different walking speeds
in the Egr3’ mice were smaller than the same parameters in wild type. mi
*P <0.05;*P <0.01;*™P<0. 001, ns, not sitgni fi c:e
test to detect statistical significance in differences between these parameters
with the wild type parameters shown in Figure 4.2).
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Figure 4.7 Electromyogram (EMG) activity in extensor muscles does not increase as the
walking speed increases from 0.2 to 0.4 m/Egn3" mice. Average EMG
activities (rectified and smoothed) from all flexdeff) and extensorright)
muscles recorded at different speeds (black, 0.2 m/s; yellow, 0.4 m/s) indicate
that the EMG activity of extensor muscles increases at higher speeds.
Durations of stance and swing are shown by horizontal bassigdicating
averages = SD. Ip, iliopsgaBF, anterior biceps femoris; St, semitendinosus;
VL, vastus lateralis; TA, tibialis anterior; Gs, gastrocnemius.
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Comparison of maximal EMG activities in wild type mice &wt3’ mice during walking

at 0.2 and 0.4 m/s revealed that the amplitudelutaion in hip extensor muscle was
reduced Figure 4.8. When the overall increases in the amplitudes at 0.4 m/s were
compared betwedagr3’-and wild type mice, only the amplitude modulation in BF activity
was significantly different. When wild type neievalked at 0.4 m/s, the BF EMG amplitude
increased, on average, 260 + 88% (SDE3’ mice, the EMG amplitude increase was
142 + 42%, which was statistically smaller£0 . 04 5, t(SdstiFigueedtd.orsere

were no significant differences VL (wild type: 138 + 29%fFgr3’:168 + 73%P = 0.43)

or Gs (wild type: 170 + 44%E=gr3’: 131 + 68%;P = 0.34). We could not detect any
significant change in EMG amplitudes at 0.4 m/s in wild typd&gs3’”- mice in any of the
recorded flexor muscles (Ip:=0.24; StP = 0.13; TA:P = 0.44). These data suggest that

in the five of severEgr3’ mice that ould walk at 0.4 m/s, the increase in extensor EMG
activity was compromised but strong and consistent enough to be statistically significant
only in the hip extensor muscle. Our data suggest that the-dppeddent increase of the

hip extensor EMG actiwt requires proprioceptive sensory feedback from the muscle
spindles. In the absence of feedback from muscle spindles, the hip extensor amplitude

modulation is compromised, preventing the animal from reaching higher walking speeds.
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Figure 4.8 Speeddependent amplitude modulation of extensor electromyography
(EMG) activities is compromised iBgr3’- mice. Maximal EMG activities
(peakto-peak amplitude, PTP ampl.) in all recorded flexeft( and extensor

(right) muscles, armalized (norm.) to the maximal activity at 0.2 m/s at 0.2
and 0.4 m/s walking speeds in individual (cetoded)Egr3’” mice ( = 7).
represents

Each

only in biceps femoris (BF) muscle was threpditude modulation at 0.4 m/s
sufficiently weaker inEgr3” mice compared with wild type mice to reach
statistical significance @ < 0.05). Ip, iliopsoas; St, semitendinosus; VL,

col or

dat a

vastus lateralis; TA, tibialis anterior; Gs, gastrocnemius.
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4.3.3 Mus cle Spindle Feedback Specifically from The TS Muscle Group Is

Particularly Important in Speed Dependent Amplitude Modulation

How is the information from the muscle spindle processed by the central nervous system
to achieve thespeeddependent amplitude modulation of the extensor muscle activities?
We reasoned that one possibility might be that information signaling individual joint
proprioception could affect the amplitude modulation of the extensor muscles of the same
joints (local processing). Alternatively, the information from muscle spindles of multiple
joints could be collectively processed in the central nervous system to regulate all or a larger
group of the extensor muscles (global processing). To differentiate betiesan tivo
possibilities, we selectively removed feedback from either the ankle extensor TS muscles
(including Gs muscles) or the knee extensor QF muscles (including VL muscle) and

measured the amplitude modulation as described above.

If the information from the muscle spindles is processed locally, elimination of the muscle
spindles only from the TS muscles should selectively affect spegeihndent amplitude
modulation only in Gs muscle, which is one of the three TS muscles. To ¢msuvéth

this method we were effectively removing muscle spindle innervation, we counted all the
afferent endings at the muscle spindles in the Gs muscle of théimbrdnd the leftimb
(Figure 4.9A. The leftlimb received AAV9 injections that onlyxpress GFP and did not
envelop the gene that encodes the DTR (cohitrdd), and therefore no ablation of nerve
endings after the DTX infection. The riglimnb was injected with AAV9 enveloping the
gene that encodes the DTR (experimelintab), which wouldaffect the nerve endings after

the DTX infection. After the final podDTX recording session was performed, we counted

the VGIuT2positive afferent endings at muscle spindles and the GTOs in the left (control)
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and right (experimental)mbs. The results igggested that, on average, 55 + 23% of the
muscle spindle afferents in the Gs muscle were eliminated after DTX injection, whereas

GTOs were not affecte@rigure 4.9A).

The averaged EMG traces from all recorded muscles before and after DTX injection to
acue elimination of proprioceptive feedback from muscle spindles from only the TS
muscles are illustrated FFigure 4.9B Note that in all muscles and at all speeds;[prX

and postDTX EMG traces overlapped, except for the Gs and, to a lesser extent, the V
and TA muscles. These three muscles showed reduced activity already at 0.2 m/s speed,
and the difference increased with increasing locomotor speed in Gs and VL, whereas the
difference diminished in TA at 0.6 m/s. These observations were consistent Mt&n E
traces from individual animals were investigated. That is, in seven of nine Gs recordings
and in five of nine TA recordings, the speggpendent amplitude modulation was absent.
Moreover, in VL muscle the amplitude modulation was present but less gmnmrthree

of four recordings and absent in the one remaining recording. Our data suggest that acute
elimination of muscle spindles from only TS muscles reduced amplitude modulation in two
distal extensor muscles, the VL and Gs, and partly in one afisked flexor muscles, the

TA.
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Figure 49 Acute elimination of the muscle spindle afferents only from triceps surae (TS)
muscle group affects speeépendent amplitude modulation in distal
extensor muscleé\: grapls show that, on average, 55 + 23% (mean + SD) of
afferent endings at muscle spindles (Grlakft) were degenerated in the
gastrocnemius (Gs) muscle P*< 0.01 after paired-test), whereas no
difference (ns) was found in the number of afferents to iGefglon organs
(Grlb; right). Comparisons were made between the right limbs (control) and
the left limbs (experimentalB: average electromyogram (EMG) activities
(rectified and smoothed) from all recorded muscles at different speeds
recorded before (btk) and after (red) the elimination of muscle spindles in
TS muscle group through diphtheria toxin (DTX) injection. Note that the Gs
EMG traces after removal of muscle spindles (red trace) in TS are much lower
than before removal (black trace) at 0.4 ar@lrfd/s. In vastus lateralis (VL),
there is a milder change that is more obvious only at 0.6 m/s. Durations of
swing and stance are shown by horizontal dag (ndicating averages = SD.

* P < 0.01, **P < 0.001; ns, not significant (after pairdetest). Ip,
iliopsoas; BF, anterior biceps femoris; St, semitendinosus; TA, tibialis
anterior.
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As inFigure 4.5 and 4,8he maximum of rectified EMG activity in each step was averaged
and normalized to the average amplitude of that value at/8.and is plotted as a function

of treadmill speed before and after the DTX injectibiggre 4.10A. The values at each
speed were then compared before and after the DTX injection using a tpisedOnly

the amplitude increase at Gs muscle at 0.6 m/s was significantly compromised after the
removal of muscle spindle feedback from the TS muscles by DTX injecticiD{pxe 229

+ 156%, posDTX: 175 £ 125%,P = 0.018). There was no difference iretamplitude
modulation of all other recorded muscles. Analysis of the cycle period, swing duration, and
stance duration revealed that cycle period and swing duration consistently decreased after
removal of muscle spindle feedback from TS muscles, but elsangtance duration were
limited to 0.2 m/s onlyKigure 4.108. This result suggests that muscle spindle feedback
from the TS muscles mainly regulates the amplitude modulation selectively in the one TS

muscle that was recorded in this experiment: thenGscle.
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Figure 4.10 Decline of speedlependent amplitude modulation is only statistically
significant in gastrocnemius (Gs) muscle after acute removal of muscle
spindle afferents from the triceps surae (TSksobes. A: maximal
electromyogram activities (ped&-peak amplitude, PTP ampl.) in all
recorded flexorléft) and extensorright) muscles, normalized norm.) to the
maximal activity at all 3 walking speeds in individual (cetmded)Pv::cre
mice in whichTS muscle groups were infected with ad@ssociated virus
before and after diphtheria toxin (DTX) injection. Each color represents data
from one animal. Based on the pairetest, the decrease in amplitude
modulation at 0.6 m/s was only statisticallgrsficant (*P < 0.05) for Gs
muscle.B: means and SD of step cycle period, swing duration, and stance
duration at 3 different walking speeds before (black) and after (red) DTX
injection indicate that after DTX injection, cycle period and swing duration
deaeased at all speeds, whereas stance duration only decreased at 0.2 m/s.
*P < 0.01; **P < 0.001; ns, not significant (after pairdgeest). Ip,
iliopsoas; BF, anterior biceps femoris; St, semitendinosus; VL, vastus
lateralis; TA, tibialis anterior.
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To address the question of whether the amplitude modulation was achieved by muscle
spindles only from the TS group, we performed another set of experiments where muscle
spindle afferents only to the QF muscles were removed. As for the Gs muscle presented i
Figure 4.9A we counted the afferent endings at muscle spindles and the GTOs. Similar to
the Gs muscles, we found a 73 + 10% reduction of muscle spindle afferents in the VL

muscles after DTX injection, whereas the GTOs were not affeEtgdré 4.1R).

The average EMG traces from the recorded muscles before and after DTX injection to
remove muscle spindles only from QF muscles are illustrat&igure 4.11B After the
elimination of the proprioceptive sensory feedback from muscle spindles of the QF
muscles, no visual effect could be detected on the sgdepdndent amplitude in any of the
recorded muscles. As for the Gs recordings, these observations were consistent when EMG
traces from individual animals were investigated. That is, the speggehdent mplitude
modulation was present in all recorded extensor muscles. This finding suggests that
proprioceptive sensory feedback from the QF muscle spindles are not used to regulate the

activity strength in any of the recorded muscles.
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Figure 4.11 Acute elimination of the muscle spindle afferents only from the quadriceps
femoris (QF) muscle group does not cause a systematic change in speed
dependent amplitude modulatigk. graphs show that, on average, 73 + 10%
(meanzx SD) of afferent endings at muscle spindles (Grldéft) were
degenerated in the vastus lateralis (VL) muscld®(¥ 0.01 after paired-
test), whereas no differences were found in the afferents to the Golgi tendon
organs (Grlb;right). Comparisons were made between the right limbs
(control) and the left limbs (experimentaB. average electromyogram
(EMG) activities (rectified and smoatt) from all recorded muscles at
different speeds recorded before (black) and after (red) the elimination of
muscle spindles in the QF muscle group through diphtheria toxin injection.
Notice that all black and red EMG traces overlap at all speeds. Dwration
stance and swing are indicated by horizontal bam (ndicating averages *

SD. *P < 0.01; ns, not significant (after pairedest). Ip, iliopsoas; BF,
anterior biceps femoris; St, semitendinosus; TA, tibialis anterior.
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To quantify this observation, we analyzed the maximum EMG activity in all muscles at
different speeds before and after DTX injectiéiig(re 4.12. Note that the changes in
amplitude modulation were not statistically significant in any of the recorded muscles
(Figure 4.12A. Following the removal of muscle spindle feedback from the QF muscles,

a consistent decrease was only detected in cycle period, whereas only a minor change in
swing duration limited to 0.2 m/s was observé&iggre 4.12B. No change could be
detected in stance duration following DTX injectidfigure 4.12B. These data confirm

that muscle spindle feedback from QF muscles is not used in-dppeddent amplitude

regulation.
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Figure 4.12 Decline of speedlependent amplitude modulation is not statistically
significant in any muscle after acute removal of muscle spindle afferents from
the quadriceps femoris (QF) musclés.maximal electromyogram activities
(peak-to-peak amplitude, PTP ampl.) in all recorded flexeft( and extensor
(right) muscles, normalized to the maximal activity at all 3 walking speeds in
individual (colorcoded)Pv::cre mice in which QF muscles were infected
with adeneassociated virusdfore and after diphtheria toxin (DTX) injection.
Based on the pairdetest, amplitude modulation did not change significantly
change after DTX injectiorB: means and SD of step cycle period, swing
duration, and stance duration at 3 different walkingedpdefore (black) and
after (red) DTX injection indicates that after DTX injection, cycle period
decreased at all speeds whereas swing duration only decreased at 0.2 m/s. No
change could be detected in stance duration at any sgeed0:05; **P <
0.01;ns, not significant (after pairaetest). Ip, iliopsoas; BF, anterior biceps
femoris; St, semitendinosus; VL, vastus lateralis; TA, tibialis anterior; Gs,
gastrocnemius.
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4.4 DISCUSSION

Proprioceptive feedback has been knowplety a major role in the regulation of muscle
activity strength during walking in humans and cats. However, the type of proprioceptive
sensory feedback used for this amplitude control is somewhat controversial, and how this
proprioceptive information is pcessed is not known. We have shown that proprioceptive
feedback from muscle spindles is important in regulating muscle activity strength during
locomotion in mice. Furthermore, the amplitude modulation required muscle spindle
feedback to regulate the ers®r activity increase at higher speeds. Finally, we have shown
that muscle spindle feedback from knee extensor muscles did not have an effect on
amplitude modulation, whereas muscle spindle feedback from the ankle was important for

the regulation of actity mainly in ankle extensor muscles.

4.4.1 Speed Dependent Amplitude Modulation of Extensor Muscle

Activity Requires Feedback from Muscle Spindles

Proprioceptive feedback is known to be important for regulating muscle activity strength
during walking(Donelan & Pearson, 2004b; Hiebert & Pearson, 1999; Pearson, 2004)
humans, proprioceptive sensory feedback from the group Ib afferents that innervate GTOs
as well as the afferent fibers that innervate muscle spiatddsoth important for regulating
muscle activity strength during walkir{gf Klint et al., 2010; Grey et al., 2004; Mazzaro

et al., 2005; Sinkjaer et al., 2000; Yang et al., 19Bilgontrast, in a quadrupedal animal,

the cat, group Ib afferent feedback from the GTOs has been shown to be imfoortant
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amplitude modulation(Donelan et al., 2009; Donelan & Pearson, 2004andlan &

Pearson, 2004pbput the contribution from muscle spindles has not been appreciated.

Our data provide evidence that muscle spindle feedback is important for regulating muscle
contraction strength during walking in a quadrupedal animal. Wiidriyge mice walk at
different speeds, increasing activity is observed in extensor mubaesq. 4.35) as has

been described previously in détaya, 2003; Prilutsky et al., 1994; Smith et al., 399
Walmsley et al., 1978 However, in a mutant mouse model in which muscle spindles do
not properly form, théegr3 knockout mice Egr3’), the mice no longer walk at speeds
higher than 0.4 m/s~gure 4.9 and the extensor amplitude modulation is poomised
(Figure 4.79). Furthermore, the swing duration is significantly shorter at the measured
speeds ifEgr3’ mice with minor changes in the stance duration leading to decreased cycle
period Figure 4.68. These data suggest that muscle spindle feedback is necessary for both

the increased speed of walking and the sgkgmendent amplitude modulation.

Because thEgr3’ mice could not walk at 0.6 m/s, we measured muscle activity at different
walking speds in another model, where muscle spindles were removed only from a subset
of muscles in an acute way, which resulted in a milder phenotype. Using this method that
combinesPv:.cre mice and gene delivery with AAV9 and later DTX injection, we could
succeshully acutely eliminate muscle spindle afferents only in a subset of muscles while
leaving the GTO afferents intad¢tigure 4.10. This is an interesting observation given that

the group Ib proprioceptive afferent fibers from the GTOs have also been ghexpress

Pv (de Nooij et al., 2015). Why then did we not observe significantly lower number of

GTOs after DTX injection, even though the number of MS afferents was consistently
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decreased? One possible explanation is that the AAV9 was injected approximéte

center of the belly of the muscles. This could possibly avoid the infection of the group Ib
afferents because the GTOs are typically located at the myotendinous junctions, farther
away from the injection site. Nevertheless, regardless of tharetpn as to why GTOs

were not eliminated by the AAV9/DTX method, our data clearly suggest the number of

GTOs after DTX injection remained unaffected.

Using the AAV9/DTX method to acutely eliminate MS feedback, we have shown that acute
elimination of musle spindle feedback from only a subset of muscles does not affect the
animal s6 ability to walk at higher speed
extensor muscleg~{gure 4.9 and 4.)0 Our data provide evidence that proprioceptive
feedback fom the muscle spindles is important for the regulation of muscle activity
strength during walking. Previous studies with humans (Sinkjaer et al., 2000) concluded
that afferent feedback from the group Il afferents from the muscle spindles and group Ib
afferents from the GTOs are important for the regulation of muscle activity strength during
walking. Our results provide evidence that muscle spindle feedbgmndent amplitude

modulation is necessary for the animals to walk at higher speeds.

One concern w#h the elimination of muscle spindle afferents with AAV9 injection into
Pv::cre mice is the possibility of DTX also killing extrafusal muscle fiber that also
expressed’v (Celio & Heizmann, 1982). It is known that AAV9 can infect extrafusal
muscle fibers(Katwal et al., 2013). Therefore, it is conceivable to expect that in our
experiments, DTX injections would have killBd-expressing muscle fibers that could also

compromise amplitude modulation measured in this study. To exclude this possibility, we
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performed histological assessment to provide proof that extrafusal muscle fibers were not
affected Figure 4.2. We have shown th&v-expressing extrafusal muscle fibers do not
present any sign of damage. Therefore, we are confident that the effect meagheed i
AAV9/DTX experiments is due to elimination of proprioceptive feedback from the muscle

spindles.

Could the reduced activity modulation at higher speeds be an indirect effect produced by
inability to achieve the faster speeds because of the ataxi@aysly observed ifEgr3”

mice (Akay et al., 2014; Takeoka, Vollenweider, Courtine, & Arb&14) rather than a

direct influence of spindle feedback on muscle activity? Our data suggest that compromised
amplitude modulation in the absence of muscle spindle feedback is due to the elimination
of direct influence of spindle feedback on musclevagtiOur observation is that amplitude
modulation is compromised when muscle spindles are degenerated in only a small group
of muscles with the AAV9/DTX approach. None of these animals showed any sign of
ataxia or had any difficulty walking on the treadirat higher speeds. The only change we
could detect after DTX injection was that the spdepgendent amplitude modulation,
mostly in the Gs muscle after muscle spindle feedback from the TS, was significantly

attenuated.

4.4.2 Sensory Feedback from Muscle Spindles of Only TS Muscles

Regulate the Strength of Distal Extensor Muscle Activity

The results from the experiments in which muscle spindles were removed acutely and
selectively from the TS or the QF muscle groups strongly suggest that proprioceptive

feedback from only TS muscles is necessary for sgepdndent amplitude modulation.
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Speeddependent amplitude modulation of extensor muscle activity was described in the
past in rat(Hutchison et al., 1989; Roy et al., 19%td catKaya, 2003; Prilutsky et al.,

1994; Smithet al., 1993; Walmsley et al., 19#8pdel systems, but the mechanism for this
modulation was not understood. We have presented evidence that proprioceptive sensory
feedback from muscle spindles in the ankle extensors, the TS muscle group, is necessary
for the speedlependent amplitude modulation of distal extensor muscles. Interestingly, our
data also suggest that the muscle spindles of the QF group, the knee extensor muscles, are
not necessary for the speddpendent amplitude modulation. These datajever, do not
suggest that this is the exclusive picture of amplitude control. Muscle spindles from other
muscles that were not infected with AAV9 in this project could have additional function,
and also, QF muscle spindles might have influence on athecles not recorded in this
study. Nevertheless, the data presented suggest distinctive roles of muscle spindles in
specific muscles such that TS, but not QF, controls the amplitude modulation in muscles
recorded. This finding is in accordance with thevous finding that activation of muscle
afferents from the ankle extensor muscles, but not from the knee extensor muscles, strongly
enhances ipsilateral extensor activity during fictive locomotion elicited by electrical
stimulation of the mesencephalacbmotor region (MLR) in decerebrated c@isiertin et

al., 1995; McCrea, 2001Pur dah provide evidence that proprioceptive muscle spindle
feedback, selectively from the ankle extensor muscles, regulates thedspeadent

amplitude modulation of the distal extensor muscle during walking.

In addition, when the muscle spindles were reeabivom the TS, the changes in the swing
and stance durations and the cycle period during walking at different speeds mimicked the

results observed iEgr3” mice Figure 4.6B. That is, the swing durations significantly
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decreased following muscle spindémoval from the TS with s significant decrease in the
stance duration only at 0.2 m/s, leading to a significant decrease in the cycle piguoel (
4.10B). Interestingly, the reduction of the muscle spindle afferents from the QF resulted in
a much milde effect on swing duration and the cycle period and no effect on the stance
duration Figure 4.12B. This suggests that muscle spindles from the TS have a more
prominent effect on step duration parameters than the muscle spindles from the QF

muscles.

Why are the changes in amplitude modulation statistically significant only in BF when alll
muscle spindles are removed systemically &gir8’- mice, but not different when muscle
spindles are removed acutely only from a subset of muscles? There couldtipée mul
reasons for this observation. First, when muscle spindles improperly form during
developmentOliveira Fernandes & Tourtellotte, 2015; Tourtellotte & Milbrandt, 1998;
Tourtellotte, KellerPeck, Milbrandt, & Kucera, 200l)there may be resultant
compensatory changes in BF. Therefore, the acute elimination of muscle spindle feedback
from asubset of muscles would have no effect on BF. Second, BF modulation might be
controlled by muscle spindle feedback from different muscles that did not receive AAV9
injection in these studies. Third, all extensor muscles could contribute to the speed
depenént modulation of BF activity, and therefore elimination of feedback from only a
small number of muscles does not cause a detectable effect. Our current data do not clearly

differentiate between these possibilities.
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4.4.3 Negative Feedback from Muscle Sp indles Controls Amplitude
Modulation

Previous studies suggest that positive force feedback signals from the group Ib afferents
from the GTOs are the major source of amplitude regulation during walRimgsens,
Clarac, & Cruse, 2000; Gossard, Brownstone, Barajon, & Hultborn, 1994; McCrea,
Shefchyk, Stephens, & Pearson, 1995; Pearson & Collins, .1803&jldition,cutaneous
afferents have also been shown to be important for the regulation of extensor muscle
activity (Duysens & Stein, 1978; Duysens, van Wezel, Prokop, & Berger, 1996)
contrast, how feedback from the muscle spindles migftribute to amplitude modulation

has been unclear.

It has been shown that muscle spindle muscle afferents (group la and Il) from the triceps
surae muscles and from vasti muscles (only known for group la; group Il not known) are
active during the earlyast of stancgProchazka & Gorassini, 1998; Prochazka, Trend,
Hulliger, & Vincent, 1989)when ankle and knee joints flex. In addition, there is an
excitatory influence from the muscle spindle afferents from the @S/armuscle groups

on the extensor muscléSuertin et al., 1995; McCrea et al., 1996}licating the existence

of a negative feedback pathway (Pearson, 2004). Our data provide functional evidence of

this negative angular displacement feedback during walking behavior.
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4.4 .4 Role of Muscle Spindle Feedback During Walking

Locomotion is controlled by a network of interconnected spinal premotor interneurons and
sensory feedback from the periphé®McCrea, 2001; McCrea & Rybak, 2008; Pearson,
2004; Rossignadt al., 2006)Previous data and our present data suggest that proprioceptive
sensory feedback from the muscle spindles fromalimb muscle regulates three aspects

of a step cycle.

First, it has an important role in the phase transitions. Thatusg¢lm spindle feedback
signalinglimb extension at the end of stance phase is an important signal to initiate swing
phase (Grillner & Rossignol, 1978; Hiebert, Whelan, Prochazka, & Pearson, 1996).
Second, muscle spindle feedback is important in the régulat the precise timing of the
activity offset of flexor muscles and therefore important for the precise foot placement at
the end of swing phase (Akay et al., 2014). Third, muscle spindle feedback from ankle
extensors is important for the regulatiomuaiscle activity strength during stance phase, as

our current data suggest. It is well established that ankle joint exerts a brief flexion
movement at the beginning of the stance phase that causes the ankle extensor muscles to
stretch, activating the stréksensitive muscle spindles (Engberg & Lundberg, 1969). It has
also been shown that the speed of this yield and the ankle muscle stretch increase with the
walking speed (Prilutsky et al., 1994), which would result in higher muscle spindle
signaling. The hgher muscle spindle signaling would then, in turn, provide stronger
excitatory drive to the distal extensor motoneurons to accommodate thedepesdient

amplitude modulation of muscle activity.
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CHAPTER 5 CONCLUSION S

5.1 SUMMARY O F RESULTS

We studiel various aspects of locomotion in different mutawtusemodels. The lineages
used in this thesis were either genetically modified or had their proprioceptive system
manipulated with the aderassociated virus technology. Such an approach enabled us to

recreate the following conditions regarding the proprioceptive feedback:

1- Total absence of proprioceptive feedback from groupldaand Il afferents,
consequently no input from muscle spindles and GTOs, as studied in the

Pv::cre;lsl2::DTA mouse ling Pkill mice.

Here the animals in which proprioceptive feedback was completely abolished were not
able to perform functional walking or swimmitagks This was mainly due to the ability

to generate an alternated patteractivation in flexor and extensor muscles. We provided
evidence that the onsedf activity of different flexor muscles occurred simultaneously
during walking or swimming, and the extensor aagegitoccurredt different stages of the
step cycle among ifddual animals especially during walking. Thomsiscleactivationin
coordinated and patterned fashion recuipeoprioceptive feedback from both, muscle

spindles and GTOs.
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The total lack of sensory feedback from groughband Il afferents severelypmpromised
the hindlimb movementduring locomotion Especially,the most distal joints (knee and
ankle) exhibited inconstent kinematics recordings while the hip joishowedless
disorganized trace$he precision in which théindlimblanded on the growd at theAEP
wasalsocompromised. Our results indicate that thevement of the hind leg is severely

disorganizedn the absence of proprioceptive feedback from muscle spindles and GTOs.

2- Systemic elimination of proprioceptive feedback from muscle spindh the

Egr3” mice.

The removal of proprioceptive feedback from muscle spirghesvedchanges mostly on
the swing phase during walking. Tlaerationof the swing phasevas shorter without
muscle spindldeedback. Joint anglesplayedoverflexion, especially in the knee and
anklejoints, causinga characteristic hightepping behavior. Tlse changes iangularjoint
movementswere the outcomeof altered activationpatterns of flexor muscles. This

obsevation indicatehatgroup lall afferentsselectively regulate the swing phase

Hindlimb foot placement after the swing phase relied on feedback from grdlip la
afferents.The deprivation of muscle spindle proprioceptive feedback not only reduced the
accuracy in foot placement during normal gait and skilled walking also when the

ongoing swing movement was disruptadisinga stuniling corrective reaction (SCR)

The capability to adjust the locomotautputto achievehe demands dasterlocomotion

speedsvas severely compromisad mice lackingproprioceptive feedback from muscle
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spindlesWithoutfeedback from muscle spind|eke amplitude modulation theextensor
muscles necessary to reach higher spaedscompromisedndmicewereunable to walk

at fasterspeed.

3- Attenuation & proprioceptive feedback from muscle spindles in a specific group of
muscles by using mouse geneties:(cre mice) and AAVR virustechnologyatpre-

determined sites.

The manipulation of musclgpindle feedback of a single joint, either ,Hpee or ankle,

did not trigger changes in the overall locomotor pattern of the hindlindlikely that the
spinal CPG reéd on feedback from multiple joints and sourcegémeratea functional
locomota pattern.However, our data suggesithat muscle spindles from singleankle
joint playedan important rolen controlling the whole cycle period and swing duration of
the gait These findingssuggestd that muscle spindles from the ankled a greater
influenceon the temporal parameters of thiep than the muscle spindles from the hip or
knee joint musclesConcerning localized processing of proprioceptive information, our
results indicate that musclespindle feedback froknee extensor muscles dat influence

theamplitudemodulationrequired to wallat faster speeds

52 ROLE OF PROPRIOCEPTIVE FEEDBACK IN LOCOMOTOR
PATTERN GENERATION

It is generally accepted that motor programs controlling locomotion emerge from an

interneuronal spinal network that function as central pattern generators (BR@n,
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1911; J. C. Eccles et al., 1957; Grillner & Zangger, 1979; Kiehn, 2608yever,since

the early 80s two mia schoolshave beenpropose that the proprioceptive system
influences the motor output of CPGs in different man(iaradberg, 1981Griliner, 1981)

First, the Lundberg school suggetitat proprioceptive afferent feedbaickeracts with a
network of prenotor interneurons within th€PG which in turnsactivate flexor and
extensor muscles @nalternating fashion. This model is considered to lgmat with the
half-center idea of spinal CPG operation. Under this view, the ablation of proprioceptive
feedback would generate a pattern of fleggtensor alternation solely basmtthe activity

of motoneurons and their reciprocal inhibition as describyBrown (1911) so thatall

flexor motoneuron (MN) poolsontrolling a limbwould be active during the flexor phases
while silencing the extensor MN pools and vie¥sa. The second sambl of thoughts,
supported by,aGuesihatkeacrelimidis likelydorektertain further divisions

of CPGs, so thatCPGs subunits may be in place for hip, knee and ankle joints, and the
normal pattern of activity arise as a result from broadraction among these CPGs
subunits from different joint¢Grillner, 2006) This implies that the normal locomotor

pattern would be preserved the CPGollowing the abolition of sensory feedback.

Our results corroborate with the hypothesis that proprioceptive feedback is necessary for
the establishment of functional locomotor patterns in intact animals (section 2.3.2).
Removing proprioceptive feedback framm entire animal did not trigger flexextensor
alternaion. This indicates that the central nervous system, in intact animals, relies on
proprioceptive sensory feedbatk outline the CPG output engaged in the formation of

locomotor patterns.
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53 ROLE OF PROPRIOCEPTIVE FEEDBACK FROM MUSCLE
SPINDLES IN LOCOMOTION

The generation of a functional motor output, for example during locomotion, depends on
computationsy the central nervous systdoy considering availablgensory infomation
(Grillner & EI Manira, 2019; McCrea, 2001; McCrea & Rybak, 2008; Pearson, 2004;
Rossignol et al., 2006Pur findingssuggesthat muscle spindle feedback frdrimdlimb

modify three core elements in locomotion.

First, muscle spindle feedback controls teenporalparameters ofhe swing phase. Our
data corroborate with earlier work ékay et al.(2014)that indicats that group la/ll
feedback control théemporal parameters of the swing phase while the stance duration
remains unaltered aftéhe manipulationof muscle spidle feedbackThesedata merge

with previous researcfbonelan & Pearson, 2084Donelan & Pearson, 2004 Duysens

& Pearson, 1980; Pearson, 20@8) support the viewhat the stance phase is strongly

controlled by the group Ib feedback from the GTOs.

Second, threis a pattern generation aspect that muscle spindle feedlmaxtkols the
precision of the onand oftset timing of flexor musclectivities during the swing
movement.Furthermore, or results havealso shown thatthe disruption of group la/ll
afferens diminishel the accuracy of paw placement at the end of unperturbed swing
movement as suggested Akay et al.(2014)as well as deterioradeghe limb target after a
stumbling corrective responsé&hether or not, the diminished precision of and offset

timing of flexor muscle activities and the precise foot placement are causally related,
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remains unresolvedhe datgresented in this thesis provide evidence that muscldlspin

feedback during locomotios necessary for the precisiontahdlimb movement.

Third, it has beemlemonstrateth human walkinghatgroup Ib feedback from the GTQOs

as well as group Il affene feedback from the muscle spindiggay role in amplitude
modulation of extensor muscles during stance (Sinkjaer et al, 2000). On the contrary,
research conducted on cats sugg#sit the extensor muscle activity duritige stance
phaséas mainly reguéated by the group Ib feedback from the GTOs with no major influence
from the muscle spindles (Donelan and Pearson, 2004a and 2004bgs0ltsindicate

that muscle spindle feedbagcgpecifically from ankle extensor musclesresponsible for

the reguléion of the activity strength durirthestance phase amdcommodatethespeed

dependent amplitude of muscle actiwiyring locomotion

54 LocAL VS GLOBAL PROCESS OF PROPRIOCEPTIVE FEEDBACK
| NFORMATION

How is proprioceptive feedbagkocessed byhe central nervous system in order to achieve
a desired motor output? ® hypothesize two main possibilities for such
processingiontrolling mechaniss First, the complex pattern of activation of flexor
extensor muscles in the hindlimb is shaped bys#resory afferents coming fromultiple
joints (Adrian & John, 2012)and this feedback may lgobally processed by a premotor
neuronal networkMcCrea & Rybak, 2008; Rossignol et al., 20@@t acts as an internal
controller responsible for sensorimotor transformatidhsCrea, 2001)After processing

the feedback information from multiple joints, the motor command is selected and
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delivered to execute thgesiredmovement(Figure 5.1) The result of this transformation

is the overall functional output requiréeo move multiple joints at the same time.

Figure 5.1 Diagram illustrating the global processing of proprioceptive feedback in the
centralnervous system. The information regarding all joints inputs into a
neur onal circuitry Ai nternal contro
transformation. The output from this internal controller regarding the kinetic
and kinematic state of the whole limb then forwarded to the motor
command unit and ultimately to the motoneurons.

Hip — CNS _>Hip

internal motor
Knee ——>1> controller — command _4 Knee
i/ﬁﬁ?eo;?gn motorneurons

circuitry

Ankle — — Ankle

sensory feedback
motor output

The secongbossibilityis that the CNS may rely ammore localized feedbagkocessrom
individualized joints to generate coordinated activity of multiple joints (Figure\st®re
specific motor responses armirrored based on localized feedbackhis kind of joint

specific use of proprioceptive feedback to coordinate motor activityudtiple joints has

been demonstrated in stick insect walking systakay et al., 2001, 2004, 2007; Akay &
Blschges, 2006; Bucher et al., 2003; Bischges et al., 2008; Hess & Blschges, 1997, 1999)

However,such docalized jointspecific sensory processing has not been demoeditira

the mammalian locomotor system.
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Figure 5.2 Diagram of local process of proprioceptive feedback into the central nervous
system. The information regarding individual joints is delivered to individual
motor command urstof individual joints. This network could be considered
for collection of intraand interjoint reflex pathways.

CNS

< Hip = ommans —>HIp
g E
2 Knee command ——> KNEE 3
7 -
> Ankle = 2y motr L5 Ankle

In this thesis, we have shown th@&moving muscle spindle feedback from the entire
animal but not from individual jointscaused significant changes in the temporal structure
of the locomotor patterNeverthelesswhen westudiedthe speediependent amplitude
modulation of the extensor muscles, reimgunuscle spindle feedback from individual
joints caused joirspecific changes. Thesbservatios indicate that the pattern formation
of the hindlimb(temporal structure dfexor/extensor activityjs likely to becontrolled by

a general processing mechanigrat considers feedback fromultiple joints to compute

the overall state of thendimb andcopythis information to generate the appropriate motor
command (Figure 5.1)n contrast amplitudemodulation ofthe mot@ activity is more

likely to beregulated by a localized processing mecs@nfFigure 5.2).
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55 CONCLUDING REMARKSAND FUTURE DIRECTIONS

This thesiswork provides further evidence that proprioceptive feedback is essential for
controlling variable aspects of locomotion. The information carried by the group la/ll and
Ib afferents is used by the spinal cord, either, in localized process that enables modification
of muscle activity strength, or in more comprehensive and integrative prodes®
feedbackfrom various sourcegogether with descending contrpis used to regulate

locomotor patterns.

Our results cooperate with the previous body of work that has esiadhlithe following
features of proprioceptive feedback in the mammalian motor systéhatbroprioceptive
feedback is necessary for timing the phase transitions of th@Pgaitson, 2004);-2hat
proprioceptive feedbacis important forpreciselytiming muscle activation (Akay et al
2014); 3 that proprioceptive feedbacis important for limb targeting and skilled motor
behavior(Azim et al., 2014; Fink et al., 2014hdlast 4- thatproprioeptive feedbacks

an important source to regulate muscular activity strength (Donelan and Pearson, 2004a

and 2004b; Sinkjaer et al 2000).

Despite all the developments and insights on the mechanisms that the CNS utilizes to
control locomotion, the invesfation of how exactly the proprioceptive feedback is
incorporated in these neural networks, stillpedebate and prolific fielebf exploration

The ability to genetically manipulate specific neurons in a given neuronal network related

to locomotor cotrol, in addition to the studies in which thevivobehavior is recorded as
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seen in this thesis, may resolve questiomanswered inthe field of sensorimotor

transformation and locomotion.

Finally, understanding the mechanisms by which proprioceptigdbfack interacts with
CPGs to generate locomotor patterns will remain a trending topic for the next several years.
Further elaboration on how much proprioceptive feedback from an individual or
particular group of muscles affects the coordinated actwfitpultiple muscles is needed
Insights from multidisciplinary investigatisnn which kinematic analysis and modular
muscle output inheform of synergiesreexposed by mathematical framewaonlay be of

key importance for scientists interested in unmgithe obscurities of sensorimotor control

of locomotion.
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