THE FUNCSAGQFONMOUSE SPI NA]|
| NTERNEURONS | N LOCOMC

by

HanZhang

Submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

at
Dalhousie University

Halifax, Nova Scotia

August of 2020

© Copyright by Han Zhang, 2020



TABLE OF CONTENTS

LIST OF TABLES. ... Vi
LIST OF FIGURES ... WV
AB ST RAC T .. e X
LIST OF ABBREVIATIONS USED.........ccciiiiiiiieeecee, Xi
ACKNOWLEDGEMENTS ..., XV
CHAPTER 1. INTRODUCTION......coiiiieeieeeeeeee e, :1-
1 Basic mechanical principles of locomotion in mammails.......... s 2-
1.1 Basic mechanical principle of stereotypic locomotion (walkir&y)
1.1.1 Subphases of the step CyCle........oouviiiiiiiiiiii e, :2-
1.1.2  MUSCIE ACHVITY . ..uuniieiieiii e =3-
1.2 Moving under different speeds...........cccceeveiieiiiieeiiiiiiinnen 6 -
I R 11 1= o o U -6-
1.2.2 Interlimb coordination: the gaitS............ccouviiiviiiiieeeeeie e -6-
1.2.3 Gaits under different speeds...........ccoeviiiiiiiiiiiriiii e 27 -
2 Sensorimotor interaction during locomotion in mammalils........ : 8-
2.1 Removal of all sensory afferents..........ccccccviiiiiiieenninnnnnnd ~9-
2.2 Removal of cutaneous afferents...........cccccoeviviiieeniinnnnnd -10-
2.3 Removal of proprioceptive sensory input...............ccceec..... =11-
2.4 Removal of genetically identified sensasiated IN
010 o101 =1 1 o] o - 2R S B
2.5 The functional roles of cutaneous and proprioceptive sensory
afferents during loCOMOLIQN..........ccoiiiiiiiiiie e ~15-
2.5.1 Cutaneous sensory afferents: stumbling corrective reaction....... -15-
2.5.2 Proprioceptive sensory afferent initiate and halt the locomotion
FRYENME € oo e e -17-
2.5.3 Proprioceptive sensory afferent entrain the locomation.............. +.18-
2.5.4 Proprioeptive sensory afferent reset the locomation.................. -19-
3 Spinal cord CPG circuit for locomotion in mammals.............. - 20-
3.1 The history of discovery of locomotor CPG......................2.20 -
3.2 Locomotor CPG network in mammals................ccoooees -21-
3.2.1 Locomotor CPG circuitry and the network madel.......................n.21 -
3.2.2 Molecular identification of locomoterelated INs..........................n 28 -
A FIQUIES. .ottt aaan -35-



CHAPTER 2. THE ROLE OF MOUSE SPINAL V3 INS IN

QUADRUPEDAL INTERLIMB COORDINATION .................. 47 -
1 SUMMAIY ...t r e e e e eens .48 -
2 INtrodUCTION L..veiiei e - 49 -
3 RESUIS ... -52-

3.1 Elimination of V3 INs resulted in deficits in fod@nd limb
coordination of mice running on the treadmill........................... .52 -
3.2 Gait preferences at different speed were changed in V3OFF

3.3 Long ascending V3 INs have direct excitatory inputs to the cervical
locomotor circuit and are more active at intermediate than low

SPEEAB . e -.55-
y O B T LYo 0 £-1 ] (o] o VTR TR -.58-
4.1 V3OFF mice could not settle ontrot.........cocecvvvvvvvvvnenen...- 58 -

4.2 A subset of lumbar V3 INs that have long ascending projections to
cervical segments may be involved in fdried limb coordination during

medium speed l0COMOLION.............uveriviiiiiieeee e .60 -

5 Materials and Methods............ooiviiiiiiiiiiiee e =62 -

I T U TSP =67 -

T Table.. .2 94 -

CHAPTER 3. DIFFERENTIAL REGULATORY FUNCTION OF
V3 INS IN DIFFERENT BEHAVIOURS ..o -95-

L SUMMAIY i e e eans .96 -

Y22 [ 0110 To (¥ T3 1o o H PR UPPTRPPRI - 97 -

3 RESUILS. ... =99 -
3.1 V3OFF mice have longer swing phase duration during treadmill
WalKING ..o 2 DO -
3.2 Defects in hip and ankle joint movements of V3OFF mice during
treadmill walKing..........coooiiiii i, :99-
3.3 Weightbearing dependent function of V3 INs in coordinating the
IP and GS activities during swirgjance transition phase......... - 102-
3.4 V3 INs mediated regulations of joint movements with or without
weightbearing behaviours............ccccocoiviiiiceeiiiinee. 2 103-

3.4.1 V3OFF mice moved their hip less during all locomotor tasks...- 104-



3.4.2 Weightbearing dependent function of V3 INs on distal joint movements

and their coordination With NP JOINL.............iiiiiiiii e ~105-
3.4.3 Weightbearing dependent regulation of the hip flexor/ankle extensor
activities mediated by V3 INs during swistance transition phase......... - 106-
3.5 V3OFF mice did not recover the hip excursion after spinal cord
4 DISCUSSION.....cccvuiiiiieiiieiiieerieeeriieeeieeesneessneesneessneesssneessneesnn. 5 L09-
4.1 V3 INs are involved in the regulation of swhstance transition
only during weightbearing behaviours.............ccccoooveiivieennn..e, - 109-
4.2 V3 INs provide excitation to hip network to ensure enough force
for proper hip MmovemMEeNL.........c.oiiiiii e =111-
5 Materials and Methods.............ccooeeiiiiiiiiieeiiineeeeeeeeeen. 2 112 -
L T U T 2.117-
7 Supplementary figure..........oooiiiii e +.146-
CHAPTER 4. SPINAL V3 INS AND LEFFRIGHT
COORDINATION IN MAMMALIAN LOCOMOTION ............ - 153-
1 SUMMAIY ..ttt ra e e e e e ~.154-
P22 [ 9110 To [ T3 1o o I - 155-
3 RESUIS..... i :.156-

3.1 Optical activation of lumbar V3 INs increases the intensity of
extensor motor activity and slows oscillation frequency of drgked
fictive 10COMOLION..........cccvvviiiiiiiii e eeeeeenn. 7 1D6B-
3.2 Biased optical activation of V3 INs in spinal segment L2 leads to
asymmetrical leftright motor activity............ccoocceveiiiiiiieennnnn, : 158-

3.3 Modelling lefti right interactions between rhythm generatoi£9-
3.3.1 Model SChEMALIC.......iiiiiiiiiiie et = 159-
3.3.2 The model exhibits characteristic features of einduced fictive
locomotion and frequenegependent changes of ligfight coordination following

removal Of VO CINS........ooiiiiiiiiiiiiiee it eee et eeeeiisnn e e eeenenennan L1 -
3.3.3 The model reproduces deceleration of the rhythm by tonic stimulation of
[V £ 110 o] o TP -162-
3.3.4 The model reproduces asymmetric changes of the locomotor rhythm by
unilateral stimulation of V3 NEUIONS............uuiiiiiiiiiiiiei e ~164-

A DISCUSSION.....cietiiiiiieiiieiiieetieeeeiie e e eene e st eesneessneeessneessneasnna 5 LOO-
4.1 Optogenetic activation of V3 INS.........cccoiviiiiiiiiiicieneenn. : 167-
4.2 The V3 CINs provide excitation to the contralateral CPG extensor
(6] 0] (] PP UPPPTRPPPTRPRRTRE T A o A



4.3 Model prediction: V3 INs project to local contralateral inhibitory

AV R =T U1 {0 1 T PRI Mt £ ¢ 12 1
4.4 Coordination of leftright activities by V3 INs during
ToToTo] 1 o0] (o] ¢ - P -~ 169-
5 Materials And Methods.........c.ccccevvviiiiiiiiceeeee e 2 172 -
5.1 Experiment materials and methods.................ccceviveennn.s 172-
5.2 Computational Modeling..........ccccooiviviiiiiieeii e, :.176-
B FIQUIES. ... :.182-
T TaADIES...e -.206-
CHAPTER 5. CONCLUSION AND FUTURE DIRECTION....- 208-
REFERENCE.........o e -211-
APPENDIX ..o e - 240-
Copyright permission letters .........oov v -.240-



LIST OF TABLES

Table 2.1 Correlation between phase relationship and speed- 94 -
Table 4. 1 Number of neurons and neuron parameters in different

0T0] 6101 F= 1o L= PPN - 206-
Table 4. 2 Average weightg ji and probabilities (p) of synaptic
(oT0] ] 41T ox ({0 1< - 207 -

Vi



LIST OF FIGURES

Figure 1.1 the locomotor step cycle analysis from Philippson- 35 -

Figure 1.2 Schematic representation of rear limb muscles and pre
processed raw recordings of their activities from a cat walking on the
treadmill..... ... - 37 -

Figure 1.3 Scheme of different models for CPG circuitry........ - 39-
Figure 1.4 Sdlemdtdi.anoaife.l.a.t.wdl-
Figure 1.5 Schemhével dasgmmelt oi c al

............................................................................................. -43-
Figure 1.6 Snapshot: spinal cord development...................... .45 -
Figure 2.1 Interlimb coordination in WT and V3OFF mice at
different SPEeAS.... ... - 67 -
Figure 2.2 Gait preference of WT and V3OFF mice at each speed.
............................................................................................. -72-
Figure 2.3 Lumbar V3 INs projecting to the cervical spinal ca&c .
............................................................................................. -75-
Figure 2.4 Optical activation of V3 INs at lumbar region directly
activates the cervical motor OULPULS...........ccvevviieiiiiceeecin - 77 -

Figure 2.5 Lumbar long ascending V3 INs are more active during
medium speed than low speed walking..............cccocoevveeeen. -79-

Supplemerdry Figure 2.1 Maximum speeds of WT and V3OFF mice
ontreadmill..........coouiiiii e - 82-

Supplementary Figure 2.2 Diagram of foot coupling amstamples of
gait diagram of WT and V3OFF mice at low (15 cm/s and 25 cm/s)
and medium (40 cm/S) SpPeed..........ccocvviiiiii i - 84 -

Supplementary Figure B Foot couplings of WT and V3OFF mice at
€ACN SPEEd........e - 87-

Supplementary Figure 2.4 Formula to calculate the occurrence,
persistene and attraCtivVeNeSS...........vvvvviiiiivviicer e -92-

vii



Figure 3.1. V3OFF mice have longer swing phase duration during
treadmill walking.........coooveviiiiii e -117-

Figure 3.2. Schematics of experimental strategies and kinematics of
V3OFF and WT mice during treadmill walking...................... - 120-

Figure 3.3. Comparison of joint angular excursion, phase duration
of subphases and delay between hip and distal joint during swing

PRASE..... e L2 3 -
Figure 3.4. EMG pattern between WT and V3OFF mice during
treadmill walking...........cooveiiiiiii e, - 125-

Figure 3.5. Bootstrap method to qualitatively analyze IP and GS
patterns during swingstance transition in treadmill waking...- 128-

Figure 3.6. Temporal parameters of hinlimbs during inclined

walking and SWImMmMINgG..........cooiiiiiiiiiiiii e =.130-
Figure 3.7. Kinematics of V3OFF and WT mice during inclined

treadmill walking..........cooooviiii e -132-
Figure 3.8. Kinematics of V3OFF and WT mice during swimmiag
........................................................................................... -134-
Figure 3.9. EMG pattern between WT and V3OFF mice during

inclined treadmill walking and swimming...............ccccccoeuuas - 136-

Figure 3.10. Bootstrap method to qualitatively analyze IP and GS
patterns during swingstance transition in inclined treadmill waking
and during protractionretraction transition phase in swimmirg é .
........................................................................................... -139-

Figure 3.11. Comparison of mean iIEMG of hip, knee, and ankle
muscles of WT and V3OFF mice during treadmill walking, inclined
treadmill walking and swimming............cccccccevevviiicennennnennnn. s 142-

Figure 3.12. V3OFF mice did not recover the hip excursion after
SPINAl COrd INJUIY.....eiii e e -144-

Supplementary Figure 3.1. Anterior and posterior extreme of WT and
V3OFF mice during Walking.........cccovuviiiiiiiiiisieneeicee e - 146-

viii



Supplementary Figure 3.2. Statistical parametric mapping identified
lack of contralateral GS activity during ipsilateral swingtance
transition phase in V3OFF mice............cccooeeeviiiviieeeneinnnens 149-

Sup Figure 3.3. Comparison of hip phase duration between WT and
V3OFF mice in inclined treadmill walking and swimming.....- 151-

Figure 4.1 Investigation of sim1 cell in Sim1Cre/+; Ai32 moése .
........................................................................................... -182-

Figure 4.2 Symmetric optical activation of both sides of V3 INs in L2
ventral region during drugevoked fictive locomotion and changes in
ENG characteriStiCS........couiviiiiiiiii e - 184-

Figure 4.3 Biased optical activation of V3 INs in spinal segment L2
and corresponding changes in ENG characteristics in spisagment

L2 and L5 during druginduced locomotoilike activity............ - 186-
Figure 4.4 V3 activated contralateral extensor motor actyis
correlated with optical stimulation intensity..............cc.......... -.188-
Figure 4.5 Model schematics of the bilateral spinal circuits consisting
of two interconnected rhythm generators...............ccoueeennnna: - 190-
Figure 4.6 Model performance under normal conditions......- 192-
Figure 4.7 Model performance after removal of VOV, VOD and all VO
O | L -~.194-
Figure 4.8 Effect of bilateral stimulation of V3 CINs during fictive
locomotion inthe model............cooiiiiii i, -.196-

Figure 4.9 Effect of bilateral stimulation of V3 INs on flexor and
extensor burst duration s and oscillation period in the model.198-

Figure 4.10 Effect of unilateral stimulation of V3 CINs during fictive
locomotion inthe model............cooiiiiiiiii e, -.200-

Figure 4.11 Effect of unilateral stimulation intensity of V3 INs on
flexor and extensor burst durations and oscillation period in the

Figure 4.12 Effect of unilateral stimulation of V3 INs on flexor and
extensor burst durations and oscillation period in the model. 204 -



ABSTRACT

V3 interneurons (INs) are a major group of glutamatergic commissural neurons in the
mouse spinal cord. They directly innervate motor neu(btiés) as well as other ventral

INs. Although it has been shown that V3 INs are crucial in generating stable and robust
rhythmic locomotor activities, the mechanisms underlying their functions are still unclear.
In my current study, | delete the expression dfivi@lar Glutamate Transporter 2 (vGIuT?2)

in V3 INs in SimF®*:vGluT2 fovflox (V30FF) mice, and systematically examine their
locomotor behaviours, including their gaits at various treadmill speeds, as well as their
kinematics and muscle activities irffédrent locomotor tasks. Firstly, | identi subset of

V3 INs that might regulate the coordination of farad hindlimbs for trotting movements.
Secondly, I find that V3 INs have taglependent functional roles in regulating proximal

or distal joints.They facilitate hip joint movements in all locomotor tasks, while only
regulating distal joint activities in weiglearing behaviours. In addition, using
optogenetic tools, | also investigate the functions of V3 INs in fictive locomotion of the
neonatal ginal cord. In combination with computational modelling studies, we provide
convincing evidence that VBNs contribute to the synchronization of the -edht
locomotor outputs by providing mutual excitation between the extensor centres in the left
and rght central pattern generator (CPG) circuits. Thus, my study reveals that spinal V3
INs potentially have multiple functional subpopulations that play various specific and

critical roles in regulating locomotor behaviours under different conditions.
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CHAPTER 1. INTRODUCTION

Locomotion is the primary motor function thatoas humans and other mammals to
interact with their environmentdt encompasses many behaviours such as walking,
climbing, and swimmingA proper understanding of animal locomotion presents the
researcher with an extraordinarily broad range of challeagdscomplexities, and even

comprehending limited ranges of locomotion requires detailed and sophisticated analysis.

Movement is generated by the activity of neuronal circuits mediating and integrating
external and internal information, and ultimatelydieg to precisely timed skeletal muscle
coordinations Under normal circumstances, the planning and initiation of locomotor tasks
take place in supraspinal areas, including the cerebral cortex (Drew & Marigold, 2015),
the basal ganglia (GareRill, 1986; Takakusaki, 2013; Grillner & Robertson, 2015), the
midbrain (Ryczko & Dubuc, 2013, 2017; MeBagovia & Bolam, 2017), the hindbrain
(FerreiraPinto et al., 2018), and the cerebellum (D'Angelo & Casali, 2012; Grillner & El
Manira, 2019). The precise timingnd patterns of muscle contractions, however, are
controlled by neural circuits located in the spinal cord (Graham Brown, 1911; Grillner,
1981, 2006; Kiehn, 2006, 2011; Rossignol et al., 2006). Spinal neuron assemblies receive
signals from the supraspinadgions and peripheral input and then generate the rhythmic
patterns of locomotion. The spinal neuronal circuits involved in locomotion are often
referred to as central pattern generator circuits (CPGs). Uncovering the functional
operations of spinal CPGad linking cellular activity to specific motaircuitsremains

themost formidablechallenge in the field of locomotion research.

There is a broad range of research on different aspects of locomotor control. For the
purpose of this thesis, | will covéhree basic principles of stereotyped locomotion in
mammals: 1) The principles of mechanical kinematics and muscular kinetics in
mammalian locomotion; 2) the organization of sensory regulation; and 3) spinal locomotor

circuits.



1 Basic mechanicabrinciples of locomotion in mammals

The mechanical aspects of movemexiibit both kinematic and kinetics properties. The
kinematics of a movemeptoducsits trajectory in space, while the kinetics of a movement
constitutethe causfor movemend s  eioncfar eéxample, the amplitude and the pattern

of corresponding muscle activity and the torqokangular motionUnderstandinghtese

basic mechanical principlesfundamental teomprehendingpcomotion and should serve

as a starting point for us betowe delvedeeper intathe investigation®f locomotor

circuits. As Grillner statedfithis is analogous to airplane design: it is pointless to try to
develop the detailed control machinery without knowing the type of motor to be used or

the shape ofthe@lne and its fins.o (Grillner, 1981)

| will begin by introducing the basic principles of walking. Then, | will extend those
principles to different forms of locomotion, suchitsdifferent speeds.

1.1 Basic mechanical principle of stereotypic locomotjaalking)

1.1.1 Subphases dhestep cycle

During stereotyped terrestrial movement, each limb sequentially performs a complete step
cycle that is composed of a stance and a swing phase. During the stance phase, the paw is
in contact with the ground supportingthda ama |l 6 s wei ght whiid e it
order to support the nexush forward. During the swing phase, the paw is lifted and

brought forward.

In mammals, like cats, dogs and rodents, the distal joints (knee and ankle) display a more
complex kinematic gat er n t han the hip joint during
photographs of dogs locomotion Phillipson further divided the swing phase into a
flexion phase (F) and an extension phase (E1) and the stance phatedntoflexion

phase (E2) and an extension phase (E3) (Philippson, 1905) (FigieeH.phase starts

from the momenbf lifting the foot off the ground. In this phase, the flexion movement is
observed in all three hindlimb joints: the hip, knee, and ankisjol his movement lifts

the foot off the ground and moves it to a rostral position. When the foot reaches the highest



point in the airequired for the motiagrthe ankle and knee start exderg, entering the E1

phase, while the hip continugsflexion movement. The extension of knee and ankle joints
lower the foot back ttheground while the flexion of the hip moves the leg forward. Then,

the hip starts to extend, and the toe touches the ground, initiating the stance phase. After
the toe contacts theraund, the knee and ankle are passively flexed during weight
acceptance (E2 dgheyielding phase). During the third extension phase, all joints extend

to propel the body forward (Grillner, 1981; Halbertsma, 1983; Rossignol, 1996)
(Supplementary Video 1.1)

This general subdivision has also been used in cats and rodents. (Grillner, 1981,
Halbertsma, 1983; Rossignol, 1996). However, it should be noted that thighimses
description is based on the knee and ankle joint angular excursions, which doeallyot tot
correspond to the hip joint angular excursion. The hip flexion phase, which lasts
throughout almost the entire swing phase, is longer than the flexion phase of distal joints.
The hip flexion or extension cannot be subdivided simpgoint proceeds rmnoonically.

The onset of the flexion phase in hip, knee and ankle does not always coincide but follow
sequential orders (Goslow et al., 1973; KuBtischbeck et al., 1994).

Humans are bipeds, but also walk with the swing and stance phases. Similaerto ot
mammal s, humanés hip joint is rotated monc
stereotyped alternation between flexion and extension. The ankle and knee joints in
humans also move similarly to those in cats and rodents, and their step cycleodamn als

divided into four phases (Grasso & Lacquaniti, 1998). Different from quadrupeds, however,
humandés heel strikes the ground before the

occurs during the stance phase instead of swing (Grillner, 1985pNeét al, 1985).
1.1.2 Muscle activity

Electromyography (EMG) measures muscle electrical activity during locomotion, which
is the most common method to study the function of a muscle during locomotion. Each
joint is controlled by multiple flexors and extensavorking together to ensure its smooth
movement. The EMG signals can reliably reflect the activity patterns of these muscles

during different locomotor tasks under different conditions. While interspecific differences

-3-



of locomotor EMG activity exist, mgnmuscles in different species, especially cats,
rodents, and, in many cases, humans, share more or less similar activity patterns.
Characterization of the O6normal & EMG act i\
information for us to interpret the ray defect observed from animals with injury, disease

or genetic manipulations (Akay et al., 2006; Leblond et al., 2003; Quinlan et al., 2017,
Tysseling et al., 2013; Zagoraiou et al., 2009).

In the 1960s, Engberg and Lundberg conducted an EMG analysestahdlimb muscular

activity of cats during unrestrained locomotion (Engberg & Lundberg, 1962; 1969). These
two papers were the first to provide the real time EMG recordings in correspondence with
joint angular changes. In general, all extensors wereeagdtiring the stance phaseith

flexors in swing phases. They noticed, however, that the activity of extensors for all (hip,
knee, and ankle) joints started before the foot contacted the ground. This extensor activity
in the late E1 phase was separatenfrtheir subsequent main activities during E2, the
yielding phase since there was a gap between these two bursting. This observation was the
first evidence to indicate that cutaneous sensory inputs from toe contacting the ground was
not responsible for thaitiation of E2 phase, the weight acceptance, muscle activities.
Similar results were also confirmed by others (Rasmussen et al., 1978, Gruner et al., 1980).
Interestingly, Gorassini and colleagues showed that ankle and knee extensor muscles were
initiated no matter if the toe touched the ground or stepped in a hole (Gorassini et al., 1994).
Rasmussen et al. also measured detailed activities of muscle controlling hip, knee and
ankle joints, respectively, in cats during different gaits, showing thatetkieinsor muscles

shared a common general activity pattern, that is, they were active prior to the toe contact

and then activated during the stance phase (Rasmussen et al., 1978).

Further studies showed that extensor muscles for hip, knee and ankle tixarenib
different patterns in each syihase during stance. The hip extensor muscles, such as
anterior bicep femoris, semimembranosus and adductor femoris, conformed to the same
pattern, in which their activities quickly reached peak in the yieldingephasl then
maintained till the onset of flexor muscles of next step (Engberg et al., 1969; English &
Weeks, 1987). Although all ankle and knee extensor muscles were also active throughout

the stance phase like hip extensors, they displayed distinct awtiyeattterns. After toe



touch, vastus lateralis (VL), the primary muscle extending the knee, was active during the
major parts of both E2 and E3 stance phases, but VL activity peaked in the E3 phase (Cat:
Engberg & Lundberg, 1962; 1969; Rasmussen et @r.8;1Halbertsma, 1983; Gorassini

et al., 1994; Markin et al., 2012; Rat: Gruner et al., 1980; Mouse: Leblond et al., 2003;
Pearson et al., 2005; Akay et al., 2006; Tysseling et al., 2013). Such activity pattern
suggests that VL muscle might play importantes in supporting body weight and
propelling body forward. Differently, the activity of gastrocnemii medialis (GM) and
lateralis (GL), both ankle extensors, generally peaked during the E2 phase (Engberg &
Lundberg, 1962; 1969; Rasmussen et al., 1978malay et al., 1978; Gorassini et al.,
1994; Gruner et al., 1980), but then gradually decrease in E3 phase, which indicates that

GS muscles are crucial for supporting body weight after toe touching the ground.

The main flexor muscles of the hip (lliopso#g), knee (Semitendinosus, ST) and ankle
(tibialis anterior, TA) joints all start their activities in a sequential manner in the later part

of E3; however, they each stops in different phases (Akay et al., 2014; Rossignol, 1996).
Hip flexor muscle, IP, sips during the late E1 phase as the hip joint is flexing and rotating
during the swing phase (Akay et al., 2014; Halbertsma, 1983; Rasmussen et al., 1978). The
activities of knee flexor muscles are more complex than other flexors because of their
anatomich position. For example, ST, a knee flexor and a hip extensor, shows double
bursts in one step (Perret & Cabelguen, 1976; Rasmussen et al., 1978; Perret& Cabelguen,
1980; Halbertsma, 1983; English & Weeks, 1987; Hutchison et al., 1989; Smith et al., 1993;
Markin et al., 2012). As a knee flexor, ST starts firing in the late E3 phase and is active
throughout the early part of the swing phase while the paw is lifted off the ground; but then
in the E1 phase, it could fire again with its synergist muscle, Samnamosus, before

the toe contacts the ground. This second burst was suggested to be related to the need for
a great torque in flexion to decelerate both the hip and knee joints at the end of the swing
phase in preparation for directing the foot placemeetause this second burst was more
obviously appeared during higipeed locomotion (Wisleder et al., 1990; Smith et al.,
1993). Ankle flexor, TA, always shows monophasic activation pattern, and it only
discharges in F phase, during trotting and walkinigath cats and rodents (Cat: Perret &
Cabelguen, 1976; Rasmussen et al., 1978; Markin et al., 2012; Rat: Gruner et al., 1980;



Mouse: Leblond et al., 2003; Pearson et al., 2005; Akay et al., 2006, 2014, Tysseling et al.,
2013). The muscle activities mentexhabove are illustrated in Figure 2 (Markin et al.,
2012).

1.2 Moving under different speeds

1.2.1 Kinematics

Il n 1983, Hal bertsmads study gave a gener al
over ground and treadmill activities at different speeds of taetinat (Halbertsma, 1983).

He showed that the length of stance phase duration had a positive linear correlation with
the cycle period time, while the swing phase kept relatively constant across the tested
speeds. This indicates that it is the stance thmedecides the speed of the movement of

the animals. Similar results were also observed in rodents (Clarke & Still, 1999, 2001,
Leblond et al., 2003; Herbin et al., 2007; Batka et al., 2014; Mendes et al., 2015).
Furthermore, the suphases of the stepycle related to speed were analysed in

Hal bertsmaés study (1983): E3 phase durati
E1 and E2 phases did not correspond to speed changes (Halbertsma, 1983). However, there

was no study showing such subphaseddpsorrelation in the rodents.
1.2.2 Interlimb coordination: the gaits

The four legs of a quadruped coordinate with different patterns across different speeds.
These patterns are identified as gaits (Philippson, 1905). Gaits can be generally classified
as symmgrical (alternating) or asymmetrical (nafternating) (Grillner, 1975; Hildebrand,

1976, 1989). To describe the phase relationship, the phase value is always corresponded to
the time of foot touching the ground relative to the reference limb step chelse Ralues
normally range from 0 to 1, as O or 1 indicate perfect synchrofph@se coupling), while

value of 0.5 indicates a perfect alternation ¢ahtase coupling) between the two limbs.
Symmetrical, or alternating, gait is defined as two limbsefdgame girdle (homologous

pair) alternating, that is, the footfall of each pair of feet (fore and hind) evenly spaced in
time, but the phase relationship of the homolateral pair could be eithbage (pace) or

out-of-phase (walk and trot). Walking, ttimg, and pacing are all symmetrical gaits (Miller



et al., 1975). Asymmetrical (Hildebrand, 1989) or +adternating (Grillner, 1981) gait is

a term for the gait that either homologous pair of limbs (pair of forénindlimbs) is
synchronized and contadthe ground simultaneously. The most typical asymmetrical gait

Is bound, as both fore and hind girdles move synchronously (Hildebrand, 1976, 1977), and
half-bound (hop), when only hindlimbs move-phase (Grillner, 1975). In gallop, the
phase relationshipetween hind limbs is somewhat @itphase, in which one girdle can

be 0.2 out of phase, and the other can be as much as 0.4, but it still is classified into
asymmetrical gait (Grillner, 1975, Hildebrand, 1977, 1989). The gallop can also be
subdivided imo transverse gallop and rotatory gallop, depending on whether the order of
forelimbos falll is the same as the hindlir
left forelimb touches the ground slightly before the right forelimb, and correspontiiegly

left hindlimb also contacts ground slightly before the left hindlimb, this gait will be a
transverse gait; on the other hand, if that right hindlimb contacts the ground slightly before

the left hindlimb, the gait will be classified into rotatory gallop
1.2.3 Gaits under different speeds

Goslow et al. (1973) showed that cats used walking gaits below 0.7 m/s, trotting gaits
between 0.7 and 2.7 m/s, and galloping gaits above 2.7m/s (Goslow et al., 1973; Rossignol,
1996). Similarly, Hildebrand stated in 1989l@t speeds, most symmetrical gaits were
selected by mammals, since they provided higher stability than asymmetrical ones
(Hildebrand, 1989), which, in another word, means that the animals would have to scarify
the stability to reach high speeds. Receudliss on mice have shown the same trend in
gaits (Serradj & Jamon, 2009; Bellardita & Kiehn, 2015; Lemieux et al.; 2016). Serradj &
Jamon studied two strains of mice, 129/Sv and C57BL/6 and found both used stable gaits
until their running speed reached @®/s, when mice transitioned from symmetrical to
asymmetrical gaits (Serradj & Jamon, 2009). Recently, Bellardita & Kiehn did more
systematic analyses of the gait patterns under different speeds, and they identified 4 types
of gaits, walk, trot, gallop anldound in mice, with quantifiable measurements. They then
further demonstrated that walk, trot, and bound gaits were expressed in distinct stepping
frequencies, while gallop, as an intermediate gait, was expressed in overlapping

frequencies with trot andoloind (Bellardita & Kiehn, 2015). The mice in this study were



stepping on a static corridor and performing a flight reaction to escape the experimenter.
This enabled the animals to show natural locomotor behaviours as escaping potential
predators, in whiclmice used all gaits. However, researchers noticed that bounding was
barely seen when animals ran on a treadmill (Herbin et al., 2004, 2006, 2007; Serradj and
Jamon, 2009). Only most recently, Lemieux et al. (2016) observed bounding in mice at
very high speds, > 90 cm/s, during treadmill locomotion. They identified and classified
eight types of gaits in mice moving on the treadmill, including lateral walk, trot, rotary
gallop, transverse gallop, hddbund, fultbound, hop, and owdf-phase walk (Lemieux et

al.; 2016). Comparing to previous studies in other species, they found one more gait
performed by mice moving on the treadmill,, the-ofsphase walk, which had similar

limb coordination as gallop but its duty cycle of stance was more than 50% andowas a
speed walking gait (Hildebrand, 1968, 1977; Heglund and Taylor, 1988; Abourachid et al.,
2007; Maes and Abourachid, 2013; Lemieux et al.; 2016). More interestingly, they further
defined two attractor gaits at different speed levels, the trot femetium speed, 15 cm/s

to 60 cm/s, and bound for the highest running speeds]13@@m/s. They also found eut
of-phase walk and halfound were two sendttractor gaits for very low walking speed or
low-running speed, respectively, since these two gaits ssestable and had a narrower
range of suitable speeds than attractor gaits. The other gaits were defined as transition gaits.
The attractor gaits, trot and ftlbund, occurred more frequently, persisted longer, and
were the most 0 gaitst whighcmeans al othet daits tenddot transfer to

them at any given speed (Lemieux et al.; 2016).
2 Sensorimotor interaction during locomotion in mammals

In this section, | will mainly focus on the dynamic interaction of-noniceptive cutaneous

and poprioceptive afferent from muscle spindle and Golgi tendon organs (GTO) with
locomotion in mammalian systeraxperimentally inducing the sensory loss has been a
useful approach to determine the contribution of peripheral sensation to locomotion.
Therefore this section starts with reviewing studies utilizing various methods to depress
the transmission of sensory afferents during locomotion. Furthermore, under natural
conditions, the movement is an interactive process between centrally generated motor

activities and afferent input from sensory receptor on body that are activated by the
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movement. Spinal sensorimotor networks integrate senafieyent information into
ongoing locomotor program thus adapt the locomotor pattern and ensure coordinated
locomotionto the requirements of the environmeBbth cutaneous and proprioceptive
sensory afferents for dynamic modulation of response to unexpected perturbation are also
likely involved in the sensorimotor system for regulation of normal step cycle (Gossard &
Rossignol, 1990; Gossard et al, 1994; Panek et al, 2014; Koch, 2018; Rossignol et al, 2006).
Interfering the ongoing locomotor activity by stimulating certain types of sensory afferent
enables us to explore the contribution of this type of sensory afferéifférent aspects

of ongoing locomotionThus, in the later section, | will discuss the function of cutaneous
and proprioceptive sensory afferent on locomotion by illustrating the studies utilizing

different techniques to interfere the locomotion.
2.1 Removaof all sensoryafferents

To test the importance of sensory feedback during locomotion, many studies have
investigated the locomotor behaviours after the removal of all sensory afferents from the
hindlimbs tothe spinal cord. Firstlythesestudies indicted thatthe removal of all dorsal

roots to lower spinal cordoes notimpair the locomotor rhythmogeneskor example,
Brown demonstratedhat rhythmically alternating activities of hind limb flexor and
extensor muscleevokedby cutting off the thoracispinal cord continued for multiple
cycles after the dorsal rhizotonfrown, 1911, 1912). Later, Giuliani & Smith found that
after deafferentation of one hindlimb in spinal cats, rhythmic locomotion of both hindlimbs
were still appearing (Giuliani & Sniit 1987).Goldberger also confirmed thaanpial and
complete deafferentation of both hindlimbs in cats did not impair thgthnogenic
capability in locomotion(Goldberger, 1988)Similarly, the mesencephalicat retained

their basic locomotor patterafter thedorsal root transection (Grillner & Zangger, 1984).
Further investigationgsingin vitro preparationfiave provided more compelling evidence

It has been shown thalkectrical stimulation of mesencephalic locomotor regMbR) or

bath application of excitatory amino acids could evoke rhythmic locomotor activities in
isolated brainsterspinal cord preparations or spinal cords of rodents (Abstract: Smith and
Feldman, 1985; Smith et al., 1986; Paper: Smith and Feldman, K88@; & Yamada,

1987). These earlin vivo andin vitro studies indicate that the sensory inputs are not
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essential for basic locomotor rhythms and patterns, which are generated by the neural
circuits in the spinal cord.

Nonetheless, without sensory feedismthe animals lost the ability to perform complex
locomotor activities requiring precise feedback regulations. In Smith & Giuliani (1987)
showed thatleafferented spinal animals could not produtalancedactivitiesbetween

two hind limbs. Kinematic d& suggested that tHess of sensory feedback®spaired

ani mal 6s postur al refl exes, accurate | i mb
divisions (Goldberger, 1988). Grillner & Zangger (1984) showed that although the general
kinematics and EMG actity pattern during locomotion were retained after transection of

all dorsal roots, the degreef joint movements were decreased, and the patbémuscle

activities became more variable and sometimes even synchronized altogether (Grillner &
Zangger, 198).

2.2 Removal ofcutaneousifferents

The cutaneous sensory organsim i ma I pdoside finforonation about the distribution

of the pressurdo the foot, the level and rate of loading of weidpetaring, andhe step
progression (Rossignol et al, 2006). Similar to the studies of complete denervation of
sensory afferents, sonearly works also illustrated that cutaneous sensory afferents were
not neessary to express fundamental matotivities Sherrington in 1910 showed that
removing cutaneous input did not prevent locomotion in the intact cats, or even in
spinalization preparati@{Sherrington, 1910). Stein and Duysen also mentioned that the
deficits caused by cutting the posterior tibial and common peroneal nerve in cats could be
compensated and did not affect the gait if sufficient recovery was allowed (Duysen&Stein,
1978).

However, the removal of cutaneous sensory afferents of the hindlembmterfere the
animals performing precise and demanding tasks. Rossignol and Bouyer found that the
cats were incapable of walking on a horizontal ladder or a narrow beam after cutting
cutaneous nerves bilaterallytaeankle level, even though they cdwialk on a treadmill.

After spinalization on T13, tlse deafferentats were unable to place the plantar surface

-10-



of feet on the ground but the only thing they could do was to rapidly drag¢laefeet

back and forth across the treadmill. Also, theyldaot support their body weight or lift

their paws. Rossignol and Bouyer also conducted a control experiment, in which one cat
received a partially neurectomy, but its deep peroneal nerve (DPc) was left intact. This cat

showed an fAal mostl o a@mett o mgua tsthd&obrtheaah d we i

without neurectomy. However, after a local anesthesia was applied to the area innervated
by DPc, the cat became similar to those completely denervated ones (Bouyer&Rossignol,
1998). Later, they rexaminel the locomotor behaviours of intact cat after denervation in
more details and they also evaluated the performance of these cats in more demanding
locomotor tasks, such as walking on an incline and walkway embeddledforce
platforms (Bouyer & Rossigno 0 0 3 a ) . I n this study, t hey
kinematics during walking was also affected by cutaneous denervation. Denervated cats
tended to extend their hindlimb further backwards and lifted their paws higher during the
swing phase. When tke cats walked on an inclined surface, which requires more control

of the force amplitude and direction applied against the grobesk catedisplayed worse
deficiencies than walking on a flat surface after denervation. These results suggest that the
cutaneous sensory afferents from the pawspadvidesignals for the animab assess the

load on the limbs and regulate their movemewin upleaning slopes. (Bouyer &

Rossignol, 2003a; Rossignol et al., 2006).
2.3Removal ofproprioceptivesensoryinput

Another crucial sensory feedback at spinal cord level is proprioceptive sensory feedback
from muscle spindeand GTQ. Thesesensory afferestplay more important roles in
locomotion than cutaneous afferents (Duysens & Fe@uedero, 2019; Grillne& El

Manira, 2020; Pearson, 2004; Prochazka et al., 2017; Proske & Gandevia, 2012; Rossignol
et al., 2006; Windhorst, 2007fhe muscle afferent feedback system constantly regulates
the timing and amplitude of muscle activities during various locomotbasps.
Furthermore, mscleafferentfeedback areto set the overall timing of the step cycle by

adjusting the transitions and durations of the locomotor phases.
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Due to the experimental limitations, it has baénostimpossible to selectively eliminat
proprioceptive afferent without interferingith other sensory afferents in calts contrast,
genetic manipulation in mice and viral toalsed in micehave provided possibilities to
separatdrom muscle spindle or GT@fferentsfrom other sensory inputs kay et al.,
2014; Mayer et al., 2018; Mayer & Akay, 2018; Santuz et al., 2019; Takeoka & Arber,
2019; Tourtellotte & Milbrandt, 1998).

Proprioceptive sensory neurons in the dorsal root ganglia (DRG) express the calcium
binding protein Parvalbumin (PV), ¥ad on which researchers generated useful genetic

tools to target these neurons (Copray et al., 1994; Honda, 1995; Patel et al., 2003;
Hippenmeyer et al., 2005). Using intercrosdMg™ andAdvillin °™®mouse line, Takeoka

& Arber (2019) were able to sadtively ablate proprioceptive sensory neurons in DRG

along the whole spinal cord or in either cervical or lumbar segments during adulthood.
They found thatemovalof proprioceptive inputbom the whole animal mp ai r ed t he
timing, limb movement tijactory, and intraand interlimb coordination. Local ablation of
proprioceptive inputs, however, only | imit
speeds and oO0di si nt egr atcuredodlyatdhieir speed limitdni mb ¢
treadmill Those mice showed synchronized foamd hindlimb stepping (Takeoka &

Arber, 2019).Such impaired interlimb coordination did not exhibit in migéh removal

of proprioceptive inputs from the whole bodyakeoka& Arber, 2019). This discrepancy

was likely due to the misbalancing proprioceptive sensory signaling betweerarore

hindlimb sensorimotor circuit.

Akay et al. used another mouse line to selectively ablate the proprioceptive afferent during
embryonic @velopment stage via targeted expression of diphtheria toxin A chaifi'fin

Isl2 :: DTA mutant mice (Akay et al., 2014). Wilglpe (WT) mice always exhibited
delayed or sequential activation of knee and ankle flexors with respect to hip flexors during
walking and swimming, respectively. However, those mutant mice showed synchronized
onset and offset phasing of flexor activities during treadmill walking and swimming (Akay
et al., 2014). When only the afferents from muscle spindles were deleted whiemntsffer
from GTOs retained, as what happened in the Egr3 koatkmice (Tourtellotte &

Milbrandt, 1998) the animals only exhibited synchronous activities among flexors of
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different joints during swimmingHowever, theyshowed largely normal locomotor
activities during walking with slightly prolonged activity in ankle flexors which in turn
affected the swingtance phase transition during treadmill walking (Akay et al., 2014).
Swimming is thought to have less GIerived signals than walking due to bodyweight
supporting by buoyancy (Dagg & Windsor, 1971; Gruner & Altman, 1980). Therefore,
these data suggested that proprioceptive afferents from muscle spindles mainly attribute to
the swingstance transition, and that afferent from GTOs plays important roldtibae

from muscle spindles on the starswing phase transition.

2.4Removal ofgeneticallyidentifiedsensoryrelated INpopulations

Recently, developmental studies combined with various genetic and molecular tools have

led to the identification of severadterneuron (IN) populatiasinvolved in sensorimotor
integration (Lai et al., 2016). Currently, several spinal interneuronal populations have been
demonstrated to directly receive inputs from cutaneous afferents and to regulate motor
behaviors in a taskelective mannerThese includéNs expressing retinoitelated orphan
receptor alpha (RORU) nuclear orphan, recep
and Isl1(Abraira et al., 2017; Betley et al., 2009; Bui et al., 2013; Bui & Stifani et al.,
2016;Fink et al., 2014; Haring et al., 2018ilde et al., 2016; Koch et al., 2017; Levine et

al., 2014; Wildner et al., 2013).

A group of spinalmhibitory GABAergic INs inthe dorsabkpinal cordexpressing GAD2
(GADG65), one of two GABAsynthetic enzymes, fm presynapticcontactonto primary
afferent terminalshat synapse with MNs and INBetley et al., 2009; Fink et al., 2014;
Glasgow et al., 2005; Lai et al., 20Mjldner et al., 2013; Windhorst, 2007Selective
genetic ablation of GAD2xpressing GABArgic INs in the cervical dorsal horn impaired
smoothreachingmovement and elicited forelimb scratching (Fink et al., 2014). The first
phenotypeindicatesthe crucial role of presynaptic inhibition in proprioceptive sensory
filtering duringthe ongoing movement. The instantaneous scratching phenotgpbe a
secondary effect due to the loss of cutaneous sensory ,gsitieg this phenotype was

disappearedvhile reachingdefects remained aftdslocking cutaneous sensory endings
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inputs toforelimbs with lidocaine (Fink et al., 2014; Koch, 2019). Therefore, there might
bedifferentsubpopulatios of GAD2-expressing INshatcontribute to this phenotype.

Del Bario et al. (2013)dentifiedseveraldistinct subpopulations thedorsal horrregion

related to mechanical sensory inputsnongthem ore group of INsexpresessRORD 1 n

and comprisg of both excitatory and inhibitory neurons (Del Barrio et al., 2068gh et

al . (2017) further i dentified an inhibito
transporter GAD2 in laminae -VI (Koch et al., 2017). They also found thitese

RORbBb/ GAD2 | Ns r ecei v-thesholdcptaneéoss arfidmpropriocéptive h | o
myelinated afferents from hindlimbs and form presynaptic inhibipo@adominantlyonto

hip flexor afferents ( Koch ‘dnhibitaryINsPa22017) .

R O Rrhutant mice) led to a loss of sensory afferent filtefurgctionduring sving phase

and r esul t e dahyperflexaon phdnotgpkluriggavalking (Koch et al., 2017).

In the spinal cord of theax2R O Rrbutant mice, théhresholdof sensory afferer¢voked

reflexes and reduced primary afferent depolarization (PAD)liardp were decreased

(Koch et al., 2017). Therefore, the function of this population is to gate sensory afferent
transmission and regulate the flexor reflex activity during locomotion thus ensure the

smooth movement.

Another genetically identified senserglated neuron population the dorsabkpinal cord

was defined byheir expression oR O R (Bourane et al., 2015; Del Barrio et al., 2013).

This population, comprised of 86.1 % of excitatory ar2P6 of inhibitory narons, was

mainly restricted in laminae Il/lll and received afferent inputs from innocuous
mechanosensory neurons (Bourane et al ., 20
and static light touch without deficient in pain, thermosensation or itch. Beetaal. also
illustrated that RORU | Ns f oarderd\,ingdugimap s es
VOc cholinergic neurons and V2a | Ns. Nonet
any effect on locomotion but resulted in impaired corrective movementeased

hindlimb missteps and slips during raised beam test (Bourane et al., 2015). These data
suggest that RORU I Ns mediate cutaneous fe

of fine motor control.
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Satb2 expressing INs are another populati@t tias been shown to mediate cutaneous
sensory inputs in locomotor circuits (Levine et al., 2014; Hilde et al., 2016). Sab2 INs
directly receive inpfrom motor cortex and sensory pathways and form monosynaptic
connection with MNs (Levine et al., 201&atb2 INs were thought to integrate the sensory
and supraspinal information to encode the circuit for motor synergies (Levine et al., 2014).
A subset of Satb2 INs express GAD2 and are predominantly inhibitory (Hilde et al., 2016).
Conditional deletion of &b2 gene from spinal cord resulted in hyperflexion of the ankle
joint during swing phase, and prolonged hyperflexion in response to noxious stimulation
(Hilde et al., 2016). The former phenotype was thought to be mediated by the medial
subpopulation of 382 INs which receive proprioceptive and cutaneous afferent inputs
(Koch, 2019; Hilde et al., 2016).

Glutamatergic dI3 INs, defined by expression of transcription faskbrdirectly project

to MNs and are involved in lohreshold disynaptic reflex patlays (Bui et al., 2013).
Deletion of spinal glutamatergic dI3 INs resulted in higher number of hindlimb missteps
in horizontal ladder task and incapable of regulating grip strength (Bui et al., 2013). dI3
INs were also found to be integrated with walkimgated spinal cord circuits (Bui &
Stifani et al., 2016). Elimination of dI3 INs did not impair fundamental rhythmic
locomotion but contributed to some subtle changes of hindlimb movement, such as wider
space between two hindlimbs, more frequent threewrfeet on the ground and shorter
swing phase (Bui & Stifani et al., 2016).

2.5Thefunctionalroles of cutaneous angroprioceptivesensoryafferents

duringlocomotion

2.5.1 Cutaneous sensory afferergtumbling corrective reaction

During locomotion, the cutanae sensory inputs participate in correcting the leg
movement in the case of uneven terrain or in response to obstacle, called stumbling
corrective reaction (Forssberg, 1979; Quevedo et al., 2005; McVea & Pearson, 2007).
When animals hit an obstacle duritggrestrial locomotion, the cutaneous afferent signal

from paw evokes a shadtency activation of the flexor muscles in knee and ankle which
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in turn induce an additional flexion of the limb clearing the obstacle (Forssberg, 1979;
Mayer & Akay, 2018). Thestumbling correction reaction is a sophisticated and refined
reflex mechanism and is phase (stance/swijngsk (forward/backward walkingand site

(ventral/dorsal of the footdependent.

When the mechanical stimulation was applied to a lifted limindguhe swing phase, a
situation similar to its hitting an obstacle, it could evoke a robust response of the affected
limb, starting with a prominent knee flexion to rapidly withdraw the foot, followed by a
flexion of the ankle and the hip to step over tistacle and place the foot in front of it
(Duysens and Pearson, 1976; Forssberg et al., 1975, 1977; Mayer & Akay, 2018). Such
sequential reaction is important because if the ankle and hip responded at the same time
with the knee, the foot would have jusbved too close to the obstacle. Local anaesthesia

on the dorsum of the foot abolished this reaction, which proved that it was the cutaneous
sensory afferent evoked this response (Forssberg et al., 1975, 1977; Buford&Smith, 1993).
When the mechanical stirration was applied on the dorsum of the foot during stance
phase, an increased extensor muscle activity was observed, but limb extension movement
was not affected. The phenotype that extension movement in the limb did not change even
though extensor musgelactivities increased indicates that the actual limb movements
appear less obvious during the weighpporting phase than the effect caused by

perturbations during swing.

Researchers also implantedff-electrods on the various cutaneous nerve to mirthie
situation of hitting obstacle (Duysens and Pearson, 1976; Mayer & Akay, 2018). This
technique has been proved to evoke similar muscle activities as hitting the obstacle and to
provide more precise stimulus timing that allows researchers to obseraetithiges in
different periods of step cycle (Duysens and Pearson, 1976; Mayer & Akay, 2018). When
the stimulation was applied during the swing phase, its effects varied depending on the
precise swing phase period it was applied. The stimulus applib@ &eginning of the

swing phase caused the prolongation of the step cycle affecting the more extended
ipsilateral flexor activity but not the extensor activity. When the stimulus was applied in
the middle of the flexor phase, the step cycle became shoherstimulus trainstarting

at the end of the flexor phase aedtending tothe beginning of the extensor phase,
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triggered a prolongation of flexor activity while at the same time reducing the extensor
activity. This shorter extensor activity causecharger step cycle (Duysens and Pearson,
1976; Mayer & Akay, 2018). When the weak stimulus fell within the stance phase of the
ipsilateral hindlimb, they observed that ipsilateral extensor activity increased both in
amplitude and duration. Also, the subsewoju ipsilateral flexor activity onset and
contralateral extensor activities were delayed (Duysens and Pearson, 1976; Mayer & Akay,
2018).

Taken together, these studies showed that same muscle respahe perturbatios)

cutaneous stimulations, in thepmsite mannerThe response could le¢her activated or

not , during either swing or stance. Such
reversal o, which means that identical stin
of the stimulation. (Forgerg et al., 1975; Pearson & Collins, 1993; Mayer & Akay,

2018). This also reflects the cohapity and preciseness of stumbling correction reflex

pathways that are essential for an animal to avoid obstacles under different circumstances.
2.5.2 Proprioceptive sesory afferent initiate and halt the locomotion rhythm

Proprioceptive sensory feedback plays a significant role in detecting joint position.
Afferents signalling muscle stretch at various joints are key components for the
determinationof limb position. Therole of muscle afferent feedbaslkacross different

joints have been studied in a various manner. Back in the 1900s, Sherrington had suggested
that hip proprioceptors are prerequisite to the initiation of "retepping” (Sherrington,
1910). Similarly, Rssignol and Grillner found that in the chronic spinal cat, new rhythmic
locomotion could be elicited when the hip joint, gradually extended by the researcher,
surpassed a certain extension point (Rossignol & Grillner, 1978). Direct evidence that
shows théhip position is critical for locomotion was from Rossignol and Pearson's study
in 1991 (Pearson & Rossignol, 1991). When they gradually increased the hip angle of the
chronic spinal cat during dregvoked fictive locomotion, the rhythmic activity was stdr

and became increasingly vigorous until the limit of the hip extension was reached (Pearson
& Rossignol, 1991). This finding strongly indicates that afferents activated during hip

extension produces an excitatory influence on the central system gametatihmic
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locomotion. Taken together, these findings suggest that the range of joint excursion,
signalled by proprioceptive afferents mainly from muscle spindles, determines-tife on

switch pattern of locomotion.
2.5.3 Proprioceptive sensory afferent entréfhe locomotion

Muscle afferents can play crucial roles in setting locomotion frequency. The
proprioceptive sensory system controls phase transitions by prolonging or ceasing the on
going phase, thus adjust the frequency of stepping. There have beemxpanynents
specifically designed to evaluate how proprioceptive afferents can entrain locomotion. The
results of these studies have made the convincing conclusion that proprioceptive input from

muscles and joints are major contributors to the entrainofdatomotion.

In the 1980s, Andersson and Grillner found that curarizing the spinalized cat allowed the
central pattern generator in the spinal cord still functioning, without ever producing any
movement. This method permitted them to apply a passivemment of the hip joint while
observing the influence from proprioceptive afferents of the hip joint on the drug evoked
fictive locomotion (Andersson et al., 1978; Andersson &Grillner, 1981; Andersson &
Grillner, 1983). Then they denervated the musclesrobing knee and lower limb and
record from the nerves that innervate those muscles so that there was no proprioceptive
afferent of those muscles sending back to spinal cord. Firstly, they found that the efferent
burst activity could follow the superimpakenovements of the hip joint over a vast range

of frequencies (Andersson et al., 1978). Secondly, they found that the frequency of muscle
bursting they recortifrom TA and St changed with the frequency and flexion level of the
manually moving hip joint (Adersson et al., 1978). Furthermore, the extension of the hip
joint generally blocked the flexor activity (Andersson et al., 1978). In summary, hip
extension and flexion levels, signals of muscle length, play a principal role in the

entrainment of locomotahythm.

Group |b affererg are also a significant component in the entrainment of rhythm.
Sinusoidal stretches of the gastrocnenrsialeus at a frequency around spontaneous
rhythm frequency could produce locomotor rhythm entrainment only when peak tensions

approached three timesthesting tensio(Conwayet al., 187). At these tensions, group
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Ib afferent are considered as the main contribution to the overall afferent discharge. Further
evidence for group Ib afferents as major contributors to locomotor rhythm entrainment is
from Pearson's team. They showed that when the tension was 15N, there was perfect
entrainment, but not when the tension was 8N (Pearson et al., 1992). Also, they found that
at 1.2 xthreshold stimulation, at which a much higher percentage of la relative to Ib
afferents are activated, there was a loss or weakening of the entrainment previous observed
(Pearson et al., 1992).

2.5.4 Proprioceptive sensory afferent reset the locomotion

Resetting is different from entrainment. A reset is when the regular locomotor rhythm is
interrupted and "restarted" in a coordinated fashion for all flexor and extensor muscles on
the left and right sides. Typically, the rhythm will be reset by a prolongation or shortening
of a stimulated cycle, after which the regular rhythm is resumedstefh cycles of the
original duration. Therefore, the resetting is likely to be thought as a situation when an
animal encounters an unexpectedly short t&tmetch or load followed by a resumed

locomotion of the original frequency.

Hip joint movement notmly can entrain the locomotor rhythm but can also reset it. After
the studies mentioned above, Grillner and Andersson continued to systematically
investigate the influence of proprioceptive afferents from hip during fictive locomotion by
using a ramp streh of the hip in various phases of the step cycle (Andersson & Grillner,
1981). They found that hip flexion imposed during the flexor burst prolonged and enhanced
the ongoing activity, whereas flexion in the opposite period of extensor activity had a
negaive-feedback effect. This effect was also proved by another study done by Kriellaars
et al. (Kriellaars et al., 1994). Electrical stimulus at a strength of 1.6 xthreshold and higher,
which thought to activate group la and Ib afferent, of hip flexor neotdd reset the
rhythm in locomoting decerebrate cats (Lam & Pearson, 2002; McCrea et al., 2000;
Perreault et al., 1995).

Other resetting evidence is from the stimulation of GTOs of extensors. Conway et al. first
illustrated this idea in 1987 (Conway &t 4987). They delivered a short traihelectrical

stimulusto the ankle or knee extensor muscle nerves recruiting group Ib afferents during
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the flexion phase on the spinal cat during deugked fictive locomotion. This stimulation
immediately terminad the orgoing flexor activity and evoked a new extensor burst
(Conway et al., 1987). The recording from the MNs that innervates that flexor muscle
showed a disfacilitation, but not a hyperpolarization since the same input at rest did not
produce inhibiton of the MNs (Conway et al., 1987). This stimulation also induced a reset
of the locomotor rhythm when it was applied during the extension phase. When the
stimulation was given during the extensor phase, the extensor burst was prolonged, and
again resetite rhythm of locomotion (Conway et al., 1987).

3 Spinal cord CPG circuit for locomotion in mammals

In all vertebrates, neural circuits in the spinal cord generate the rhythmic timing and
patterns to coordinate muscle activities during locomotion. This inadity can be
preserved in the absence of any rhythmic inputs outside spinal cord, and this spinal neural

circuitry is generally referred as central pattern generators (CPGS).
3.1 Thehistory d discoveryof locomotorCPG

The idea of CPG was proposed bylPpison in 1905. At the beginning of the 20th century,
Philippson found that the suspended spinal animals often exhéptsddes ofhythmic
hindlimb movement. Therefore, he suggested that there could be a spinebotyalled
locomotion via both cerdit and reflex mechanisms (reviewed by Clarac, 2008). By 1911,
Thomas Graham Brown in his experiments compared the spontaneous rhythmic
movements of hindlimbs of the spinal cats before and after deatgoenand he found

that after deaffereation rhythmic activities of the hindlimb muscles lasted for at least
another several episodéhese episodesere similar to those before the deafferent, and,
importantly, there was no great difference of the movements of progression between
deafferented musclesid those not deafferented. These results were the first experimental
evidence of possible existence of a spinal centre that was responsible for rhythmic activity
of hindlimb muscles without peripheral stimuli (Graham Brown, 1911). However, this

idea waslien forgotten for almost 60 years until late 60s of 20 century.
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In a paper published in 1969, even though the original data were first reported in 1962 as
an abstract, Engberg and Lundberg reported compelling evidence that extensor muscles
became electrally active before the foot touches the ground at the onset of the E2 phase,
and this activity was neither due to la stretch reflex nor cutaneous reflex from toe touch
(Engberg & Lundberg, 1969). Engberg and Lundberg then claimed the existence of a
centralprogram, the CPG, for locomotion. More and more ewdaf the spinal CPGs

came after this report. For example, French researchers, Denise Viala and Pierre Buser also
demonstrated the centrally controlled rhythmic locomotion in both decerebrate ard spina
rabbits (Viala & Buser, 1971; reviewed by Clarac, 2008). Then, more detailed studies were
done by Sten Grillner et al. They compared muscle activities in decerebrate walking cats
before and after section of all dorsal nerves from one or both hindlimiiiéG &
Zangger, 1975). They showed that the animals retained the intricate varied motor patterns
of movement after the deafferentation, demonstrating the presence of a centrally generated

motor output. Thus far, the spinal CPG concept had been wefitadce

Evidence of the presence of CPG centres in invertebrates also began to emerge in the 1930s
after it was first shown that motor behaviour could be induced spontaneously in the isolated
insect ventral cord of Dytiscus (Andrian, 1931). In 1960, Hughed WWiersma
demonstrated rhythmic swimmeret beating at a-neamal frequency (1 Hz) in the
isolated crayfish abdominal cord with the complete absence of any peripheral afferent
(Hughes & Wiersma, 1960). Shortly thereafter, Wilson and Wyman (1961) steeegth

strong evidence of CPG activity in grasshoppers. The coordinated flight motor output
pattern in this preparation could be evoked without head and wing proprioceptors (Wilson

& Wyman, 1961). Following these truly seminal reports, an explosion of Cé&anehes

undertook on a wide variety of invertebrate preparations.
3.2Locomotor CPGietwork inmammals

3.2.1 Locomotor CPG circuitry and the network model
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The existence and basic concept of spinal locomotor CPGs has been well accepted since
late 1960s, but the orgaational logic of the CPG system is still not completely well

understood, despite big progresses have been made in the last 60 years.

The first conceptual model describing the CPG networks was originated from Brown in

the early 20th century (Brown Graham 1 9 1 1 , 1912, 1914)entHee Opr
organization for spinal CPG network which contain two centres for coordinating flexor

and extensor activity reciprocally inhibit each other (Brown Graham, 1914). He also
suggest that the rhythmic altermagi activities of flexor and extensor muscles were
occurred when two centres were activated and then the inhibition from one centre waned

and the other centre start activating the agonist muscles while inhibiting the antagonist
Ohzlemtr ed ( BrI4y.nthas tosdbeéen mentioned that in this model Brown
assumed the recurrent motor axon collaterals were inhibitory and MNs were part of the
Ohzlemtred (Figure 3A).

I n the 1960s, Lundbergdés group conducted
intravenously injected with DOPA (Jankowska et al., 1967a, b). Under a resting
condition, flexor reflex afferent (FRA) stimulation only evoked ipsilateral flexor MN
activity. However, they found that when-ROPA was applied to spinalized cat
intravenous), FRA stimulation on both sides could supprdss ipsilateral flexor MN

activity , but evoked a locomotdike rhythmic, alternating activities in flexor and extensor
Umotoneurons ipsilateral to the stimulated afferents. (Jankowska et al., 1967ayévloreo

they also suggested that these reciprocal organizations must occur at the interneuronal level.

In their next paper, they further identified spinal INs that received inputs from ipsilateral

or contralateral FRA and were located in the ventrolateramegf the lumbar spinal cord
(Jankowska et al., 1967b). These experiments provided experimental evidence for a
modi fi-ednd6habf architecture of the | ocomoto
3B).

Shortly after these experiments, Shik, Orlovskynd Severin demonstrated that low
strength repetitive electrical stimulation on a small region of midbrain, now known as the

MLR, could evoke walking and higspeed running behaviours, such as trotting and
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galloping, in response to increased stimulatimength in mesencephalic cat (Shik et al.,
1966, 1969; reviewed in Shik & Orlovsky, 1976). Later on, the corresponding brainstem
areas of lower vertebrates were also found to elicit locomotor behaviour (Rovainen, 1983;
McClellan, 1984; Grillner et al., 198 Grillner & Wallén, 1984). This preparation was
further developed to combine with deafferentation and also INs recording. Orlovskii and
Feldman recorded IN activities in lamina VIl in deafferented mesencephalic cats during
locomotion (Orlovskii & Feldmanl1972). They not only found that the activities of some

INs were strictly phascked with stance or swing phase but also recorded other type of
INs which were bursting during both stance and swing phase, and transition phase
(Orl ovski:i & . Eatel, Griflmaraand Zanhder7d2monstrated that intricate
EMG patterns in flexor and extensor muscles, not just simple alternations, were preserved
after deafferentation and spinalization (Grillner & Zangger, 1975). These results inspired
people to rethink h e -wehmtlrfed t heory since it 1impliecf¢
respectively had an identical activation pattern, which was not consistent with the
observation from EMG data in both intact cats and those decerebrated cats that activities

ofmanyf | exor and extensor MNs are notcexnttrriedt |

hypothesis resulted in the devel opment of
by Orlovskii & Feldman, 1972, then proposed by Grillner, 1975, 1981). Theyiloksdc

mul tiple modules, called édunit burst gener
i nhi bit each other around each joint. The)

were interconnected to each other but could also be individeggjlylated by supraspinal

inputs to generate different types of locomotor behaviours (Grillner, 1981) (Figure 3C).

The brainstenspinal cord preparation was then extended to rodents, since the size of a
rodent spinal cord could be suitable to a small rengr¢hamber. Smith et al., first
demonstrated that isolated neonatal (postnatdl days) rat brainsterspinal cord
preparations were able to generate rhythmic patterns resembling locomotor activities by
either chemical, electrical stimulation of the MLR aorsal roots (Abstract: Smith and
Feldman, 1985; Smith et al., 1986; Paper: Smith and Feldman, 1987). Then, Kudo and
Yamada showed that bath application of excitatory amino acidethylD, L-aspartate

(NMDA), also could induce locomotédike activity in isolated neonatal rat spinal cords
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with hindlimbs attached. They found that this activity was dateygendent; with higher
NMDA doses the fictive locomotor frequency increased (Kudo & Yamada, 1987). After
this revelation, a series of studies were condlictshow that the spinal fictive locomotion
could be evoked by a variety of neurotransmitter agonists including dopamine (Kjaerulff
and Kiehn, 1996; Smith et al., 1988), noradrenaline (Kiehn et al., 1999;-8qabsaini

and Cazalets, 2000), acetylch@i(Cowley and Schmidt, 1994a,b; Kiehn et al., 1996) and
specific peptides (Barthe and Clarac, 1997; Smith et al., 1988).

Further studies were focused on understanding the organization of the locomotor CPG.
First, studies from three groups demonstratet tttea CPG circuits controlling hindlimb
movement were distributed along the caudal thoracic and lumbar spinal cord in neonatal
rats, but with a rostrataudal gradient of rhythmogenicity (Cazalets et al., 1995; Kjaerulff

& Kiehn, 1996; Cowley & Schmidt, B). It was indicated that rostral lumbar segments
were more capable of generating rhythms, particularly the fast and regular rhythmic
activities than caudal segments (Cazalets et al., 1995, 1996; Kjaerulff & Kiehn, 1996;
Cowley & Schmidt, 1997). Furthewore, these studies also showed that locomotor
rhythmogenesis was primarily reliant on ipsilateral glutamatergic neurons (Bracci et al.,
1996; Kjaerulff and Kiehn, 1997), whereas the alternating patterns of #sxensor and
left-right activities were seced by GABAergic and glycinergic pathways (Cowley &
Schmit, 1995; Bracci et al., 1996; Kjaerulff and Kiehn, 1996, 1997). Recent studies showed
that optogenetic activation or inhibition of excitatory neurons could initiate or block fictive
locomotion, resectively, in mousespinal cords, which further confirmed that spinal
excitatory neurons are both sufficient and necessary for rhythm generation in the
mammalian spinal cord (Ha@glund et al., 2010, 2013). Haglund et al also showed that,
with regionally cmstrained optogenetic stimulation of excitatory INs, the rhythmic motor
output could be limited to restricted flexaalated or extenserelated MNs, which further
confirmed the O6unit burst generator b6etheor
of O6half centred could be extended to that
inhibitory INs, which mutually inhibit its ipsilateral antagonist RG and its contralateral
counterpart, and there are many such units along the lumbar spinal coambriirat

di fferent joints.cé@hereborefethedtbeamer 6hana
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not as the same as pr opocendt rbeyd Bafo wBir oGy ma he
the harewi r e i nterconnection betcemeed &ahexohat
rhythm was produced by tonic activation of and mutual inhibition between the two centres.
According to the studies provided above that the rhythmogenicity of individual flexor or
extensor RG had been coaertieromd d, utshead d eof idreis
populations that are either control flexor or extensor activities and have reciprocal

inhibitory connection between them (Brownstone & Wilson, 2007).

However, this architecture still hardly explains several experimentahaems. Firstly,

whi |l e-cendthreléf organi zati on can produce the
one extensor activity per step cycle, it is hard to generate multiple bursts witkstepne

cycle, which were shown in some bifunctional musdi&e ST (Perret & Cabelguen, 1980;

Perret et al., 1988). Similarly, the flexor digitorum longus (FDL) muscle activity during
locomotion also provided several pieces of evidence. Usual FDL was generally activated

with a brief bursting during the transiio f r om | at e stance to ear |
al ., 1982; Loeb, 1993) ; however, sever al |
Sometimes. FDL could exhibit varied multiple activities during the stance phase under
different conditions, for example, du ng ei t her a Onatural 6 f
(O6Donovan et al ., 1982; Bur ke et al ., 2 C
background was changed by varying MLR stimulation strengthes (Fleshman et al., 1984;
Moschovakis et al., 1991; Degtyaren&kd a | . 1998). These 60ddo
generated by a circuit outside the RG but was activated by it. Thus, such a pattern formation
circuit, which receives signals from RG circuits and directly regulates MN activities, would

be required in th€PG model (Burke et al., 2001).

Secondlys;cenheedhahd oO6unit bur st generator
observations of sensory influences over the locomotor CPGs. For example, if there were
direct connections between RGs and MNs, theectiohing of oscillation would not be

able to be regulated independently of MNs amplitude and vice versa when it was required.
The detailed information of sensorimotor interaction has been discussed in Chapter Il. Here,

| will only provide a few examples. @ of the best understood examples is the stumbling

corrective reaction. Several groups have observed that mechanical or electrical stimulation
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to the dorsum of the foot, which mimics the real circumstance of the foot hitting an obstacle,
evokes differentmuscle activities in a phaskpendent manner. That is, when the
stimulation is applied during the swing phase, an additional flexion will be observed, while
the same stimulatignduring later stance phase, markedly enhanced extensor muscle
activities, orduring the early stance phase, not change step cycle prominently, meanwhile
shorten the extension duration (Forssberg et al.,, 1975, 1977; Forssberg, 1979). This
phenomenon means that the circuit for step cycle timing and MN activity can be
independently egulated during locomotion, and there is at least one more circuit that is
likely involved.

Additional argument comes from investigations of the regulation of group | sensory
afferents on locomotion. Stimulation of ankle extensor muscle nerves of altatedecat
during MLR-evoked locomotion could increase and prolong the ongoing extensor muscle
activity differently in three joints without changing the step cycle period (Guertin et al.,
1995). Thus, this work suggests that jespecific CPGs can be rdgted independently

from one of the others.

Finally, t he most pr echkelng maetdi ct hiesossefteng i fso rt ht
del etiondé. The 6deletiond is the spontaneo
an ongoing locomotion when othe¢N p ool s are still i n- rhyth

resettingd means the activity from that di
of locomotor cycles later without any change of the locomotion rhythm (LafreRizuka

& McCrea, 2005). The renrang types of deletions reset the phase of the next cycle,
presumably through resetting the rhythm generating populationsrésetting deletions

were first observed in a cat study by Duysens (Duysens, 1977), mentioned by Grillner and
Zangger (Grillner &angger, 1979), and extensively described in turtles during the scratch
reflex (Stein, 2004). The features of spontaneous deletions of MN burst have been
systematically examined in cats during fictive locomotion and scratch in adult decerebrate
cats (LafeniereRoula & McCrea, 2005). The evidence of rasetting deletions strongly
indicates that the CPG controlling each limb contains circuits that maintain the timing or

amplitude of MN activity, respectively.
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Accordingly, an advanced twlevel haltcente CPG architecture has been described
(LafreniereRoula & McCrea, 2005; Rybak et al., 2006; McCrea & Rybak, 2008). In this
network, the haltentre RG is still preserved, which provides the rhythm timing, as a
6clock6é. A patt er nhef embedded hetwween thePRE)levet and ticeu i t
MN level. The PF circuit is controlled by the RG, receives la sensory afferents, and
activates multiple synergist flexor and extensor MN pools, respectively. Depending on the
input from the RG and the interactiontln the PF circuits, each PF population is active
during a particular corresponding phase(s) of the step cycle and regulates the phase
specific synchronized activation of multiple synergist MN pools. The-rasetting
deletions should come from neurongte PF level and resetting deletions should come

from those at RG level (Figure 4).

The original twelevel haltcentre CPG architecture was based on data from one limb. The
knowledge of INs connecting left and right sides provided more information &ieut
network structure of CPG circuits. Exper i m
of neonatal rats first systematically classified and characterized commissural interneurons
(CINSs) involved in leftright coordination (Butt et al., 2002; Butt Riehn, 2003). There

was followed by series of studies using isolated spinal cords of neonatal mouse (Zhong et

al., 2006a, b, 2012; Wilson et al., 2003; Quinlan & Kiehn, 2007). The mouse preparation

has its advantages regarding the study of locomotor neswdrhe study from the

Whel anés group showed that the isolated ne
the rat, is adequately perfused at all tissue depths (Wilson et al., 2003). In these studies,
they characterized L2 ascending, descendinglafuticating CINs (aCINs, dCINs and

adCINs) and locally projecting CINs (sCINs) were characterized (Zhong et al., 2006a, b;
Quinlan & Kiehn, 2007). Furthermore, Zhong et al., (2012) recorded molecularly
identified INs while monitoring flexor and extensolated ventral root activity from both

sides of the spinal cord. They found an asymmetrical pattern of antagonist motor activities
during flexor and extensor namsetting deletions where these wesetting deletions

were independent of contralateral maotivity.

Thereafter, Rybak and colleagues revised their previouseved halfcentre CPG model

with new findings from those rodent studies and the DuyBeasson concept of an
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asymmetric rhythm generator with a dominant flexor -salfiter (Duysens &earson,

1976; Zhong et al., 2012). In the new model, the flexor RG neurons have strong intrinsic
rhythmogenicity with abundant persistent sodium currents and mutual excitatory synaptic
interactions among themselves, while extensor RG only show tonig. firlre activity of
extensor RG still contributes to the extensor phase duration, but the transition timing to the
next flexion phase is controlled by inhibitory INs, B driven by flexor RG neurons.

The extensor PF population receives excitatory inpots RE and fire rhythmically due

to inhibition from flexor PF and rhythmic firing of RE caused by the network effect.
Furthermore, in the new model, the CINs mediaterlgfit interactions only at RG level.

The rhythmic activity of RG INs during fictived¢omotion is not perturbed during ron
resetting deletions (Zhong et al., 2012). They added three types of CINs, and type | and
type Il V2a INs (Cowley & Schmidt, 1995; Butt et al. 2002, 2003; Zhong et al. 20064, b;
Quinlan & Kiehn, 2007). This model simtéal the experimental resetting and nhon
resetting deletion results and predicted the potential mechanism for them (Zhong et al.,
2012; HarriswWarrick, 2014). (Figure 5)

3.2.2 Molecular identification of locomotearelatedINs

Although the early studies using electrophysiological, pharmacological, and modelling
approaches had provided a general structure of spinal CPG circuits, there were very limited
knowledge about the identities of these neurons. Started in late 20th cememgive
studies were conducted to understand the development of spinal neurons during early
embryonic stages. It was found that neuronal identity in the spinal cord was primarily
determined by the dual activities of two morphogens that imparted dotsavmwsitional
information to dividing neural progenitors in the ventricular zone (Lee & Jessell, 1999;
Jessell, 2000; Goulding & Lamar, 2000). The notochord and floor plate produce Sonic
hedgehog (Shh), while the epidermis overlying the neural tubeoahglate secrete Bone
Morphogenetic Proteins (BMPs). They distributed in gradients along the dorsal / ventral
axis. The opposing activities of Shh and BMPs restrict the expression of patterning factors
to spatially restricted subsets of ventricular zoragenitors, which in turn results in the
ventricular zone being subdivided into discrete dorsoventral progenitor domains that

generate different generic classes of embryonic neurons. Mainly, graded Shh signalling
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activity determined the progenitor domaitieat generates MNs and four molecularly
distinct classes of ventral INs from neural progenitor cells: VO, V1, V2 and V3 (Roelink
et al., 1995; Ericson et al., 1997; Briscoe et al., 2000). In the mouse dorsal alar plate, six
progenitor domains generate ell6 neurons (Lee & Jessell, 1999). These cell types
express specific transcription factors (Figure 6, Alaynick et al., 2011). The four ventral
populations and diI6 are considered as putative constituents of the spinal CPG circuits and
play distinctive rolesn locomotor control (Goulding, 2009; Arber, 2012; Kiehn, 2016;
Gosgnach et al., 2017; Destauthier & Zhang, 2019).

The dI6 INs express the homeobox transcription factor Lbx1 in the progenitor stage and
migrate ventrally to the ventromedial spinal c¢@toss et al., 2002; Miller et al., 2002).
Since Lbx1 is also expressed in other dorsal IN populations, there is no unique molecular
marker for the entire di6 population (Gosgnach et al., 2017). Postmitotically,- Lbx1
expressing cells divide into three gaoally distinct subsets based on the expression of
either DMRT3 or WT1 or both of them (Andersson et al., 2012). The DMEXpBessing

dl6 subpopulation has been shown to be exclusively inhibitory and project both
ipsilaterally and contralaterally, formirgynaptic connections to MNs (Andersson et al.,
2012).

Dyck et al. applied whoteell patchclamp recording on dI6 INs and stated that about half

of their recording cells were rhythmically active during dmguced fictive locomotion

in the isolated mowsspinal cord. They also demonstrated two subpopulations of di6 INs
based on their phase relationship with ventral root activities and their intrinsic membrane
properties (Dyck et al., 2012). One subpopulation is referred to as loosely coupled (LC).
The LCsubpopulation showed significant firing preference to the root activity, inactivity
and interburst period. Also, more than 15% of their action potentials were seen in their
nonpreferred phase. These cells are suggested to be involved in rhythm genEnation.
other tightly coupled (TC) population has ph#seked activity to MN activity and is
suggested to be part of pattern formation circuits (Dyck et al., 2012). Griener et al. then
analysed the projection profiles of dI6 INs and their activity pattaring nonresetting

deletions in isolated neonatal spinal cords (Griener et al., 2017). Their data further

-29-



confirmed that di6 INs are involved in both rhythm generation and pattern formation

locomotor circuits.

The Gosgnach group also studied the genticientified subset of dI6, WT-gxpressing

dl6 INs. They showed that WI expressing di6 INs innervated other locomatdated
interneuronal populations and played important roles in securingigbft alternation
during drugevoked fictive locomotionn isolated spinal cords (Haque et al., 2018). The
other genetically identified subset of dI6 INs is DMRT3+ INs. Andersson et al found the
homozygosity for the DMRT3 nonsense mutation was required for the ability of horse to
pace in Icelandic horse breddMRT3 mutated horses had difficulty to gallop at high
speed, which is the natural higheed gait of other breeds (Andersson et al., 2012). These
horse data indicated that the DMRT3 neurons were important for betiglafand fore

hind limbs coordinatio.

VO INs are characterized by their early expression of the transcription factor developing
brain homeobox 1 (Dbx1) (Pierani et al.,, 2001). They are subdivided into multiple
subpopulations, including VO0d, VOv, and VOc neurons. Inhibitory VOd neuronsederiv
from paired box protein 7 (Paxsfositive progenitor cells. Excitatory VOv neurons derive
from Pax7negative progenitor cells and later express homeoboxskipped homologue
protein 1 (Evx1) (Pierani et al., 2001; MorRivard et al., 2001; Lanuza at., 2004).
Lastly, cholinergic/glutamatergic VOC/G neurons express the phikedhomeodomain

transcription factoR (Pitx2) (Zagoraiou et al., 2009).

VO INs constitute a large proportion GfNs in ventral spinal cord and could form direct
connectionsvith contralateral MN pools (Lanuza et al., 2004). Genetic elimination of the
whole population of VO INs results in the loss of deffht alternation at all locomotor
frequencies (Lanuza et al., 2004, Talpalar et al., 2013). The selective ablation of V0Od
neurons led to lethal genotypes owing to breathing impairments. Therefore, they only
performedin vitro investigations on mutants. They found that the mutant cords lost left
right alternation only at low frequencies but remained normal alternation at high
frequencies during drugvoked fictive locomotion. On the other hand, to assess the role

of excitatory VOVCINSs, they selectively silenced the expression of vesicular glutamate

-30-



transporter 2 (Vglut2) in Evx1+ VOv INs. The mutant mice could survive to famdt
allowing them tan vivolocomotor analysis. They found that the mutant mice showed left
right alternating gait at low frequencies{2Hz) and a hopping gait at high frequencies (4

10 Hz). The forelimbs stayed alternation at all frequencies (Talptakal, 2013). It has

been introduced in section 1 that the increase in locomotor speed in rodents is accompanied
by a transition from leftight alternating gaits, like walk and trot, to leight synchronized

gaits, like gallop and bound (Bellarditakiehn, 2015). After the ablation of VO INs, only
bound gait is reversed in mutant mice at all speeds (Bellardita & Kiehn, 2015). Ablation
of VOv, however, results in the absence of trot gait at low frequencies, but walk is presented
(Bellardita & Kiehn, 2@5). This result indicates that the VO population is vital for forming
two distinct gaits, walk and trot, in naverlapping frequencies of locomotion (Bellardita

& Kiehn, 2015). Also, it indicates that the synchronization ofigftit hindlimbs may be
regulated by other IN populations (Kiehn, 2016). Although Pitx2 labels both VOC and VOG
INs, only the function of VOC has been studied. VOC INs have been shown as the sole
source of cholinergic inputs to spinal MNs and to regulate MN firing frequency and GS

activity amplitude increase during swimming (Zagoraiou et al., 2009).

V1 INs are derived from the pl progenitor domain, which expresses the transcription
factors Pax6/Dbx2/Nkx6.2 and are defined by the postmitotic expression of engrailed 1
(Enl) (Burrill & al., 1997; Saueressig et al., 1999). They are ipsilaterally projecting
inhibitory neurons that can make direct connection to MNs (Sapir, 2004; Higashijima et
al., 2004; Li et al., 2004). It has been shown that all Renshaw cells (RCs) and some of la
inhibitory INs (lalNs) are subsets of V1 INs (Sapir, 2004; Alvarez et al., 2005; Benito
Gonzal ez & Al v arbeomodeoRy0Qritli2e)birth ddted, Begiteohzalez

& Alvarez found that mouse V1 INs could be subdivided into early (EQ®5) and late
(E11.5E12.5) born groups. The RC was included in early born group and upregulated
calbindin expression after postmitotic stage (Beitlmzalez & Alvarez, 2012). The
differentiation of RCs is temporally controlled by the activation of several transcription
factors, Onecut 1/2, Foxd3 and MafB (Stam et al., 2011). Later bodekiled lalNs are
calbindinnegative and express FoxP2 at the beginning of differentiation (B&nitaalez

& Alvarez, 2012).
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Selective loss of V1 INs led to a significant reductionhaf rhythm of fictive locomotion

of isolated neonatal spinal cord and potentially locomotor speed of walking animals, which
implies an essential role for V1 INs in generating fast locomotor output (Gosgnach et al.,
2006). Furthermore, when the eliminatiohV1 INs was combined with silencing V2b

INs, the isolated spinal cord showed a synchronized flextamsor activity during fictive
locomotion, and neonatal mice were unable to move their limbs (Zhang et al., 2014). These
data indicate the function of Vand V2b in the coordination of flexextensor motor
activity.

While it has been known that Renshaw cells and la INs are two subsets of V1 INs, they
make up only a small section of the population. In 2016, utilizing a sparse Bayesian
framework, fifty V1 subtypes were identified according to combinatorial expression of
nineteen transcription factors (Bikoff et al., 2016; Gabitto et al., 2016). Some of these
transcriptionally defined V1 subtypes exhibited distinct physiological signatures and
situate in ahighly restricted region within the neonatal spinal cord. Furthermore, the
electrophysiological and anatomical analyses revealed variant microcircuit architectures,
including V1 INs that control proximal and distal jor@lated MN pool, respectively
(Bikoff et al., 2016).

Mouse V2 INs are generated from the p2 progenitor domain expressing the combination
of transcription factors, Nkx6.1/Irx3/Pax6 (Briscoe et al., 2000). Although both V2 INs
and MNs express Lhx3 in the late progenitor stage, only MNs s&xpsdl, which
distinguishes these two cell populations (Ericson et al., 1992, 1997; Thaler et al., 2002).
There are two distinct subtypes of V2 INs: excitatory V2a INs expressing Chx10 and
inhibitory (GABAergic/glycinergic) V2b INs expressing Gata2, Gatad Scl (Tall) (A
Mosawie et al., 2007; Ericson et al., 1997; Karunaratne et al., 2002; Lundfald et al., 2007;
Muroyama et al., 2005; Peng et al., 2007; Smith et al., 2002; Zhou et al., 2000). Chx10+
V2a INs form ipsilateral excitatory connections witiNsland other ventral IN populations,
including VOv (Lundfald et al., 2007; Crone et al., 2008). V2a INs were the first excitatory
IN population that was shown to influence the-tefht alternation in drugvoked fictive
locomotion and during highpeed rieadmill running (Crone et al., 2008, 2009). The

analysis of firing and membrane properties of V2a INs indicated that this subset was
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electrophysiologically heterogeneous (Zhong et al., 2010; Dougherty & Kiehn, 2010).
Furthermore, Zhong et al. (2010) obs=d that the number of rhythmically recruited V2a
INs is increased when the fictive locomotion frequencies is higher as well as a significant
amount of electrical coupling within the same class, either tonic or phasic V2a INs. Zhong
et al., (2012) also fond that V2a INs that are rhythmically active in phase with ipsilateral
L2 ventral root during fictive locomotion could be subdivided into two types, type | and
type Il (Zhong et al., 2012). Type | V2a INs continued to receive rhythmic excitatory
synaptic dive and oscillated regularly during deletions with no change of integrated
synaptic drive. This type of V2a INs do not fire during spontaneous L2 activity during
resting condition. Therefore, Zhong et al. (2012) suggested that type |1 V2a INs should be
involved in the RG level. Type Il V2a INs lost their synaptic drive and are silent during
deletions, which is considered on the output paths from the PF circuit to MNSs.

Sim1l expressing V3 INs derive from the most ventral NkxeX@ressing p3 progenitor
domain(Briscoe et al., 1999; Goulding et al., 2002; Zhang et al., 2008). They are a major
group of glutamatergic commissural INs in the mouse spinal cord (Zhang et al., 2008). The
data from our lab has shown vast heterogeneity of V3 INs determined by thé&wripca
intrinsic membrane properties, axon projection profiles, and morphologies (Borowska et
al., 2013, 2015; Blacklaws et al., 2015). The majority of ventral V3 (V3V) subpopulation
form both commissural ascending and descending propriospinal axon prgeethile a

small part of them also exhibit ipsilateral or bifurcating projections (Chopek et al., 2018).
V3 dorsal (V3D) INs displays exclusively commissural ascending projections (Blacklaws
et al., 2015). V3V and V3D subpopulations were shown to beiglbggally distinct at

birth, but their electrophysiological properties undergo a significantly maturation process
during the first three postnatal weeks (Borowska et al., 2015). Furthermore, Chopek et al.
(2018) illustrate the local V3V circuit using wleecell patchclamp recordings in
combination with holographic glutamate uncaging (Chopek et al., 2018). They found that
smaller medial contralateral projecting V3V form synapses with larger lateral V3V, which
in turn innervate adjacent MN networks. Ipglal MNs also excite both lateral and medial
V3V, thus forming a positive VBIN feedback microcircuit (Chopek et al., 2018). Genetic

deletion of V3 INs did not affect lefight alternation, but caused unstable gaits in walking
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mice, and generated imbatad and less robust rhythmic fictive locomotion in isolated

neonatal spinal cords (Zhang et al., 2008)

Although these experimental data strongly suggest that V3 INs are involved in the control
of locomotion, their exact function and commissural connectivity remain mainly unknown.
In this thesis, | deleted the expression of Vesicular Glutamate Transporter 2 (v@IuT2)
V3 INs in SimF*;vGluT2 floxflox (v30FF) mice, and systematically examined their
locomotor behaviours, including their gaits at various treadmill speeds, as well as their
kinematics and muscle activities in different locomotor tabkshapter 2] identified a
lumbo-cervical projecting V3 propriospinal INs and found that thesepsytulation of V3

INs may have provided a direct excitatory drive to cervical locomotor CPGs and could be
essential for the synchronization of diagonal limbs for propsting gaits. Chapter 3
demonstrates that spinal V3 INs may have multiple functionajpsphlations that are
involved in different modular circuits that regulate proximal or distal jointshapter 4

we combined oum vitro experimental and modellingesultsand shows tha¥3 CINs
provide mutual excitation between the spinal neurons involved in the control of left and

right extensor activity, which may promote teifjht synchronization during locomotion.
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4 Figures
Figure 1.1 the locomotor step cycleadysis from Philippson.
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Figure 1.1 The locomotor step cycle analysis from Philippson.
(A) Photographs of dog locomotion which were given to Philippson by Marey (1905).

(B) Different phases of the step cycle, which Philippson defined(ézoFlift-off in the

swing phase), E1 (foot descent in the swin
and E3 (limb thrust in the stance phase. Beneath these phases, Philippson drew the timings

of reflexes which he believed to assist and/or bribgua the successive step cycle

movements (Clarac, 2009; Figure 1).
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Figure 1.2 Schematic representation of rear limb muscles arafgressed

raw recordings of their activities from a cat walking on the treadmill.
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Figure 1.2 Schematicepresentation of rear limb muscles and-pmecessed raw
recordings of their activities from a cat walking on the treadmill.

Left: Muscles are represented by dashed lines. Flexors: Sart (A and M), sartorius (anterior
and medial); Ip, iliopsoas; St, sermténosus; TA, tibialis anterior; Plant, plantaris; FHL,
flexor hallucis longus; Plong, peroneus longus; FDL, flexor digitorum longus. Extensors:
SmA, semimembranosus anterior; AB, anterior biceps; VA, vastus; LG, lateral
gastrocnemius; Sol, soleus; MG, madjastrocnemius; EDL, extensor digitorum longus.
Bifunctional muscles: PB, posterior biceps; RF, rectus femoris. (Markin et al., 2012; Figure
1)

Right: Preprocessed raw EMG recordings of muscle activities during treadmill walking.
Note that flexor muscke SartM, IP, and TA, start prior to the swing phase. Only the
activities of hip flexor, IP and SartM, last through whole swing phase. Extensor muscles,
AB, VA, Sol and GS are active in stance phase. RF and PB show two bursts either in stance

or swing phas. (Markin et al., 2012; Figure 2B)
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Figure 1.3 Scheme of different models for CPG circuitry.
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Figure 1.3 Scheme of models for CPG circuitry.

(A) Half-center theory proposed by Brown Graham. The two centers are reciprocally

inhibiting each ot her, i ndi cat edembtyermd acknesmoV atd
muscles whil-eerxeredsiomnédéhwadtfe extensor mus
(B) Lundber gaécse noedri6f ineodd edlh.alSmal | wiNste cir

and gray circlesepresent inhibitoryNs.

(C) Unit burst generator theory proposed by Sten Grillner. H, hip; K, knee; A, ankle; F,
foot; EDL, extensor digitorum longus. The black bars represent inhibitory synapse contacts
and white O6V0O shape nagsecorstacts.e pr esent excit a
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Figure 1.4 Stekemabdi model 6t wo
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Figure 1.4 Sthemhdi model 6t wo

Populations ofINs are represented by spheres. Excitatory and inhibitory synaptic
connections are shown by arrows and small circles, respectivepula®ons of
motoneurons are represented by diamonds. RG, rhythm generator; PF, pattern formation;
Inrg, inhibitory INs working in rhythm generation level; Inpf, inhibitollyys working in

pattern formation level; la, la inhibitodNs; R, Renshaw cells; Flexor; E, extensor;

MLR represent descending drive to initiate rhythm in circuit. (Rybak et al, 2006; Figure
2A)
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Figure 1.5 Schemaetviecl da saygmnaent roifc abltéwomo d e |

Populations ofINs are represented by spheres. Excitatory and inhibitory synaptic
connections are shown by arrows and small circles, respectively. Populations of

motoneurons are represented by diamonds. (Zhong et al., 2012; Figure 9)
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Figure 1.6 Snapshatpinal cord development.
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Figure 1.6 Snapshot: Spinal cord development.

This snapshot illustrates the sequential genetic steps that generate neuronal diversity within

an idealized spinal segment of mouse.
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CHAPTER 2. THE ROLE OF MOUSE SPINAL V3
INS IN QUADRUPEDAL INTERLIMB
COORDINATION

Contribution statement

I would like to acknowledge Dylan Deskzauthier and Dr. Tiesong Lifor the
immunohistochemistry stainirghown in this chapter; Dr. Christopher T. Jones for writing
script of gait analysisMingwei Liu for developing MATLAB toolbox | performed all
behaviour experimentsand statistical analysis described in this chapter.
Immunohistochemistry staining off@s experiments was done by Dylan De§&authier
and Dr. Tiesong Li. Cell counting of CTB/Sinaglls in lumbar spinal cord was done by
Dylan DeskaGauthier.The MATLAB toolboxes for generatingolour coded heating map

and exporting the locomotion parameters were written by Mingwei Liu.
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1 Summary

V3 INs are a major group of glutamatergic commissnoealrons in the spinal cord. They
directly innervateMNs as well as other ventréNs. Although it has been shown that V3
INs are crucial in forming stable and robust rhythmic locomotor activity, the mechanisms
underlying their function is still uncleam kthe current study, we specifically dekktae
expression of Vesicular Glutamate Transporter 2 (vGIuT2) in V3 11", vGIuT2

floxfilox (\y30FF) mice. We found that V3OFF mice were unable to run faster than 40 cm/s
on a treadmilla speedat whichWT mice troted constantly. Atspeed unded0 cm/s,
V3OFF mice could not trot propetlgnainly due to their inability to precisely synchronize
their diagonal limbs. Usinthetrack tracercholera toxin subunit B (CTB), we identified
clusters of V3 INs withirhigher lumbar segments of tdeep dorsal spinal laminae that
had long ascending projections to the cervical region. Optical stimulat\® Idfs in the
lumbar segments of the isolated spinal cord of the neoSatef™"; Ai32 mice could
simultaneously evoke activities d@lhe lumbar and cervical ventral roots. Blocking
glutamatergic synapses exclusively in the lumbar region did not prévehghtinduced
cervical activity, suggesting that lumbar W8s directly innervaté cervical motor circuits.

Next, we observed an increase tkr@s expression in lumbeervical projecting spinal V3

INs from mice afterthey ran at 40cm/s on the treadmilcompared tocorresponding
expressiorfrom mice after walking at lower speeds. This result indacttat these long
projecting V3 INswere highly active during mediurspeed trotting. Taken together, we
propose that lumboervical projecting V3Ns provide a direct excitatory drive to cervical
locomotor networks during medium locomotor speeds essential for performing robust and

stable trotting gaits.
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2 Introduction

Locomotion is a fundamental motor function in the animal kingdom. In quadrupeds,
precise cordination of the four limbs is essentidr generatingsmooth locomotor
activities. Therefore, the relative phase relationship of the four limbs, interlimb
coordination, must change to form different gaits under different conditions or speeds
(Bellardita& Kiehn, 2015; Frigon, 2016; Grillner, 1981, 2006, 2019; Hildebrand, 1989;
Lemieux et al.; 2016; Serradj & Jamon, 2009). It has been suggested that separate neural
circuits in the spinal cord, named C&@enerate basic rhythmic activities that contrel th
movement of individual joinin each limb These CPG#or each limbare connectedith

each otheby propriospinal neurons (Ballion et al., 2001; Danner et al., 2017; Frigon, 2016;
Grillner, 1975; Juviret al. 2005, 2012; Yamaguchi, 2004; Zaporozhets et al., 2006). The
propriospinal projections can be shapinninga couple ofspinal segments for CPGs
within one leg, or longr reachingbetween cervical and lumbar segments for-fared
hindlimbs, respetively, or commissural for leftight limbs (Brockett et al., 2013; Dutton

et al., 2006; Flynn et al., 2017; Ni et al., 2014; Reed et al., 2006; Ruder et al., 2016). The
exact mechanisms underlying the functions and identities of these propriospinasneuro
are still mostly unknown, particularly those mediating long projections between neural
circuits in lumbar and cervical spinal segments to coordinate the movement -o&mihd
forelimbs (Miller, 1970; Miller & Van Der Meché 1973; Juvin et al. 2005, 20C2wley

et al., 2010; Ruder et al., 2016).

Tradk-tracing studies performed in rodehids showrthat long descending propriospinal
pathways, originamg from neurons in cervical/upper thoracic segments, projected to the
ipsilateral and contralateral lumbar spinal cord eveBly comparisonmore excitatory
long-descending inputs were found in the contralateralttingipsilateral lumbar segments,
while long cervical inhibitory descending projectiongreferentially terminated
ipsilaterally (Reed et al., 2006; Brockett et al., 2013; Ni et al., 2014; Flynn et al., 2017).
On the other hand, lorgscending propriospinal projections origingtfrom neurons in
laminae VII and VIII lumbar segmentsere mainly excitatory and terminademore
frequentlyin the contralateral thamhe ipsilateral cervical regions. (Dutton et al., 2006;
Ruder et al., 2016).
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Using isolated spinal cords from neonatal rats, Juvin e{2805) showed that the
ascending contralateral excitatory drives frtma lumbarregionhad more influence on
CPG activity in the cervical region than descending pathways. By making midsagittal
lesions on the spinal cord, several studies have shown thasedr propriospinal
projections plagd an important role ithe diagonal coordination of lumbar and cervical
motor outputs (Cowley and Schmidt, 1997; Cowley et al., 2008, 2010; Juvin et al., 2012).
More recently, Ruder et al. (2016) illustrated that theegeally identified Dbxl positive

VO INs were the major long descending projecti@dNs, while V2s were the main
ipsilaterally projecting INs fronthe cervical to lumbar region. They also showed that
silencing of these cervielmmbar longprojecting neusns resulted in a speependent
distortion of intedimb coordination. However, the cellular identity of leagcending
propriospinal neurons and their functional role in speegulendent gait expressiomsyivo,
remain poorly understood. Based on our previous and current studies, we propose here that
another population, V3 INss one of the lonrgscending profions, may be a good

candidate for coordinating fot@nd limb activities

Sim1l expressing V3 INs derive from the most ventral NkxeX@ressing p3 progenitor
domain (Briscoe et al., 1999; Goulding et al., 2002; Zhang et al., 2008). They are a major
growp of glutamatergi€INs in the mouse spinal cord (Zhang et al., 2008). Our previous
studies have shown that V3 INgere heterogeneous with mixed projection profiles,
including commissural ascending and descending and a small portion of ipsilateral
projectng cells. Some of V3 INs showed potential to have long piojestalthough due

to the limitation of ouin vitro tracttracing methods, we could not follow the axon up to
the cervical region at that time. Previously, when we acutely suppressed thg atWa

INs in the lumbar spinal cord, the mice showed unstable gaits during walking (Zhang et
al., 2008). However, until now, we have not been able to characterize gait changes caused
by the ablation of V3 INs and the function of V3 INs in coordinatiregfour limbs during

locomotion.

In the current study, we employ&im1Cre/+; vGluT¥*"°x (V30OFF) mice, in which the
expression of glutamate transport vesicle (vGluT2) was specifically deleted from Sim1l

expressing neurons. When we pluiésemice on atreadmill running atdifferent speeds,
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we found that V3OFF mice were unable to trobserved as &ck of synchronize
movemens between diagonal limbs. Furthermore, we demonstrated that a subpopulation
of lumbar V3 INs had long ascending projectionsdrorical locomotor network, and these
long ascending propriospinal V3 INs were highly active when the mice ran at 40cm/s, at
which speed mice mainly trot on the treadmill. Therefore, our results suggest that lumbo
cervical projecting V3 propriospinal INBay provide a direct excitatory drive to cervical
locomotor CPGs, whickhould beessential for the synchronization of diagonal limbs for
proper trotting gaits.
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3 Results

3.1 Elimination of V3 INs resulted in deficits in foi@and limb coordination

of mice runnng on the treadmill.

To study the gait of V3OFF mice, we had them run on a treadmill at different speeds. We
found that the highest speed the V3OFF mice could reach was only 40 cm/s (mean = 34.09
+7.00 cm/s, n=11), whil&/T mice normally could reach spesg to 75 £7.% cm/s (n=7)

on the treadmill (Sup Figure 2.1). Next, we examined whether the deletion of V3 INs would
affect the structure and pattern ouhonani mal
the treadmill at 6 different speeds ranging from 15 eman/s with 5 cm/s increments.

At each speed, the animal watkran at least 2x20s. Locomotor gaits were captured with

a camera underneath the transparent belt of the treadmill.

We first calculated the phase relationship between different pairs of coupiieg le
homologous couplings, between either two forelimbs or two hindlimbs; homolateral
coupling, between left foreand hindlimbs; and diagonal coupling, between left hindlimb
and right forelimb (Sup Figure 2.2A). To evaluate the consistency of coordirat@n
given speed, we also compared standard deviation (StDv) of each mouse andjlease

differences between two consecutive steps under different speeds.

Consistent with our previous studies, the-f&jht alternation, the homologous couplings,

of bothfore- and hindlimbs of V3OFF mice did not show any significant differences from
those of WT mice (Figure 2.1Ai & Bi; Sup FiguBe3A, B). The correlation analysis did

not show changes in the phase values of both &ré hindlimb at different speeds (Sup
Figure 2.3A, B; Table 2.1), indicating that there was no correlation between homologous
coupling and the speed. We then calculated the ®tiin each mousat different speeds

and found that the variability of homologous coupling between hindliwitlén each
V3OFF mice increased at higher speeds, while those of WT mice tended to decrease from
low to medium speeds (Sup Figure 2.3A; Figure 1.1Aii; Table 2uk, R-0.32, Ryt =

0.01, Rvzorr = 0.42, Rszorr < 0.0001). The homologous coupling between twolifotes

in V3OFF mice did not correlate with speed while those of WT mice was negatively
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correlated with speed as shown in hindlimbs ( Sup Figure 2.3B; Figure 2.1Bii; Table 2.1,
Rwr = -0.44, Byt = 0.0004, Rsorr = 0.06, Pvsorr = 0.6136). The phase differenoé
homologous coupling between same girdles of WT mice also showed negative correlation
with speed (Figure 2.1Aiii, Biii; Table 2.1,WR Hindimb = -0.48, Rvt_Hindimb < 0.0001,

RwT _Forelimb = -0.48, Rvt Forelmb < 0.0001). However, there was no such elation
observed in V3OFF mice (Figure 2.1Aiii, Biii; Table 2.1, ®W Hindimb = 0.18,
Pvzorr_tindimd = 0.0662, Rsorr Foreimb = -0.04, Ry3orr_rForeimb = 0.6833).These data
indicates that WT mice tend to have a steadierigifit alternation than V3GFmice when

speed increases. Further, V3OFF mice perform a more variabléglgftcoordination

between hindlimbs but not forelimbs as speed increases.

Although the alternation between forelimbs or hindlimbs was not changed, the affected
homolateral anddiagonal coupling, coordination between fo@nd hindlimbs, was
significantly changed in V3OFF mice (Figure 2.1Ci, Di). On treadmill, WT mice tend to
have an alternating homolateral coordination (phase value ~ 0.5) and synchronized
diagonal coupling (phasvalue ~ 1), especially at higher speed (Sup Figure 2.3C, D, WT;
Figure 2.1Ci, Di, WT). However, V3OFF mice likely displayed an-ayphase
relationship between for@and hindlimbs. For homolateral limbs, the phase value ranged
from 0.125 to 0.375; anaf diagonal coupling, it was 0.625 to 0.875. The means of these
phase values increased with speeds in V3OFF mice while it stayed consistent in WT mice
at all speeds (Sup Figure 2.3C, D, V3OFF; Figure 2.1Ci; Table ZdsRqomolateraF 0.43,
Pv3orr_Homolatera< 0.0001, R30rF piagonai= 0.36, R30FF piagonai= 0.0001). For WT mice,

the StDvs of homolateral and diagonal coupling were negatively correlated with their
speeds, indicating that the coordination of fomed limbs became more stabigen their

speed increased (Sup Figure 2.3C, D; Figure 2.1Cii, Dii; Table @l &olatera= -0.38,
Pwt_Homolatera= 0.0027, Rt _piagonal= -0.36; Rvt piagonai= 0.0036). In contrast, the StDvs

of homolateral and diagonal coupling of V3OFF mice botimeased with the speed (Sup
Figure 2.3C, D; Figure 2.1Cii, Dii; Table 2.1y43rr_Homolatera= 0.27, Ri30FF_Homolateram
0.0041, Rs30FF piagonal = 0.41; Ri30FF Diagonal <0.0001). The phase differences of
homolateral coupling did not show correlationiwsipeed in both WT and V3OFF mice
(Figure 2.1 Ciii; Table 2.1, /&r_Homolatera= -0.19, Rvt_nHomolatera= 0.1358, Rizsorr_Homolateral

-53-



= 0.07, Pvzorr_Homolatera= 0.4852). However, the phase differences of diagonal coupling
did show opposite correlation beten WT and V3OFF mice (Figure 2.1Diii; Table 2.1,
Rwt_piagonai= -0.44; Rvt_piagonai= 0.0003, Rzorr_biagona= 0.30;Pv30rF_piagonai= 0.0014).
Taken together, deletion of V3 INs resulted in more variable coupling between two
hindlimbs and foréhind limbs and a change in fofleind limb coordination, especially that

of the diagonal coupling, at higher speeds.
3.2 Gait preferences at different speed were changed in V3OFF mice.

The overall relationships of the four limbs in mammals are expressed as gaits durin
locomotion. Bellardita & Kiehn (2015) and Lemieux et al. (2016) have systematically
defined different gaits by the phase values of the interlimb couplings duringymerd

and treadmill locomotion, respectively. Both studies have shown that at intetened
speeds, mice prefer trotting as the most steadied gait. Lemieux et al further demonstrated

that lateral walk (kwalk) was used as a transitional gait under these speeds.

In this study, we mainly adopted methods described in Lemieux et al., (20ibg) thes

phase of intetimb coupling and duty cycle of stance durations to define most of gaits,
except trot. Lemeiux et al. only considered two factors for trot identification, homologous
and homolateral coupling. However, in V3OFF mice, the diagonalliogughowed the

most problematic phenotype. To assess the diagonal coupling more accurately, we
considered the diagonal coupling as the third factor for the classification of trot. Thus, we
separated diagonal trot {fot) from regular trot. This gait klastrict antiphase
homologous and homolateral coupling, and, more importantph@se diagonal coupling.

We then calculated the occurrence, persistency, and attractiveness of each gait to find the
most preferred gaits at different spe€lise occurrence as the percentage of certain gait
within the total steps. The persistence of certain gait was the percentage of two consecutive
steps that both have the same gait out of all the consecutive steps that include every
possible transition circumstance startfrgm this gait. The attractiveness represented how
attractive the certain gait was. To detect the attractiveness of certain gait, we calculated the

number of steps of certain gait and then this value was subdivided by the total number of
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all possibilities that any type of gait transferred to this gdiquation for these

measurements are shown in Sup Figure 4.

Similar to other studies (Bellardita & Kiehn, 2015; Lemieux et al.; 2016), we observed that
for WT animals, Btrot was the most preferred gaitsaitspeeds between 48 cm/s, and

its dominancy increased with the speed (Sup Figure 2.2B, left), and its three parameters,
the occurrence, persistency and attractiveness, all increased together along the speed as
well (Figure 2.2A, B & C, WT). In contrasthe most occurred and attractive gaitin V3OFF
mice at low speeds < 30cm/s wasvhalk, and then they lost any preferences of the gait
choice when the speed increased (Sup Figure 2.2B, right; Figure 2.2A, B & C, V30OFF).
More interestingly, at the speedt 30-40cm/s, the medium speeds for adult mice {fast
walking speed, Lemieux et al., 2016), V3OFF animals started gallopinghdattding

and hopping, which were only seen in WT mice at high speeds (>80 cm/s) (Bellardita &
Kiehn, 2015; Lemieux et al.; 20L6TI'he appearance of such higheed gaits and lack of

a constant gait profilenightindicate that 30 to 40 cm/s were already too fast foOFF-

mice to catch easily. We would like to point it out that®@BF could trot at all speeds, but

the trot gait wa always used as a transit state instead of a steady state or attractive gait as
that in WT animals (Figure 2.2A, B & C). Compared to most other gaits,-tha Bequire

robust alternation between lefght and ipsilateral foréind limbs and nore impotantly,

robust synchronization of diagonal femend limbs Thisenables the animals to distribute

their body weight relatively equally on their diagonal limbs during stance phase keeping
their body at the most stable state during locomotion. This nesisitonsistent with our
analyses above, which showed that®BF animals had less diagonal synchronization and

ipsilateral alternation.

All our results so far suggest that the deletion of V3 INs caused a lack of coordination
between foreand hindlimbs, pdicularly at higher speed$hisled us to predict that there
might be subsets of V3 INs that serve as long projecting propriospinal neurons to connect

the spinal circuits in lumbar and cervical regions forfared hindlimb coordination.

3.3Long ascending V3 INs have direct excitatorguts to the cervical

locomotor circuit and are more active at intermediate than low speeds.
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Previous studies indicated that there might be limited projections of V3 INs from cervical
to lumbar region (Flynn et al., 2017; Ruder et al., 2016). Therefordewided to focus

on the ascending projecting V3 INs from lumbar to cervical regions. To do so, we injected
a retrograde tracer, choletaxin B (CTB), to the cervical GE&8 region of
Simre/+iRosafloxstop26TdTom micgyhjch express tdTomato fluorescendteins specifically in
Siml-positive V3 INs (Figure 3A) (Borowska et al., 2013, 2015; Blacklaws et al., 2015;
Zhang et al., 2008). After 7 days, we harvested the lumbar spinal cord, irstaime

and mapped the TdTomato and CTB double positive neuromdh wiould mainly be V3

INs with ascending axons to the cervical region (Figure 2.3A). We found that these long
ascending V3 INs were predominately located contralateral to the injection sites, and at
dorsal and intermediate region, mainly in lamina I\Wtpin higher lumbar segments, but
moved to the intermediate and ventral lamina VII and VIII regions in lower lumbar

segments (Figure 2.3B).

To test whether long ascending V3 INs in the lumbar segment could activate motor circuits
in the cervical region,we generated Simf™*: Ai32 mice, which express
channelrhodopsin2 (ChR2) specifically in Sim1 positive V3 INs. Isolate8 $nal cord

of SimL"™*; Ai32 mice were placed in a perfusion chamber split into two parts. This split
chamber was constructedesvhe T5 segment with petroleum jelly (Vaseline) walls. The
suction electrodes for electroneurogram (ENG) recording were placed on the lumbar and
cervical ventral roots of nerves innervating extensors and flexors (Figure 2.4A). Firstly,
we found that phatactivation of V3 INs in the lumbar region evoked strong lumbar and
cervical motor responses (Figure 2.4Bi). This indicated that lumbar V3 INs provided
excitatory inputs to cervicdIN pools. Then, to test if this excitatory drive was directly
from V3 INs or from the other lumbar INs locally activated by V3 INs, we blocked the
glutamatergic transmission selectively in the lumbar region with 4 mM of kynurenic acid
(KYN), known to completely block NMDA and AMPA/Kainate receptors at this
concentration (H&@glad et al., 2010). We found that although the optical stimulation of
lumber V3 INs did not evoke any response in lumbar region, the motor responses in the

cervical region were still present (Figure 2.4Bii). The lumbar response reappeared after the
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drug waswashed out (Figure 2.4Biii). These results clearly demonstrated that lumbar V3
INs directly provided an excitatory drive to cervical motor circuits.

Next, wetestedif these long ascending neurons were truly active during locomotion,
particularly at mediunto high speeds. We first injected CTB in the cervical region of
young adult (P38l0) Simre/*: Rosafloxstop26TdTornice - After 7 days post injection, we let

the animals run on the treadmill at either 15cm/s or 40cm/s. We then conductbd@ost
analysisof the expression of-Eos protein, an indicator of neuronal activity, in V3 Idfs

whole lumbar spinal cor@Figure 2.5A). We found that-lEos positive V3 INs at both
speeds, but more V3 INs were recruited at 40cm/s than 15 cm/s and rest (P rest vs 40cm/s
= 0.0185, P 15cm/s vs 40cm/s = 0.0183) (Figure 2.5B). Similarly, we found significantly
increased -¢-0s/CTB/V3 INs during 40 cm/s than 15 cm/s and rest (P rest vs 15cm/s =
0.0495, P 15cm/s vs 40cm/s = 0.0174, P rest vs 40cm/s = 0.0162) (Figure 2.5B).

Taken together, we propose that lumbervical projecting V3INs provide a direct
excitatory drive to cervical locomotor networks during medium locomotor speeds essential
for robust alternation between leftjht and ipsilateral fordind limbs. This enablesbust

synchronization of diagonal foi@nd limbs to perform trotting gait.
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4 Discussion

Proper coordination of the foreand hindlimbs in terrestrial mammals is essential to
maintain stability during the forward progression of quadrupedal locomotion. The
propriospinal circuitry underlying integirdle coordination during quadrupedal
locomotion remain poorly understood. In the present study, we demonstrated that selective
ablation of V3 INs cause unstable gaits and a lack of famd hindlimb coordination.
V3OFF mice were unable to trot due to a lack of synchronization between diagonal limbs.
Using in vivo retrograde track tracing, we revealed a subpopulation of long ascending
propriospinal V3 INs contralaterally projecting from the lumbar to cervical sporal.

We then further demonstrated that these long ascending lumbar V3 INs could directly
elicited cervical motor outputs and were highly active when mice were trotting on the

treadmill.

4.1 VV30FF mice could not settle on trot.

A precise yet flexible contt@f interlimb coordination under any moving speed allows an
animal to maintain dynamic stability in a continuously changing environment. Such inter
limb coordination, expressed as gaits, at different speeds was well controlled by the
locomotor circuits inthe spinal cord (Batka et al.,, 2014; Bellardita & Kiehn., 2015;
Lemieux et al., 2016).

For a mouse, lateral walk is preferentially performed at low frequency duringgoaaend
locomotion (Bellardita& Kiehn., 2015). However, when mice were walking on the
treadmill, lateral walk was only present up to 30 cm/s, and never occurred as a dominant
gait at any other speeds (Lemieux et al., 2016). The most occurred, stable, and attractive
gait was trot durig medium speed treadmill locomotion (Lemieux et al., 2016). Our WT
mice showed similar gait preference (Sup Figure 2.2B, left; Figure 2.2, WT). However,
V3OFF mice preferred to use lateral walk when the treadmill speeds were below 35 cm/s
(Sup Figure 2.2Bright; Figure 2.2, V3OFF). One main difference betweendlk and

trot gait is the coordination of forand hindlimbs. Both trot and-Wwalk share alternating

pattern within the same girdle but are different on coordination patterns of homolateral and
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diagonal pairs. The homolateral and diagonal phase values of V3OFF mice were smaller
than those of WT mice, which led that the gaits in the V3OFF mice were overwhelmingly
classified as twalk. Since we used the left hindlimb as the reference foot, the dmaak p
value of homolateral coupling in V3OFF mice could be caused by that either thienfore
contacted the ground earlier in the hindlimb stride cycle or the hindlimb contacted the
ground later in fordimb stride cycle. Later, data presented in the hepter, we found

that V3OFF mice had significantly longer swing phase duration in their hindlimb
movement, while their forelimbs had normal phase durations. Therefore, one reason the
lateral walk performed in V3OFF mice might be due to the delayed hindliepping into

the forelimb stride cycle.

It has been suggested that ablation of long cestuotdar descending projection neurons,
including V2Shox2 and VOV INs, led to a predominant interlimb coordination defects of
mice running on treadmill at spes above 40 cm/s (Ruder et al., 2016). In addition, this
study showed thatfter deletion of long cerviclumbar descending projection neuroas,

40 cml/s, only hindlimb coordination was significantly affected yet forelimbrigifit
alternation remainedormal. At the maximal treadmill speed thla¢semice were able to
reach, coordinations at both hindlimbs and forelimbs were affected (Ruder et al., 2016). In
our present study, deletion of V3 INs includithg one witHong ascending projections to
cervical region, did not seetmaffect forelimb alternation at all possible speeds for V3OFF
mice (Figure 2.1B; Sup Figure 2.3B). At their maximal speed, 35icdBscm/s, V3OFF

mi ce tended-speedbouchkab galppsi Under those circumstances,
forelimbs of V3OFF mice kept alternating and had similar patter’®&s while their
hindlimb coupling phases kept changing with increased variability at medium speeds. In
another word, it appeared that the timtbs lost any influences on the forelimb locomotor
circuits, particularly at medium speeds. Therefore, the disorganized gaits in V3OFF mice
might be a combination of the defects of hindlimb movements and the decreased

communication between hindlimb anddbmb locomotor circuits.
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4.2 A subset of lumbar V3 INs that have long ascending projections to
cervical segments may be involved in fdried limb coordination during

medium speed locomotion.

In our previous studies, we have shown that lumbar V3 INs diverge several
subpopulations determined by their distribution, morphology, and electrophysiological
properties (Blacklaws et al., 2015; Borowska et al., 2013, 2015). In the current study, we
identified a subset of lumbar V3 INs, which have long ascendwjggiions to the cervical
segment. This subset of V3 INs might be involved in the coordination efaiodehindlimb

activities, particularly at medium speed movement like trotting.

Using retrograde tracing, we found that most of these long ascendingsuv@ere in the

deep dorsal horn and intermediate region of the higher lumbar spinal cord. The neurons in
this region have been shown to receive intensive innervation from group Ib, group Il and
skin sensory afferents (Bannatyne et al., 2009; Edgley & JeskKay 1987; Jankowska &
Edgley, 2010). Previously, we also showed that V3 INs clustered in the dorsal region,
named V3Ds, were more active during walking than in swimming (Borowska et al., 2013).
We, then indeed, confirmed, in our present study, thatdsngnding lumbar V3 INs were
more active during 40 cm/s than 15 cm/s treadmill locomotion. The trot gait was
characterized by a robust alternation of farel hindlimbs and synchronized diagonal
limbs, likely resulted from a welbrchestrated and coordiea actions between spinal
locomotor circuits with sensory inputs. The diagonal synchronization contributes to an
evenly distribution of body weight on the diagonal pairs of feet at stance, which produces
the least body tilting (Fukuoka et al., 2009, 201%) maintain such stable state, sensory
feedback would be one of the most crucial factors (Fukuoka et al. 2015; Tsujita et al., 2001;
Owaki et al., 2013). Therefore, we suggested that these long ascending lumbar V3 INs
might play important roles mediagrsignals from both lumbar locomotor CPGs and direct
sensory information from hindlimb muscles and joints to regulate the coordination-of fore

and hindlimb movement during trotting.

In summary, our current study has demonstrated that V3 INs are crugehamating

coordinated and stable trotting gaits, and we have also identified a subset of V3 INs that
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directly carry information from lumbar spinal cords to regulate the cervical locomotor

circuits to ensure the coordinated movement between diagonal limbs
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5 Material sand M ethods

Animals

The generation and genotyping®imL™* mice were described previously by Zhang et

al. (2008). Conditional knockout of VGIuT2 in Simiexpressing V3 INs,
SimFe*;VGluT2fo¥lox (V3OFF mice), was described previoubly Chopek et al. (2018).

Ai32 mice (RCL-ChR2(H134R)/EYFP, Jackson Laboratory, Stock No. 0125683
crossed with SimL£™®”* to generateSimEf™*; Ai32 mice TdTomato Ail4mice
(Rosa26™™ Jackson Laboratory, Stock No. 007908as crossed wittBimL™* to
generateiosafioxstop26TdTornice (Blacklaw et al., 2015)All procedures were performed in
accordance with the Canadian Council on Animal Care and approved by the University
Committee on Laboratory Animals at Dalhousie Ursiigt

Treadmill locomotion

Treadmill locomotion tests were performed using 11 (6 males, 5 females) V3OFF
(SImFe*VGIuT2 fo¥oxy mice and 7 (2 males, 5 female®im1’*;VGIuT2 fox/fox op
SimI"*:VGIuT2*1oX) control littermates (WT) at 40 to 48 gtoatal days (P488). No

training was performed before any locomotion tests.

Treadmill locomotion tests were performed using an Exer Gait XL treadmill (Columbus
Instruments). Treadmill running started from 15 cm/s to 45 cm/s in 5 cm/s of increment.
To avoid their fatigue, animals would not perform more than two trails for each speed
during each experiment, and each trail was no more than 20s. The rest interval between
two consecutive trials was > 1 minute. If the mouse hit the back wall of the chamingr d
running, the treadmill was stopped immediately. Gentle stimulations, such as a blow or
touch the hind body of animals, were applied to encourage the animals to run. If the mouse
failed to hold the speed more than three seconds after five triespdeid was defined as

the maximum speed for this mouse. A mirror was placed underneath the transparent
treadmill belt with 45 degrees from vertical, which could reflect the paw movement to a
high-speed camera with the capturing rate at 200 frames/s. Episdtte at least 10

consecutive steps were included for analysis.
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Gait analysis

Four pawsd movements were manually tracke
videos. The successive foot contacts were defined when the paw contacted the ground, the
size ofpaw's image did not change for the next three frames, and then the first frame was
chosen as the foot contacts. The foot lift was defined as the time of the frame when the
front part of the paw was disappeared from the image. Data were exported andegrocess
using a custorwritten script in Spike2 (Version 7.09a, Cambridge Electronic Design).

The stride duration was defined as the duration of two consecutive foot contacts. An stance
(St) started from the foot contact and ended at foot lift. An swing (Swtedtfrom the

offset of St and ended at the onset of next St. The phase value corresponded to proportion

of the time of foot contact of the tested limb relative to the step cycle of the reference limb,
which was the left redimb (RL) in this study. Pha&svalues ranged from 0 to 1. The value

of 0 or 1 indicated a perfect-phase coupling (synchronization), and 0.5 indicated a
perfect antphase coupling (alternation). The standards of the classification of different

gaits that we utilized were the sansethose in Lemieux et al. (2016a) did, except that we
separated diagond#dots (Dt r ot ) from O6regulard trots bas

Therefore, we had a total of 11 gaits.

The occurrencevasthe percentage of certain gait within the total st€ps. persistence of
certain gaitwasthe percentage of two consecutive steps that both have the same gait out
of all the consecutive steps that include every possible transition circumstance starting
from this gait. The attractiveness represéiow attractive the certain gaitas To detect

the attractiveness of certain gait, we calcaadt® number of stepsf certaingait Then

this valuewas subdivided by the total number of all possibilities that any type of gait
transferedto this gait. kKample of how to calculate these parameteedlustrated in Sup

Figure2.5.
CTB injection and €-0s expression

Retrograde tracer, choletaxin B (CTB), was injected into C5 to C8 segments of-B30
Sim1TdTom mice to detect the cervical projection of N3 in different spinal cord

regions. To accurately place the tracers at different spinal cord locations, we conducted

-63-



spinal laminectomy. Briefly, the mouse was placed in an induction chamber and
anesthetized with isoflurane (4% in O2, 1.5L / minutegl, thien the mouse was transferred

to a heating pad, and low dose isoflurane (?) was maintained through a mask throughout
the surgery. A m sagittal incision was made centred over the sixth cervical spinous
process. A laminectomy was performed, and thestmmvering the upper half of the sixth
cervical segment (C6) was removed. The glass micropipette filled with the tracer at the tip
was lowered into the spinal cord. The manipulator adjusted the position of the micropipette.
500700 nl of CTB was injectedotone side of the spinal cord using a Nanoject Il
(Drummond). The pipette was the kept in place for an additional 5 minutes for diffusion.
After injection, the muscles were sewn back together in layers with absorbable sutures,

and the skin was sewn closedh polypropylene surgical sutures.

After 7 days for the tracer transportation, the animals were subjected to walk (15 cm/s) or
run (40 cm/s) on a treadmill for 3 X 15 minutes with-eniute interval between trials.

The animals in the control group wéeé in the home cage through the experiments. After

all tasks, mice were put back to the home cage for 60 mins., Tieranimals were
perfused with 4% PFA.Spinal cords were harvested and postfixed in 4%
paraformaldehyde at 4€C for 3 hours and then cmgipcted in 20% sucrose before
embedding in OCT and cryostat sectioning.
immunolabeling. Sections were washed in 0.01 M PBS with 0.1% Trikd@0(PBST),
blocked for 1 hour in 5% normal goat serum in PB&ndincubated at room temperature

over two nights in rabbit anCFos antibody (1:2000; Santa Cruz Biotechnology) in PBS

T with 2% goat serum. Sections were washed in 3 X-PB8d incubated with goat anti

rabbit conjugated to Alexa Fluor 488 (1:500; The dacki_aboratory) for 2 hours at room
temperature. Sections were then washed in PBS three times and coverslipped with an anti

fade mounting medium (Dako).

The images were obtained using a Zeiss LSM 510 upright confocal microscope and a Zeiss
Axiovert 200M fluorescent microscope. Total Tdtomaimsitive V3 neurons and those
co-expressing CTB and Fos protein were counted and mapped. For each animal, we
sampled a total of 20 sections from the lumbar region and summarized the relative position
of all doublelabeled CTB/Tdtomato cells and triplabelled CTB/Tdtomato/&os cells
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onto one schematic cresection. In addition to using the central canal and Rexed's
laminae as landmarks, we also set grids on the image of transverse sections of the spinal

cord and theschematic section to map the doulalbelled cells more accurately.
Electrophysiology

All experiments were performed using spinal cords f®imL™*; Ai32 mice at P2P3.

The mice were anesthetized, and the spinal cords caudal to C1 were dissgéted
Ringerds solution (111 mm NacCl, 3.08 mm KC
mm MgS0O4, 2.52 mm CaCl2, and 1.18 mm KH2PO4, pH 7.4). The spinal cord was then
transferred to the recording chamber to recover at room temperature for at least 1 hour
beforereor di ng i n Ringerds soluti onbyaharewr ecor
petroleum jelly bridgento two partswith independent perfusion systems. The T

spinal segments were in the petroleum jelly and the whole lumbar (L) and cervical (C)
regionwereexposed in the bath. The dye was added into one of the bathing systems to
check the water tightness in the end of experiment. Electroneurogram (ENG) recordings

of the L2/L5 and C5/C8 ventral roots were conducted using differential AC amplifier (A

M system, model 1700) with the bapdss filter between 300 Hz and 1 kHz. Analog

signals were transferred and recorded through the Digidata 1400A board (Molecular

Devices) under the control of pCLAMP10.3 (Molecular Devices).

To activate ChR2 in V3ANs, 488 nmfluorescent light was delivered by Colibri.2
illumination system (Zeiss) through 10x 1.0 numerical aperture (NA) objectives mounted
on an upright microscope (Examiner, Zeiss) onto the ventral surface 4f3 2 gments

of the isolated spinal cord. Contiows light stimuli with duration of 200 ms were used.
The stimulation was applied 10 times. Then 2 mM kynurenic acid was added into the bath
system for lumbar spinal cord. The optical stimulation onto the same area was applied 10
times. After washing out ¢hdrug, another 10 times optical stimulation was applied onto

the lumbar segment of spinal cord.

Statistical analysis
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The statistical analysis was performed in Prism7 (GraphPad Software, Inc.) and MATLAB
(Version R2018a, The MathWorks, Inc.). Pearson ¢aticaen coefficient were used to
determine the relationship of phase value, StDv, and phase difference with speed. The
correlation coefficient, r, rangdrom -1 to +1. The P value represedthe chance that
random sampling would result in a correlatiorfficient as far from zero as observed in

the experiment if two valueserenot correlated overall. If the P vakeresmall, the

idea that the correlatiowas due to random samplingould be rejected. Kolmogorev
Smirnov test was used to compare theedédhce of maximum speed between WT and
V3OFF mi c e-test W&el used t sompare the difference-Bbs expression in

Sim1 cells and Sim1/CTB cells among different conditions.
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6 Figures

Figure 2.1 Interlimb coordination in WT and V3OFF micelifferent

speed.
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Figure 2.1 Interlimb coordination in WT and V3OFF miceliierentspeed.

Circular plos of the means ophasevaluebetween(Ai) the left reatlimbs, the reference
limb, and left forelimb (homologous coupling), (Bi) the lefight forelimbs (forelimbs,
left fore-limb as reference), (Ci) the left felienb and left reatimb (homolateral coupling,
left rearlimb as reference) and (Di) right felienb and left reatimb (diagonal coupling,
left rearlimb as reference)f WT (blue) and V3OFF (red) micBach vector (black bar in
circular plot) indicates the mean phase (direction) and robustnesal (liadj of the
coupling. The circle is evenly separated into 12 fractions. The circular histoggamsent
the distribution of coupling phase of all steghe percentage numizemdicate the
proportion of steps fallen into this phase out of all steps. The means of coupling phase are
also plotted against speed. The correlaiostween the StDsof coupling phase and the
phase differencawith speed are shavn in ii and iii, respectivelyfor each foot coupling.

The data shown in red are from V3OFF mice and blue are from WT mice.
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Figure 2.2 Gait preference of WT and V3OFF mice at each speed.
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Figure 2.2 Gait preference of WT and V3OFF enat each speed.

Colour-codedmatrixes of the percentage of occurrence (A), persistence (B) and
attractiveness (C) values of eayipe of gaits (raw) at eachestedspeed (column). The
matrixes on the left are from WT anthe right from V3OFF mice A brighter colour
indicatesmorehigher percentagand the reversThe number in each cell shows the value
of the parameterof corresponding gaiand speed.L-walk: lateralwalking. D-trot:
diagonaitrot. D-walk: diagonalwalk. Hf-bound: halfbound. Hbound: fultbound. OPW:

out-of-phase walk. Ryallop: rotarygallop. T-gallop: transversgallop.
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Figure 2.3Lumbar V3 INsprojectingto the cervical spinal cord.
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Figure 2.3Lumbar V3 INs projecting to the cervical spimalrd.

A. Left top, representative image akrvical regionof CTB injectionsite Left bottom,
illustration of the experimental strategy to visualize cell body distribution of long
ascending V3 INs by CTB injection into the cervical region. Rig#iresetative image

of lumbar spinal cord section &im1re/*: Rosafloxstop26TdTor g ge immunostained for CTB

andTdTom?7 days aftetheinjection.

B. Distribution of long ascending V3 INB the lumbar segments, {56. Left columns:
illustration of distributon of total (gray dots) and CTB positivgréendots) V3 INs of all
analyzed sections (8 from injected corded on a half cross section at different lumbar
segmentsEach dot represents one neurBight columns: clour coded heating majpf

the distribution pattern ofong ascending V3 INat each lumbar segmer@cale bars for

heating map are shown under.
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Figure 2.4 Optical activation of V3 INs at lumbar region directly acts/ate

the cervical motooutputs

A
Ringer solution
I
81
>
ol
O [
Extensor | Extensor
‘lv
Vaseline,
o M TLlC
G UE3
Q|
S
S
-l
[
Extensor Exensor
Ringer = Kynurenic acid > Ringer
Bi Bii Biii
Rlnger solution Kynurenic acid Rlnger solution
Lefe s MMWW MMMMM MMMM
Ridt C5
Left C8 PR (PN TR T TN

ngwtcswmmmm MWMWMWM MMWW&M
WMMWMM

AR N N . Ahiahe e atbambvcti
RIGN LS stk nins it ummMMWIO'ZSmV

100 ms

-77-



Figure 2.40ptical activation of V3 INs at lumbar region directly activates the cervical

motor outputs

A. Schematics of the experimental strategy. Isolated spinal cord with ventral roots attached
Is placed in a splitecordingchamber.The dhamberis partitiored into twosideswith a
Vaselinewall (represented by yellow cloud in the figure). The ENG activities of left and
right, flexor and extensor represented cervical roots, and the left and right-flexor
represented lumbar rootgererecorded.The blue fluorsecent light indicated by the blue

transparent circlesion the ventral side of higher lumbar segments.

B. Representative traces of rectifiedNG recordings at ventral roots of both sides of
cervical (C5, flexor related nerve, and C8, extensor related)remddumbar (L5, extensor
related nerve) spinal segments of HtL™;Ai32 mouse,before (Bi) during (Bii), and
after washoutkynurenic acid applicatio(Biii). The optical stimulatiorperiod is indicated
with the blue areaThe persistent cervical vieal root activities responding tambar

optical stimulation under all conditions are indicatath yellow arrows.
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Figure 2.5 Lumbar long ascending V3 INs are more acliverngmedium

speed than low speadalking.
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Figure 2.5 .umbar long ascending V3 INs are more active during medium speed than low

speed walking.

A. Representative image ®tiTom+ V3 INs(mediumvioletred), CTB (yellow) andf€os
(turquoise)of a half crosssection of the spinal cord &imzre/+ Rosfloxstop26TdTon g ge
DAPI stained for celhucleus Enlarged images showing triple positive ceglézale bars =
100pm and 10 pm).

B. Histograns of the percentage of-lEos and @Tom doublepositive V3 INs after
differentlocomotor tasks (n=3), 0.01 <P < 0.05.

C. Top, colar-coded heating map shows the distribution-6bs, CTB and TdTortriple-
positive V3 INs on the cross section of lumbspinal cord during resting, 15 cm/s and 40
cm/s treadmill locomotiorBottom: histogramof the corresponding percentage of triple
positivecellsindicating activen long ascending V3 INduring different locomotor tasks
* 0.01 <P <0.05.
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Supplementar Figure 2.1 Maximum speeds of WT and V3OFF mice on
treadmill.
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Supplementary Figure 2.1 Maximum speeds of WT and V3OFF mice on treadmill.

Histogram shows that the highest speed the V3OFF mice could reach was 40 cm/s (mean
= 34.09 +7.006 cm/s, n=11),0wever,WT mice could in average reach 75 +£7.559 cm/s
(n=7) on the treadmill. **, 0.001 < P < 0.01
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Supplementary Figure 2.2 Diagram of foot coupling and examples of gait
diagram of WT and V3OFF mice at low (15 cm/s and 25 cm/s) and medium
(40 cm/s)speed.

Al

RR:right hindlimb

RF:right forelimb

LF:left forelimb

LR:left hindlimb

Aii

Step Cycle

Homolateral foot (LF)
Diagonol foot (RF)
Reference foot (LR)

Homologuefoot (RR)

Homokteral | |
phase |
|
Homologue |
phase |
Diagonol
phase I
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Supplementary Figure 2.2 Diagram of foot coupling and examples of gait diagram of WT
and V3OFF mice at low (15 cm/s and 25 cm/s) and medium (40 cm/s) speed.

A. Homologous couplingvasto describe the phase relationship betweenahegirdle.
Homolateral coupling meamhe phase relationship of the foot pair of same side. In our
study, diagonal couplingiasobtained from left realimb and right fordimb as shown in

I. The stance phase is shown with solid bar and swing phaseirgghal between two
bars. The step cycl@asmeasured from the duration between the onset of contacts of two
consecutive steps. Phase relationshis calculated by the duration of coupling foot
contact to the first contact of reference foot divided gy ¢turrent stride duration of

reference foot.

B. The gait is color-coded in the diagram. The black bars shows the stance phase of
reference foot. The gait was identified by the combination of phase relationship, stance
duty factor as previously describby Lemieux et al. (2016). The identification oftivt
was described in Method:-walk: lateralwalking. D-trot: diagonatitrot. D-walk: diagona
walk. Hf-bound: hakbound. FHbound: fultbound. OPW: oubf-phase walk. Ryallop:

rotary-gallop. T-gallop: ransversegallop.
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Supplementary Figure 2.3 Foot couplings of WT and V3OFF mice at each

speed.
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Supplementary Figure 2.3 Foot couplings of WT and V3OFF mice at each speed.

Circular plos show the mean phase coupling of all steps for (A) theilgtit rearlimbs
(homologous coupling, left redimb as reference), (B) the lefight forelimbs (forelimbs,

left fore-limb as reference), (C) the left felienb and left reatimb (homolateratoupling,

left rearlimb as reference) and (D) right felienb and left readtimb (diagonal coupling,

left rearlimb as reference). Each vector (black bar in circular plot) indicates the mean
phase (direction) and robustness (radio) of the coupling.iidie s evenly separated into

12 fractions. The circular histogramepresent the distribution of coupling phase of all
steps. The gray areandicate the normal phase range observed from WT mice. The
percentage numbgindicate the proportion of stepdlén into this phase out of all steps.
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Supplementary Figure 2.4 Formula to calculate the occurrence, persistence

and attractiveness.

Sep sequence includingpit A, B and C

A B A A B A C A

Formulafor gait A:
7A

7A+ 2B+ 1C
3AA
3A-A + A-B+ AC

Occurence of A =

Persistance of A =

3A-A + 2B-A + 1C-A

3A-A + 2B-A + 1C-A A-B + 0B-B + 0C-B
+ 1A-C + 0B-C + 0C-C

Attractiveness of A =
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Supplementary Figure 2.4 Formula to calculate the occurrence, persistte

attractiveness.

Example of a step segoce that include gait A, B and C. The occurrenas the
percentage of certain gamtut of total steps. The persistence of certain geaas the
percentage of two consecutive steps that both have the same gait out of all the consecutive
steps that includevery possible transition circumstance starting from this gait. The
attractiveness represent how attractive the certain gait is. To detect the attractiveness of
certain gait, we first calculadehe number of stepsf this gait and then this valueas
subdivided by the total number of all possibilities that any type of gait traedterthis

gait.
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7 Table

Table 2.1Correlation between phase relationship and speed.
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CHAPTER 3. DIFFERENTIAL REGULATORY
FUNCTION OF V3 INS IN DIFFERENT
BEHAVIOURS

Contribution statement

| would like to acknowledge Dr. Christopher T. Jones for writing script for bootstrap
method; Mingwei Liu for developing MATLAB toolbox. | performed all behaviour
experiments, EMG implantation surgery, and statistical analysis kdedarni this chapter.
The MATLAB toolboxes for generating colour coded heating map and exporting the

locomotion parameters were written by Mingwei Liu.
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1 Summary

The high degree of coordination and individual flexibility of different joints in each limb
engire the smooth locomotion of all animals. Although it has long been understood that
modularIN circuits in the spinal cords generate rhythmic activities that control these joint
movements, the identity and organizational logic of the cells are still mogthown. Our
series of studies have demonstrated that spindNg3are crucial in generating coherent
and stable gaits for animals. In the current study, through a systematic assessment of the
kinematics and muscle activities of the hindbs of V3OFF nice during different
locomotor activities, we discovered that V3 INs might play differential roles in spinal
circuits that regulatéthe hip and ankle joints. We found that, without V3 INs, mice were
unable to move their hip joints to full capacity whilealking on a level or inclined
treadmill or swimming. We then observed that, during walking on a level or inclined
treadmill, V3OFF miceverextendedheir ankle joints when putting their feet on ground
and exhibited less coherent hip and ankle movemergsellbutcomes could be due to
disturbed activity patterns of hip flexor muscles, IP, and ankle extensor muscles, GS, in
the transition from swing to stance. Furthermore, V3OFF mice also had insufficient
propelling ankle muscle activities at the end of theiistance phases. However, the
phenotype of the ankle joint and the coordination of ankle and hip joints during-swing
stance transitions only appeared during treadmill walking but not while swimming. In the
end, after a spinal cord injury, V3OFF mice showeghificantly fewer hip movemerd

but regular knee and ankle movensahiring weightsupporting treadmill walking. These
differencesappearedo indicate that the involvement of V3 INs in distal joint regulation
might be in a weighbearingdependent manneTherefore, we propose that spinal V3 INs
may have multiple functional syfopulations that are involved in different modular

circuits that regulate proximal or distal joints.
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2 Introduction

To generate the huge variety of smooth movendisfdayed by animals, all the joints of

their limbs have to tightly coordinate with each other and also maintain their own flexibility.
Although a large body of research in the last several decades has shined some light on our
understanding of neural cintsi that control various motor behaviours, we still know little

about the precise neural mechanisms underlying such tasks.

It has been suggested that in the spinal cord there are a selfieiofuits, known as
central pattern generators (CPGs), whicliveseas modules to form a hierarchical
organization (Grillner, 1981, 1985, 2006; Schouenborg, 2004; Bizzi et al., 2008; Stein,
2018). A variety of rhythmic movements comprising different motor patterns can be
achieved by flexibly combining these differemituCPGs. For example, studies of the
neur onal control of the turtleds hip and
strongly suggest the existence of separate &l kneeelated spinal CPG modular
circuits (Mortin et al., 1985; Robertson &t 4985; Stein et al., 1995, 1998a, b; reviewed

by Stein, 2018). Examinations of descending propriospidiring pattern indicate that
specificIN networks regulate hind kneerelated spinal modules respectively (Stein and
DanielsMcQueen, 2002, 2() 2004). These modular circuits are broadly interconnected
within the spinal cord (Grillner& EI Manira, 2019; Kiehn, 2016; Pocratsky et al., 2017).

At the same time, these circuits receive massive ascending sensory inputs as well as
descending inputs frorthe brain to ensure that locomotion operates smoothly and is
prepared to cope with any external or internal interruptions (Frigon & Rossigonal, 2006;
Pearson, 2007; Grillner & El Manira, 2019).

One of the most important roles of sensory feedback dueimgorial locomotion is to
control the timing of the phase transition between stance and swing. -Sténge
transition obviously plays a critical role in the maintenance and adjustment of speed, while
swing-stance transition is a vital phase that eestine correct placement of the feet during
different locomotor tasks. It has been shown that the afferent feedbacks controlling hip
position have the pivotal role in regulating both transitions (Andersson & Grillner, 1981,
1983; Grillner & Rossignol, 197&8ieber et al., 1996; Kriellaars et al., 1994; Lam &
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Pearson, 2001, 2002; McVea et al., 2005; Pearson & Duysens, 1976; Pearson & Rossignol,
1991). Additionally, the loading functions of ankle extensor muscles and cutaneous
afferents emerging from mecharoeptors in the foot have also been found to be an
important factor in staneswing transition (Dietz & Duysens, 2000; Frigon & Rossigonol,
2006; Donelan & Pearson, 2004; Duysens & Pearson, 1980; Whelan et al., 1995; Whelan
& Pearson, 1997; Hiebert et &1995). Recently, small clusters of V1 IN subpopulations
have been shown to receive specific sensory input from individual muscles, which implies
that there could be particull groups serving as building blocks of individual joint CPG
circuits (Bikoff & al., 2016).

V3 INs are a major group of glutamatergic commissural neurons located in the spinal cord.
They are essential for producing coordigatebust,and stable gaits. Our previous work

has shown that V3 INs are highly heterogeneous and diffenbpbpulations are activated
differently for different locomotor tasks, such as walking or swimming. To further
understand the function of V3 INs in locomotor activities, we systematically examined the
kinematics and muscle activities of V3OFF mice. To surprise, the V3OFF animals
showed different defects in their hip and ankle joint movement under different locomotor
tasks. Firstly, V3OFF mice had difficulties in moving their hip joints in all types of
locomotion, including walking on a flat or inclidesurface and during swimming, whereas
defects in the timing and angular movement of ankle joints were only observed during
weightbearing behaviours, and not during swimming. Secondly, hip and ankle joint
coordination during swingtance transitions wagsa found weakened, which might be
correlated with weakened contralateral ankle extension during the propelling phase, and
only for weightbearing behaviours. After complete thoracic spinal cord transection,
V3OFF mice could hardly move their hips, butaeggd ankle movements similar to the
WT animals during weighsupporting treadmill walking. Taking these results together, we
suggest that spinal V3 INs are found in heterogeneougpiations that regulate
proximal or distal joints differentially. Atelast, one subset of V3 INs adjusts hip joint
excitability in all types of behaviours. The other subset of V3 INs regulates-stange

transition only during weighbearingmovement.
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3 Results

3.1V3OFF mice have longer swing phase duration during treadmill

walking.

In chapter 2, | indicated that V3OFF mice could not run fast. Particularly, after EMG
electrodes implantation, we found that most V3OFF mice could only reach 20cm/s on a
treadmill. Therefore, to evaluate the consistent leg movement of all testedwe set the
treadmill at constant speed of 15cm/s for all the walking experiments.

Stance, swing, and stride duration were measured by manually tracing the toe on and off
the ground in the videos recorded from the sideview of the animals (Figure i8.1Ae

found that the swing duraticaverageof V3OFF mice (n = 14) was significantly longer
than WT (n = 12) (Meawr = 0.10 £0.017s, Meanvzorr = 0.12 +0.®s, P = 0.0006),
whereas the averaged stance duration remained similar (Mea®.23 £0.0%, Mean
viorr = 0.22 +0.Ms, P = 0.4786), as well as the stride duration (M@an 0.33 £0.03s,
Meanvsorr = 0.3 +£0.04s, P = 0.1862) (Figure 3.1Bi). Meanwhile, the stride duration of
each V3OFF mouse was unstable (Sipw 0.6 £0.01s, StDws3zorr=0.07 £0.02s, P =
0.0200) (Figure 3.1Bii). This larger StDv was accompanied by a more variable swing
duration (StDwr = 0.@ +£0.01s, StDwsorr = 0.02 £0.0Ls, P = 0.0200) but not stance
duration (StDwr = 0.043 £0.02s, StDwszorr= 0.05 £0.®s, P = 0.1040) (Figure 3.1Bii).
This indicats that silencing V3 INs disturbs the timing of swing phases, which leads to an

unstable stepping in V3OFF mice during treadmill walking.

3.2 Defectsin hip and ankle joint movements ¥BOFF mice dumg

treadmill walking

To further explore the causation of the walking defects in V3OFF mice, we tracked angular
movements of hip and ankle joints using the reflective markers attached on one side of
crest, hip, knee, ankle, paw, and toe (Figure 3.1A a2kl)3Based on the peak and trough

of joint angular values, the step cycle can be subdivided into different phases for each joint.

For the hip joint, it flexes during swing, and extends during stance; for the ankle joint, each
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step cycle includes the fleon phase and E1 phase, in swing, and another flexion phase
(yield phasg and an extension phag@ropel phase during stance (Figure 3.2B)
(Halbertsma, 1983; Grillner, 1981; Phillipson, 1905; Rossignol, 1996).

We found that the degrees of hip joint exéomsin V3OFF mice (n = 14) were always
smaller than WTs (n = 12) (hip flexiafr = 37.69 £4.32 °hip flexionvzorr = 26.75 *

9.21 PP = 0.0009; hip extensiopT = 37.74 +4.51 °hip extensionzorr = 26.7 £9.29°

P = 0.0006) (Figur@2C top traceskFigure 3.3Ai). However, the phase duration of hip
flexion and extension was not significantly different between V3OFF and WT mice (hip
flexion wr = 0.1034 +0.02071s, hip flexionsorr = 0.10 +£0.02s, P = 0.3067; hip
extensionyt = 0.23+0.03s, hip extasionvzorr = 0.25 £0.0s, P = 0.0544) (Figure 3.2C

top traces, Figure 3.3Bi). We did not find any differences in temporal or spatial angular
parameters of knee joint movement between WT and V3OFF mice (data are not shown).

On the other hand, the chasgs# the ankle joint angular excursion were more complicated
(Figure 3.2C bottom traces). As we mentioned above, the ankle joint goes through two
consecutive twgohasemovement during both swing and starueasesin each step.
During swing, the mean valuef E1 duration and its StDv of V3OFF mice were
significantly larger than WTs (Meaw = 0.060£0.011s, Mearvzorr= 0.079 £0.015s, P
<0.0001; StDwr = 0.011 +0.004s, StDwsorr = 0.019 £0.0061s, P = 0.0016) (Figure
3.3Bii). Ankle joint angular movenm¢ during E1 was also increased (Mean= 46.32 +

15.02 °Meanvzorr= 70.63 £14.37 °P = 0.0004) (Figure 3.3Aii) shown as oveaching

during swing phase (Meagr = 1.8 £0.22cm, Meanvzorr = 2.12 £0.46cm, P = 0.0324;

StDv wr = 0.19 £0.047cm, StDvyvsorr = 0.26 £0.091cm, P = 0.20) (Sup Figure 3.1Ai,

Bi, Ci). This increased E1 excursion and duration could account for the longer swing
duration in V3OFF mice seen above, and it also led to anreaehing position of the foot
while landing on the ground. During stance phase, compared to WTs, V3OFF mice flexed
more of their ankle joints during yield phase, but had smaller propelling movements (yield:
Meanwt = 17.55 £7.47 > Meanvzorr = 31.11 +13.24 °P = 0.0044; propel, Meagr =

43.24 +14.75 °?Meanvzorr= 23.86 £7.75 ?P = 0.0003) (Figure 3.2Aii & Bii). Therefore,

at the end of the stance phase before toe lifting, the position of the toe relative to the hip

horizontal position in V3OFF roe is shorter than WT animals. (Magn= 1.3 +0.27cm,
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Meanvsorr = 0.78 £0.34cm, P < 0.0001; StDwr = 0.3 £0.11cm, StDvvzorr= 0.32
0.069cm, P = 0.3 (Sup Figure 3.1Aii, Bii, Cii). This lack of extension in their hindlimbs
during propel phase wid have caused less sufficient force for V3OFF animals to push
their body moving forward.; propel, Mean WT = 43.24 +14.75 °Mean V3OFF = 23.86
7.75 °P = 0.0003) (Figure 3.2Aii & Bii). Therefore, at the end of the stance phase before
toe lifting, theposition of the toe relative to the hip horizontal position in V3OFF mice was
shorter than WT animals. (Mean WT =8:80.27cm, Mean V30OFF = 08+0.34cm, P

< 0.0001; StDv WT = 03+0.11cm, StDv V3OFF = 0.32 +0.069cm, P = 0.8287) (Sup
Figure 3.1Aii, Bii, Cii). This lack of extension in their hindlimbs during propel phase
would have caused less sufficient force for V3OFF animals to push their body moving

forward.

It has been shown that animals always display stereotypical anddamrlled sequentia
movements of hindlimb joints during treadmill walking at any constant speeds (Halbertsma,
1983). However, the combination of the unchanged hip flexion phase with a longer ankle
E1l phase in V3OFF mice suggests that the timing of hip and ankle movemebemay
differentially changed by the V3 deletion. Accordingly, we measured the latency between
the end of hip flexion phase and the termination of ankle extension in E1 phase or the
moment when toe contacting the ground in WT and V3OFF mice (Figure 3.2C). Not
surprisingly, WT mice showed a tightly synchronized movement between hip and distal
joint with little time laps (delay ankle to hip = 0.G2D20.0059s; delay toe to hip = 0.011
+0.0074s, n=12) (Figure 3.2C). However, V3OFF mice showed much delayed erfding
ankle E1 phase or toe touching relative to the end of hip flexion (delay ankle to hip = 0.039
+0.016s; delay toe to hip = 0.043 £0.017s, n=14) (P <0.0001) (Figure 3.2C).

Taking together, we suggest that functional elimination of V3 INs resulteshivaber hip
joint movement and larger ankle extension, which led to a delayeshkip coordination
during swingstance transition and incorrect foot placement during treadmill walking.
Furthermore, V3OFF mice also had smaller ankle propulsion at thefestance phase,

which might have indicated an insufficient propelling power to move them forward.
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3.3Weightbearingdependentunctionof V3 INsin coordinatingthe IPand

GS activities during swing-stancetransitionphase.

These defects of hip amahkle joint movements, particularly at swistarcetransition and

later stace phase, in V3OFF mice prompted us to investigate if there were any
dysregulations of particular muscle activities. We then measured the activities of hip
muscles, IP and BF, drankle extensor muscle, GS, in WT and V3OFF mice (Figure 3.4,
Sup Figure 3.2). During swirgtance transition, IP muscle ended its activity to finish hip
flexion, while BF started the hip extension and GS activity initiates during E1 ankle
extension, reggrtively (Figure 3.4A, B, C). Using statistical parametric mapping (SPM),
we could compare the EMG recordings during defined periods in V3OFF and WT mice.
Interestingly, we noticed that the activity pattern of BF muscle was similar between
V3OFF and WT amnals during the entire activation period (Figure 3.4B), while IP and
GS showed significant differences at different periods, particularly at sstémge

transition for both muscles, and in the propelling phase for GS (Figure 3.4A).

To further reveathe activity pattern of IP and GS during swistgnce transition period,

we bootstrapped the traces of the EMG recordings from these two muscles to overcome
the issue of low signaloise ratio and high variability of EMG recordings in mice (Figure
3.5A). To accurately show the pattern changes, we processed EMG data in different
episodes during the swirggance transition period for each muscle. For IP, the episode
started at 100ms prior to and ended at 50ms after the toe touching the ground, as IP reached
the peak activity around 50ms before the toe touching the ground but its activity diminished
after the toe touching the ground (Figure 3.4C, D). For GS, the episode was chosen to start
at 50ms prior to and end at 100ms after the toe touching the groucel,GBiwas not
activated till 50ms before the toe touching the ground and its activity would reach the peak

around 50ms after the toe touching the ground (Figure 3.4C, D).

We found that in WT mice, IP activity reached the peak ~ 50ms prior to toe toubking t
ground (Figure 3.5AI, Bii), but then started decreasing quickly and reached the resting state
before toe touching the ground (Figure 3.5Ai, Bi). The decline took ~35ms. The GS was
activated ~30ms prior to toe touching (Figure 3.5Aii) and quickly reattteegeak within
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5-10ms (Figure 3.5Bii). For V3OFF mice, however, the activity of their IP muscles reached
the peak ~70ms prior to toe touching and was not completely inhibited even after toe
touching (Figure 3.5Ai, Bii). Meanwhile, GS muscle of V3OFF miees activated ~30ms
before toe touching, which was similar to WT mice, but its activity did not reach the peak
~15ms after toe touching (Figure 3.5Aii, Bii). Accordingly, the distribution histograms of
the slopes for IP termination phase and those fooi@&a8t phase for WT and V3OFF mice
were clearly separated (Figure 3.5Bi). The slope of IP in V3OFF was always larger than
WT6s, while the slope of GS in V3OFF was
of V3 INs might not affect the initiation of éhswingstance transition, but it might have
cancelled feed forward regulatory signals to quickly terminate hip flexor or intensify the
force of ankle extensor to move the corresponding joints precisely and smoothly at the

swing-stance transition phase.

Such lack of the ability to build up intensified muscle activity was also shown in GS
activity during ankle propelling phase in V3OFF mice, as we described earlier (Figure
3.4A). Interestingly, during slow walking, the ankle propelling phase usually sypesén

with contralateral swingtance transition phase (Sup Figure 3.2). We applied statistical
parametric mapping (SPM) to identify regionally specific effects in GS (Sup Figure 3.2).
When we superimposed the EMG traces of contralateral GS (0GS) withajibetdry
ipsilateral leg movement, we found the weakened activity of oGS starting at ~30ms prior
to ipsilateral foot touching ground to ~30ms after toe touching ground (Sup Figure 3.2).
Thus, we speculated that the activity of oGS might have contribatidhibit ipsilateral

hip flexor but strengthened ipsilateral ankle extensor activity during sstange
transition, and such leftght synchronization could have been mediated by V3 INs. Since
one of the most important functions of GS muscle is to suppdy weight during walking,

we further hypothesized that this V3 Higediated regulation of muscle activities could

also be weighbearingdependent.

3.4V3 INs mediatedregulationsof joint movementswith or withoutweight

bearingbehaviours.
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To test if V3 INs mediated regulations of hip and ankle movements were related to-weight
bearingbehaviours, we examined kinematics and EMG activities of V3OFF and WT mice
during a weighbearingincreased activity, walking on inclined treadmill, and a task

without weght-bearingbehaviour, the swimming.

During inclined treadmill walking, V3OFF mice displayed very similar step cycles as they
walking on flat surface. The means of their swing durations in V3OFF mice were larger
than those in WT mice (Meax = 0.084 +002L s, Meanszorr = 0.12 £0.020 s, P =
0.0004) (Figure 3.6Ai). This longer swing duration led to longer stride duration in V3OFF
mice (Meanyt = 0.32 +0.038 s, Meanyzorr = 0.38 £0.034 s, P = 0.0009), but stance
duration still did not show any differea between the two groups (Mean= 0.24 +0.026

S, Meanyzorr = 0.26 £0.034 s, P = 0.1489) (Figure 3.6Ai). The steps in V3OFF mice
became quite unstable with extremely higher StDv values in swing, stance and stride
durations compared to those in WT m({&wing: StDwr = 0.015 £0.00B s, StDW30FrF
=0.023 £0.010 s, P = 04®; Stance: StDwt = 0.03 +£0.023s, StDWzorr= 0.070 +£0.026

s, P =0.0007; Stride: St = 0.041 +0.024 s, StDwzorr= 0.081 +0.0Z s, P = 0,0008)
(Figure 3.6Aii).

During swimming, instead of swing and stance phases, mice flex (protraction) or extend
(retraction) their limbs for each stroke. Interesting, we found no significant differences
between WT and V3OFF mice in either of thgdmases during swimming (Protraction:
Meanwt = 0.15 £0.02L s, Mean,sorr = 0.16 £0.08 s, P = 0.6409; Retraction: Mean

= 0.06 £0.011 s, Mearvzorr = 0.070 £0.024 s, P = 0.9627; Step cycle: Maarr 0.2
+0.020s, Meanzorr= 0.23 £0.063 s, P 8.6004) (Protraction: StDyr = 0.018 +0.0071

S, StDW3orr= 0.037 £0.02t s, P = 0.1047; Retraction: Stiav = 0.0094 £0.0046 s, StDv
vaorr = 0.012 +£0.0083 s, P = 0.4283; Step cycle: Sizw 0.20+0.0063 s, StDW3orFF
=0.039 £0.025 s, P = 0.118%igure 3.6B).

3.4.1 V3OFF mice moved their hilessduring all locomotor tasks.

Across different locomotor tasks in our experiments, walking, inclma&ing, and

swimming, WT mice displayed similar ranges of hip motions (Figure 3.2C, 3.3Ai & 7A,
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Bi & 8A, B). However, V3OFF mice always had smaller hip movement compared to WT

mice in the same tasks.

Similarly to walking on flat treadmill, in the inclinedalking task, V3OFF mice (n= 11)
showed less hip flexion and extension excursions than those of WT mid&ji{Flexion:
Meanwt = 42.27 +5.042 °?Meanvzorr = 34.18 +8.3 °P = 0.0098; Extension: Meant

= 42.29 £5.77 °Mean vzorr = 33.73 £8.6 2P = 0.0083) (Figure 3.7A hip traces & Bi).

The hip flexion duration did not show any significant differemn WT and V3OFF mice
(Meanwt = 0.10 £0.029 s, Meatsorr = 0.095 £0.02 s, P = 0.4102) (Sup Figure 3.3A).
However, the mean of hip extension phase duration in V3OFF mice was significantly
shorter than WTs (Meagr = 0.27 £0.03% s, Meanyzorr = 0.22+£0.029 s, P = 0.0028)
(Sup Figure 3.3A).

During swimming, V3OFF micexhibited smallehip joint movementn either flexion
(protraction) or extension (retraction) (Figure 3.8A). The excursion of hip flexion
(protraction) and extension (retraction) wsrgnificantly smaller in V3OFF (n = 6) than
WTs (n =7) (Flexion: MeawT = 45.78 +15.46 °Meanvsorr= 22.46 £5.27 °P = 0.0062;
Extension: Meawr = 45.55 +15.41 ?Meanvsorr = 22.67 £5.@ °P = 0.0068) (Figure

3.8A, B). However, the phase duration of V3OFF mice during swimming were not shown
significant different with those in WT (Flexion: Meam = 0.14 £0.020 s, Meatkorr =

0.14 £0.033 s, P = 0.8350; Extension: Meai= 0.04 £0.014 s, Meanzorr= 0.0 +

0.037 s, P = 0.30) (Sup Figure 3.3B). Therefore, V3 INs may facilitate the hip movement

in all locomotor behaviours and this function is not weiggaringdependent.

3.4.2 Weightbearingdependent function of V3 INs on distal joint neowents and

their coordination with hip joint.

During inclinedwalking, similar to walking on flat surface, the step cycle can also be
subdivided into one flexion phase and three extension phases, E1, yield and propel phases
following ankle joint positionsDuring swimming, due to less restriction on their hip
movement, mice sometimes move their leg in the transverse plane. Our single camera from
one side of the body would not be able to catch the “firmensional movements.

Therefore, we were unable to dyuthe full movement of ankle joint during swimming.
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Instead, however, we traced the reflective marker on the toe of the mouse during swimming
and used the toe trajectory to represent the distal joint movement and examine its

relationship with the hip join

The relative changes of ankle movements of V3OFF mice compared to WT animals during
inclined treadmill walking were similar to what we saw in treadmill walking on flat surface.
For example, the duration and excursion of E1 phase in V3OFF mice wefeaidly
increased (Phase duration: Mean= 0.040+0.011 s, Meanzorr= 0.066 +0.015 s, P =
0.0003; Excursion: Meagr = 37.08 +9.87 > Meanvsorr = 64.6 £9.13 °P < 0.0001)
decreased propelling movement compared to WT mice (yield: Meanl5.36 £6.81 °
Meanvzorr = 27.79 £8.43 °P = 0.0008; propel, Meawr = 54.07 £9302Mean vzorr =

39.5 £12.17 °P = 0.0039) (Figure 3.7Biii), although V3OFF reitbad longer yielding
phase duration than WTs during inclined
surface (Meamnr = 0.0702 £0.01824 s, Meanorr= 0.0% +0.025 s, P = 0.07) (Figure
3.7Bii). Nonetheless, the longer delay of ankle E1 exterisionination/toe touch relative

to the hip flexion termination still remained in V3OFF mice (delay ankle to hip: WT =
0.010 £0.004 s, n=12; V3OFF = 0.031 +0.0%, n=11; P < 0.0001. delay toe to hip: WT

= 0.02+0.005s, n=12; V3OFF = 0.08+0.011 s, n=11; P < 0.0001) (Figure 3.7C).

During normal mouse swimming, there was a latency of the time between toe reach
anterior extreme and the termination of hip flexidiis latency was similar in V3OFF
mice (delay toe to hip: WT =0.0078 £0.01® s, n=7; V3@-F =-0.0028 +0.012 s, n=6;

P= 0.3328) (Figure 3.8C). Therefore, the dysregulation of ankle movement and the
coordination of hip and distal joints during swisance transition phase during walking

could be weighbearingcontext dependent.

3.4.3 Weightbeaing dependent regulation of the hip flexor/ankle extensor activities

mediated by V3 INs during swirgtance transition phase.

To further understand the tadkpendency of V3 functions, we analysed the muscle

activities of V3OFF and WT mice during these thaviours.
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We observed that during inclinedhlking, V3OFF mice displayed similar changes in IP
and GS activities as what we discovered in their walking on the flat surface (Figure 3.9A,
B; Figure 3.10A). All the parameters that we measured for terimimat IP activity and

the activation of GS for V3OFF mice showed similar trends as walking on flat surface and
were all significantly different from WT mice under the same conditions (Figure 3.9A, B).
Interestingly, during inclined walking, the peaksG$ activities of WT mice were shifted

to ~6ms after the toe touching the ground, while, correspondingly, the peaks of GS activity
in V3OFF mice were shifted to even further, ~25ms after toe touching ground (Figure
3.10Aii).

Conversely, during swimming, é¢hdescending slope of IP activity of V3OFF mice were
almost overlapped with those of WT mice (Figure 3.9C & 3.10Bi, ii). Most of arising rate
(the slope) for the GS activity of V3OFF mice was even more positive than that of WT
(Figure 3.108Bi, ii). This me®s the deceleration of IP activity was similar between V3OFF
and WT mice; but the acceleration of GS activity of V3OFF mice was faster than WT mice
(also see Figure 3.10Bi, ii). The peak positions of IP and GS activities were closer to each
other in V3OFFmice than WT mice (Figure 3.10Bi, ii). The discrepancy of IP/GS
transition in inclined treadmill walking and swimming verifies our hypothesis that one
function of V3 INs is to coordinate the hip flexor and ankle extensor activity transition and

it is weigh-bearingbehavioural context dependent.

Furthermore, the discrepancy of ankle extensor muscle regulation during different
locomotor tasks in V3OFF mice was also shown in the changes okdlifed and
smooth@ed EMG activities (Figure 3.11). We foundélor WT mice, all extensor muscle
activities during inclined treadmill walking were increased ~85% comparddved
treadmill walking (BF = 1.09 £0.48, n = 9; VL = ®(80.73, n = 12; GS =0.75£0.43, n

= 8) (Figure 3.11Bi). In comparison, however, VFOmice had much smaller increase in
all extensor muscle activities (BF = 8.80.34,n=7; VL =-0.10£0.18,n=9; GS = @0
+0.29, n =7) (Rr = 0.0051, R <0.0001, Rss=0.0127) (Figure 3.11Bi). Moreover, the
increase of IP integrated EMG (IEMG) activity in V3OFF mice during inclined treadmill
walking was also smaller than those of WT WP= 0.32 £0.2, n = 6; IPvzorr = 0.01
0.20, n = 8; Pp = 0.0385) (Figure 31Bi). By contrast, during swimming, the increases of
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IEMG of GS in V3OFF mice (GSsorr = 19 £1.8, n = 7) did not shown statistically
significant difference with those in WT mice (G& = 35+2.3, n = 8) (P = 0.1181)
(Figure 3.11Bii). On the other hanthe hip muscles of V3OFF mice were not increased
as much as that observed in WT ({P= 0.2 £0.56, n = 6; IPv3orr=-0.07 £0.38, n = 7;
BFwr=4.8+1.3,n=9; BRzorr= 0.48+0.54, n = 7) (Pp = 0.08; Psr<0.0001) (Figure
3.11Bii).

Therefore we conclude that subsets of V3 INs may provide excitatory drives to the core
motor circuits that control hip movement for all locomotor tasks; different subsets may
regulate hip/distal joint coordination during swasance transition phase only in weig
bearingbehaviours, like walking and inclinegalking. These two groups V3 INs could be

recruited simultaneously for some tasks.
3.5V3OFF mice did not recover the hip excursion after spinal cord injury

Finally, to verify the phenotymadisplayed bywW3OFF were due to the deletion of spinal
V3 INs, we analyzed the kinematics of hip and ankle joint in spinal WT and V3OFF mice.
After spinal cord transection oflD-11 spinal cord segmenthe mice were subjected to
treadmill walking with the body weight suppedt This task mimics the circumstance of
none weightbearingtreadmill walking. The V3OFF mice did not recover any locomotor
behaviour in the first posturgery week. Therefore, the analysis of kinematics starts from
the second posturgery week and end at the sixth pmstgery week (Figure 3.12A). WT
mice startedecovery of hip joint and horizontal toe movement since the thirdspogery
week. At postsurgery week six, with weight support, WT mice almost showed regular
limb movemenbon the treadmill at low speed (Hip: Wk2 = 25.3 6P2Wk3 = 35.52 +
3.64°W k4 =27.35 +3.£2°WKk5 = 27.67 +5.96 °Wk6 = 31.41 +4.42°n = 3. Horizontal

toe: Wk2 = 140 £0.61cm, Wk3 = 2.@ £0.12cm, Wk4 = 19 +0.13cm, Wk5 = 1.9 +
0.3lcm, Wk6 = 2 £0.2cm, n = 3) (Figure 3.12A, Bi and Ci). However, V3OFF mice still
could na move their hip joint until the sixth pestirgery week which was also shown as
less toe horizontal movement (Hip: Wk2 = 11.07 £4.5 °Wk3 $%2.9°Wk4 = 15.68
+1.84 °WK5 = 14.4 +4.39 °Wk6 = 15.27 +5.56 °n = 3. Horizontal toe: Wk2 = 0.8 +
0.27cm, Wk3 = 0.85 +0.21cm, Wk4 = 5&0.17 cm, Wk5 = 0.9 +0.50cm, Wk6 = 0.9
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£0.40cm, n = 3) (Hip: Rwk2 = 0.0493, Rwks = 0.0005, Rwks = 0.0065, Rwks = 0.0362, P

wke = 0.0170. Horizontal toe: Rk2 = 0.1144, Rws = 0.0011, Raks = 0.0026, Pwks =
0.0499, Pwks = 0.0179) (Figure 3.12A, Bi and Ci). Conversely, their ankle joint
movements were recovered since the secondspogery week which did not show
difference with WT (WT: Wk2 = 60.59 £18.39 °Wk3 = 55.23 £6.35 °Wk4 = 57.21 +
7.08 °Wk5 =52.72 +1.93 °Wk6 = 58.3 £16.64 °n = 3; V3OFF: Wk2 = 39.57 +10.06
OWk3 =46.93 £11.31 °Wk4 =52.1 +8.48°Wk5 = 40.85 +8.51 °Wk6 = 36.78 £19.94

on = 3). In addition, we could also observe the normal toe vertical movement since the
second possurgery week (WT: Wk2 = 0.18 +08cm, Wk3 = 0.20 £0.0&m, Wk4 =
0.29 £0.07cm, WK5 = 0.31 +0.0&m, Wk6 = 0.23 £0.09cm, n = 3. V3OFF: Wk2 =20.
+0.13cm, Wk3 = 0.8 +0.07cm, Wk4 = 0.3 £0.22cm, Wk5 = 0.3 £0.11cm, WK6 =
0.32 £0.28cm,n = 3). In conclusion, spinal V3 INs are crucial for the hip joint movement
and would be a key component in hip CPG modular circuits.

4 Discussion

In the current study, we have systematically examined the kinematics and EMG activities
of V3OFF mice. We havebserved that V3 INs had two main regulatory roles in locomotor
control. The first one was weighearingdependent regulation of multiple muscle activity
patterns during the swirgtance transition phase. The other one was facilitating hip joint
angularexcursion across all tested locomotor tasks. This study illustrates the behavioural
context dependency of the functions of V3 INs, which further indicates the flexibility of

the modular hierarchical organization of tiislocomotor circuitry.

4.1V3 INs are involved in the regulation of swiksgance transition only

during weightbearingbehaviours

The first main phenotype we observed in V3OFF mice was the uncoordinatetnents

of hip-distal joint during the swingtance transition. V3OFF mice exhibited a longer
transition during the swing phase accompanied by more variable StDv of swing phase
duration, which resulted in an unstable gait. The hindlimb landing of V3OFF was also

moreanterior than WT. We suggest that these defects were caused by a longer ankle E1
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phase as the duration of the hip flexion and extension did not show any difference between
WT and V3OFF mice. These data indicate that in V3OFF micedibtpl joint
coordiration was interrupted during the swistance transition phase. Further analysis of

the muscle activity patterns of the hip flexor muscle, IP, and the ankle extensor muscle,
GS, in V3OFF mice indicates that the flexetensor transition was not as deasas that

of the WT mice during swingtance transition.

Incline-walk is a type of walking that involves some important changes in the joint angles
of the hind limbs and several notable changes in muscle recruitments (Donelan & Pearson,
2004; Frigon & Rasignol, 2006). Swimming is another stereotypical locomotion that is
assumed to recruit a similar neural organization as walking, but it may be simpler because
of less GTQderived signals due to the fact that the body weight is supported by buoyancy
(Dagg &Windsor, 1971; Gruner & Altman, 1980; Takeoka et al., 2014; Akay et al., 2015;
Satoh et al., 2016). We found similar defects in V3OFF mice during increased-weight
loading inclinedwalking. On the contrary, during noweightbearingbehaviour, such as
swimming, the higdistal joint coordination was tightly coordinated, with unchanged
latency between hip to distal joint movement and with a shorter latency between the peak
of IP and GS during protractienetraction transition phase in V30OFF mice compared to
those in WT mice. Therefore, we suggest that the function of V3 INs mediating the
coordination of higdistal joint during swingstance (flexoextensor) transition is context

dependent in weigHtearingbehaviour.

The second phenotype we observed in V3@#kée during weighbearingbehaviours was

the lack of propelling ankle extension and sustained ankle extensor muscle activity during
the end of the ipsilateral stance phase and contralateral-staimge phase. In addition, we
found that, in V3OFF micehe integrated EMG amplitude of GS increased as much as
that of WT mice during swimming but not during incliredlking compared to level
walking. It has been shown in other studies as well as the current study that the amplitude
of ankle extensor muscle,SGshows greater increases during both inclwatking and
swimming compared to level walking. The underlying mechanism of the amplitude
increase during these two behaviours may be different. Increases during ket

are due to the increased mustbrques and tendon forces during the stance phase, but
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during swimming, it is due to a greater limb retraction rate (Fowler et al., 1993; Herzog et
al. 1993; Smith et al. 1977; Walmsley et al. 1978; Gruner & Altman, 1980). Therefore, we
suggest that V3Ns mediate ankle extensor muscle activity only during weiglating

behaviours.

Furthermore, we found that during slow speed walking, the ankle propelling phase is
always superimposed with the contralateral svatagce transition phase. SPM analysis

of contralateral ankle extensor activity during ipsilateral svatagnce transition revealed
that the decline of contralateral ankle extensor activity happened ~30ms before ipsilateral
toe contact in V3OFF mice, whereas GS started declining right beforertectin WT

mice. Therefore, we speculate that the swatapce transition defect and lack of
contralateral ankle propelling activity might be correlated with each other. That is, V3 INs,
receiving proprioceptive sensory input, mediate ankle extensovityacturing the
propelling phase in turn activate the contralateral swtagce transition by facilitating the
excitation of ankle extension and inhibition onto the hip flexor, synchronizingidéft
extensor activity to secure stereotypical steppirthcdigh, V3s have been identified as a
class of the excitator€ZIN population, Chopek et al. (2018) have been demonstrated the
existence of the bilaterally projecting V3 INs. This study provides evidence that these
bilateral projections of V3 INs may coonate leftright synchronization to balance

locomotor output across the spinal cord.

4.2V 3 INs provide excitation to hip network to ensure enough force for

proper hip movement

We found that a main phenotype of V3OFF mice presented in all behaviours, igcludin
treadmill walking after spinal cord injury, was threduction in amplitudeof hip
movements. Theectified and smoothendeMG activities of hip muscles in V3OFF mice

did not increase as much as those in WT mice when they were required during inclined
walking and swimming compared to lewehlking. These data indicate that V3 INs should

be a main source of the excitation of the hip locomotor network. Furthermore, we found
that, whle there was a longer duration and larger StDv of the swing phase in V3O&F m

during weightbearingbehaviours, the temporal aspects of hip movement of the V3OFF
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mice did not display any differee from WT mice. This indicates that trsnallerhip
movements and the smaller increase of hip muscle activity were not the causaggdra
swing phase and unstable gait during welggwring behaviours. Previous data from
Zhang et al. have shown that V3 INs directly projected to MN pools (Zhang et al., 2008).
Tracing data from our lab has also shown that V3 INs had direct inputs tousiges,
including IP, GL, and BF muscles. Therefore, we suggest that V3 INs should be a major

source of excitation to hip MN pools.

It has been shown that hip position is key for the svsiagce and stanaaving transitions
during weightbearingbehavours (Hultborn & Nielsen, 2007; Pearson, 2007; Rossignol

et al., 2007). Therefore, it is possible that the significant smaller hip movement during
weightbearingbehaviours contributes to disturbed-digtal joint coordination in V3OFF

mice. However, we id not find statistically significant differensebetween WT and
V3OFF mice when we checked several hip position parameters related to the onset of GS
in WT and V3OFF mice. The hip angle, hip excursion, and the proportion of hip movement
in the whole hip lexion at the initiation of GS activation remained consistent. Since most
V3 INs areCINs, we also checked these three parameters of the hip joint when contralateral
GS were activated. Still, we did not find statistically significant diffeeshetween WT

and V3OFF mice. Furthermore, in V3OFF mismallerhip movement was maintained
during nonweightbearing behaviours, such as swimming, and full weight supported
treadmillwalking after spinal cord injury, whereas the-Hdiptal joint coordination was
nomal. Taken all together, we suggest that the less hip movement observed in V3OFF
mice is not weighbearingdependent anig controlled by the subet of V3 INs other than

those introduce in the last section.

Therefore, our current study demonstratesgpatal V3 INs may have multiple functional
subpopulations that are involved in different modular circuits that regulate proximal or
distal joints. Our results have also provided experimental evident for separate modular

circuits for different joints.

5 Materials and Methods
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Animals

The generation and genotyping®imL'®* mice were described previously by Zhang et

al. (2008). Conditional knoekut of VGIuT2 in Simiexpressing V3 INs
SimF*;VGluT2/lox (V30OFF mice) was described previously by Chopek et al. (2018).
Behavioural tests were performed on 14 (7 males, 7 females) V3OFF mice and 11 (6 males,
5 females)Sim17* ;VGIuT2 1oXox or Sim 1+ :VGIuT2*M°% | controllittermates (WT) from

43 to 70 pstnatal days (P4B70).
Behavioural tests
EMG recording

All mice were implanted with bipolar EM@cording electrodes (Akay et al., 2006;
Tysseling et al., 2013). The IP, ST, TA, and GS muscles were implanted with twisted
strains EMG electrodes as debed by Akay et al. (2006). BF and VL muscles were
implanted with EMG electrodes of separated straisslesched by Tysseliget al. (2013).

The conductance of implanted electrodes was tested after the surgery and before recordings.

The EMG signals were cerded using Powerl4Qinodel MA 102, custom built in the
workshop of the Zoological Institute, University of Cologne, DEOY Spike 2 (Version

7.09a, Cambridge Electronic Design) software.

To measure the kinematics of leg movement, small aluminatetredlecarkers were put
on crest, hip, ankl e, metatarsophal angeal
in Figure 3.1A and Figure 3.2A. The reflective markers were adhered to the skin with super

glue.
Kinematics

A high-speed camera was usedrégord the joint movement from the side of the body.
Mouse treadmill ( Zoological Institute's workshop, University of Cologne) speed was set
at 15cm/s. The inclined treadmill was set at 17.5? Each trial was run no more than 20s.

The rest interval betweeéhconsecutive trials was at least 1 minute. At least 2 trials of each
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locomotor task were recorded. The recordings those were included in the analysis were the
episodes when animals continuously walked in the front half of the chambei’fsr Bhe
abnamal walking steps, such as crouching, jumping and bipedal walking, were excluded
from the analysis.

A transparent Plexiglass tank (100 x 10 x 40cm) was filled with warm wat&26@3to

a depth of 280cm. A platform was placed at one end so that itwsble to the mouse

from the opposite end of the tank. 10 dimensional reflective markers were placed on both
legs of the mice. Mice were lowered carefully into the water and allowed to swim to the
platform. Each mouse underwenb3rials per session, dreach trial was limited to 1
minute. Between trials, the mice were givermif@ute rest period during which they were
placed in a clean and dry cage with a paper towel on top of a heating mat set to 37€.
Initially, some mice might require a short traigi period during which the distance
required for the mouse to reach the platform was increased until the mouse was able to
swim the full distance. Mice were carefully monitored during the test. Mice displaying
underwater tumbling, or any distressing bebavs were scooped up and rescued
immediately. For drying the mice following the testing session, the animals were placed in

an empty cage with some paper towels on top of a heating mat35€.to
Data analysis
EMG recordings

The EMG recordings were initially rectifie
processed data were then transformed to MATLAB (Version R2018a, The MathWorks,

Inc.). The toe touching point of each step in the video recording was used to synchronize

the EMG activities with the leg movements. For the data of treadmill walking, the episode
ranging from 150 ms before the toe touch to 250 ms after the toe touch was defined as the
current step cycle's EMG activity. For the data of swimming, the anteriextaame was

used as the reference point. The step range was between 150 ms before and 100 ms after
the reference point. To detect the pattern of EMG activity, the EMG signals were

normalized by the peak amplitude within the current step cycle.
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To comparethe pattern of IP termination and GS activation, we applied the Bootstrap
method for a specific area of the EMG activities of IP and GS. Since the peaks and
termination slopes of IP were always located within 150 ms before toe touch for both WT
and V3OFF nice for weightloading behaviours as shown in Figure 4B & 10A, B, we
selectively chose the normalized EMG activities of IP in this area; For GS, as shown in
Figure 4B & 10A, the data was selected in the 50 ms before and after toe touch. Based on
the same pnciple, the EMG activities of IP and GS in swimming were selected in the 40

ms before and after anterior toe extreme (Figure 10B).
Kinematic analysis

The video data were analysed using the Peak Motus 8.2 motion analysis system (Peak
Performance Technolags) and processed by customized scripts in Spike2 (Version
7.09a, Cambridge Electronic Design) and MATLAB (Version R2018a, The MathWorks,
Inc.). For treadmill walking, the time points of toe touching and off the ground were
manually marked for each stegs shown in Figure 3.11A. The knee joint was calculated
triangulation from the position of hip and ankle joint markers using the femur and tibia's
measured lengths. The step cycle wasdivigled into stance and swing based on the toe
touch and toe liftEach step's hip joint angular movement wasdiuldled into flexion and
extension based on the peak and trough. The ankle joint angular movement in each step
was sukdivided into flexion, E1, yield, and propel sphases (Figure 2B). The flexion

phase staed from the peak of the last extension and terminated at the trough in the swing
phase. Then the E1 phase started and terminated at the peak around toe touch followed by
yield phase. The yield phase terminated at the first trough in the stance phheeerid,t

the propel phase started and ended at the second peak in the stance phase. The excursion

of the joint was measured as the difference between the peak and trough of gawssub
Treadmill locomotion after complete spinal cordtransection

Complete spinal cord transection

The animal was anesthetized using 4% isoflurane for approximately 5 minutes then

reduced to 2% isoflurane through the surgery. The mouse was placed on a heated pad. A
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laminectomy was performed, and the boneecmg the upper half of the eighth thoracic
vertebral(T8) was removed. A complef&L0-11 spinal cord transection was performed.

Fine scissors were used to cut across the edges of the spinal cord to ensure a complete
transaction. Standard precautions weaken to minimize tissue damage and bleeding
through the surgery. After the cut, muscles were sewn back together in layers, and the skin

was sewn closed as well

Postoperative care included buprenorphine analgesic, Baytril antibiotic and 1.0 ml
subcutanewos saline twice/day for three days. The mice received care for the duration of
the experiment, including manually compressing the bladder to release urine twice a day

until automatic micturition returned.

One week after the surgery, treadmill tests wemégomed weekly. A homemade harness
was used to support the hindquarters of the mice. The experimenter held and kept the
harness in the right position. The speed of the treadmill was set at 20 cm/s. The tail of the
animal was held by the experimenter t@lggthe pinching stimulus. The mice received a
5-10-minute session twice a week for six weeks. Reflective markers were attached to the
hindlimb joints. A highspeed camera was used to record the leg movement from the side

view. The videos and data were sad as described above.
Statistics

The statistical analysis was performed in Prism7 (GraphPad Software, Inc.) and MATLAB
(Version R2018a, The MathWorks, Inc.). Studetgst and Welch'stest were used to
compare the differences between WT and V3Okéels kinematics in three behaviours.

The bootstrap method was used to compare the patterns of IP termination and GS activation.
The statistical parametric mapping (SPM) was used to analyze the pattern of the ipsilateral
BF and both side GS muscles
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6 Figures

Figure 3.1. V3OFF mice have longer swing phase duration during treadmill

walking.
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Figure 3.1. V3OFF mice have longer swing phase duration during treadmill walking.

A. Top rows, representative photo image frarialeos recorded from the sideviewadiVT

mouse using higispeed camera (250 Hz). The reflective markers were adhered on the
crest, hip, knee, ankle, metatarsophalangeal (MTP)sjaanidthe toe. The bottomaws:

the stick plotsframeby-frame reconstructed hindlimdne stepnovement. The knee joint

was calculated triangulation from the position of hip and ankle joint markers, using the
measured lengths of the femur and tibia. i shows the frame before and after toe lifted as
the whole paw was pulled forward, respectively. ii shows the frames before and after the
toe touching the ground, respectively. The toe touching was identified as whole front paw
touched ground. The reconstructed limb is indicated by green lines and @mt

represented by green dots.

B. Box gaphs of means (i) and StDvs (ii) of stride, stance, and swing disafioh T

(blue, n=12)and V3OFF(red, n=14)mice during treadmill walking. The blue and red
boxes indicate the 5 to 95 percentile of data ¢hstion. The means of each mouse are
shown as white circle for WT and as white triangle for V3OFF. *, @01P < 0. 05 ;
0.00010 P < 0.001.
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Figure 3.2. Schematics of experimental strategies and kinematics of V3OFF

and WT mice during treadmill walking.
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Figure 3.2. Schematics of experimental strategies and kinematics of V3OFF and WT mice

during treadmill walking.

A. lllustration ofthe positions of reflectivanarkerson the joints of a mouseght hind
limb (top) and corresponding hindlimb geometry and joint angles used in this study
(bottom) Theblack box on the back of the mouse indicatestmnector for linking EMG

electrodes to the amplifier.

B. lllustration of hipangular excursiomand corresponding flexion and extension phases

within a step cycleandankle joint angular movemeand four subphaseis a step cycle.

C. Angular movement of hip (upper) and ankle (lower) joints during a step cycle of WT
(blue) and \BOFF (red) mice. The thin lines are the average trace -@blfonsecutive

steps of individual animals, while the thick lines are the average of the corresponding group.
The mean of swing and stance phase duration of all WT and V3OFF mice are shown on
the top. The manually marked toe touch is used as reference point, indicated as black
dashed line. Traces of joint angle (blue: WT; red: V3OFF) are triggered around toe touch.
The blue and red dashed line connecting hip flexion termination and ankle E1 termina

is for WT and V3OFF mice, respectively.
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Figure 3.3. Comparison of joint angular excursion, phase duration -of sub

phases and delay between hip and distal joint during swing phase.
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Figure 3.3. Comparison of jai angular excursion, phase duration of-pulases and delay

between hip and distal joint during swing phase.

A. Box graphs of means ok&nsion and flexion excursianf hip joint (i) and flexion, E1,

yield and propel excursion of ankle joint (ii) betwa#it (blue)(n=12)and V3OFF (red)
(n=14) mice. The box indicatethe 5 to 95 percentile of data distribution. The means of
each mouse are shown as white circle for WT and as white triangle for V3OFF.  **, 0.001
O P < 000001Q P *<,0.001.

B. Box graphs of means ofhase duration of hip joint (i) and ankle joint (¢tween WT
(blue) (n=12) and V3OFF (red) (n=14) micehe box indicatethe 5 to 95 percentile of
data distribution. The means of each mouse are shown as white circle for WT antdas whi
triangle for V3OFF. **** P < 0.0001.

C. Box graphs of dlay latency of hip flexion phase termination to ankle E1 phase
termination and toe toudbetween WT (blue) (n=12) and V3OFF (red) (n=14) mice. The
box indicates the 5 to 95 percentile of dataritistion. The means of each mouse are
shown as white circle for WT and as white triangle for V3O##, P < 0.0001.
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Figure 3.4. EMG pattern between WT and V3OFF mice during treadmill

walking.
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