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Abstract 34 

Locomotion, scratching, and stabilization of the body orientation in space are basic 35 

motor functions which are critically important for animal survival. Their execution requires 36 

coordinated activity of muscles located in the left and right halves of the body. Commissural 37 

interneurons (CINs) are critical elements of the neuronal networks underlying the left-right 38 

motor coordination. V0 interneurons (characterized by the early expression of the 39 

transcription factor Dbx1) contain a major class of CINs in the spinal cord (excitatory V0V, 40 

and inhibitory V0D), and a small subpopulation of excitatory ipsilaterally projecting 41 

interneurons. The role of V0 CINs in left-right coordination during forward locomotion was 42 

demonstrated earlier. Here, to reveal the role of glutamatergic V0 and other V0 43 

subpopulations in control of backward locomotion, scratching, righting behavior, and postural 44 

corrections, kinematics of these movements performed by wild-type mice and knockout mice 45 

with glutamatergic V0 or all V0 interneurons ablated were compared. Our results suggest that 46 

the functional effect of excitatory V0 neurons during backward locomotion and scratching is 47 

inhibitory, and that execution of scratching involves active inhibition of the contralateral 48 

scratching CPG mediated by excitatory V0 neurons. By contrast, other V0 subpopulations are 49 

elements of spinal networks generating postural corrections. Finally, all V0 subpopulations 50 

contribute to generation of righting behavior. We found that different V0 subpopulations 51 

determine left-right coordination in the anterior and posterior parts of the body during a 52 

particular behavior. Our study shows the differential contribution of V0 subpopulations to 53 

diverse motor acts that provides new insight to organization of motor circuits. 54 

 55 

Key words: commissural interneurons, locomotion, scratching, posture, networks, mice 56 
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Significance Statement 59 

Commissural interneurons (CINs) with their axons crossing the midline of the nervous system 60 

are critical elements of the neuronal networks underlying the left-right motor coordination. 61 

For the majority of motor behaviors, neuronal mechanisms underlying left-right coordination 62 

is unknown. Here, we demonstrate the functional role of excitatory V0 neurons and other sub-63 

populations of V0 interneurons in control of a number of basic motor behaviors - backward 64 

locomotion, scratching, righting behavior and postural corrections -, which are critically 65 

important for animal survival. We have shown that different subpopulations of V0 neurons 66 

determine left-right coordination in context of different behaviors as well as in the anterior 67 

and posterior part of the body during a particular behavior.  68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 



4 

 

 4 

Introduction 80 

Commissural interneurons (CINs) are critical elements of the neuronal networks underlying 81 

the left-right coordination required for most types of motor behaviors. Early 82 

electrophysiological and morphological studies in cats and newborn rodents have 83 

demonstrated that CINs constitute a large and diverse group of neurons. Populations of CINs 84 

differ in their locations in the spinal cord gray matter, in their projection patterns and 85 

postsynaptic targets, in their afferent and supraspinal inputs, as well as in their transmitter 86 

phenotypes (Harrison et al., 1986; Jankowska and Noga, 1990; Lu et al., 2001; Butt et al., 87 

2002; Stokke et al., 2002; Bannatyne et al., 2003, 2006; Birinyi et al., 2003; Butt and Kiehn, 88 

2003; Kiehn and Butt, 2003; Matsuyama et al., 2004a,b, 2006; Jankowska et al., 2005a,b,c; 89 

Nissen et al., 2005; Weber et al., 2007; Restrepo et al., 2009). This diversity indicates that 90 

specific populations of CINs may contribute to left-right coordination during different 91 

movements.  92 

Recently in mice, interneurons have been divided into populations according to the 93 

specific molecular markers that they express (Jessell, 2000; Moran-Rivard et al., 2001; Pierani 94 

et al., 2001; Lanuza et al., 2004; Zhang et al., 2008; Goulding, 2009; Rabe et al., 2009; Kiehn, 95 

2011; Borowska et al., 2013; Talpalar et al., 2013; Haque et al., 2018). One of these 96 

populations, the V0 interneurons (characterized by the early expression of the transcription 97 

factor Dbx1) contains a major class of CINs in the ventral spinal cord (Pierani et al., 2001; 98 

Lanuza et al., 2004). The V0 population contains two sub-populations of CINs – the 99 

excitatory (glutamatergic) V0 ventral (V0V) and the inhibitory (GABAergic and glycinergic) 100 

V0 dorsal (V0D) (Moran-Rivard et al., 2001; Pierani et al., 2001; Lanuza et al., 2004; Talpalar 101 

et al., 2013; Griener et al., 2015). In addition, it contains other V0V neurons in the brainstem 102 

mainly involved in control of respiration (Gray, 2013; Ruangkittisakul et al., 2014), and two 103 

small sub-populations (approximately 2% each) of ipsilaterally projecting excitatory neurons - 104 
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cholinergic V0C neurons that constitute the C-boutons on motor neurons (Zagoraiou et al., 105 

2009) and glutamatergic spinal V0G neurons with unknown specific projections (Zagoraiou et 106 

al., 2009). 107 

The functional role of V0 CINs in control of left-right coordination during locomotor-108 

like activity in vitro (Lanuza et al., 2004; Talpalar et al., 2013) and forward locomotion in 109 

vivo (Talpalar et al., 2013) has been investigated. It was demonstrated that the inhibitory V0D 110 

neurons are responsible for left-right hindlimb alternation at low locomotor frequencies while 111 

the excitatory V0V neurons are responsible for execution of hindlimbs alternation at high 112 

locomotor frequencies (Talpalar et al., 2013). These two locomotor frequencies correspond to 113 

walk and trot, respectively (Bellardita and Kiehn, 2015). The distinct roles of two 114 

subpopulations of V0 CINs in control of forward locomotion, as well as their distinct 115 

phenotypes (excitatory V0V and inhibitory V0D) suggest that they may contribute differently 116 

to control of other motor behaviors. 117 

Here we elucidated the functional role of different subpopulations of V0 neurons in 118 

control of a number of basic motor behaviors: backward (BW) locomotion, scratching, 119 

righting behavior and postural corrections. These behaviors require left-right coordination 120 

mediated by yet unknown neuronal mechanisms. BW locomotion and scratching are both 121 

rhythmic movements, but BW locomotion involves left-right limb alternation (Buford et al., 122 

1990; Vemula et al., 2019), while scratching movements are performed by only one hindlimb 123 

(Deliagina et al., 1975; Kuhta and Smith, 1990; Inagaki et al., 2001). However, strong 124 

reciprocal inhibition between the left and right scratching networks has been suggested 125 

(Deliagina, 1977). The righting behavior (Magnus, 1924) as well as postural corrections 126 

caused by tilting of the support surface (Beloozerova et al., 2003; Deliagina et al., 2006) are 127 

essential for control of posture. The righting behavior requires coordinated activity of left and 128 

right muscles of the trunk and limbs, while postural corrections are performed by reciprocal 129 
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flexion-extension movements of the left and right limbs. Our study demonstrates that integrity 130 

of V0 neurons is essential for normal execution of all four studied motor behaviors. However, 131 

specific subpopulations of V0 neurons differentially contribute to these different motor 132 

behaviors, as well as to different aspects of the same behavior. 133 

 134 

Materials and Methods 135 

Experiments were performed on 13 Dbx1
DTA

; Hoxb8
Cre

 mice (V0-KO mice) and 9 Dbx1
DTA

; 136 

Vglut2
Cre

 mice (V0Glut-KO mice), as well as on their 14 wild type littermates (control mice). 137 

The KO and control mice were of both sex, 18-30 g weight, and 5–10 weeks old. They were 138 

housed in standard cages with food and water ad libitum at a 12h light/12h dark cycle. All 139 

experiments were conducted with approval of the local ethical committee (Norra 140 

Djurförsöksetiska Nämnden) in Stockholm and followed the European Community Council 141 

Directive (2010/63EU) and the guidelines of the National Institute of Health Guide for the 142 

Care and Use of Laboratory animals. 143 

 144 

Mice 145 

All genetically modified animals were derived from C57 black background strains. Ablation 146 

of all spinal V0 neurons was obtained by crossing homozygote Dbx1-lox-stop-lox-DTA 147 

(Dbx1
DTA

) (Talpalar et al., 2013) with heterozygote Hoxb8
Cre

 (Witschi et al., 2010) mice, 148 

which resulted in mice that are devoid of Dbx1 derived cells in the spinal cord caudal to 149 

cervical root 4 (C4). Similarly, ablation of glutamatergic V0 neurons (V0Glut) was obtained by 150 

crossing homozygote Dbx1
DTA

 mice with heterozygote Vglut2
Cre

 (Borgius et al., 2010) mice 151 

which were devoid of Vglut2 expressing V0 neurons (Talpalar et al., 2013). The Vglut2
Cre 

152 

animals are BAC transgenic and express Cre in Vglut2 positive neurons in the spinal cord and 153 

various regions of the brainstem, but not in Dbx1 positive progenitors of the respiratory 154 
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centers (Borgius et al., 2010; Talpalar et al., 2013). The use of these Vglut2
Cre

 mice allows 155 

generation of viable mice devoid of V0Glut neurons in the spinal cord, which can survive until 156 

the adult age. All animals were genotyped with specific primers. 157 

An issue about the chronic ablation of V0 neurons that we consider here is that the 158 

early ablation might lead to compensatory or adaptive changes in the network structure 159 

leading to a motor output not directly related to the V0 function. This concern could 160 

potentially be minimized by instead using acute manipulation of V0 neurons. However, such 161 

experiments are yet impossible because of the extended segmental architecture of the cord 162 

makes spinal neurons inaccessible for optogenetics manipulation in vivo, while chemogenetic 163 

(DREADDS) requires three recombination systems - one for the V0 (Dbx1), one for V0 164 

subset (Vglut2 or Vgat) and one for CNS location (Hoxb8) a mouse technology not yet 165 

available. We have therefore used chronic ablation similar to previous studies of forward 166 

locomotion where there were exceptional correlation between adult in vivo and newborn in 167 

vitro models (Gosnach et al., 2006; Crone et al., 2008; Crone et al., 2009; Talpalar et al., 168 

2011; Talpalar et al., 2013; Bouvier et al., 2015) suggesting little interference from 169 

compensatory plastic changes if any to motor output. Unlike those studies, the present 170 

behavioral sets have no in vitro models and therefore required generation of long-living 171 

phenotypes. We acknowledge that we cannot completely exclude compensatory changes but 172 

assume that they do not affect the principle organization of the networks underlying the 173 

studied behaviors. 174 

 175 

Surgical procedures 176 

All surgical procedures were performed under general anesthesia and aseptic conditions. 177 

General anesthesia consisted of ketamine (75 mg/kg) in combination with medetomidine 178 

(1mg/kg) given intraperitoneally. 179 
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EMG-electrodes were implanted in thirteen animals (3 V0Glut-KOs, 3 V0-KOs, 4 180 

V0Glut-KO-controls and 3 V0-KO-controls). In each animal, bipolar EMG electrodes (flexible 181 

stainless steel Teflon-insulated wires, AS631, Cooner Wire, CA, USA) were implanted 182 

bilaterally into tibialis anterior (Tib, ankle flexor) or gastrocnemius lateralis (Gast, ankle 183 

extensor). The method of implantation of EMG-electrodes was similar to that described 184 

earlier (Takeoka et al., 2014). In short, recording electrodes and a common ground wire were 185 

fabricated by removing a small (0.5-mm notch) and large (1 cm) part of Teflon from the distal 186 

extremity of the wire, respectively. The wires were led sub-cutaneously and connected to a 187 

percutaneous amphenol connector (Omnetics Connector Corporation) cemented by dental 188 

adhesive (OptiBond, Kerr, CA, USA) to the skull of the mouse. The weight of the connector 189 

was about 1g. A ground wire was inserted subcutaneously over the shoulder region. The 190 

proper location of the electrodes was verified post mortem. 191 

For analgesia, buprenorphine (0.1 mg/kg) was given subcutaneously postoperatively 192 

twice daily for 2 days to all animals subjected to surgery. Experiments started 1-2 days after 193 

the surgery. 194 

 195 

Experimental designs 196 

Both mutant mice and their WT littermates performed four basic motor behaviors: backward 197 

locomotion, scratching, righting and postural corrections on a tilting platform. 198 

BW locomotion was performed in a tunnel setup (Fig. 1A) described earlier (Vemula 199 

et al., 2019). It was made of transparent plexiglass and imitated the narrow tunnels of the 200 

burrows in which mice live in nature. The setup consisted of a narrow tunnel (length 50 cm, 201 

height 4 cm, width 2.5-3.5 cm) with a small box (7 x 7 x 4 cm each) at each end of the tunnel. 202 

Each box had a removable top and a door that closed the entrance to the tunnel. One of the 203 

side walls of the tunnel was movable so that the width of the tunnel could be adjusted to the 204 
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size of a mouse in such a way that the animal could easily walk in the tunnel straight BW but 205 

could not turn around. The animal was placed in the entrance box through the removable top, 206 

the top was closed, then the door to the tunnel was opened and the animal performed 207 

locomotion. When the mouse reached the end of the tunnel, it performed BW locomotion 208 

until it reached the door closing the tunnel entrance. Usually the animal spontaneously 209 

exhibited 3-4 sequential episodes of FW and BW locomotion. Each episode of BW walking in 210 

the tunnel consisted of 5-9 steps. 211 

To evoke scratching (Figs. 1B,C), a drop of a watercolor paint was placed on the fur 212 

located on the base of the external or internal surface of the pinna. Then, the animal was 213 

positioned in the box (length 10 cm, height 18 cm, width 10 cm) without a roof made of 214 

transparent plexiglass. Usually, when the paint on the pinna became solid, spontaneous 215 

episodes of scratching were observed. In rare cases, when the paint did not evoke spontaneous 216 

episodes of scratching, additional light mechanical stimulation of the painted spot (stroking by 217 

a thin blunt rod) evoked a scratching episode. After recording 4-6 episodes of scratching, the 218 

paint was removed. 219 

To evoke righting behavior (Fig. 1E), a mouse was positioned on its back on a 220 

horizontal surface. The animal was then released so it could assume the normal body 221 

orientation characteristic for standing. 222 

To evoke postural corrections, the mouse was positioned on the tilting platform (12 x 223 

12 cm) with the sagittal plane of the animal aligned to the axis of the platform rotation (Fig. 224 

1F). The platform was made of transparent plexiglass and the surface of the platform was 225 

covered with transparent Sylgard to increase friction and prevent sliding of the animal during 226 

tilts. The platform with the animal was tilted periodically in the frontal (transverse) plane of 227 

the animal (roll tilt α, Fig. 1G) with the amplitude of ±20°. A trapezoid tilt trajectory with the 228 

transitions between extreme positions lasting for ~0.5–1 s and each position maintained for 229 
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~1-1.5 s was used (Figs. 1G,H). The tilt angle of the platform was monitored with a 230 

mechanical sensor. It was necessary to habituate animals to the tilting platform and to train 231 

them to stand still during tilts. For this purpose, the animal was positioned on the tilting 232 

platform and tilts with increasing amplitude were applied. If the animal started to walk, it was 233 

returned to the initial standing position by the experimenter. Usually, a 20 min session of such 234 

training performed during 2-3 days was sufficient to evoke episodes, in which the mouse 235 

maintained standing posture with its sagittal plane aligned to the axis of the platform rotation 236 

leading to postural corrections in response to 5-7 sequential tilt cycles. 237 

To characterize kinematics of fast movements performed during locomotion, 238 

scratching and righting, high speed video recording (100 frames/s) was used, while relatively 239 

slow postural corrections were video recorded with lower speed (50 frames/s). 240 

Simultaneously the side and the below (by means of a mirror) views of the animals were 241 

recorded during locomotion (Fig. 1A), scratching (Figs. 1B,C) and righting (Fig. 1E), while 242 

during postural corrections (Fig. 1F), the back view and the bottom view of the animal were 243 

recorded. 244 

The animal’s hindlimbs and trunk were shaved, and markers were drawn on the skin 245 

above the metatarsophalangeal (MTP) and ankle joints, as well as on the spine at the level of 246 

the rostral end of the pelvis. The video camera was positioned at a distance of ~2 m from the 247 

mouse. 248 

 249 

Recording and data analysis 250 

Signals from the EMG electrodes, and from the tilting platform position sensor were 251 

amplified, digitized with a sampling frequency of 5 kHz (EMGs) and 1 kHz (sensor), and 252 

recorded on a computer disk using data acquisition and analysis system (Power1401/Spike2, 253 
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Cambridge Electronic Design, Cambridge, UK). Recordings of EMGs and platform tilts were 254 

synchronized with video recordings. 255 

The video recordings were analyzed frame by frame. To compare interlimb 256 

coordination, as well as the structure of locomotor cycle in KO and control mice, the moments 257 

of the paw liftoff and touchdown were determined. The period between these moments was 258 

considered as the swing phase and the rest of the cycle as the stance phase. 259 

For analysis of coordination between the right and left limbs of the same girdle, one 260 

limb was selected as a reference limb, its step cycle was normalized to 1.0 (the onset of swing 261 

was taken as the cycle onset), and the phases of paw-off moments of the contralateral limb, 262 

were calculated in the reference cycles. The difference between the swing onset phases of two 263 

limbs was termed the “phase shift between limbs”. The mean (±SD) values of the phase shift 264 

between forelimbs, as well as between hindlimbs observed in V0Glut-KOs, V0-KOs, and 265 

control mice during locomotion were calculated using circular statistics methods (Batschelet, 266 

1981). 267 

To characterize the coordination between scratching movements of the left and right 268 

hindlimbs in V0-KO and V0Glut-KO mice, the hindlimb ipsilateral to the stimulation side was 269 

selected as the reference limb. The period between two sequential most rostral limb positions 270 

was considered a scratching cycle. The scratching cycle of the reference limb was normalized 271 

to 1.0 (the most rostral limb position was taken as the cycle onset), and the phase of the 272 

moment when the contralateral limb assumed the most rostral position, was calculated in the 273 

reference cycle. These phases (representing phase shifts between limbs) then were averaged 274 

across the cycles of the episode using circular statistics. 275 

To compare scratching movements of the hindlimb ipsilateral to the stimulation side 276 

with those performed by the contralateral hindlimb in KO mice, as well as to compare 277 

scratching movements in KO mice with those observed in control animals two measures were 278 
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made. First, in each scratching episode the amplitude of the limb protraction towards the 279 

stimulation point, which preceded the rhythmical movements (P in Fig. 1C) was measured by 280 

using the bottom view. Second, in each scratching cycle of the episode, the amplitude of the 281 

movement in rostro-caudal and medio-lateral direction was measured by using the bottom 282 

view (R-C and M-L, respectively, in Fig. 1D, lower panel), and in dorso-ventral direction by 283 

using the side view (D-V in Fig. 1D, upper panel). Since mice differed in size, the amplitudes 284 

were normalized to the body length measured postmortem. 285 

To compare efficacy of postural corrections, we calculated the coefficient of postural 286 

stabilization KSTAB= 1 – β/α; where β is the hindquarters tilt, and α is the platform tilt (Fig. 287 

1F). The dorso-ventral axis of the hindquarters was determined as a line connecting the 288 

marker on the spine with the axis of rotation. With perfect stabilization, KSTAB = 1; with no 289 

stabilization, KSTAB = 0. 290 

 291 

Statistical analysis 292 

Sample size was not estimated a priori to obtain a given power. Mice were randomly 293 

allocated to different groups for the in vivo experiments using a block design. Data sampling 294 

and analysis were not blinded. All quantitative data in this study are presented as mean ± SD. 295 

Mean values were calculated as averages of the mean from each animal. N represent 296 

biological replications while n represent technical replications. The Student’s t-test (two-297 

tailed) was used to characterize statistical significance when comparing different means; the 298 

significance level was set at P = 0.05.  299 

 300 

Results 301 

To reveal the role of V0Glut and other V0 subpopulations in the control of the 4 motor 302 

behaviors, we used Hoxb8
Cre

;Dbx1
DTA

 knockout (V0-KO) mice with all V0 subpopulations 303 
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ablated in the spinal cord only (caudally to C4 segment), and Vglut2
Cre

;Dbx1
DTA 

(V0Glut-KO) 304 

mice with V0Glut neurons ablated in the entire CNS (Talpalar et al., 2013). We were unable to 305 

target the V0D CINs directly because ablation of these neurons caused perinatal death 306 

(Talpalar et al., 2013) possible because it affects brainstem functions. We, therefore, 307 

compared the results form V0Glut-KO and V0-KO mice to deduct the possible contribution of 308 

V0D CIN and V0C subpopulations by subtraction.  309 

The majority of V0-KO mice had postural asymmetry in contrast to V0Glut-KO mice 310 

and wild-type littermates (control mice) which had a symmetrical body posture (see “Ablation 311 

of V0 neurons decreases efficacy of postural corrections” section for the details). We did not 312 

find any significant difference between results obtained in symmetrical and asymmetrical V0-313 

KO mice and they were therefore pooled. Similarly, if a difference between control data 314 

obtained in wild-type littermates of V0Glut-KO and V0-KO mice was insignificant, they were 315 

pooled for analysis. 316 

 317 

Ablation of V0 neurons changes characteristics of BW locomotion 318 

V0Glut-KO and V0-KO mice, as well as control mice performed forward (FW) and backward 319 

(BW) locomotion in a narrow tunnel (Fig. 1A, see Materials and Methods for details). FW 320 

locomotion in V0Glut-KO and V0-KO mice has been characterized earlier (Talpalar et al., 321 

2013; Bellardita and Kiehn, 2015). Here we concentrated our analysis on BW locomotion. To 322 

reveal changes in operation of locomotor mechanisms caused by ablation of different 323 

populations of V0 neurons, we compared general characteristics of locomotor movements, as 324 

well as interlimb coordination observed in V0Glut-KO, V0-KO and control mice. 325 

 326 

General characteristics of locomotor movements 327 
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Animals were not trained to perform BW locomotion with a definite speed. Thus, the speed 328 

was entirely internally generated. The general characteristics of BW locomotor movements 329 

obtained in the present study (locomotor speed, frequency of locomotor movements, step 330 

amplitude, duration of the stance and swing phases) in wild-type mice (Figs. 2A,B) were 331 

similar to those reported earlier for wild-type mice performing BW locomotion in similar 332 

environmental conditions (Vemula et al., 2019).  333 

The average locomotor speed during BW locomotion in both V0Glut-KO and V0-KO 334 

mice was in the same range as that observed in control mice (Fig. 2A). In V0Glut-KO mice this 335 

correspondence was caused by similarity in the step amplitude, frequency of locomotor 336 

movements, duration of the stance and swing phases with those observed in control mice 337 

(Figs. 2A,B). In contrast, in V0-KO mice the correspondence in speed to control mice was 338 

caused by specific changes in locomotor parameters. There was a twofold decrease in the 339 

average step amplitude, accompanied by a twofold increase in the frequency of locomotor 340 

movements as compared to those observed in control mice (unpaired t-test, t(9)=3.93, p=0.003, 341 

and t(4)=-4.91, p=0.008, respectively; Figs. 2, A and B, respectively;). The dramatic increase in 342 

the frequency of locomotor movements in V0-KO mice reflected in a decrease in the duration 343 

of the locomotor cycle (0.09±0.01 s for V0-KO mice vs 0.15±0.02 s for control mice; N=7, 344 

n=78 and N=4, n=43, respectively; unpaired t-test, t(9)=5.80, p=2.6 x 10
- 4

) was caused mainly 345 

by a decrease in the duration of the stance phase, as compared with that observed in control 346 

mice (unpaired t-test, t(8)=5.36, p=0.68 x 10
-5

; Fig. 2B). 347 

Thus, in V0-KO mice, the majority of locomotor parameters of BW locomotor 348 

movements differed significantly from those observed in control mice, while in V0Glut-KO 349 

mice all parameters were similar to those in control mice. By subtraction, these results suggest 350 

that at least one of the V0D and V0C subpopulations or both subpopulations (that are only 351 
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absent in the V0-KO mice) contributed to setting of the main characteristics of locomotor 352 

movements during BW locomotion. 353 

V0Glut-KO and V0-KO mice, like control mice, showed a strong positive correlation 354 

between the cycle duration and the stance duration and a weak dependence of the swing 355 

duration on the cycle duration during BW locomotion (Figs. 2C-E). Thus, in both types of KO 356 

mice an increase in the cycle duration of BW locomotion is caused by prolongation of the 357 

stance duration, while the swing duration remains relatively constant. 358 

 359 

Interlimb coordination 360 

Hindlimb coordination. During BW locomotion, the control mice moved hindlimbs in 361 

alternation (Fig. 2F). In contrast, both V0Glut-KO and V0-KO mice moved hindlimbs 362 

synchronously (Figs. 2G,H).  363 

The hindlimb coordination was quantified using circular plots. Although hindlimbs 364 

alternation dominated in control animals (the mean value of the phase shift between hindlimbs 365 

was close to the 0.5 part of the cycle), hindlimb coordination was rather irregular. It was 366 

reflected in a large SD of the mean phase shift (0.44 ± 0.21 part of the cycle) (Fig. 2I). In both 367 

V0Glut-KO and V0-KO mice the mean value of the phase shift between hindlimbs was close to 368 

0 (Fig. 2I). These results suggest that the V0Glut subpopulation – that is absent on both V0Glut-369 

KO and V0-KO mice - determines hindlimb alternation during BW locomotion. 370 

Forelimb coordination. The forelimb coordination in control and V0-KO mice (Fig. 3E) was 371 

similar to that observed in hindlimbs (Fig. 2J): forelimbs alternated in control mice and were 372 

in synchrony in V0-KO mice. But V0Glut-KO mice showed different coordination between 373 

forelimbs and between hindlimbs: hindlimbs moved synchronously (Fig. 2I) while forelimbs 374 

alternated (Fig. 2J). These results suggest that forelimb alternation cannot be secured during 375 
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BW locomotion by the V0Glut subpopulation alone and requires the integrity of at least one or 376 

both of V0D and V0C subpopulations. 377 

 378 

Ablation of V0 neurons results in anomalous bilateral scratching 379 

To evoke scratching reflex, the pinna was mechanically stimulated (Figs. 1B,C, see Methods 380 

and Materials for details). As in other terrestrial quadrupeds (Sherrington, 1906, 1910; 381 

Deliagina et al., 1975; Stein 1983), all control mice (N=6) performed rhythmic scratching 382 

movements by one hindlimb ipsilateral to the stimulation side. The scratching behavior 383 

consisted of two components (Sherrington, 1906, 1910; Deliagina, 1977; Deliagina et al., 384 

1975; Kuhta and Smith, 1990). First, the postural component is executed. It includes 385 

protraction of the ipsilateral (to the side of stimulation) hindlimb to the stimulated area of the 386 

skin accompanied by body and neck bending towards the protracting hindlimb (Fig. 1C). 387 

Second, the rhythmic component is generated. It is composed of fast alternating flexions and 388 

extensions in the ankle, knee and hip joints that result in the repetitive scratching of the 389 

irritated area of the skin. A typical example of side and bottom views of the trajectory of the 390 

distal point of the hindlimb during scratching cycle is shown in Fig. 1D (upper and lower 391 

panel, respectively).  392 

In contrast to the unilateral scratching observed in control mice (Fig. 3A) both, V0-KO 393 

(N=6) and V0Glut-KO (N=4) mice, performed rhythmic scratching movements by both 394 

hindlimbs in response to unilateral stimulation (Figs. 3B,C). These bilateral movements were 395 

almost synchronous (the mean value of the phase shift between movements of the 396 

contralateral and ipsilateral to stimulation side limbs was close to 0, Fig. 3D). The average 397 

frequency of scratching movements in V0-KO mice was similar to that in control mice, while 398 

in V0Glut-KO mice it was slightly lower (13.07 ± 1.96 Hz vs 18.79 ± 1.44 Hz, respectively; 399 
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unpaired t-test, t(5)=5.01, p=0.004; Fig. 3E). During the bilateral scratching, knockout mice 400 

used the base of the tail to support the hindquarters. 401 

Scratching movements performed by hindlimb ipsilateral and contralateral to the side 402 

of stimulation differed. In both V0-KO and V0Glut-KO mice the average amplitudes of the 403 

ipsilateral limb movements in rostro-caudal, dorso-ventral and medio-lateral directions did not 404 

differ significantly from those observed in control animals (Fig. 3G-I). In contrast, in each of 405 

three directions, the average amplitudes of movements of the contralateral limb were 406 

significantly smaller than that in control mice (in V0Glut-KO mice: unpaired t-test, t(6) = 5.99, p 407 

= 9.6 x 10
-4

 for dorso-ventral, t(6) = 3.17, p = 0.02 for rostro-caudal, and t(6) = 3.57, p = 0.01 408 

for medio-lateral directions; in V0-KO mice: t(8) = 4.36, p = 0.002 for dorso-ventral, t(10) = 409 

3.28, p = 0.008 for rostro-caudal, and t(10) = 4.79, p = 0.0007 for medio-lateral directions; Fig. 410 

3G-I). They were also smaller than those observed in the ipsilateral limb (Fig. 3G-I). The 411 

differences were significant for movements in dorso-ventral and medio-lateral directions 412 

(unpaired t-test, t(4)=7.16, p=0.002, and t(4)=2.78, p=4.9 x 10
-2

, respectively) in V0Glut-KO 413 

mice, as well as in dorso-ventral direction (t(9)=3.84, p=0.004) in V0-KO mice. 414 

These results suggest that during scratching in control mice, the V0Glut subpopulation 415 

actively inhibits the network generating scratching movements on the contralateral limb. In 416 

KO mice exhibiting bilateral scratching, it is most likely that the scratching network 417 

ipsilateral to the stimulation side activates and synchronizes the operation of the contralateral 418 

one. 419 

To evaluate the postural component of the scratching we measured the amplitude of 420 

the limb protraction towards the stimulation point, which preceded the rhythmical movements 421 

(P in Fig. 1C). In V0Glut-KO mice, the average amplitudes of the ipsilateral and contralateral 422 

limb protraction were similar, and they also were similar to that observed in control mice, 423 

while the corresponding amplitudes of protraction in V0-KO mice were significantly smaller 424 
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than those in V0Glut-KO mice (unpaired t-test, t(8)=2.33, p=0.04 and t(8)=3.94, p=0.004, 425 

respectively; Fig. 3F). As in control mice, in all KO mice the body was bent to the stimulation 426 

side during scratching. However, in V0-KO mice, because of the small amplitude of the 427 

protraction, the ipsilateral limb usually did not reach the stimulated site making scratching 428 

reflex completely inefficient. These results suggest that, at least one or both of the 429 

commissural V0D and the ipsilaterally projecting V0C subpopulations contribute to generation 430 

of the postural component of scratching. 431 

Thus, the V0Glut subpopulation and the V0D - V0C subpopulations appear to be 432 

differentially involved in the control of different aspects of scratching.  433 

 434 

V0 neurons are essential for execution of righting behavior 435 

To evoke the righting behavior, we released animals in an upside-down position. Control mice 436 

(N=11) performed righting in two Stages. Stage 1 consisted of ventral flexion of the trunk 437 

accompanied by twisting and lateral bending (oblique bending) of the forequarters in relation 438 

to the hindquarters. This maneuver caused the displacement of the center of mass to the side 439 

of the twisting and produced a sufficient torque to rotate the body towards the side of twisting. 440 

The body rotation was accompanied by movements of forelimbs toward the surface. As a 441 

result, the forequarters assumed a position with forelimbs standing on the surface, while the 442 

hindquarters turned from upside-down position to the side (moment 2 in Fig. 1E). During 443 

Stage 2, the hindquarters rotated in relation to the forequarters until they reached a position 444 

close to the dorsal side up with hindlimbs standing on the surface (moment 3 in Fig. 1E). At 445 

the beginning of Stage 2 the rotation of the hindquarters was accompanied by hindlimbs 446 

flexion and often performed when the hindquarters were in the air, suggesting that rotation 447 

was caused purely by contraction of trunk muscles. After accomplishing Stage 2, the animal 448 

assumed the basic body configuration characteristic for standing (moment 4 in Fig. 1E). 449 
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Both V0-KO and V0Glut-KO mice were able to perform the righting behavior. 450 

However, V0-KO mice (animals N=10, trials n=75) needed in most cases (72% of trials) from 451 

two to nine attempts to succeed (Fig. 4A). In unsuccessful attempts, V0-KO mice were not 452 

able to accomplish Stage 1. In particular, they could not succeed to assume the body 453 

configuration required for producing the torque rotating the body. Instead, they performed 454 

sequential attempts to twist the body to the right, to the left or to perform ventral bending 455 

without twisting. However, in all cases when V0-KO mice succeeded to perform Stage 1, 456 

Stage 2 was performed in the first attempt. By contrast, all control (N=11, n=94) and all 457 

V0Glut-KO (N=5, n=45) mice performed successful righting during the first attempt in all 458 

trials (Fig. 4A). The latency of righting (that is a time from the moment of release of the 459 

animal in upside-down position to the beginning of Stage 1) in V0Glut-KO mice was twofold 460 

longer than in control mice, and in V0-KO mice (in trials with the first successful attempt) it 461 

was twofold longer than in V0Glut-KO mice (unpaired t-test, t(7)=3.74, p=0.007, and t(11)=-462 

3.00, p=0.01, respectively; Fig. 4B). The increase in latency to initiate righting from control to 463 

V0Glut-KO and then to V0-KO suggests that all V0 subpopulations contribute to initiation of 464 

righting. In control mice the durations of Stage 1 and Stage 2 were similar while in both V0-465 

KO and V0Glut-KO mice the duration of Stage 2 was more than twofold longer than the 466 

duration of Stage 1 (unpaired t-test, t(10)=-4.57, p=0.001, and t(8)=-8.05, p=4.2 x 10
-5

, 467 

respectively;
 
Fig. 4C). The duration of Stage 1 in V0Glut-KO mice was similar to that observed 468 

in control mice while in V0-KO mice, it was more than fivefold longer than in control mice 469 

(unpaired t-test, t(6)=-6.95, p=0.0004). These results suggest that V0Glut neurons contribute to 470 

generation of Stage 2 only, while at least one or both of the V0D and V0C subpopulations 471 

contribute to generation of both Stage 1 and Stage 2. 472 

Thus, the V0Glut subpopulation and the V0D – V0C subpopulations appear to be 473 

differentially involved in the control of different aspects of the righting behavior. 474 
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 475 

Ablation of V0 neurons decreases the efficacy of postural corrections 476 

Postural corrections were evoked by lateral tilts of the supporting platform (see 477 

Materials and Methods for details). We found that, as in all tested terrestrial quadrupeds 478 

(Deliagina et al., 2000, 2006; Beloozerova et al., 2003), in wild type (N=8), as well as in V0-479 

KO (N=9) and V0Glut-KO mice (N=7) lateral tilt of the supporting platform (angle α in Fig. 480 

1F,G) caused extension of limbs on the side of the tilt and simultaneous flexion of the 481 

contralateral limbs (Fig. 1F) leading to the displacement of the dorso-ventral axis of the trunk 482 

towards the vertical (angle γ in Fig. 1F,G). The hindlimb corrective movements were caused 483 

by an increase in activity of extensors in the limb moving down and by a decrease in activity 484 

of extensors in the opposite hindlimb (Fig. 1H). As in other terrestrial quadrupeds (Deliagina 485 

et al., 2000, 2006; Beloozerova et al., 2003), the postural corrections in mice did not fully 486 

compensate the distortion of the trunk orientation caused by the platform tilt, and after their 487 

execution, the dorso-ventral axis of the trunk was still deviated from the vertical (angle β in 488 

Fig. 1F,G).  489 

Both V0Glut-KO and V0-KO mice exhibited postural corrections in response to the 490 

platform tilts with EMG pattern similar to that in control (compare EMG pattern in V0-KO 491 

and in control mice in Fig. 4F and Fig, 1H, respectively). To reveal the efficacy of postural 492 

corrections stabilizing the dorsal side-up orientation of the caudal part of the trunk we 493 

calculated the coefficient of its stabilization (see Materials and Methods). A coefficient of 494 

stabilization equal to 1 would indicate that postural corrections are perfect. We found that the 495 

mean value of the coefficient of stabilization in V0Glut-KO mice was similar to that in their 496 

wild-type littermates, while in V0-KO mice, it was significantly lower than in their wild-type 497 

littermates (unpaired t-test, t(8)=4.36, p=0.002; Fig. 4E). These results suggest that there is 498 
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little contribution from V0Glut subpopulation to generation of postural corrections, while at 499 

least one or both of the V0D and V0C subpopulations are involved. 500 

The majority of V0-KO mice had postural asymmetry when standing on a horizontal 501 

surface in contrast to V0Glut-KO mice and control mice which had symmetrical body posture. 502 

In twelve out of fifteen V0-KO mice the dorso-ventral axis of the hindquarters was tilted to 503 

the left while it was titled to the right in one animal. In addition, asymmetrical animals had the 504 

tail bent to the opposite side of the hindquarters tilt. 505 

For majority of animals, which were used to study postural corrections, we also 506 

characterized the orientation of the caudal part of the trunk when an animal was standing on 507 

the horizontal surface. For this purpose, the angle between the dorso-ventral axis of the trunk 508 

and the vertical (angle β in Fig. 4D) was calculated. In control mice, as well as in V0Glut-KO 509 

and V0-KO mice, the mean value of angle β was close to zero, suggesting that they 510 

maintained dorsal side-up orientation of the caudal part of the trunk. By contrast, out of 6 V0-511 

KO mice, in 3 animals the dorso-ventral axis of the trunk was strongly tilted to the left 512 

(β=11.6°±7.3°, n=13), in 1 animal – to the right (β=-20.3°±2.5°, n=3) and in 2 animals it was 513 

close to the vertical (β=1.6°±4.4°, n=9). The mean (±SD) values of the coefficient of 514 

stabilization on the tilting platform in V0-KO mice with close to dorsal side-up trunk 515 

orientation and with strongly tilted trunk were similar (0.30±0.06, N=2, n=66, and 0.28±0.20, 516 

N=4, n=79, respectively; unpaired t-test, t(4)=-1.80, p=0.9). Together these results show a 517 

specific involvement of the V0 subpopulations in control of posture. 518 

 519 

Discussion 520 

The present study examines four basic motor behaviors - BW locomotion, scratching, righting 521 

and postural corrections – after genetic manipulation of molecularly-defined and projection 522 
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specific interneurons. We demonstrate that different subpopulations of V0 neurons play 523 

diversified roles in control of these four behaviors.  524 

Below we considered modifications in the spinal networks which could lead to 525 

distortions in the left-right coordination observed in KO mice. However, in V0Glut-KO mice, 526 

V0V CINs are ablated not only in the spinal cord but also in the brain. In addition, other 527 

glutamatergic neurons in the brain derived from Dbx1-expressing progenitors could be also 528 

affected (Gray, 2013; Ruangkittisakul et al., 2014). This may lead to a change in supraspinal 529 

influences contributing to observed distortions of behavior. Such possibility cannot be ruled 530 

out in the case of righting behavior and postural corrections. However, the fact that left-right 531 

coordination during backward locomotion and during scratching in spinal animals is similar to 532 

that observed in intact animals (Sherrington, 1906; Courtine et al., 2009) and considering that 533 

spinal V0G subpopulation is very small (approximately 2%), we suggest that most likely the 534 

distortions in the left-right coordination during these behaviors observed in V0Glut-KO mice 535 

were caused mainly by ablation of spinal V0V CINs. 536 

In V0-KO mice, all V0 interneurons are ablated in the spinal cord. However, since 537 

V0C cells project ipsilaterally and form C-buttons with motoneurons, they can modulate 538 

activity of motor neurons (Zagoraiou et al., 2009). This modulation has been shown to affect 539 

the amplitude of swimming bouts but not the left-right coordination (Zagoraiou et al., 2009). 540 

We therefore propose that changes in the left-right coordination in V0-KO mice as compared 541 

with that in V0Glut-KO mice are caused by ablation of V0D CINs, while ablation of V0C 542 

subpopulation can contribute to other observed deficits as decreased scratching movements 543 

amplitude, change of the main characteristics of BW locomotor movements, possible 544 

weakness of movements that could lead to distortion of righting and postural corrections.  545 

 546 
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Different subpopulations of V0 CINs determine alternation of fore- and hindlimbs during 547 

BW locomotion 548 

The analysis of our results leads us to suggest that the likely explanation of the obtained 549 

results is that different subpopulations of V0 CINs determine alternation of forelimbs and 550 

hindlimbs during BW locomotion. V0V CINs determine alternation of the hindlimbs while 551 

inhibitory V0D CINs seem to be mainly responsible for alternation of the forelimbs. Thus, the 552 

role of V0V CINs in control of hindlimb coordination during BW locomotion is similar to that 553 

reported earlier for FW locomotion performed with the same frequencies corresponding to 554 

trot (Talpalar et al., 2013; Bellardita and Kiehn, 2015). During both FW trot and BW 555 

locomotion, despite their excitatory nature, glutamatergic V0V CINs play an inhibitory 556 

functional role - presumably through inhibitory contralaterally located interneurons (Crone et 557 

al., 2008; Kiehn, 2016). It was also noted that forelimb alternation was present in V0Glut-KO 558 

mice during FW trot (Talpalar et al., 2013). Thus, we assume that V0V CINs are not necessary 559 

for forelimb alternation during both FW trot and BW locomotion.  560 

In quadrupeds, at the same frequency of locomotor movements the speed of BW 561 

locomotion is significantly lower than that of FW locomotion (Vilensky et al., 1987; Buford 562 

et al., 1990). The observation that the same subpopulation of V0 CINs determines the 563 

hindlimb coordination during both FW and BW locomotion performed at the same frequency 564 

but with different speed, suggests that the supraspinal command that sets a definite frequency 565 

of locomotor movements but not speed, recruits a specific subpopulation of CINs, which is 566 

responsible for left-right limb coordination at the set frequency. Most likely, this command is 567 

addressed to the part of the spinal locomotor network involved in generation of both FW and 568 

BW locomotion. In cats this network generates the vertical component of the step and 569 

contains the rhythm generating mechanism (Musienko et al., 2012; Zelenin et al., 2016; 570 

Deliagina et al., 2019).  571 
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Figure 5A-F summarizes the suggested modifications in the BW locomotor networks 572 

caused by ablation of V0V CINs and by ablation of all V0 CINs. 573 

  574 

Specific subpopulations of V0 neurons control different aspects of scratching 575 

Scratching is a spinal rhythmic reflex, which has been studied in considerable detail 576 

(Sherrington, 1906, 1910; Deliagina et al., 1975, 1983; Deliagina, 1977; Berkinblit et al., 577 

1978; Stein, 1983). Rhythmic scratching movements of the hindlimb are generated by Central 578 

Pattern Generator (CPG) network located ipsilaterally in the lumbo-sacral enlargement 579 

(Berkinblit et al., 1978; Deliagina et al., 1983). In all studied mammals, unilateral stimulation 580 

of the receptive field evokes scratching movements performed by the ipsilateral hindlimb 581 

(Sherrington, 1906, 1910; Deliagina, 1977; Deliagina et al., 1975;), while bilateral stimulation 582 

causes alternation in scratching episodes performed by the left and right limb suggesting a 583 

strong reciprocal inhibition between the left and right scratching networks (Deliagina, 1977). 584 

Our results suggest that excitatory V0V CINs most likely mediate this inhibition since their 585 

ablation leads to bilateral scratching in response to unilateral stimulation. 586 

It is not clear whether descending commands - formed on the basis of sensory signals 587 

from the receptive field - cause a direct activation of V0V CINs or their activation is mediated 588 

by spinal scratching networks (Fig. 5J). In V0Glut-KO mice the amplitude of scratching 589 

movements in all planes in the hindlimb ipsilateral to the side of stimulation was significantly 590 

larger than that in the contralateral one. This suggests that the ipsilateral scratch CPG is 591 

activated first and then in turn activates and synchronizes the contralateral scratch CPG 592 

through excitatory (possibly V3) populations of CINs (Fig. 5K). 593 

 594 

Specific subpopulations of V0 neurons contribute to control of different aspects of righting 595 

behavior 596 
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Righting behavior is initiated by sensory information of different modality signaling a 597 

distortion of the basic body orientation in space, and according to Magnus (1924) represents a 598 

sequence of righting reflexes. The basic networks underlying the righting behavior reside in 599 

the brainstem, cerebellum and spinal cord (Musienko et al., 2008).  600 

In both control and KO mice, righting of the upside-down position consisted of Stage 601 

1 (righting of forequarters) followed by Stage 2 (righting of hindquarters). We found that all 602 

subpopulations of V0 neurons contribute to processing of sensory information causing 603 

initiation of Stage 1. Ablation of V0V subpopulation caused a delay in activation of the 604 

network generating Stage 1 but distorted neither its selective activation nor its operation. 605 

Ablation of all V0 neurons led to unsuccessful attempts to perform Stage 1, suggesting that 606 

aberrant networks were activated. Considered that V0C subpopulation represents only 2% of 607 

V0 population it seems reasonable to suggest that the V0D CINs have the strongest influence 608 

on the phenotype and therefore are essential elements of the network generating Stage 1. 609 

We found a dramatic increase in duration of Stage 2 in both V0 and V0Glut-KO mice as 610 

compared to control with the longest duration in the V0-KO mice suggesting that all V0 611 

subpopulations could contribute to generation of Stage 2. We suggest that V0D subpopulation 612 

of CINs is the main contributor to reciprocal coordination of homonymous axial muscles 613 

controlling body rolling during Stage 1, while both V0V and V0D subpopulations of CINs 614 

contribute to reciprocal coordination of muscles causing rotation of the hindquarters in 615 

relation to the forequarters during Stage 2 (Fig. 5G). Ablation of the corresponding 616 

subpopulations of V0 CINs decreases asymmetry in activity of homonymous axial muscles 617 

causing body movements in opposite directions that results in an increase in duration of 618 

movements performed during Stage 1 and Stage 2 (illustrated for Stage 2 in Fig. 5H,I).  619 

 620 

V0D and V0C subpopulations contribute to generation of postural corrections 621 
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In previous studies (Beloozerova et al., 2003; Deliagina et al., 2006) we demonstrated that the 622 

postural system stabilizing the dorsal side-up orientation of the trunk consists of two relatively 623 

independent sub-systems responsible for stabilization of the anterior and posterior parts of the 624 

trunk, and driven by somatosensory inputs from the fore- and hindlimbs, respectively. To 625 

generate appropriate postural corrections in response to lateral tilt of the support surface each 626 

sub-system requires sensory signals from both ipsilateral and contralateral limb (Deliagina et 627 

al., 2006). Our results suggest that inhibitory V0D CINs and possibly excitatory V0C neurons 628 

are essential elements of the spinal networks underlying the operation of the postural sub-629 

system stabilizing the orientation of the posterior part of the trunk while V0Glut neurons do not 630 

contribute to generation of postural corrections.  631 

Corrective movements of the limbs evoked by the platform tilt are caused by a 632 

reciprocal coordination of extensor activity in the left and right limb, with activation of 633 

extensors in the limb on the side of the tilt and inactivation of extensors in the opposite limb 634 

(Fig. 1H; Beloozerova et al., 2003; Deliagina et al., 2006). We suggest that V0D CINs and 635 

possibly excitatory V0C neurons mediate sensory input from the limb loaded by the tilt and 636 

contribute to inactivation of extensors in the opposite limb and activation of extensors in the 637 

ipsilateral limb, respectively (Fig. 5L). Thus, their ablation causes disinhibition of extensor 638 

motor neurons of contralateral limb and a decrease in activity of extensor motor neurons of 639 

ipsilateral limb. This leads to a decrease in the amplitude of the limb corrective movement 640 

and results in a decrease in efficacy of postural corrections (Fig. 5M).  641 

 642 

To conclude, the present study reveals the functional role of different subpopulations 643 

of V0 neurons in a number of basic motor behaviors. Our data provide a new insight to the 644 

organization of the spinal motor circuits and underscore the notion that the left-right 645 
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coordinating networks may be recruited differentially to secure an appropriate motor 646 

execution.  647 
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Figure legends 839 

 840 

Figure 1. Experimental designs. A, Tunnel set-up for recording of locomotion. B-D, The side 841 

and the bottom view of a control mouse just before (B) and during scratching (C) caused by 842 

mechanical stimulation of the pinna (Stim in B). In C, P, the amplitude of the limb protraction 843 

[excursion of the hindlimb from initial position (indicated by dotted line) to the stimulation 844 

point] that preceded rhythmic scratching movements. D, Side (upper panel) and bottom 845 

(lower panel) views of the hindlimb’s distal point trajectory (shown by red line in C) during 846 

one scratching cycle. Time between points 10 ms. D-V, M-L and R-C, excursion of the limb in 847 

the dorso-ventral, medio-lateral and rostro-caudal directions. Blue dashed line is the 848 

orientation of the body axis estimated from the view from below as a line connecting the 849 

mouth with the base of tail. R and C in D, rostral and caudal ends of the body axis, 850 

respectively. E, Righting behavior. Sequential positions of the mouse (1-4) that, starting from 851 

an upside-down position, acquired a dorsal side-up position. Two stages of the righting (Stage 852 

1 and Stage 2) are indicated. F, Set-up for testing postural corrections. The animal performed 853 

postural corrections in response to the lateral tilts of the supporting platform. The rear view of 854 

the animal was used to measure the platform tilt (α), tilt of the caudal part of the trunk in 855 

relation to vertical (β) and in relation to the platform (γ). The dorso-ventral trunk axis was 856 

determined as a line connecting the marker positioned on the spine at the level of the rostral 857 

pelvis (black circle) and the axis of rotation. G, Tilts of the platform (α) caused lateral 858 

displacement of the trunk in relation to the platform (γ) and to external space (β). H, Activity 859 

of the left and right gastrocnemius lateralis (Gast-L and Gast-R) recorded in control mice 860 

during postural corrections caused by the platform tilts. 861 

  862 
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Figure 2. Comparison of BW locomotion in knockout and control mice. A, The mean (±SD) 863 

values of speed and step amplitude during BW locomotion in control (N=8, n=120 and N=3, 864 

n=127, respectively), V0Glut-KO (N=3, n=67 and N=3, n=74, respectively) and V0-KO mice 865 

(N=4, n=48 and N=4, n=49, respectively). B, The mean (±SD) values of swing and stance 866 

duration as well as the frequency of locomotor movements during BW locomotion in control 867 

(N=7, n=78), V0Glut-KO (N=3, n=62) and V0-KO mice (N=4, n=43). Statistically significant 868 

differences: in A, difference between values of the mean step amplitude in control and V0-KO 869 

mice (unpaired t-test, t(9)=3.93, p=0.003), as well as in V0Glut-KO and V0-KO mice (unpaired 870 

t-test, t(3)=3.55, p=0.04); in B, difference between values of the mean swing duration in 871 

control and V0-KO mice (unpaired t-test, t(5)=3.20, p=0.02), of the mean stance duration in 872 

control and V0-KO mice (unpaired t-test, t(8)=5.36, p=0.68 x 10
-5

), of the mean frequency of 873 

locomotor movements in control and V0-KO mice (unpaired t-test, t(4)=-4.91, p=0.008) as 874 

well as in V0Glut-KO and V0-KO mice (unpaired t-test, t(5)=-4.08, p=0.009). C-E, Swing 875 

duration and stance duration plotted versus cycle duration observed in control (C), in V0Glut-876 

KO (D) and in V0-KO (E) mice during BW locomotion. Note the strong positive correlation 877 

between cycle duration and stance duration, as well as weak or absence of correlation between 878 

cycle duration and swing duration observed in both control and KO mice. In C, N=12, n=233; 879 

in D, N=3, n=121; in E, N=7, n=130. F-H, Activity of left and right tibialis (Tib-L and Tib-R, 880 

respectively), as well as a structure of corresponding locomotor cycles of the left and right 881 

hindlimb (HL-L and HL-R, respectively) during BW locomotion recorded in control (F), 882 

V0Glut-KO (G) and V0-KO (H) mice. The colored part of the cycle indicates the swing phase. 883 

Dashed lines demarcate cycles of the left hindlimb (reference limb). I,J, Circular diagrams 884 

showing the mean (±SD) values of the phase shift between two hindlimbs (I) and between 885 

two forelimbs (J) during BW locomotion performed by control, V0Glut-KO, and V0-KO mice. 886 

The number of control, V0Glut-KO, V0-KO mice and the corresponding number of analyzed 887 
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reference limb cycles, respectively: N=11, 3, 7 and n=126, 68, 79 in I; N=11, 4, 7 and n=103, 888 

57, 56 in J. 889 

 890 

Figure 3. Characteristics of scratching movements performed by control and knockout mice. 891 

A-C, Representative examples of activity of the left and right tibialis anterior (Tib) during 892 

scratching evoked by unilateral stimulation of the pinna in control (A), V0Glut-KO (B), and 893 

V0-KO (C) mice. Tib-ip and Tib-co, Tib ipsilateral and contralateral to the stimulation site, 894 

respectively. Note, that in control mice rhythmic activity was observed in Tib-ip only, while 895 

in both V0Glut-KO and V0-KO mice synchronous rhythmic bursts of activity in Tib-ip and 896 

Tib-co were generated. Red dashed lines demarcate the scratching cycles. D, Circular diagram 897 

showing the mean value (±SD) of the phase shift between movements of hindlimbs during 898 

scratching performed by V0Glut-KO (N=4, n=46) and V0-KO (N=6, n=76) mice. E, The mean 899 

frequency (±SD) of scratching in control (N=6, n=63), V0Glut-KO (N=4, n=63) and V0-KO 900 

(N=7, n=89) mice. F-I, The mean (±SD) values of the normalized to the body length 901 

amplitude of the limb protraction (F), and of the amplitude of the scratching movements in 902 

the dorso-ventral (G), rostro-caudal (H) and medio-lateral (I) directions in control and KO 903 

mice. Ip and Co, the hindlimb ipsilateral and contralateral to stimulation site, respectively. In 904 

F: N=7, n=11 for control; N=4, n=15 and N=7, n=15 for ipsi- and contra-limb of V0Glut-KO 905 

mice, respectively; N=8, n=16 and N=8, n=16 for ipsi- and contra-limb of V0-KO mice, 906 

respectively. In G: N=5, n=84 for control; N=4, n=84 and N=3, n=50 for ipsi- and contra-limb 907 

of V0Glut-KO mice, respectively; N=6, n=273 and N=6, n=226 for ipsi- and contra-limb of 908 

V0-KO mice, respectively. In H: N=6, n=108 for control; N=4, n=98 and N=4, n=98 for ipsi- 909 

and contra-limb of V0Glut-KO mice, respectively; N=6, n=181 and N=6, n=181 for ipsi- and 910 

contra-limb of V0-KO mice, respectively. In I: N=6, n=181 for control; N=4, n=179 and N=4, 911 

n=162 for ipsi- and contra-limb of V0Glut-KO mice, respectively; N=7, n=288 and N=7, 912 
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n=286 for ipsi- and contra-limb of V0-KO mice, respectively. Indication of significance level: 913 

* p < 0.05; ** p < 0.01; *** p < 0.001.  914 

 915 

Figure 4. Comparison of postural functions in control and knockout mice. A, Relative number 916 

of trials in which control (N=11, n=94), V0Glut-KO (N=5, n=45) and V0-KO (N=10, n=75) 917 

mice performed successfully righting in the first (1st), second (2nd), third (3rd) and forth - 918 

ninth (4
th

-9
th

) attempt. B, Comparison of latencies of righting performed successfully from the 919 

first attempt in control (N=6, n=26), V0Glut-KO (N=5, n=29) and V0-KO (N=10, n=19) mice 920 

in trials in which the first attempt to perform righting was successful. C, Comparison of 921 

duration of Stage 1 (St 1) and Stage 2 (St 2) of the righting in control (N=7, n=47), V0Glut-KO 922 

(N=5, n=45) and V0-KO (N=6, n=64) mice. D, The mean (±SD) value of the tilt of the caudal 923 

part of the trunk in relation to vertical (angle β) in V0Glut-KO wild-type littermates [Control 924 

(V0Glut-KO), N=5, n=26)], V0Glut-KO mice (N=9, n=24), V0-KO wild-type littermates 925 

[Control (V0-KO), N=3, n=20)] and V0-KO mice (N=6) standing on the horizontal platform. 926 

Note, that V0-KO mice had different posture: 2 animals (n=9) maintained vertical orientation 927 

of the caudal part of the trunk, in 3 animals (n=13) it was tilted to the left and in 1 animal 928 

(n=3) – to the right. E, The mean (±SD) value of the coefficient of stabilization (K 929 

stabilization) exhibited by V0Glut-KO wild-type littermates (N=5, n=104), V0Glut-KO mice 930 

(N=9, n=157), V0-KO wild-type littermates (N=3, n=36) and V0-KO mice (N=7, n=161) 931 

during postural corrections caused by the lateral tilts of the supporting platform. F, Activity of 932 

the left and right gastrocnemius lateralis (Gast-L and Gast-R) recorded in V0-KO mice during 933 

postural corrections caused by the platform tilts. Statistically significant differences: in B, 934 

difference between values of the mean latency in control and V0Glut-KO mice (unpaired t-test, 935 

t(7)=3.74, p=0.007), in control and in V0-KO mice (unpaired t-test, t(10)=-4.69, p=0.0008), in 936 

V0Glut-KO and V0-KO mice (unpaired t-test, t(11)=-3.00, p=0.01); in C, difference between 937 
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values of the mean duration of St 1 and St 2 in V0Glut-KO (unpaired t-test, t(8)=-8.05, p=4.2 x 938 

10
-5

) as well as in V0-KO mice (unpaired t-test, t(10)=-4.57, p=0.001), between duration of St 939 

1 in control and in V0-KO mice (unpaired t-test, t(6)=-6.95, p=0.0004), between duration of St 940 

2 in control and in V0Glut-KO mice (unpaired t-test, t(6)=-10.27, p=5.0 x 10
-5

) as well as in 941 

control and in V0-KO mice (unpaired t-test, t(5)=8.29, p=0.0004); in E, difference between 942 

values of K stabilization in V0-KO control and V0-KO mice (unpaired t-test, t(8)=4.36, 943 

p=0.002), between K stabilization in V0Glut-KO control and in V0-KO mice (unpaired t-test, 944 

t(3)=-3.66, p=0.035).  945 

 946 

Figure 5. Diagrams depicting the changes in network configurations as inferred from ablation 947 

of V0V and all V0 CINs. Designations: activated inhibitory and excitatory neurons are shown 948 

in blue and red, respectively. Inactive inhibitory and excitatory neurons are indicated by light 949 

blue and pink empty circles, respectively. Ablated neurons are indicated by dotted circles. 950 

Progressive increase in excitation level is indicated by gradual increase in the intensity of red 951 

color. Open triangles show excitatory synapses, small filled circles – inhibitory synapses. 952 

Thickness of lines indicates the strength of the produced effect. Only CINs contributing to 953 

generation of a behavior (as inferred from the perturbed behavior in KO mice) are shown. In 954 

A-F and J,K, for simplicity, only parts of left and right CPGs generating the same phase of 955 

the cycle are shown. Purple arrows indicate descending commands causing the behavior. A-F, 956 

Proposed networks underlying coordination of forelimbs (A-C) and hindlimbs (D-F) during 957 

BW locomotion, in control (Control; A,D), V0Glut-KO mice (V0Glut-KO; B,E) and V0-KO 958 

mice (V0-KO; C,F). In control (A,D), there is a predominance in activation of V0D CINs (A) 959 

and V0V CINs (D) in the cervical and lumbosacral enlargement, respectively, leading to 960 

alternation in swing/stance phases performed by forelimbs (A), as well as by hindlimbs (D). 961 

Ablation of V0V CINs (E) leads to synchronization of phases generated by the left and right 962 
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CPGs in the lumbosacral enlargement (possible mediated by excitatory V3 interneurons) 963 

resulting in hindlimb synchrony. By contrast, it does not affect alternation of forelimbs (B). 964 

Ablation of both V0V and V0D CINs in V0-KO mice (C,F) leads to synchronization of the left 965 

and right CPGs in lumbosacral and in the cervical enlargement resulting in synchronous leg 966 

movement of both forelimbs (C) and hindlimbs (F). G-I, Proposed network configuration 967 

underlying generation of Stage 2 of righting in control (G), V0Glut-KO (H) and V0-KO (I) 968 

mice. In control (G), sensory information signaling that hindquarters are laying on the right 969 

side causes activation of trunk muscles that rotates the hindquarter to the left, as well as 970 

activation of V0V, V0D and excitatory (V3) CINs. Due to predominance in the inhibitory 971 

effect produced by V0V and V0D CINs over excitatory CINs (presumably V3 CINs) acting on 972 

motor neurons of muscles causing leftward rotation of the hindquarters, quick leftward 973 

rotation of the hindquarters is performed. Ablation of V0V CINs in V0Glut-KO mice (H) and 974 

all V0 CINs in V0-KO mice (I) leads to a progressive decrease in asymmetry of muscles 975 

rotating hindquarters in opposite directions (due to progressive disinhibition of motoneurons 976 

of muscles causing rightward rotation) which results in an increase in duration of rightward 977 

rotation in V0Glut-KO mice as compared with control, and in V0-KO mice as compared with 978 

V0Glut-KO mice. J,K, Proposed network configuration underlying coordination of hindlimbs 979 

during scratching in control (J) and V0Glut-KO (K) mice. In control (J), sensory signals from 980 

the right pinna activate the ipsilateral scratching CPG, as well as V0V CINs producing strong 981 

inhibitory effect on the contralateral CPG. As a result, scratching is performed by the right 982 

hindlimb only. Ablation of V0V CINs in V0Glut-KO mice (K) results in activation of left 983 

scratching CPG and synchronization of its activity with the right CPG mediated by excitatory 984 

CINs. As a result, synchronous scratching movements are performed by both hindlimbs. L,M, 985 

Proposed network configuration underlying generation of postural corrections needed to 986 

stabilize the caudal part of the trunk in the frontal plane in control and KO mice. In control 987 
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(L), tilt of the platform to the left (lower panel) causes sensory signals about left limb loading, 988 

which lead to activation of ipsilateral extensor motor neurons possible partly mediated by V0C 989 

neurons, resulting in extension of the left limb. Simultaneously, the same sensory signals 990 

activate ipsilateral V0D CINs, which inhibit contralateral extensor motor neurons. This leads 991 

to flexion of the right limb. Large amplitude extension and flexion movements of the left and 992 

right limbs, respectively, move the dorso-ventral axis of the trunk to a vertical position, 993 

effectively restoring the disturbed trunk orientation (small value of angle β in lower panel). 994 

Ablation of V0D CINs and V0C neurons in V0-KO mice (M) leads to disinhibition of 995 

contralateral extensor motor neurons (resulting in a reduction in the right limb flexion) and 996 

some decrease in activity of ipsilateral extensor motor neurons (resulting in some reduction of 997 

the left limb extension). As a result, limb corrective movements produce smaller displacement 998 

of the dorso-ventral axis of the trunk towards the vertical, and thus, the efficacy of postural 999 

corrections decreases [value of angle β (in lower panel) is larger than that in control (L).  1000 

 1001 












