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Summary  24 

From swimming to walking and flying, animals have evolved specific locomotor 25 

strategies to thrive in different habitats. All types of locomotion depend on integration of motor 26 

commands and sensory information to generate precisely coordinated movements. 27 

Cerebrospinal fluid-contacting neurons (CSF-cN) constitute a vertebrate sensory system that 28 

monitors CSF composition and flow. In fish, CSF-cN modulate swimming activity in response 29 

to changes in pH and bending of the spinal cord, yet their role in mammals remains unknown. 30 

We used mouse genetics to study their function in quadrupedal locomotion. We found that 31 

CSF-cN are directly integrated into spinal motor circuits. Perturbation of CSF-cN function does 32 

not affect general motor activity nor the generation of locomotor rhythm and pattern, but results 33 

in specific defects in skilled movements. These results identify a role for mouse CSF-cN in 34 

adaptive motor control and indicate that this sensory system evolved a novel function to 35 

accommodate the biomechanical requirements of limb-based locomotion.  36 
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Introduction 37 

Animals have developed a wide variety of locomotor strategies to adapt to their 38 

environment. The ability to precisely control movements is essential for each mode of 39 

locomotion and depends on the dynamic integration of motor commands and sensory 40 

information. Planning and initiation of motor programs take place in the brain, while their 41 

execution is directed by the spinal cord. Spinal circuits combine descending input with sensory 42 

feedback in order to generate coordinated movements and reflexive actions1–3. While the 43 

contributions of the somatosensory system have been extensively studied, the role of different 44 

sources of sensory information is less clear.  45 

CSF-cN have been first described a century ago as sensory neurons lining the central 46 

canal in vertebrates4,5. They exhibit a peculiar morphology including a ciliated protrusion 47 

extending into the lumen of the central canal6. Thus, they have been thought to represent a 48 

sensory system monitoring CSF composition and flow. CSF-cN are inhibitory neurons and 49 

express ion channels known to be involved in sensory transduction, such as P2X and Pkd2l17,8. 50 

The latter represents a specific marker of CSF-cN9. In larval zebrafish, CSF-cN are directly 51 

connected to primary motor neurons and V0v interneurons, glutamatergic premotor neurons 52 

that are part of the swimming central pattern generator10,11. Optogenetic stimulation of CSF-53 

cN in resting larvae elicits low frequency movements, while activation during active swimming 54 

results in inhibition of locomotion, thus indicating that CSF-cN differentially modulate motor 55 

activity depending on the state of the animal10. 56 

In fish, CSF-cN sense changes in pH and spinal curvature12–14. In particular, calcium 57 

imaging experiments revealed responses to both active and passive bending of the body axis, 58 

highlighting CSF-cN function as a mechanosensory system detecting the curvature of the spinal 59 

cord, either self-generated or induced by external forces11,12. Pkd2l1 has been shown to be 60 

crucial for CSF-cN mechanosensory function, in its absence CSF-cN are not activated by spinal 61 
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bending and behavioral responses are impaired12,15. Altogether these studies indicate that in 62 

fish CSF-cN are the key component of a chemo- and mechanoreceptive sensory system that 63 

relay information about CSF composition and curvature of the body axis in order to modulate 64 

locomotor activity and control posture16. 65 

The biomechanical requirements and circuit mechanisms controlling wave-like 66 

propagation of swimming movements in fish versus on-ground locomotion in limbed 67 

vertebrates are substantially different, raising questions regarding the physiological function of 68 

CSF-cN17. In this study, we analyzed CSF-cN connectivity and function in mice. We found 69 

that CSF-cN are directly integrated in spinal motor circuits and form ascending recurrent 70 

connections. Ablation of CSF-cN did not affect motor activity nor the generation of stereotyped 71 

locomotor patterns, such as walking and swimming, but resulted in selective defects in skilled 72 

locomotion. We observed an increase of foot slips and falls at the balance beam and the 73 

horizontal ladder, indicating that elimination of CSF-cN leads to defects in adaptive motor 74 

control. Surprisingly, we found that in mice Pkd2l1 activity is dispensable for CSF-cN 75 

function. However, elimination of CSF-cN cilium is sufficient to completely recapitulate the 76 

phenotypes observed after neuronal ablation, thus demonstrating that this structure is necessary 77 

for sensory transduction. These findings indicate that during the evolutionary transition from 78 

swimming to walking, CSF-cN have acquired a novel role in order to adapt to the specific 79 

needs of limbed-based locomotion, and are an essential part of the sensory feedback 80 

mechanisms that contribute to adaptive motor control required for skilled locomotion.  81 
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Results 82 

CSF-cN connect to key components of spinal motor circuits 83 

 We studied the physiological role of CSF-cN in the mammalian nervous system by 84 

obtaining genetic access using the Pkd2l1::Cre mouse line18. We verified targeting specificity 85 

by lineage tracing with a nuclear GFP reporter line19 (RosaΦHTB) and found that at all spinal 86 

levels ~ 84% of labelled cells were Pkd2l1+ and presented the characteristic position and 87 

morphology of CSF-cN (Figures S1A and S1B). In addition, we did not observe reporter 88 

expression in any other cell type in the central nervous system (Figure S1C). 89 

In order to explore CSF-cN connectivity, we first investigated synaptic targets by 90 

labelling pre-synaptic boutons with tdTomato-tagged synaptophysin20 (Ai34). We observed 91 

dense signal localized around the central canal and in the ventromedial part of the spinal cord 92 

at all axial levels (Figure 1A). Interestingly, key components of spinal motor circuits are 93 

characterized by stereotyped positioning in these areas along the entire rostro-caudal extent of 94 

the spinal cord. Median motor column (MMC) neurons controlling the activity of epaxial 95 

muscles are found in ventromedial location, while V0c neurons, cholinergic premotor 96 

interneurons, are positioned in the intermediate spinal cord in proximity to the central canal21,22. 97 

Thus, we asked whether MMC and V0c neurons receive synaptic input from CSF-cN. To test 98 

this hypothesis, we relied on the cholinergic nature and stereotyped position of these cell types 99 

to identify them (Figure 1B). We found putative synaptic contacts on ~57% of V0c and ~35% 100 

of MMC neurons at all spinal levels, as well as few instances of tdTomato+ boutons juxtaposed 101 

to lateral motor column (LMC) neurons at lumbar and cervical levels (~13%; Figures 1C and 102 

S1D). In addition, we investigated whether other cardinal ventral interneuron subtypes 103 

represent possible synaptic targets of CSF-cN. We found synaptic boutons in close proximity 104 

of Lhx1+ (V0/dI4)23 and Chx10+ (V2a)24 interneurons, but not onto FoxP2+ (V1)25 and 105 

calbindin+ ventral horn interneurons (Renshaw cells)26 (Figure 1D). Altogether, these data 106 
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show that CSF-cN presynaptic terminals are found juxtaposed to key components of spinal 107 

motor circuits. 108 

To confirm the anatomical findings and assess functional connectivity, we expressed 109 

channelrhodopsin-227 (ChR2, Ai32) in CSF-cN and used whole-cell patch-clamp recording 110 

combined to ChR2-Assisted Circuit Mapping28 (CRACM) to identify putative CSF-cN 111 

postsynaptic partners. First, to validate the optogenetic model in CSF-cN, we carried out a set 112 

of tests and our data show that in voltage clamp mode (Vh -90 mV) reliable photocurrents with 113 

the characteristic properties - current with an initial transient and subsequent persistent phase 114 

- can be elicited in CSF-cN with light pulse power set at 2 mW.mm-2 (-150 and -65 pA for peak 115 

and steady state currents, respectively) with little changes in amplitude with further increase in 116 

power (Figures S2A and S2B; n=12 to 16). Thus, to ensure reliable ChR2 activation, we used 117 

a power set at 5 mW.mm-2. The analysis of the photocurrent current-voltage relationship (Vh -118 

70 mV and VStep from -90 to -10 mV, 20 mV increments) indicates that the current amplitude 119 

follows a linear regression with a current reversion at -10 mV (Figure S2C; n=67). Further, we 120 

show that the photocurrents elicited with either repetitive light pulses (Figure S2D; n=8) or 121 

with pulses of increased duration (Figure S2E; n=11) remained stable. Finally, we compared 122 

the action potential (AP) discharge pattern induced in the same CSF-cN (current clamp mode 123 

at RMP) either following positive DC current injection (+20 pA) or exposure to light pulses of 124 

increasing duration and show that both stimuli triggered comparable spiking and AP discharge 125 

frequency (Figure S2F; n=7) and that repetitive short light pulses reliably induced spiking over 126 

time (Figure S2G). Taken together these data indicate that optical stimulation reliably 127 

generated ChR2 photocurrents and evoked AP discharge in ChR2+ CSF-cN. 128 

Next, we recorded neurons to demonstrate functional connectivity between CSF-cN 129 

and spinal interneurons. We focused on interneurons located close to the central canal (50 ± 5 130 

µm; n=20. Figure 2C) in the proximity of ChR2+ varicosities and determined their intrinsic 131 
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electrophysiological, firing, and morphological properties (Figure 2A). The majority of the 132 

recorded interneurons (15/20) presented electrophysiological (rm: 541 ± 7 MΩ; cm: 26 ± 2 pF), 133 

AP (AP half width: 2.0 ± 0.2 ms; discharge frequency: 26 ± 2 Hz, +50 pA DC current injection) 134 

and morphological properties compatible with V0c neurons identity22 (Figures 2B and 2C). 135 

The remaining cells (5/20) were characterized by a different physiological profile suggesting 136 

that at least another interneuron subtype residing next to the central canal receive direct input 137 

from CSF-cN (Data not shown). In line with the neurotrasmitter phenotype of CSF-cN, we 138 

found that short light pulses evoked inward inhibitory responses in these neurons (Vh -70 mV 139 

and ECl -60 mV; 20/500 neurons patched) that were completely abolished in the presence of 140 

Gabazine (Figures 2D and 2E; n=20). Thus, physiological analysis confirms functional 141 

connectivity between CSF-cN and spinal interneurons positioned around the central canal. 142 

 143 

CSF-cN are reciprocally connected and receive sparse input from spinal interneurons 144 

Next, we explored sources of presynaptic input to CSF-cN by using rabies virus (RV) 145 

retrograde monosynaptic tracing29. We selectively targeted CSF-cN for rabies infection and 146 

transsynaptic spread by injecting a mixture of Cre-dependent helper adeno-associated viruses 147 

at lumbar (L) level 1 of Pkd2l1::Cre mice (AAV-syn-FLEX-splitTVA-EGFP-tTA and AAV-148 

TREtight-mTagBFP2-B19G30). Three weeks later, EnvA pseudotyped G-deficient RV 149 

(RVΔG-mCherry/EnvA) was delivered at the same level (Figure 3A). We first examined starter 150 

cells, defined as neurons infected by both AAV and RV, and found BFP+; RV+ neurons around 151 

the central canal at the point of injection, with morphologies and positions characteristic of 152 

CSF-cN (Figures 3B-D). We next focused on transynaptically labelled neurons and found that 153 

the majority of BFP-; RV+ cells were also CSF-cN (~ 85%), but mainly located at more caudal 154 

levels of the spinal cord, thus indicating that CSF-cN are reciprocally connected, with caudal 155 

neurons sending input to rostral segments (Figures 3D and S3A-C). To further investigate 156 
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whether CSF-cN make ascending axonal projections, as suggested by rabies tracing 157 

experiments and previously shown in zebrafish31, we drove expression of TVA in CSF-cN at 158 

L1 by focal injection of AAV-FLEX-TVAmCherry in Pkd2l1::Cre mice and then probed the 159 

directionality of CSF-cN axons by delivering RVΔG-GFP/EnvA, either at a rostral (T10) or a 160 

caudal (L3) level (Figures 3F and 3G). We observed retrograde infection of TVA expressing 161 

CSF-cN only after rabies injection at T10, thus indicating that CSF-cN send axons only to more 162 

rostral segmental levels (Figures 3F and 3G). Finally, we assessed whether CSF-cN form 163 

functional reciprocal synaptic contact. By using CRACM, CSF-cN were recorded in voltage 164 

clamp mode (Vh 0 mV) at the ChR2 current reversal potential to avoid recording contamination 165 

with the photocurrent (Figures 3H and S2C). We show that exposure to short light pulses 166 

evoked synaptic responses in all recorded CSF-cN (19/19). Moreover, these synaptic currents 167 

were outward and completely abolished in the presence of Gabazine and Picrotoxin (Figures 168 

3I and 3J; n=19) as expected for the chloride equilibrium potential (ECl) set at -60 mV and the 169 

activation of GABAA receptors. 170 

The remaining presynaptic input consisted of sparse labeling of spinal interneurons 171 

without any distinct positional organization (Figures 3C-E). We analyzed the neurotransmitter 172 

phenotype of CSF-cN presynaptic partners by assessing expression of VGAT and VGLUT2 and 173 

found that the majority of presynaptic neurons were VGAT+, including CSF-cN that are known 174 

to have GABAergic phenotype32 (Figures S3D and S3E). Altogether, these data indicates that 175 

CSF-cN are reciprocally connected and receive sparse input mainly by local inhibitory 176 

interneurons. 177 

 178 

CSF-cN are required for skilled locomotion 179 

Next, to study the function of CSF-cN in motor control, we crossed the Pkd2l1::Cre 180 

line with the RosaΦDTR allele to drive expression of the diphtheria toxin receptor33 (DTR). 181 
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Diphtheria toxin (DT) administration in adult mice resulted in elimination of >80% CSF-cN 182 

within two weeks (Figures 4A, 4B, S4A, and S4B). We first evaluated the effect of acute 183 

ablation of CSF-cN on general locomotor function associated with exploratory behavior by 184 

using the open field test. We did not find any significant difference between DT- and PBS-185 

treated mice in activity, speed, distance travelled, and turning behavior (Figures 4C-E, and 186 

S4G). Next, we performed kinematic analysis on freely walking mice to evaluate gait and did 187 

not observe any effect on step cycle, step length, base of support, body stability, and the 188 

precision of foot placement, key parameters describing limb movement and coordination 189 

during unperturbed locomotion34 (Figures 4F, 4G, S4C, S4H, S5 and Video S1). These data 190 

show that elimination of CSF-cN does not affect activity or generation of the patterns and 191 

rhythms of muscle contraction necessary for walking gait in mice. In larval zebrafish, CSF-cN 192 

have been shown to have an important role for postural control11. Thus, we evaluated tasks 193 

requiring control of trunk position and stability. First, we scored spontaneous rearing events, 194 

and found no effect of CSF-cN ablation on rearing duration and frequency (Figure S4D and 195 

data not shown). Second, we tested swimming, a locomotor behavior that requires coordination 196 

of limbs and trunk in order to obtain directional movements35. We did not observe any 197 

difference in speed or in the angle between the trunk and the water line, an indicator of postural 198 

control36 (Figures S4E, S4F, and Video S2). These experiments show that elimination of CSF-199 

cN does not perturb postural control.  200 

Finally, we tested skilled locomotion by assessing performance at the balance beam 201 

and horizontal ladder, tasks that are known to require precise sensory feedback in order to 202 

achieve accuracy in foot placement37. We used beams and ladders of different widths and rung 203 

spacing in order to assess the effect of progressively more difficult conditions1. In both tasks, 204 

DT-treated mice presented clear deficits in motor performance (Videos S3 and S4) that resulted 205 

in an increase in the numbers of foot slips and falls, which was significantly higher than control 206 
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animals in the more challenging configurations (Figures 4H and 4I). Thus, these data indicate 207 

that CSF-cN are required for skilled locomotion. 208 

 209 

The cilium is necessary for CSF-cN function 210 

Next, we wondered whether the Pkd2l1 channel is necessary for CSF-cN function in 211 

mice, as in zebrafish its elimination impairs mechanosensation and behavioral responses to 212 

changes in spinal bending12,15. To address this question, we analyzed locomotor behavior in 213 

Pkd2l1 knockout mice38 (Pkd2l1-/-; Figure 5A). In line with the results obtained after neuronal 214 

ablation experiments these mice did not show any phenotype at the open field, gait analysis, 215 

and swimming tests (Figures 5B-D, S5, and data not shown; Videos S1 and S2). Surprisingly, 216 

Pkd2l1-/- mice performance at the balance beam and horizontal ladder was also 217 

indistinguishable from control mice (Figures 5E and 5F; Videos S3 and S4). Altogether these 218 

data suggests that CSF-cN function in mice does not require Pkd2l1 activity. 219 

Cilia have been known to function as a mechanosensory organelle responding to fluid 220 

flow in many different cell types and most notably in sensory neurons. The intraflagellar 221 

transporter 88 (Ift88) is part of the Ift-B complex that is crucial for transport of ciliary proteins 222 

and its elimination suppress ciliogenesis39. Thus, to study the consequences of preventing 223 

cilium formation in CSF-cN, we crossed the Pkd2l1::Cre allele with the conditional Ift88fl 224 

mouse line40 (Pkd2l1::Cre +/-; Ift88fl/fl, hereafter referred to as ∆Cilia). We first confirmed 225 

success of this strategy by visualizing CSF-cN protrusions in the central canal and the 226 

associated cilium. In control animals, we found that >70% of Pkd2l1+ apical processes 227 

presented a cilium, while in ∆Cilia mice we found a significant reduction in the occurrence of 228 

ciliated CSF-cN (~35%; Figures 6A and 6B). Moreover, electron microscopy analysis 229 

confirmed that conditional elimination of Ift88 prevents ciliogenesis in CSF-cN (Figure 6C). 230 

Next, we evaluated locomotor behavior in ∆Cilia mice. We did not observe any significant 231 
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defect in the open field, gait analysis, and swimming tests (Figures 6D-G, S5, and S6; Videos 232 

S1 and S2). In contrast, the performance of ∆Cilia mice at the balance beam and horizontal 233 

ladder was perturbed (Videos S3 and S4). Strikingly, quantification of foot slips and foot falls 234 

revealed that ∆Cilia made significantly more mistakes when walking on the more challenging 235 

versions of the tests, thus precisely recapitulating the phenotype observed after CSF-cN 236 

ablation (Figures 6H and 6I). Altogether these data show that the behavioural defects observed 237 

after elimination of the cilium phenocopy the ones occurring after neuronal ablation, thus 238 

indicating that this structure is necessary for CSF-cN function in motor control in mice.  239 
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Discussion 240 

In this study we investigated the physiological role of CSF-cN, an evolutionary 241 

conserved vertebrate sensory system, in limbed mammals. We found that these neurons are 242 

integrated into spinal motor circuits and contribute to adaptive motor control necessary for 243 

skilled locomotion. CSF-cN function in mice does not require the activity of the Pkd2l1 244 

channel but entirely depends on its cilium, thus pointing to a key role for this mechanosensory 245 

structure in monitoring CSF flow. Altogether, our data suggests a model where CSF-cN 246 

provide an additional source of proprioceptive information by monitoring spinal curvature and 247 

represent an integral component of the sensory feedback mechanisms necessary for adaptive 248 

motor control. 249 

Kolmer and Agduhr first described a peculiar population of sensory neurons lining the 250 

central canal and proposed that they constitute a sensory organ relaying information from the 251 

CSF4,5. CSF-cN function has remained elusive until recent studies in lamprey and zebrafish 252 

revealed important roles in modulation of swimming and postural control10,12,13. CSF-cN have 253 

been shown to provide information to the motor system about active and passive curvature of 254 

the body axis by sensing fluid flow along the central canal12,15,41. In fish, the importance of 255 

monitoring curvature along the rostro-caudal axis of the spinal cord is clear, as swimming relies 256 

on the rhythmic propagation of an undulatory pattern of muscle contraction. The introduction 257 

of limbs has led to the reorganization of motor circuits in order to accommodate the 258 

biomechanical requirements of terrestrial locomotion17. The coordination of limb movements 259 

and precision of foot placement represent a critical feature of motor control in over ground 260 

locomotion42. In particular, it is especially important for navigating the diverse terrains and 261 

obstacles animals are confronted with in the wild and require dynamic integration of different 262 

sources of sensory information37. In our experiments, we observed that locomotor patterns and 263 

rhythms, as well as the accuracy of foot placement is not affected during unperturbed 264 
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locomotion on a plexiglass runway. However, under more challenging conditions at the balance 265 

beam and horizontal ladder, where movements need to be more precisely controlled we found 266 

a significant increase in the number of foot slips and falls. CSF-cN, by sensing spinal bending, 267 

can provide an extra layer of proprioceptive information that is dispensable during normal 268 

locomotion but required for skilled locomotion. Thus, a sensory system modulating wave-like 269 

movements at the basis of swimming in fish may have evolved a novel role in the control of 270 

adaptive motor responses necessary to precisely regulate limb and body movements in limbed 271 

vertebrates. 272 

At circuit level, we observed input-output connectivity patterns that are consistent with 273 

CSF-cN physiological role in sensorimotor integration. We found CSF-cN presynaptic puncta 274 

on motor neurons, thus possibly providing a direct way to regulate motor output, and on 275 

cardinal ventral interneuron subtypes such as ChAT+ V0c , Lhx1+ V0/dI4, and Chx10+ V2a 276 

interneurons, indicating connectivity to key components of spinal premotor circuits. At 277 

physiological level, we confirmed that CSF-cN make functional inhibitory connections with 278 

spinal interneurons located around the central canal. However, we could not record functional 279 

connections to motor neurons. This discrepancy with the anatomical findings could be due to 280 

sparse connectivity and the technical limitation of finding intact connections in spinal cord 281 

coronal slices. In terms of input connectivity to CSF-cN, rabies monosynaptic tracing 282 

experiments revealed inputs from local spinal interneurons mostly of inhibitory character. 283 

Presynaptic inhibition could control the gain of CSF-cN activity, a well-known mechanism for 284 

tuning somatosensory feedback in spinal circuits43. In addition, we observed abundant 285 

recurrent connectivity between CSF-cN, with neurons located at caudal spinal segments 286 

sending ascending input to ones at more rostral levels. Zebrafish CSF-cN have been shown to 287 

form ascending axonal projections44 and prominent bilateral CSF-cN axonal bundles can be 288 

found in the medial aspects of the ventral white matter in mice (Video S5). An inhibitory 289 
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feedback loop from posterior to anterior CSF-cN is well suited for coordination of undulatory 290 

movements in fish, but its significance for limb-based locomotion remains to be explored. 291 

At behavioral level, our data show that in mice elimination of CSF-cN does not perturb 292 

general motor activity and the generation of rhythmic patterns of limb movement necessary for 293 

the production of stereotyped locomotor actions, such as walking and swimming. In contrast, 294 

we observe an increase of foot slips and falls at the balance beam and horizontal ladder, 295 

indicating that the precision in motor control required for performing skilled movements is 296 

perturbed. Interestingly, the effect is significant only in the most challenging versions of the 297 

tasks. These data support the idea that multiple sources of sensory information, including 298 

cutaneous and muscle afferents, the visual, and the vestibular systems, are integrated to 299 

precisely adjust limb and body movements in order to prevent foot slippage during the 300 

execution of skilled actions and suggest that CSF-cN may provide proprioceptive information 301 

about body position1. Previous work in lamprey and zebrafish, along with our observation that 302 

elimination of the cilium completely recapitulates the defects observed after neuronal ablation, 303 

point to a role for CSF-cN in mice as mechanoreceptive sensory neurons detecting curvature 304 

of the spinal cord by sensing CSF flow in the central canal41. Thus, we propose that CSF-cN 305 

by monitoring spinal bending provide additional proprioceptive feedback informing the motor 306 

system on axial position that is used to adjust trunk and limb movement during locomotion. 307 

Walking on narrow paths or challenging terrains introduces forward and lateral displacements 308 

in the body axis that can be finely monitored by CSF-cN. For example, walking on a balance 309 

beam reduces lateral stability by decreasing the available base of support or walking on the 310 

horizontal ladder requires to overextend hindlimbs in order to land on the same rung where the 311 

forelimbs touched down, thus resulting in exaggerated hip torsion37.  312 

Surprisingly we did not observe any defect in locomotor behavior upon elimination of 313 

Pkd2l1. This is in contrast with its requirement for CSF-cN function in zebrafish, thus raising 314 
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interesting questions regarding additional molecular effectors in mammals. Our study does not 315 

exclude the possibility that in mice Pkd2l1 might be selectively required for chemosensation, 316 

as this channel has been shown to respond directly to pH changes8. The ability to monitor CSF 317 

composition has been proposed to be part of a homeostatic mechanisms common to all 318 

vertebrates for counteracting the effects of pH changes by reducing muscle activity14. It will 319 

be interesting to address whether chemosensation in mammalian CSF-cN could serve as system 320 

for modulating motor behavior in response to changes in the internal state of the animal, for 321 

example in case of fatigue or sickness.  322 

Altogether, our anatomical and functional data indicate that CSF-cN are an important 323 

component of sensorimotor circuits in the mammalian spinal cord contributing to adaptive 324 

motor control. This study opens the way for future work to address exciting questions on how 325 

information on CSF composition and flow is encoded by CSF-cN and integrated at a circuit 326 

level with other sensory input, such as muscle and cutaneous feedback, in order to orchestrate 327 

flawless execution of motor programs.  328 
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Figure Titles and Legends 346 

 347 

Figure 1. CSF-cN project to key components of spinal motor circuits. 348 

A) Representative images of synaptophysin-tdTomato labeling of CSF-cN at cervical, thoracic 349 

and lumbar levels of P7 Pkd2l1::Cre; Ai34 mice. Arrows point to dense labeling nearby the 350 

central canal and the ventromedial area of the spinal cord.  351 

B) Representative images of synaptophysin-tdTomato puncta in close contact with ChAT+ V0c 352 

and MMC neurons at thoracic level of P7 Pkd2l1::Cre; Ai34 mice. Magnifications show single 353 

z-planes. 354 

C) Proportion of V0c, MMC, and LMC neurons that receive synaptic input from CSF-cN at 355 

cervical, thoracic and lumbar levels (n=3).  356 

D) Representative images of synaptophysin-tdTomato puncta in close contact with ventral 357 

interneurons subtypes. We found Tomato+ puncta on Lhx1+ (V0/dI4) and Chx10+ (V2a) 358 

interneurons, but not onto FoxP2+ (V1) and calbindin+ ventral horn interneurons (Renshaw 359 

cells) . Scale bar: 200 µm. Magnifications show single z-planes. 360 

See also Figure S1 and Video S5. 361 

 362 

Figure 2. CSF-cN form functional synaptic contact with spinal interneurons 363 

A) Schematic of patch-clamp recordings and ChR2-assisted circuit mapping to identify 364 

putative CSF-cN postsynaptic partners. 365 

B) Micrographs showing a responsive interneuron position (arrow, IR-DIC) and its 366 

morphology (green, Alexa488 dialysis during recording, scale bar: 20 µm). Right, traces 367 

showing the electrophysiological properties of the interneurons shown on the left. Recording 368 

in current clamp at RMP -73 mV and injection of DC current steps from -90 to +50 pA 369 
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(increments: +20 pA) showing a large hyperpolarization and sustained high frequency AP 370 

discharge upon negative and positive direct current injection, respectively. 371 

C) Schematic (left) illustrating parameters used for quantifying .the position (center) and size 372 

(right) of responsive neurons (n=20; mean ± SD). 373 

D) Representative traces of the photo-evoked inward currents recorded in one interneuron 374 

(voltage clamp mode, Vh -70 mV and ECl -60 mV) upon repetitive optical activation (10 ms, 5 375 

mW.mm-2 every 500 ms, see LED pulse under the traces) of ChR2+ CSF-cN terminals present 376 

on the neuron. Top: recording in the presence of 1 µM Strychnine and 20 µM DNQX, Bottom: 377 

addition to the bath of 10 µM Gabazine (Gbz) completely blocks the evoked responses. Traces 378 

are the average of 5 consecutive recordings and the inset on the right show individual responses 379 

for the first light pulse.  380 

E) Summary box-whisker plot for IPSC current amplitude in control (blue box, CTR), in the 381 

presence of Strychnine and DNQX alone (grey box, SD), and with Gabazine added to the bath 382 

(red box, SDG). (Kruskal Wallis Test: c2=62,589, df=2, p=2.564.10-14; Post-hoc Wilcoxon 383 

pairwise test: CTR vs SD, p=0.32; CTR and SD vs. SDG, p=1.3.10-13 and p=2.10-6, 384 

respectively; n=20). 385 

See also Figure S2. 386 

 387 

Figure 3. CSF-cN are reciprocally connected and receive sparse input from local spinal 388 

interneurons. 389 

A) Schematic illustrating rabies monosynaptic tracing approach to identify cells providing 390 

input to CSF-cN. A mix of Cre-dependent helper AAVs driving the expression of TVA and G 391 

was injected at L1 of P7 Pkd2l1::Cre mice. Three weeks later, RV∆G-mCherry/EnvA was 392 

injected at the same position and after 7 days spinal cords were examined. 393 



 19 

B) Representative images of BFP+; RV+ starter cells and BFP-; RV+ second order CSF-cN. 394 

Scale bar: 20 µm. 395 

C-D) Digital reconstruction of medio-lateral/dorso-ventral position (C) and medio-396 

lateral/rostro-caudal position (D, thoracic segment on top) of starter cells (blue) and second 397 

order cells (red); n=3. 398 

E) Representative images of second order neurons labeled in rabies tracing experiments from 399 

CSF-cN. 400 

F) Schematic illustration of retrograde tracing approach to test directionality of CSF-cN axonal 401 

projections. Injection of AAV-FLEX-TVAmCherry in Pkd2l1::Cre mice at P7 was followed 402 

three weeks after by RVΔG-GFP/EnvA injection at T10. Representative image shows 403 

AAV+/RV- and AAV+/RV+ cells at L1. 404 

G) Schematic illustration of retrograde tracing approach to test directionality of CSF-cN axonal 405 

projections. Injection of AAV-FLEX-TVAmCherry in Pkd2l1::Cre mice at P7 was followed 406 

three weeks by RVΔG-GFP/EnvA injection at L3. Representative image shows AAV+/RV- 407 

cells at L1, no RV+ cells were detected. 408 

H) Representative epifluorescence image of one ChR2+ CSF-cN recorded in an acute lumbar 409 

spinal cord slice (250 µm, cc: central canal) obtained from a Pkd2l1::Cre; RosaΦChrR2 mice 410 

showing ChR2 expression through YFP (Top) and Alexa 594 fluorescence (Bottom) upon cell 411 

dialysis through the patch pipette. Right, voltage-dependance of the ChR2 photo-evoked 412 

current in CSF-cN recorded in voltage clamp mode (Vh -70 mV) at the voltage potential steps 413 

indicated under the traces. Note the decrease in the photocurrent amplitude with depolarizing 414 

voltage steps (null for -10 mV, see also Figure S2C) and the presence of currents (*) that 415 

develop shortly after the onset of the photocurrent and are either inward for potential 416 

hyperpolarized or outward for potentials more depolarized than -60 mV (ECl), respectively. 417 
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I) Representative traces of the photo-evoked outward currents recorded in one CSF-cN (voltage 418 

clamp mode, Vh 0 mV and ECl -60 mV) upon repetitive optical activation (10 ms, 5 mW.mm-2 419 

every 500 ms, see LED pulse under the traces) of ChR2+ CSF-cN terminals present on the 420 

neuron. Top: control condition. Bottom: 100 µM Picrotoxin (Ptx) and 10 µM Gabazin (Gbz) 421 

blocked the evoked responses. The traces illustrated are the average of 5 consecutive recordings 422 

and the inset on the right shows for the first light pulse individual responses. 423 

J) Summary box-whisker plot for IPSC current amplitude in control (CTR) and in the presence 424 

Gbz and Ptx. (Wilcoxon signed rank Test: p=0.00013; n=19). 425 

See also Figure S3. 426 

 427 

Figure 4. Pharmacological ablation of CSF-cN perturbs skilled locomotion. 428 

A) Representative images of Pkd2l1+ neurons around the central canal 60 days after PBS (left) 429 

or DT (right) injection in Pkd2l1::Cre; RosaΦDTR mice. 430 

B) Quantification of Pkdl21+ neurons around the central canal 60 days after PBS (n=3) or DT 431 

(n=3) injection in Pkd2l1::Cre; RosaΦDTR mice.  432 

C-E) Locomotor activity during a 90 min open field test. Percentage of time spent moving (C), 433 

speed (D) and distance traveled (E) in adult Pkd2l1::Cre; RosaΦDTR mice 14 days after PBS 434 

(n=8) or DT (n=6) treatment.  435 

F) Step cycle in adult Pkd2l1::Cre; RosaΦDTR mice 14 days after PBS (n=6) or DT (n=6) 436 

treatment. 437 

G) Step length in adult Pkd2l1::Cre; RosaΦDTR mice 14 days after PBS (n=6) or DT (n=6) 438 

treatment (LF left forelimb, LH left hindlimb, RF right forelimb, RH right hindlimb). 439 

H) Quantification of foot placement errors (slips and falls) in the balance beam test with 2 cm 440 

(left) or 1 cm (right) beam width in adult Pkd2l1::Cre; RosaΦDTR mice 14 days after PBS 441 

(n=6) or DT-injection (n=5). 442 
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I) Quantifications of foot placement errors (slips and falls) in the horizontal ladder test with 443 

1 cm (left) or 2 cm (right) rung distance in adult Pkd2l1::Cre; RosaΦDTR mice 14 days after 444 

PBS (n=6) or DT-injection (n=6). 445 

Mean±SEM, paired t-test, ns p>0.05, ** p<0.01, *** p<0.001. 446 

See also Figure S4, S5, and Video S1-S4. 447 

 448 

Figure 5. Pkd2l1 elimination does not affect locomotion. 449 

A) Representative images of Pkd2l1 staining in adult Pkd2l1 +/+ and  Pkd2l1 -/- animals. 450 

B) Percentage of moving time in adult Pkd2l1 +/+ (n=8) and Pkd2l1 -/- (n=9) during 90 min 451 

open field test.  452 

C) Step cycle of forelimbs (top) and hindlimbs (bottom) in adult Pkd2l1 +/+ (n=8) and Pkd2l1 453 

-/- (n=9). 454 

D) Analysis of turning behavior (total, clockwise, and counterclockwise turns) during a 90 min 455 

open field test in adult Pkd2l1 +/+ (n=8) and Pkd2l1 -/- (n=9) mice. 456 

E) Quantification of foot placement errors (slips and falls) in the balance beam test with 2 cm 457 

(left) or 1 cm (right) beam width in adult Pkd2l1 +/+ (n=8) and Pkd2l1 -/- (n=10). 458 

F) Quantification of foot placement errors (slips and falls) in the horizontal ladder test with 459 

1 cm (left) or 2 cm (right) rung distance in adult Pkd2l1 +/+ (n=8) and Pkd2l1 -/- (n=10). 460 

Mean±SEM; paired t-test, ns p>0.05. 461 

See also Figure S5 and Video S1-S4. 462 

 463 

Figure 6. Elimination of CSF-cN cilium phenocopies neuronal ablation. 464 

A) Representative images of Pkd2l1+ CSF-cN apical protrusions and acetylated-Tubulin+ cilia 465 

in adult control and ∆cilia mice. High magnifications of Pkd2l1+ protrusion in the central canal 466 

of control (AI) and ∆cilia (AII) mice. 467 
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B) Quantification of Pkd2l1+ CSF-cN apical protrusions bearing an acetylated-Tubulin+ cilium 468 

in control and ∆cilia mice (n=3). 469 

C) Representative electron microscopy images of CSF-cN (highlighted in yellow) in control 470 

(left) and ∆cilia (right) mice. Arrow point to the cilium. 471 

D) Average speed during a 90 min open field test in adult control (n=8) and ∆cilia (n=4) mice.  472 

E) Percentage of moving time in adult control (n=7) and ∆cilia mice (n=4) during 90 min open 473 

field test.  474 

F) Step cycle of forelimbs (top) and hindlimbs (bottom) in adult control (n=10) and ∆cilia mice 475 

(n=9).  476 

G Quantification of trunk angle between body axis and water line during swimming task in 477 

adult control (n=10) and ∆cilia mice (n=9).  478 

H Quantification of foot placement errors (slips and falls) in the balance beam test with 2 cm 479 

(left) or 1 cm (right) beam width in adult control (n=6) and ∆cilia mice (n=6). 480 

I) Quantification of foot placement errors (slips and falls) in the horizontal ladder test with 1 481 

cm (left) or 2 cm (right) rung distance in adult control (n=10) and ∆cilia mice (n=9). 482 

Mean±SEM; paired t-test, ns p>0.05, ** p<0.01, *** p < 0.001. 483 

See also Figure S5, S6, and Video S1-S4.  484 
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STAR METHODS 485 

 486 

RESOURCE AVAILABILITY 487 

Lead Contact  488 

Further information and requests for resources and reagents should be directed to the lead 489 

contact, Niccolò Zampieri (niccolo.zampieri@mdc-berlin.de).  490 

 491 

Material availability 492 

All unique reagents generated in this study are available from the lead contact without 493 

restriction. 494 

 495 

Data and code availability 496 

This study did not generate any unique dataset or code. 497 

Original data supporting the current study are available from the lead contact upon request. 498 

All additional information required to reanalyze the data reported in this paper is available 499 

from the corresponding lead contact upon request.  500 

 501 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 502 

Animal Experimentation Ethical Approval 503 

All animal procedures were performed in accordance to European community Research 504 

Council Directives and were approved by the Regional Office for Health and Social Affaires 505 

Berlin (LAGeSo) under license number G148/17 and the French “Direction Départementale 506 

de la Protection des Populations des Bouches-du-Rhône” (Project License Nr: APAFIS 17596; 507 

2018111919329153. N.W. and License for the Use of Transgenic Animal Models Nr: DUO-508 

5214).  509 

 510 
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Animal models  511 

Mice were bred and maintained under standard conditions on a 12h light/dark cycle with access 512 

to food and water ad libitum. The day of birth was considered as postnatal day 1 (P1).  513 

 514 

METHODS DETAILS 515 

Ablation of CSF-cNs 516 

To specifically ablate CSF-cNs in vivo, diphtheria toxin (DT; Sigma D0564) was administered 517 

intraperitoneally (50 mg.Kg-1) at P40. Ablation efficiency was verified by staining for Pkd2l1.  518 

 519 

Behavioral experiments 520 

Mice were placed in the behavior room 30 min before starting the experiments, allowing them 521 

to acclimatize. Both sexes were included and for each test at least two representative videos 522 

with continuous movements were analyzed. For the open field test we used the ActiMot 523 

Infrared light beam activity monitor (TSE Systems). Two light-beam frames allowed to 524 

monitor X, Y and Z coordinates of the mouse. Animals were placed in the associated squared 525 

acrylic glass boxes (40 cm X 20 cm) and after 10 min of habituation time, spontaneous 526 

movements were monitored for 90 min. Data were evaluated with TSE supplied software. Gait 527 

analysis was performed as previously described45. Briefly, mice were placed on a customized 528 

acrylic glass walkway with surrounded LED lights to generate the internal reflection effect. A 529 

mirror under the walkway allows tracking of footprints and body outline with a high-speed 530 

camera (shutter speed 5,56 ms, frame rate 150 f/sec). Representative videos with straight and 531 

continuous runs were analyzed using the open-source MouseWalker software. To evaluate 532 

balance, we used a customized balance beam with replaceable beams of different sizes. 533 

Animals were placed on one end and had to pass the beam spontaneously to reach a shelter on 534 

the other side. A mirror was placed underneath and a high-speed camera captured the passage. 535 
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The horizontal ladder was customized with side walls made of acrylic glass to create a walking 536 

path and inserted metal rungs with 3 mm diameter. Rungs had a minimum distance of 1 cm 537 

and spacing of the rungs were modified by removing individual rungs. A mirror under the 538 

horizontal ladder and the clear walls allowed tracking from the side and underneath with a 539 

high-speed camera. Animals were required to pass the walking floor spontaneously and videos 540 

with continuous runs were analyzed. For the swim task, a custom-build acrylic glass tank 541 

(10 cm X 70 cm) filled with ambient temperature water was used. Mice had to swim through 542 

the tank to reach a platform on the other end. A mirror underneath allowed monitoring swim 543 

movements with a high-speed camera. The angle between body axis and water line was 544 

obtained by using the open-source program DeepLabCut46. The algorithm was trained to 545 

extract coordinates of nose and tail base in all frames. A value of likelihood allowed to estimate 546 

the reliability of detected coordinates and only frames with a likelihood superior to 0.9 were 547 

used for further analysis. The x/z coordinates of indicated points allowed the calculation of the 548 

swim angle between waterline and body axis. 549 

 550 

Perfusion and tissue preparation 551 

Anesthesia was induced by the intraperitoneal injection of ketamine (120 mg/kg) and Xylazine 552 

(10 mg/kg). After testing the toe-pinch reflex, animals were intracardially perfused with 10 ml 553 

ice-cold PBS, followed by the perfusion of ice-cold 4 % PFA (pH 7.4). The spinal cords were 554 

exposed via laminectomy and post-fixed overnight in 4 % PFA (pH 7.4) at 4 °C. After washing 555 

for 5 min in PBS, tissue was incubated in 30% sucrose over night at 4 °C for cryoprotection. 556 

Samples were embedded in Optimal Cutting Temperature (O.C.T., Tissue-Tek) compound, 557 

frozen on dry ice and stored at -80 °C. 558 

 559 

Slice preparation, electrophysiology and optogenetic stimulation. 560 
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Pkd2l1::Cre; Rosa-Φ-ChR2(Ai32) or Pkd2l1::Cre; Rosa-Φ-ChR2(Ai32); Rosa-Φ- Rosa-Φ-561 

tdTomato(Ai14) mice (2-4 week-old) were anesthetized with an intraperitoneal injection of a 562 

Ketamine/xylazine mixture (120/10 mg.Kg-1) and perfused intracardiacally (>3-week-old) 563 

with an ice cold and oxygenated (95% O2/5% CO2) modified artificial cerebrospinal fluid 564 

(aCSF, in mM: NaCl 75, NaH2PO4 1.25, NaHCO3 33, KCl 3, MgSO4 7, sucrose 58, glucose 565 

15, ascorbic acid 2, myo-inositol 3, sodium pyruvate 2, CaCl2 0.5, pH 7.4, 310 mosmol.Kg-1). 566 

Following laminectomy and spinal cord extraction, lumbar spinal cord coronal slices (250 to 567 

300 µm) were prepared, transferred in a submerged incubation chamber filled with oxygenated 568 

aCSF (in mM: NaCl 115, NaH2PO4 1.25, NaHCO3 26, KCl 3, MgSO4 2, glucose 15, ascorbic 569 

acid 2, myo-inositol 3, sodium pyruvate 2, CaCl2 2; pH 7.4, 300 mosmol.Kg-1) at 35° C for 15 570 

min and subsequently at room temperature (20-25°C) until use. For recording, slices were 571 

transferred in the perfusion chamber (aCSF 2-4 mL.min-1, 20-25°C) under an epifluorescence 572 

upright microscope equipped with a CCD camera (HQ2 CoolSnap, Photometrics). Electrodes 573 

(3-6 MΩ, borosilicate glass, Harvard Apparatus) were filled with a solution containing (in 574 

mM): K-gluconate 120, NaCl 5, HEPES 10, MgCl2 1, CaCl2 0.25, EGTA 2, Mg-ATP 4, Na2-575 

phosphocreatine 10, Na3-GTP 0.2 (pH 7.3, 295 mosmol.kg-1 and a chloride equilibrium 576 

potential (ECl) set at -60 mV) and 20 µM AlexaFluor488 (Invitrogen). Neurons were identified 577 

in slices under infra-red DIC illumination (IR-DIC) and recorded in whole-cell patch-clamp 578 

configuration performed in voltage- (VC) and current-clamp (CC) modes using a MultiClamp 579 

700B amplifier (Molecular Device Inc.). Data were filtered at 2–2.4 kHz and digitized at 10 580 

kHz using a Digidata 1322A interface driven by pClamp 9.2 (Molecular Device Inc.). Neuron 581 

intrinsic and firing properties were determined using -10 mV voltage steps (VStep) from a 582 

holding potential (Vh) of -70 mV (VC) or current injection pulses (CC) from the resting 583 

membrane potential (RMP). Validation of the optogenetic approach was performed by 584 

recording Channelrhodopsin-2 (ChR2) expressing CSF-cN in VC or CC mode and ChR2 585 
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activation elicited using light pulses delivered through the objective (60x, NA 0.9; pUltra 300 586 

CoolLED: 490 nm, with controlled power and duration). CSF-cN were recorded either in VC 587 

mode (Vh -70 mV) to characterize ChR2 photocurrent properties and voltage-dependance (VStep 588 

from -90 to +10 mV, 200 ms at Vh -70 mV) or in CC mode at RMP to assess light-triggered 589 

action potentials (APs) firing. Synaptic currents were photo-evoked in CSF-cN and 590 

interneurons with 10 ms light pulses in control and in the presence of 1 µM strychnine (Sigma-591 

Aldrich), 20 µM DNQX either alone or with 10 µM gabazine and 100 µM picrotoxin (Gbz and 592 

Ptx, BioTechne, UK) . In all recordings, the liquid junction potential was left uncorrected.  593 

 594 

Immunohistochemistry  595 

For histology, spinal cords were with a cryostat (Leica) collected on Superfrost Plus® 596 

microscope slides (Thermo Fisher Scientific). Primary and secondary antibodies were diluted 597 

in 4 % BSA in 0.3 % TritonX in PBS. Slides were mounted with Vectashield (Vector). The 598 

following primary antibodies dilutions have been used: chicken anti-GFP (1/1000, Abcam), 599 

goat anti-ChAT (1/200; Millipore), goat-anti FoxP2 (1/200, Abcam), mouse anti-acetylated 600 

Tubulin (1/500, Sigma), rabbit anti-Calbindin (1/500, Swant), rabbit anti-dsRed (1/1000; 601 

TaKaRa), rabbit anti-Lhx1(1/10000), generated in the Jessell laboratory), rabbit anti-Pkd21l1 602 

(1/200; Millipore), sheep anti-Chx10 (1/100, Abcam). Images were taken with a Zeiss LSM800 603 

confocal laser scanning microscope. 604 

 605 

Viral tracings 606 

Intraspinal injections were performed as previously described (Zampieri et al., 2014). For 607 

analgesia, mice were subcutaneously injected with 5 mg.Kg-1 Carprofen 30 min before surgery. 608 

Anesthesia was induced with continuous inhalation of isoflurane (2-3 %) in oxygen (1.5 %), 609 

using an isoflurane vaporizer (Parkland Scientific). Dorsal laminectomy was performed to 610 
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expose the lumbar spinal cord prior to virus injection using a pulled borosilicate glass pipette 611 

(World Precision Instruments, Inc.) and a micro syringe pump injector (Smart Touch). For 612 

AAV, either a cocktail of AAV-TREtight-mTag BFP2-B19G (4.48*1012 VG/mL) and AAV-613 

FLEX-SPLIT TVA-EGFP-tTA (5.79*1010 VG/mL) was injected. A total amount of 300 nl of 614 

virus was inoculated into two adjacent spots bilaterally 40 µm left and right to the midline. 615 

After three weeks we performed intraspinal injection of 300 nl RV∆G(EnvA)-mCherry 616 

(1.94*108 IU/mL) at the same position and animals were sacrificed seven days after. To analyze 617 

directionality of CSF-cN projections, we injected AAV-FLEX-TVAmCherry (5.33*1013 618 

VG/mL) at L1, followed three weeks later by injection of RVΔG-GFP/EnvA (2.13*108 IU/mL) 619 

either more caudally or rostrally. Mice which postmortem revealed low viral labeling or a 620 

spread into the central canal were excluded from analysis. 621 

 622 

Fluorescent in situ hybridization 623 

For mRNA detection via multiplex RNAscope, a modified protocol from Advanced Cell 624 

Diagnostics (ACD, 322360-USM) was used. Briefly, fixed spinal cord tissue was prepared and 625 

sectioned as described before. Spinal sections were post-fixed in 4 % PFA (pH 7.4) at 4 °C for 626 

15 min. After washing and dehydration (at 4 °C in 50%, 70% and 100% Ethanol), a 627 

hydrophobic barrier was created around sections. After incubation with 3 % hydrogen peroxide 628 

solution (H2O2) at RT for 15 min, Protease IV treatment followed for 30 min at RT. C2 and C3 629 

probes were dilutes 1/50 in sample diluent and hybridized for 2 hours at 40°C in a humid 630 

chamber in a HybEZ oven. For signal amplification and detection, the RNAscope 2.5 HD 631 

Reagents Detection Kit-RED (ACD, 32360) was used according to the manufacturer’s 632 

instructions. After Detection of each channel, immunostaining was performed as described 633 

before and slices were mounted with ProLong Gold. 634 

 635 
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Positional analysis  636 

Three-dimensional positional analysis was performed as previously described47. Spinal cords 637 

were sectioned in 40 µm slices and cartesian coordinates of spinal neurons per section were 638 

obtained using the imaging software IMARIS. Data were normalized to account for differences 639 

in spinal cord size and shape. The position of each neuron was digitally reconstructed by 640 

plotting the data in ‘R’ (R Foundation for Statistical Computing, Vienna, Austria, 2005), using 641 

a customized script. Correlation analysis have been done using the ‘‘corrplot’’ package to 642 

calculates the comparability of experiments using the Pearson correlation coefficient. Datasets 643 

were clustered hierarchically. 644 

 645 

Electron microscopy 646 

Mice were perfused with 4 % (w/v) paraformaldehyde in 0.1 M phosphate buffer. Spinal cord 647 

was dissected and 2-3 mm3 cubes were fixed by immersion in 4 % (w/v) paraformaldehyde 648 

and 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer for 2 hours at room temperature (RT). 649 

Samples were postfixed with 1% (v/v) osmium tetroxide for 3 hours at RT, dehydrated in a 650 

graded series of ethanol, and embedded in PolyBed® 812 resin (Polysciences, Germany). 651 

Ultrathin sections (60-80 nm) were stained with uranyl acetate and lead citrate, and examined 652 

at 80 kV with a Zeiss EM 910 electron microscope. Acquisition was done with a Quemesa 653 

CCD camera using iTEM software (Emsis GmbH, Germany). 654 

 655 

Tissue clearing and light-sheet microscopy 656 

Mice were anesthetized and transcardially perfused as described above. Spinal cord was 657 

extracted after ventral laminectomy and fixed in 4% PFA for 2 days at 4°C. Tissue clearing 658 

was performed as previously described with modifications48. In short, tissue was transferred to 659 

CUBIC1 (25 wt% Urea, 25 wt% N,N,N’,N’-tetrakis(2-hydroxypropyl) ethylenediamine, 15 660 
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wt% Triton X-100) and incubated at 37°C shaking. Every other day CUBIC1 solution was 661 

exchanged until tissue appeared transparent (~ 4 days). Afterwards, samples were washed for 662 

1 day with PBS at RT, refractive index matched with EasyIndex (LifeCanvas Technologies) at 663 

37°C and imaged with the ZEISS Light-sheet Z.1. For image analysis and video rendering 664 

Arivis Vision 4D (Arivis AG) and Imaris (Oxford Instruments) was used. 665 

 666 

QUANTIFICATION AND STATISTICAL ANALYSIS 667 

For behavior experiments, mice were randomly allocated into different experimental groups 668 

and data have been randomized before analysis whenever possible. Quantifications represent 669 

the average of at least three biological replicates per condition. Each dot represents one animal 670 

and error bars in all figures represent mean ± SEM. For electrophysiological experiments, data 671 

are presented as mean ± standard deviation (SD) and graphs represent box-whisker plot using 672 

Tukey’s method where single dots represent outliers. Because the data are not normally 673 

distributed (Shapiro-Wilk test), statistical significance was tested using non-parametric 674 

statistical tests: Wilcoxon signed-rank (comparison of two conditions within a group) or 675 

Kruskal-Wallis (c2, degree of freedom (df) and p-value, multiple comparisons, with a post-hoc 676 

pairwise comparisons using Wilcoxon rank sum test) tests. Number of samples (n) and the 677 

applied statistical test used for individual experiments are indicated in the figure legends. 678 

Significance was defined as * p<0.05; ** p<0.01; *** p<0.001. Statistical analyses were 679 

performed using Microsoft Excel, GraphPad Prism and RStudio statistics (Version 8, 680 

GraphPad Software, RStudio v1.1.456).  681 



 31 

VIDEO FILES 682 

Video S1. Representative video of control, DT-treated, Δcilium, and Pkd2l1 -/- mice walking 683 

on a Plexiglas runaway. Related to Figures 4, 5, and 6. 684 

 685 

Video S2. Representative video of control, DT-treated, Δcilium, and Pkd2l1 -/- mice 686 

swimming. Related to Figures 4, 5, and 6. 687 

 688 

Video S3. Representative video of control, DT-treated, Δcilium, and Pkd2l1 -/- mice walking 689 

on a 1 cm diameter balance beam. Related to Figures 4, 5, and 6. 690 

 691 

Video S4. Representative video of control, DT-treated, Δcilium, and Pkd2l1 -/- mice walking 692 

on the 2 cm rung distance horizontal ladder. Related to Figures 4, 5, and 6. 693 

 694 

Video S5. Light sheet imaging of Tomato+ CSF-cN in Pkd2l1::Cre; Ai14 mice at cervical, 695 

thoracic, and lumbar levels. Related to Figure 1.  696 
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Figure S1. Specificity of CSF-cN genetic targeting. Related to Figure 1. 

A) Representative image of Pkd2l1+; nuclear GFP+ neurons around the central canal of

Pkd2l1::Cre; RosaΦHTB mice. 

B) Quantification of Pkd2l1+; nuclear GFP+ neurons at cervical, thoracic, and lumbar spinal

segments (cervical 182/220 cells, thoracic 198/230 cells, lumbar 179/209 cells, n=4; 

Mean±SEM).  

C) Tomato expression in the brain of P7 Pkd2l1::Cre; RosaΦtdTomato mice (cortex, Ctx;

ventricular zone, VZ; cerebellum, CB). Scale bar: 1mm. 

D) Representative pictures of synaptophysin-tdTomato synapses on ChAT+ V0c, MMC, and

LMC neurons at cervical and lumbar segments of P7 Pkd2l1::Cre; RosaΦsynaptophysin-

tdTomato mice (Magnifications show single z-planes). 
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Figure S2. Optogenetic activation of CSF-cN. Related to Figure 2. 

A) Representative confocal image of an acute lumbar spinal cord slice (250 µm, cc: central

canal) obtained from a Pkd2l1::Cre; RosaΦChrR2; RosaΦtdTomato mice showing selective 

ChR2 and tdTomato expression in CSF-cN around the central canal. 

B) Cartoon of the protocol used to record and photoactivate CSF-cN with the representative

traces recorded in VC mode (Vh of -90 mV) in one CSF-cN upon exposure to a 500 ms light 

pulse of increasing power (LED: 490 nm, 2 to 8 mW.mm-2). Right, summary graph of the 

average photocurrent amplitude as a function of the LED power and measured at the initial 

peak (blue circles) and at the steady (open circles) currents (mean ± SD, n=12, 16, 13 and 14 

for 2, 5, 6 and 8 mW.mm-2, respectively). 

C) Representative traces of photocurrents elicited with a 100 ms light-pulse and recorded in

one CSF-cN at Vh of -70 mV as a function of the voltage (VStep: -90 to -10 mV, 20 mV 

increments). Note that, at each test potential, the light pulse was applied 100 ms after the start 

of the step to reach stable baseline before ChR2 activation. Right, graph of the average current-

voltage relationship (Vh of -70 mV, VStep: -90 to -10 mV, 20 mV increments) of the ChR2-

mediated photocurrent. The linear fit (red dashed line, R2=0.97) of the data points indicate that 

the current reversal potential is observed around -10 mV (mean ± SD, n=67; see text for 

details). 

D) Left, representative photocurrents recorded in one CSF-cN and elicited with two light pulses

(10 ms duration) separated by a time interval of 50, 90 and 140 ms (Top to bottom traces, 

respectively). Right, graph of the average amplitude ratio (I2/I1) of the currents elicited by the 

2nd pulse (I2) divided by that upon exposure to the 1st pulse (I1) and presented as a function of 

the time interval (50 to 120 ms, 10 ms increments, Vh -90 mV; mean ± SD, n=8). 

E) Left, representative photocurrents recorded in one CSF-cN upon exposure to light pulses for

5, 45 and 95 ms (Top to bottom traces, respectively). Right, graph of the average amplitude for 



the steady state photocurrents elicited with one light pulse of increasing duration (5 to 95 ms, 

10 ms increments, Vh -90 mV; mean ± SD, n=11). 

F) Representative traces of the action potential (AP) discharge recorded in one CSF-cN (CC

mode, RMP: -63 mV) and triggered in the same neuron by either DC current injections (+20 

pA, FI) or upon exposure to a light pulse (LED, FII) of increasing duration (100 ms with 100 

ms increments; n=7). (FIII) Graph of the average AP frequency (Hz) triggered by either DC 

current injection (black circles) or exposure to light (blue circles) of increasing duration (100 

ms to 1 s, 100 ms increments; mean ± SD, n=7).  

G) Representative trace of AP discharge recorded in one CSF-cN (CC mode, RMP: -57 mV)

and triggered by repetitive light pulses (10 ms every second). Inset shows enlarged trace from 

the illustrated recording (Left, *). Except for panel B, light pulse (blue bars) power was set at 

5 mW.mm-2. 
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Figure S3. Rabies monosynaptic tracing from CSF-cN. Related to Figure 3. 

A) Digital reconstruction of RV+ second order cells (red) rostro-caudal position. Each plot

represents one animal. 

B) Correlation analysis of starter cells (top) and second order cells (bottom) positional

coordinates. The scale indicates correlation values. 

C) Number of starter cells (blue), second order cells (red) and second order CSF-cN in

individual rabies tracing experiments (black). 

D) Multiplexed fluorescent in situ hybridization analysis of RV+ neurons showing excitatory

(VGLUT2+) and inhibitory (VGAT+) second order cells. 

E) Proportion of VGLUT2+ and VGAT+ second order neurons (n=3).

F) Quantification of AAV+/RV- and AAV+/RV+ cells labelled after injection of AAV-FLEX-

TVAmCherry at L1 and RVΔG-GFP/EnvA at either T10 or L3. 
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Figure S4. Behavioral analysis of CSF-cN ablated mutant mice. Related to Figure 4. 

A) Representative images of Pkd2l1 staining in adult Pkd2l1::Cre; RosaΦDTR mice 7 days

after PBS (left) or DT-injection (right). 

B) Percentage of Pkd2l1+ cells in respect to the PBS control at 7 days, 11 days and 60 days

after DT treatment in adult Pkd2l1::Cre; RosaΦDTR mice. 

C) Base of support of forelimbs (left) and hindlimbs (right) in Pkd2l1::Cre; RosaΦDTR mice

14 days after PBS (n=6) or DT (n=6) treatment. 

D) Spontaneous rearing during a 90 min open field test in the center of the arena (left) or against

the wall (right) in Pkd2l1::Cre; RosaΦDTR mice 14 days after PBS (n=8) or DT (n=6) 

treatment. 

E) Speed during swimming task in Pkd2l1::Cre; RosaΦDTR mice 14 days after PBS (n=6) or

DT (n=5) treatment. 

F) Quantification of trunk angle between body axis and water line during swimming task in

Pkd2l1::Cre; RosaΦDTR mice 14 days after PBS (n=6) or DT (n=5) treatment. 

G) Analysis of turning behavior (total, clockwise, and counterclockwise turns) during a 90 min

open field test in Pkd2l1::Cre; RosaΦDTR mice 14 days after PBS (n=8) or DT (n=6) 

treatment. 

H) Body stability analysis during walking on a Plexiglas runway in Pkd2l1::Cre; RosaΦDTR

mice 14 days after PBS (n=8) or DT (n=6) treatment. 

Mean±SEM, paired t-test, ns p>0.05. 
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Figure S5. Footprint clustering analysis. Related to Figures 4, 5 and 6. 

A) Footprint clustering during walking on a Plexiglas runway in CSF-cN ablated (left), Δcilium

(center), and Pkd2l1 -/- (right) mice. AEP, anterior extreme position; PEP, posterior extreme 

position. 

B) Correlation analysis of footprint positions for AEP (left) and PEP (right). The scale indicates

correlation values. 
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Figure S6. Elimination of cilia from CSF-cN does not affect locomotor activity and gait 

parameters. Related to Figure 6. 

A) distance traveled during a 90 min open field test in adult control (n=8) and ∆cilia (n=4)

mice. 

B) Step length in adult control (n=10) and ∆cilia (n=9) mice (LF left forelimb, LH left

hindlimb, RF right forelimb, RH right hindlimb). 

C) Speed during swimming task in adult control (n=10) and ∆cilia (n=9) mice.

D) Base of support of forelimbs (left) and hindlimbs (right) in adult control (n=10) and ∆cilia

(n=9) mice. 

E) Analysis of turning behavior (total, clockwise, and counterclockwise turns) during a 90 min

open field test in adult control (n=12) and ∆cilia (n=7) mice. 

F) Body stability analysis during walking on a Plexiglas runway in adult control (n=10) and

∆cilia (n=9) mice. 

Mean±SEM, paired t-test, ns p>0.05. 
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