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C-bouton-mediated modulation of spinal locomotor circuitry. Furthermore, we reveal a high 104 

degree of specificity within the modulatory control of spinal motor circuits, with discrete 105 

modulatory units likely to be devoted to the modulation of specific network output 106 

parameters.    107 
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Results 108 

Pitx2+ INs are rhythmically active during fictive locomotion 109 

We first confirmed that Pitx2+ interneurons exhibit rhythmic activity that is phase locked to 110 

spinal locomotor network output.  Hemisected spinal cords were dissected from 111 

Pitx2::Cre;GCAMP6s mice to visualize Ca2+ activity from groups of Pitx2+ interneurons whilst 112 

simultaneously recording pharmacologically induced locomotor output from L1-L3 lumbar 113 

ventral roots (figure 1a). Pitx2+ interneurons (32 upper lumbar interneurons and 19 lower 114 

lumbar interneurons, 6 hemisected spinal cords, 3 mice) exhibited clear rhythmic activity 115 

during fictive locomotion (figure 1b-c). The activity of 65.6% of L1-3 interneurons was tightly 116 

phase locked with respective L1-L3 ventral root output (indicated by a significant Rayleigh 117 

test statistic, p<0.05; figures 1d,e), while the activity of a smaller population of lower lumbar 118 

(L4-L6) interneurons was also aligned with upper lumbar output (only 31.6%, figures 1d,e). 119 

The remaining cells did not show any phase relationship associated with ventral root output. 120 

These data clearly demonstrate that groups of Pitx2+ interneurons are rhythmically active 121 

during fictive locomotion and that, as indicated by previous single cell recordings8, their 122 

activity patterns are tightly locked to the locomotor cycle. 123 

 124 

Chemogenetic inhibition of Pitx2+ INs decreases the amplitude of locomotor output  125 

We next sought to directly demonstrate the role that Pitx2+ interneurons play in controlling 126 

motoneuron output during locomotor network activity. Cre-dependent DREADD mice were 127 

used to manipulate the activity of Pitx2+ interneurons during fictive locomotion.  128 

We first investigated whether Pitx2+ interneurons could be effectively inhibited using 129 

DREADD expression. This was assessed by performing whole-cell patch-clamp recordings 130 

from spinal cord slices obtained from Pitx2::Cre;tdTomato;hM4Di mice. In these mice, Pitx2+ 131 

cells express both the hM4Di inhibitory receptor and the tdTomato red fluorescent reporter, 132 

which allowed them to be identified for single-cell electrophysiology (figure 2a). Pitx2+ 133 

interneurons, which are distinctively clustered around the central canal, were targeted for 134 

recordings8. As previously reported, the majority of Pitx2+ interneurons were tonically active 135 
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p=0.0029; figure 8a), an effect which was blocked by methoctramine (t(3)=0.67, Paired t-276 

test, p=0.5513; figure 8b), but not by guangxitoxin1-E (t(5)=3.10, Paired t-test, p=0.0362; 277 

figure 8c). These data indicate that activation of M2 receptors at C-bouton synapses reduces 278 

the current required for motoneuron firing by hyperpolarizing the action potential threshold 279 

via Kv2.1-independent mechanisms.  280 

Previous, indirect evidence has suggested that activation of M2 receptors at C-bouton 281 

synapses is likely to increase motoneuron output through a reduction in the amplitude of the 282 

mAHP13. We therefore tested this directly using our chemogenetic approach. Single action 283 

potentials were evoked from motoneurons in current-clamp mode using brief (10ms) 284 

depolarizing current steps to assess whether activation of Pitx2+ interneurons reduced the 285 

action potential mAHP within isolated spinal cord preparations from Pitx2::Cre;hM3Dq mice. 286 

Surprisingly, activation of Pitx2+ interneurons with CNO increased the mAHP amplitude 287 

(W=204, Wilcoxon signed-rank test, p=0.0010; figure 8d). This effect was blocked when 288 

CNO was co-applied with either the M2 receptor antagonist methoctramine (t(6)=0.63, 289 

Paired t-test, p=0.5513; figure 8e) or the Kv2.1 channel blocker guangxitoxin1-E (t(15)=1.27, 290 

Paired t-test, p=0.2208; figure 8f).  291 

Kv2.1 channels can contribute to the inter-spike afterhyperpolarization, which can facilitate 292 

greater firing rates by enabling sodium channels to recover from inactivation between 293 

spikes25,27. Thus, the changes we observed in the mAHP, the amount of current required to 294 

induce a depolarizing block and the maximum firing rates of motoneurons when Pitx2+ 295 

interneurons are activated could reflect modulation of Kv2.1 conductances at C-bouton 296 

synapses. To evaluate this, we calculated the magnitude of the inter-spike AHPs that 297 

followed the last 5 action potentials induced by current steps that elicited maximum firing 298 

frequencies in motoneurons from Pitx2::Cre::hM3Dq mice. We observed an increase in the 299 

amplitude of inter-spike AHPs in motoneurons following activation of Pitx2+ interneurons with 300 

CNO (t(20)=8.44, Paired t-test, p<0.0001; figure 8g). This effect was blocked by both the M2 301 

receptor antagonist methoctramine (t(9)=1.02, Paired t-test, p=0.3354; figure 8h) and the 302 

Kv2.1 blocker guangxitoxin1-E (t(11)=1.45, Paired t-test, p=0.1736; figure 8i). These data 303 
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indicate that C-bouton activation enables motoneurons to fire during sustained and intense 304 

stimulation by increasing the inter-spike AHP. 305 

Kv2.1 channels have also been shown to affect action potential duration which can 306 

contribute to changes in motoneuron firing by allowing faster, sharper spikes26. To address if 307 

C-bouton activation also modulates motoneuron firing rates by controlling spike duration, we 308 

examined spike half-width measured from single action potentials evoked in motoneurons 309 

from Pitx2::Cre::hM3Dq mice. Activation of Pitx2+ interneurons with CNO decreased spike 310 

half-width (W=182, Wilcoxon signed-rank test, p=0.0007; figure 8j). This effect was blocked 311 

by both the M2 receptor antagonist methoctramine (W=-42, Wilcoxon signed-rank test, 312 

p=0.0674; figure 8k) and the Kv2.1 blocker guangxitoxin1-E (t(12)=1.10, Paired t-test, 313 

p=0.2951; figure 8l). These observations demonstrate that M2 receptor-mediated modulation 314 

of Kv2.1 channels at C-bouton synapses also facilitates greater motoneuron firing rates by 315 

reducing spike half-width.   316 
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Discussion 317 

In this study we interrogated the roles and cellular mechanisms of cholinergic modulation 318 

within motor circuits by focusing on a uniquely discrete population of genetically identifiable 319 

cholinergic spinal interneurons marked by expression of the transcription factor Pitx2. By 320 

combining Ca2+ imaging, chemogenetic manipulation and conditional ablation of cholinergic 321 

Pitx2+ interneurons (V0c), we demonstrate that recruitment of V0c interneurons and their C-322 

bouton synapses leads to activation of postsynaptic M2 receptors, which in turn regulate 323 

Kv2.1 channel function to facilitate increased and sustained motoneuron firing. Thus, 324 

activation of the V0c system results in augmented motor output that will translate into 325 

stronger muscle activity. Such intrinsic modulation will enable spinal motor output, and 326 

muscular contraction, to be matched to variable behavioral demands. 327 

Previous single cell recordings from Pitx2+ interneurons during pharmacologically induced 328 

locomotor-related activity demonstrated that the majority of Pitx2+ cells exhibit bursts of 329 

activity in phase with segmentally-aligned motoneuron targets8. We have now extended 330 

these analyses to a population level by imaging Ca2+ fluctuations in groups of lumbar Pitx2+ 331 

interneurons during locomotor network activity. We find that a high proportion of Pitx2+ 332 

interneurons exhibit rhythmic activity that is phase locked to bursts of locomotor-related 333 

activity recorded from ventral roots. Similar to previous work8, we found that the strength of 334 

the relationship between Pitx2+ cell activity and locomotor output was more robust in upper 335 

compared with lower lumbar regions. This may reflect rostro-caudal differences in the 336 

density of V0c and V0g interneurons in the lumbar spinal cord8,28. 337 

Following the demonstration that Pitx2+ interneurons are rhythmically active during locomotor 338 

network activity, we next investigated their modulatory actions on locomotor-related output 339 

by using Cre-dependent expression of DREADDs to manipulate their activity. We first 340 

verified the effectiveness and specificity of our DREADD-based approach by showing that 341 

single cell properties and baseline network output did not differ between DREADD and 342 

control mice prior to the application of CNO (supplementary file 1). Both high doses of CNO 343 

(10µM) and the CNO derivative clozapine, which is only likely to be produced at significant 344 
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calcium-dependent potassium channels might contribute at different rates of V0c interneuron 429 

firing. Testing this hypothesis will require the development of methods that enable finer 430 

control of V0c interneuron activity than were possible using the current DREADD-based 431 

approach.    432 

Interestingly, in the current study we found that activation of V0c interneurons was 433 

associated with a small increase in both the mAHP measured after single spikes, and the 434 

inter-spike AHP measured during repetitive firing. Given that both effects were blocked by 435 

guangxitoxin-1E, we propose that this reflects greater recruitment of Kv2.1 channels. This 436 

mechanism contrasts previous reports of a substantial reduction in the mAHP due to 437 

modulation of calcium-dependent potassium channels13. However, as discussed above, 438 

these previous data were obtained using less direct, global activation of M2 receptors and 439 

reflected measurements of mAHPs evoked by single action potentials only. Furthermore, it 440 

remains to be determined whether these effects reflect activation of M2 receptors at C-441 

bouton synapses. If these effects are C bouton-mediated, perhaps under certain conditions 442 

large changes in the mAHP, due to SK channel modulation, reduce the refractory period to 443 

allow greater firing frequencies. Meanwhile, in the absence of such large reductions in the 444 

mAHP, smaller Kv2.1-mediated increases in the amplitude of the inter-spike AHP may 445 

facilitate the removal of inactivation of sodium channels, enabling sustained, higher 446 

frequency firing in response to depolarizing stimuli, as has been shown in other neuron 447 

types25,27. This Kv2.1 channel-dependent mechanism is also supported by recent work in rat 448 

lumbar motoneurons, which has demonstrated that Kv2 channels permit greater motoneuron 449 

firing frequencies by maintaining hyperpolarized inter-spike membrane potentials14. Another, 450 

likely linked, observation in our study was a Kv2.1 channel-dependent narrowing of action 451 

potentials following C-bouton activation. This is again consistent with recent reports of 452 

increased action potential half-width and a slowing of motoneuron firing when Kv2 channels 453 

are blocked14,26.  454 

While our findings are consistent with previous work demonstrating that Kv2.1 channels help 455 

maintain appropriate levels of repetitive firing in motoneurons14,26, the intracellular 456 
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motoneurons and are therefore relevant to desired motor output. The C-bouton system 513 

seems to be less active during regular motor tasks such as walking but is particularly 514 

important during locomotor behaviors that require increased muscle activation such as 515 

swimming8. Thus, V0c interneurons and their C-boutons are thought to provide task-516 

dependent modulation of motor output8. Here we report novel findings regarding both the 517 

organization and mechanisms of action of intraspinal cholinergic modulatory systems. We 518 

provide evidence in support of a modular architecture for spinal cholinergic systems, in line 519 

with that recently proposed for the locus coerleus69,70, where V0c interneurons represent one 520 

functionally distinct neuromodulatory module devoted to task-dependent control of the 521 

intensity of motor output. Meanwhile, we provide the first demonstration of the synaptic and 522 

cellular mode of action of C-bouton inputs to motoneurons, demonstrating a role in shaping 523 

the action potential and therefore firing patterns via modulation of Kv2.1 channels. Given 524 

similarities in the roles of supraspinal and spinal cholinergic modulatory systems in task or 525 

state-dependent modulation, the insight gained from our study is likely to provide new insight 526 

into cholinergic modulatory systems throughout the mammalian nervous system.  527 
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immunohistochemistry, ventral root duration and frequency, and properties of motoneurons 695 

from DREADD and control mice. Values of p<0.05 were considered statistically significant.  696 
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