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The intensity of muscle contraction, and therefore movement vigor, needs to be adaptable
to enable complex motor behaviors. This can be achieved by adjusting the properties
of motor neurons, which form the final common pathway for all motor output from
the central nervous system. Here, we identify roles for a neuropeptide, cocaine- and
amphetamine-regulated transcript (CART), in the control of movement vigor. We reveal
distinct but parallel mechanisms by which CART and acetylcholine, both released at C
bouton synapses on motor neurons, selectively amplify the output of subtypes of motor
neurons that are recruited during intense movement. We find that mice with broad
genetic deletion of CART or selective elimination of acetylcholine from C boutons
exhibit deficits in behavioral tasks that require higher levels of motor output. Overall,
these data uncover spinal modulatory mechanisms that control movement vigor to
support movements that require a high degree of muscle force.
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The generation of complex motor behavior is critically dependent on the ability to precisely
time the sequence of muscle activation and to regulate the amount of force produced by
muscles. Whilst the timing of muscle activation is largely encoded by integrated popula-
tions of spinal interneurons (1, 2), the strength of muscle activation, and subsequent
movement vigor, is determined by motor neuron output. Importantly, motor neuron
output is constantly adjusted to suit the task-dependent demands of diverse motor behav-
iors. These adjustments are often achieved by regulating cellular properties that determine
motor neuron recruitment and firing rates (FR) (3-5). A range of neuromodulatory
pathways, originating from higher centers and local interneurons, are responsible for this
regulation of motor neuron properties. For example, descending sources of brainstem-derived
monoamines amplify motor neuron firing by facilitating persistent inward currents (6-10).
One of the most prominent spinally derived neuromodulatory pathways for the regulation
of motor output is mediated by spinal VOc interneurons and their C bouton synapses at
motor neurons (11, 12).

The broad VO population of spinal interneurons, which are identified based on the
expression of the Developing Brain Homeobox 1 transcription factor (Dbx1), was one of
the first developmentally defined populations shown to provide direct input to motor
neurons (13). The VO population is composed of dorsal and ventral subpopulations
(14, 15). The ventral subpopulation includes a small subset that can be identified based
on the expression of the Paired-like homeodomain transcription factor 2 (Pitx2), which
is further subdivided into cholinergic (VOc) and glutamatergic (VOg) subsets (12).
Although VOc interneurons comprise only 2.5% of the cardinal VO population, they
represent the sole source of large cholinergic C bouton synapses at the soma and proximal
dendrites of motor neurons. VOc interneurons, and their C boutons, support the key
function of increasing motor output during tasks of increased motor demand (12).
Although significant knowledge exists regarding the pre- and postsynaptic machinery of
the C bouton synapse, the mechanisms by which this system adjusts motor output remain
to be fully resolved. The traditional view is that the release of acetylcholine from C boutons
increases motor neuron FR through the activation of postsynaptic M2 muscarinic receptors
leading to downstream effects on a range of ion channels including calcium-activated
potassium channels and Kv2.1 channels (12, 16).

Here, we reveal unique mechanisms by which VOc interneurons, and their C bouton
synapses, regulate motor neuron activity. We show that a poorly understood signaling
neuropeptide, the cocaine- and amphetamine-regulated transcript (CART), is expressed
in VOc interneurons at all levels of the spinal cord and in most C boutons. Functional
analysis reveals distinct yet parallel mechanisms for CART and acetylcholine in the ampli-
fication of the output of a subset of motor neurons, fast motor neurons, that are typically

PNAS 2023 Vol.120 No.39 2300348120

https://doi.org/10.1073/pnas.2300348120

Significance

A fundamental aspect of the
control of movement is the ability
to readily adjust the vigor of
muscle contractions. Here, we
describe a signaling pathway in
the spinal cord that enhances the
output of motor neurons, which
activate muscles to produce
movements. This pathway is
mediated by a peptide encoded
by the Cocaine-and-
Amphetamine-Regulated-
Transcript (CART). We show that
CART is present, along with
acetylcholine, in C bouton
synapses located on motor
neurons that are important for
generating vigorous movements.
We reveal that CART and
acetylcholine facilitate motor
neuron output through distinct,
but parallel mechanisms. These
findings provide insights into the
cellular mechanisms that control
movement and highlight
pathways that could be targeted
for the treatment of injuries and
diseases affecting movement.

Author contributions: G.B.M. and L.Z. designed research;
P.E.E., KP., S.AS., P.EA., MM, E. Tetringa, E. Tsape, and
L.Z. performed research; P.E.E., K.P.,, S.AS., P.EA., M.M.,
E. Tetringa, E. Tsape, and L.Z. analyzed data; G.B.M. and
L.Z. supervised the project; and P.E.E., K.P.,,S.AS., G.B.M.,
and L.Z. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"P.E.E. and K.P. contributed equally to this work.

2To whom correspondence may be addressed. Email:
Izagoraiou@bioacademy.gr.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2300348120/-/DCSupplemental.

Published September 21, 2023.

10f 12


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lzagoraiou@bioacademy.gr
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2300348120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2300348120/-/DCSupplemental
https://orcid.org/0000-0001-7425-3076
https://orcid.org/0000-0002-9612-6710
https://orcid.org/0000-0003-2316-1504
https://orcid.org/0000-0002-8624-4625
mailto:
https://orcid.org/0000-0003-4757-6077
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2300348120&domain=pdf&date_stamp=2023-9-21

engaged only during tasks that require high levels of motor output
(17). We found that CART facilitates the recruitment of fast but
not slow motor neurons, whereas cholinergic pathways increase
FR of fast motor neurons. Intriguingly, neither CART nor acetyl-
choline are critical for the formation or maintenance of C bouton
synapse structure, but they are important for the generation of
motor behaviors that require high levels of motor output. Together,
these findings support that CART represents a parallel signaling
mechanism at this important neuromodulatory synapse. Given
that cholinergic modulation of output neurons is a common fea-
ture of neural networks throughout the CNS (18-20), our results
are likely to be applicable to a range of networks and behaviors.

Results

CART Is Enriched in a Subset of Pitx2+ Spinal Interneurons.
With the aim to identify markers to distinguish homogeneous,
functionally defined subsets of interneurons involved in motor
control and locomotion, we have previously performed a microarray
screen (12) comparing the mRNA expression in the ventral and
dorsal parts of the lumbar spinal cord of mice at postnatal day 8
(P8; Fig. 14). We focused on genes that are preferentially expressed
in the ventral, lumbar spinal cord where locomotor circuits reside
(21). This screen resulted in the identification of 82 genes that were
expressed more than three-fold higher in the ventral compared
to the dorsal horn (12) two of which, Pitx2 and Short-stature
homeobox 2, have been previously described and are expressed
exclusively in the subsets of spinal interneurons that play key roles
in the control of motor neuron excitability and locomotor rhythm
generation, respectively (12, 22). This study focuses on one of the
genes highlighted by our screen, the Cars gene, one of the most
enriched transcripts in the ventral spinal cord, which encodes a
signaling peptide called CART that, following in situ hybridization,
was revealed to be expressed in a small interneuron subset in the
intermediate zone of the spinal cord. CART was found to be
expressed in a 3.4:1 ratio in the ventral compared to the dorsal
horn. Cart mRNA expression in P8 mice was detected in neurons
located near the central canal, in the motor neuron area (Laminae
VIII and IX), and the dorsal horn of the cervical (Fig. 1B), thoracic
(Fig. 10), and lumbar (Fig. 1 D and E) segments of the spinal
cord. In addition, Carrexpressing neurons were also detected in
the intermediate zone of the thoracic spinal cord, representing
sympathetic preganglionic neurons (SPNs) (87 Appendix, Fig. S1),
consistent with previous reports (23-25). A similar expression
profile was observed in the adult thoracic spinal cord (P25), where
Cart mRNA was observed near the central canal, in the motor
neuron area, in putative SPNs, and in the dorsal horn (Fig. 1F).

We next performed immunohistochemistry experiments to
examine the distribution of the CART peptide within the spinal
cord. Consistent with in situ hybridization, CART-labeled somata
were identified near the central canal, in the motor neuron area,
in regions where SPNis reside, and in the dorsal horn of the P8
upper lumbar spinal cord (Fig. 1G). CART-expressing neurons,
as revealed by immunohistochemistry, recapitulated the in situ
hybridization data in all spinal segments. Interestingly, we not only
detected CART immunoreactivity in somata but also in fibers in
the superficial dorsal horn, Laminae VII-X, and through the ante-
rior white commissure. A similar distribution of CART expression
was also observed in spinal cords obtained from mice at PO sug-
gesting that CART expression is also present at birth, albeit with
a lower intensity in the superficial dorsal horn (Fig. 1H).

We next set out to determine the identity of CART-expressing
neurons found near the central canal. Our attention was drawn
to clusters of CART+ neurons located lateral to the central canal,
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that appear at all spinal levels and were reminiscent of the VOcg
(Pitx2+) subsets of interneurons. As shown in Zagoraiou et al.
(12), the Pitx2 transcription factor defines two small interneuron
subsets of the VO population, the cholinergic VOc and the gluta-
matergic VOg, located in clusters close to the central canal and
forming columns running throughout the rostrocaudal axis. The
cholinergic VOc subset is known to be the sole source of cholin-
ergic C bouton synapses on the somata and proximal dendrites of
motor neurons. Therefore, should Pitx2 and CART expression
colocalize, a new marker and more importantly a potential neu-
rotransmitter for the VOcg interneurons may be at hand.

To test this hypothesis, we crossed a Pizx2::Cre (26) mouse line
with a Rosa.lsl.tdTomato (27) reporter line to express the fluores-
cent protein tdTomato in the tissues after excision of the
LoxP-flanked stop cassette by Cre recombinase. CART was
expressed in a subset of tdTomato-expressing somata (81%)
(Fig. 1 [-7ii and J-Jiii), suggesting the CART peptide may only
be expressed in a subset of Pitx2+ interneurons. Surprisingly,
99% of VOc interneurons, colabeled with choline acetyltrans-
ferase (ChAT) and tdTomato, were CART'+, specifically 98% in
cervical, 99% in thoracic, and 100% in upper lumbar levels
(Fig. 1 K~Kiv). On the other hand, CART was only found in
65% of tdTomato+ ChAT- VOg interneurons; 64% in the cer-
vical, 73% in thoracic, and 57% in lumbar segments. Additionally,
a second microarray screen was performed, further supporting
our findings. mRNA expression was compared between Pitx2+
interneurons and neighboring V2a Sox14+ interneurons, reveal-
ing CART mRNA 37.5 times enriched in the Pitx2+ population

compared to the Sox14+ one.

CART Is Localized in C Bouton Synapses. VOc interneurons give
rise to large cholinergic synapses called C boutons that are located
on the somata and proximal dendrites of alpha motor neurons
and are important for facilitating output during tasks that require
greater motor output (12). We therefore next examined CART
expression at C boutons to determine whether CART might be a
novel signaling peptide at this synapse. Immunohistochemistry for
CART demonstrated a high density of CART+ puncta in lamina
VIII and IX. We also detected some CART+ motor neuron somata
(ChAT+), as previously detected in the in situ hybridization
experiments (Fig. 2 A-Aii and SI Appendix, Fig. S2). Focusing
on lamina IX, the CART+ puncta were found to colocalize with
ChAT+ terminals on motor neurons of P8 (Fig. 2 B-Bii) and
P25 mice (Fig. 2 C-Cii), suggesting that CART may serve as a
second neurotransmitter at C bouton synapses. A heterogenous
distribution of CART immunoreactivity was observed within
the C bouton synapses (SI Appendix, Supplementary results and
Figs. S3 and S4), summarized in Table 1. Interestingly, other
synapses on motor neurons such as SHT (descending inputs),
vGluTT1 (sensory), and vGluT2 (mainly spinal excitatory) present
very low colocalization percentages with CART (87 Appendix,
Fig. S5). Specifically, we find that only 3.1% of vGluT1, 0.6%
of the vGluT?2, and 1.5% of the 5HT synapses contain CART.

Parallel Amplification of Motor Neuron Output by CART and
Acetylcholine. We next sought to investigate whether CART
provides an additional, physiologically relevant signaling
mechanism at C bouton synapses. Given that C boutons are
potent modulators of motor neuron excitability (16, 28), we
assessed whether CART could modulate the excitability of spinal
motor neurons. We also compared any effects of CART with
those of muscarine, which activates the predominant, known
acetylcholine-based signaling mechanisms at C bouton synapses.
We examined the effect of CART and muscarine on motor neuron
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Fig. 1. CART and Pitx2 expression in the spinal cord partially overlap. (4) Schematic representation of the tissue dissected for the ventral vs. dorsal horn microarray

screen. Tissue between dotted lines was discarded. (B-E) Cart mRNA detection in all levels of P8 mouse spinal cord as revealed by in situ hybridization. (F) Cart
MRNA detection in P25 spinal cord. The presence of Cart mRNA is mainly concentrated in the pericentral canal region as well as in some motor neuron somata.
(G and H) CART neuropeptide detection in spinal cord cross sections of P8 (G) and PO mice (H). (/-/ii) Partial codetection (yellow) of CART (green) and tdTomato
(red) in the Pitx2 expressing neurons from spinal cords of Pitx2::Cre;Rosa.lsl.tdTomato mice (PO). (/, Ji and Jiii) High magnification of the pericentral canal region
(/), cropped neurons presented in separate panels [merge-/i, tdTomato (red)-Jii, CART (green)-Jiii]. Some tdTomato+ neurons coexpress CART (tdTomato+/CART+
neurons), only one is indicated by a white arrowhead for simplicity; tdTomato+/CART- neurons are also observed (P0). (K-Kiv). VOc cholinergic neurons coexpress
CART (tdTomato+/ChAT+/CART+, red/blue/green, respectively, white arrowheads, K). Cropped neurons presented in separate panels [merge-Ki, tdTomato (red)-
Kii, CART (green)-Kiii, ChAT (Cyan)-Kiv]. Noncholinergic (VOg) Pitx2 neurons can be subdivided into CART expressing (tdTomato+/CART+/ChAT-, red and green)
and non expressing (tdTomato+/CART-/ChAT-, red only) (P0). [Scale bars, 100 pm (G-/), 20pm (/ and K).]

recruitment and FR, which are two key mechanisms for the
gradation of muscle force.

Previous work has reported higher densities of C boutons on
fast compared to slow-type motor neurons (29), in addition to
differences in the postsynaptic structures located at C bouton
synapses that contact different types of motor neurons (30, 31).
We thereforeinvestigated whether CART oracetylcholine-mediated
modulation of the intrinsic properties that shape the recruitment
or FR of motor neurons varied for fast vs. slow-type motor neu-
rons from animals aged P7 to P12. Motor neuron subtypes were
identified based on their repetitive firing profiles (32, 33) with

fast motor neurons identified by a delayed firing and accelerating
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FR (Fig. 344 n = 21) and slow motor neurons identified by an
immediate onset of repetitive firing and steady or adapting FR
(Fig. 34ii; n = 16). Consistent with these two populations rep-
resenting fast and slow motor neuron types, and in line with
previous work (32, 33), delayed firing motor neurons had a lower
input resistance (Fig. 34iii; t(33)= 4.7, P = 4.3¢-5) and a higher
rtheobase (Fig. 3A4iii; t(34) = 4.96, P = 2.1e-5), along with other
differentiating intrinsic properties (summarized in SI Appendix,
Fig. S6).

Having confirmed techniques to physiologically distinguish fast
vs. slow-type motor neurons, we next investigated the effects of
CART (1 pM) or muscarine (10 uM) on the intrinsic properties
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Fig. 2. CART detection in C bouton synapses and in a subset of spinal motor neurons. (A, Ai and Aii) Immunohistochemistry in P25 mice with antibodies against
ChAT (red) and CART (green) reveals the presence of CART puncta in the motor neuron area, specifically on motor neuron membranes. CART immunoreactivity is
also observed in a few motor neuron somata (white arrowhead). (Scale bar, 20 pm.) (B, Bi and Bii) Colocalization of ChAT (red) and CART (green) in the cholinergic
C bouton synapses on motor neurons of P8 mice. (C, Ci and Cii) C bouton synapses of P25 mice also contain CART. (Scale bars, 2 um (B and C).]

of these motor neuron subtypes (L1 - L6 spinal segments).
Interestingly, both CART and muscarine selectively modulated
several intrinsic properties in fast motor neurons only. Specifically,
CART hyperpolarized the resting membrane potential (RMP)
(Fig. 3 Bi, Bii, and Ci; F (1.6,29) = 19.7, p = 2.2¢-5) and increased
the input resistance (Fig. 3Cis; F (1.6, 30.6) = 7.6, P = 0.003),
which translated to a reduction in the recruitment current (Fig. 3
Di and Diii; F (1.6, 30.6) = 3.5, P = 0.05), in fast- but not
slow-type motor neurons (Fig. 3 D7 and Diii). In a subset of exper-
iments (n = 5), we applied CART in the presence of TTX and
reproduced the increase in input resistance and hyperpolarization
of RMP in fast motor neurons (S/ Appendix, Fig. S7). The decrease
in recruitment current of the largest fast motor neurons led to an
increase in the recruitment gain across the motor pool (Fig. 3Div).
Consistent with previous reports (28, 34), we found that muscar-
ine had a range of effects on motor neuron intrinsic properties.

https://doi.org/10.1073/pnas.2300348120

However, these effects were most robust in fast-type motor neu-
rons (n = 12), with no significant changes in the slow-type motor
neurons (n = 7). In the fast motor neurons, muscarine depolarized
the RMP (Fig. 3 Bi, Bii, and Ci: F (1.7,15.3) = 13.9, P = 5.4e-4),
but did not change the input resistance (Fig. 3Ci7) or recruitment
current (Fig. 3 Ei~Fiv).

Both CART and muscarine also produced complementary
modulation of fast but not slow motor neuron FR, assessed
during slow depolarizing current ramps. CART increased FR at
the lower end of the frequency current range (minimum FR:
Fig. 4 Ai and Bi; F (1.9,31.2) = 6.6, P = 0.005) and FR at 2x
recruitment (Fig. 4B73; F (1.8,29.7) = 3.4, P = 0.04), with no
change in maximal FR (Fig. 4Biii; F (1.8,29.8) = 1.2, P = 0.3)
in fast but not slow motor neurons (Fig. 4 Aii and Bi—Biii). In
contrast to CART, muscarine did not change the FR at recruit-
ment (Fig. 4 A7 and Bi; F (1.3,12.7) = 1.8, P = 0.2) but did
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Table 1.

Distribution of CART immunoreactivity patterns

Distribution of CART immunoreactivity patterns in the C boutons synapse in different ages

Age groups
Patterns P10 P25 8 to 9 wk 6 mo 1yold
Compact 7.2% 9.3% 6.8% 7.8% 14.7%
Puncta along the synapse 15.4% 16.7% 23.1% 29.4% 24.1%
1-3 puncta 31.6% 30.9% 27.6% 26.4% 27.2%
Peripheral puncta 19.2% 12.5% 11.7% 18.4% 19.6%
No CART 26.6% 30.6% 30.8% 18% 14.4%

Inthe P10, P25, 8 to 9 wk, 6 mo old, 1-y-old age groups (n = 3 mice per age group), a mean of 544 synapses per motor neuron (1,208 um optical section thickness) were evaluated in lumbar
segments (14 pm slices). The percentage of CART+ C bouton synapses differs depending on age.

increase the FR at 2x recruitment (Fig. 4Bii: F (1.4,13.2) =9.2,
P =0.006) and the maximal FR (Fig. 4Biii: F (0.9,7.8) =7.6, P
= 0.03) in fast but not slow motor neurons (Fig. 4 Aii and Bi—
Biii). Both action potential rise time and half-width were unal-
tered by CART or muscarine (S/ Appendix, Tables S1 and S2).
CART and muscarine produced opposing control of the medium
afterhyperpolarization (mAHP). CART increased the amplitude
(Fig. 4 Ciand Ds; F (1.2, 20.4) = 12.9, P = 0.001) and half-width
(Fig. 4Dii; F (1.6, 27.1) = 5.3, P = 0.02) of the mAHP of fast
but not slow motor neurons (Fig. 4 Cii, Di, and Dii). Muscarine
reduced the mAHP amplitude (Fig. 4 Ciii and Di: F (1.6,13.7)
= 19.7, P = 2.3e-4) and half-width (Fig. 4Dis; F (1.6,13.7) =
10.7, P =0.002) in fast but not slow motor neurons (Fig. 4 Civ,
Di, and Dii). The electrophysiological responses of motor neu-
rons to CART did not differ between males and females or across
spinal segments (87 Appendix, Fig. S8).

Together, these data indicate that CART indeed affects motor
neuron excitability. The two neurotransmitters, CART and ace-
tylcholine, increase motor output through differential control of
motor neuron subtypes via two key mechanisms that are impor-
tant for the gradation of muscle force, with CART increasing
recruitment and FR at the lower end of the input range and ace-
tylcholine increasing FR throughout much of the input range
without affecting recruitment or FR at recruitment.

CART and Acetylcholine Are Not Essential for the Formation
and Maintenance of C Bouton Structure. Having identified
CART as a unique signaling molecule that is present alongside
acetylcholine at C bouton synapses, we next set out to determine
the relative importance of the two signaling pathways and what
roles, if any, they may play in supporting the structural integrity
of C bouton synapses (Fig. 5 A-Q). To address this, we studied
C bouton synapses in P25 mice, identified with antibodies
against vAChT and ChAT, when CART was globally knocked
out (35) or ChAT conditionally deleted from VOc interneurons
and their efferent C boutons (Dbx1::Cre; ChAT'™), (36-38).
As expected, we detected no immunoreactivity for the CART
peptide in CART*”*° mice (Fig. 5C). Strikingly, despite the
absence of CART, C bouton synapses on motor neuron somata
(ChAT'+) remained well formed and appeared morphologically
unaltered as confirmed by both ChAT (Fig. 5Cii) and vAChT
immunoreactivity (Fig. 5Cii). This result suggests that
despite the complete absence of CART peptide, C bouton
terminals remain structurally intact and develop in a manner
consistent with control mice (Fig. 5 A-Aiii). The assessment
of the conditional elimination of the ChAT gene from VOc
interneurons yielded similar results (Fig. 5 F~Eiii). Despite the
absence of the ChAT enzyme (Fig. 5Fii), CART peptide was still
detected (Fig. 5F7) in C bouton synapses as revealed by vAChT
labeling (Fig. 5Eiii), suggesting that C bouton gross anatomy
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remains intact, and that CART peptide expression is unaltered
and independent of the presence of acetylcholine (schematic
representations Fig. 5 B, D, and F).

We next considered the possibility that CART and acetylcholine
may serve parallel roles in supporting C bouton synapses, such
that the deletion of one could support synapse integrity in the
absence of the other. We therefore examined C boutons in double
knockout mice (KO), with both global KO of CART and
VOc-selective deletion of ChAT (Dbx1 =Cre; ChAT". CART<O’%©,
double KO) (81 Appendix, Fig. S9). However, examination of the
C bouton synapses on the somata of motor neurons of double KO
mice using the cholinergic marker vVAChT revealed that the C
boutons remain detectable despite the absence of ChAT and
CART (Fig. 5 G-Jiii). No difference was observed in the number
of vAChT+ C boutons in double KO mice compared to WT
(Mann—Whitney U = 1,867, P = 0.6730 two-tailed; Fig. 50 and
SI Appendix, Table S3) nor in the size of vVAChT+ terminals
(Mann—Whitney U= 25,733, P=0.0666 two-tailed; S/ Appendix,
Table S4).

We also considered the possibility that deletion of CART and
ChAT could influence the clustering of the key receptor expressed
on the postsynaptic membrane at C bouton synapses. We there-
fore examined the postsynaptic M2 receptors (Fig. 5 K—Niii).
We found no difference in either the total number of M2 receptor
clusters on motor neuron somata (Mann-Whitney U= 1,001, P
= 0.4402 two-tailed; Fig. 5P and SI Appendix, Table S3) nor in
the size of M2 receptor clusters (Mann-Whitney U = 25658,
P =0.0537 two-tailed; SI Appendix, Table S4). The number of
M2 receptor clusters aligned with vAChT+ boutons also
remained unaltered in double KO mice compared to wildtype
controls (Mann—Whitney U = 963, P = 0.2880 two-tailed;
Fig. 5Q and S7 Appendix, Table S3). Together, these data suggest
that neither CART nor acetylcholine is essential for the mainte-
nance of the pre- and postsynaptic structure of C boutons, given
that we find no change in C bouton number, gross synapse mor-
phology and size, or postsynaptic organization and M2 cluster
size in double KO mice with VOc specific deletion of ChAT and
global CART KO.

CART and Acetylcholine Are Critical Signaling Molecules for
Vigorous Motor Behaviors. Given that CART is expressed at
C boutons and provides amplification of motor neuron output
in parallel with acetylcholine-mediated signaling, we next set
out to determine whether perturbing CART or acetylcholine
signaling at C boutons could influence motor behaviors that
require greater levels of strength and muscle coordination. We
deployed a hanging wire test, which requires mice to recruit
multiple muscle groups of the torso and limbs, providing a
useful tool to evaluate possible impairments in high muscle force
exertion, and coordination. In this task, mice are positioned on
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Fig. 3. CART but not muscarine facilitates the recruitment of fast but not slow-type motor neurons. (Ai and Aii) Representative trace of fast (Ai: orange) and
slow (Aii: gray) motor neurons identified with whole-cell patch-clamp electrophysiology. (Aiii) Scatter plot of input resistance and recruitment current (rheobase)
demonstrate that fast motor neurons have a high rheobase and low input resistance, whereas slow-firing motor neurons have relatively low rheobase and
high input resistance. (Bi and Bii) Representative traces depicting the effects of CART (1 pM; green) and muscarine (10 uM; purple) on the membrane potential
of fast (Bi) and slow (Bii) motor neurons. (Ci) CART (C) and muscarine (M) produce opposing effects on the resting membrane potential (RMP) of fast (orange)
motor neurons but do not alter the RMP of slow (gray) motor neurons. (Cii) CART (C) increases the input resistance of fast (orange) but not slow (gray) motor
neurons. Muscarine (M) does not affect input resistance of fast or slow motor neurons. (Di and Dii) Representative trace of the subthreshold voltage trajectory
and onset of repetitive firing during a slow depolarizing current ramp (applied at 100 pA/s) in fast (Di) and slow (Dii) motor neurons both before (black traces)
and after application of 1 pM CART (green traces). (Diii) CART significantly reduces the recruitment current in fast (orange) but not slow motor neurons (gray).
(Div) Cumulative proportion histogram of motor neuron recruitment currents depicts an increase in the recruitment gain of the sample of motor neurons studied
before (black) and after CART (green). (i and Eii) Representative trace of the subthreshold voltage trajectory and onset of repetitive firing in fast (£i) and slow
(Eif) motor neurons both before (black traces) and after application of 10 uM muscarine (purple traces). (Eiii) Muscarine did not alter the recruitment current in
fast (orange) or slow motor neurons (grey) and did not change the recruitment gain (Eiv). Al measurement were made at baseline (B), following drug application
[CART (C), muscarine (M)], and following a wash period with regular aCSF (W). Asterisks denote significance (*P < 0.05, **P < 0.01, ***P < 0.001. ****P < 0.0001)
from Holm-Sidak post hoc following 2 factor (Repeated measures) ANOVA.

an elevated wire from which they hang with all four limbs. The bouton-specific deletion of ChAT, or both manipulations in
number of times that animals reached the end of the hanging tandem (double KO).

wire, during a 3-min period, was counted as an indirect measure Adult mice that had ChAT deleted from C boutons
of muscle strength and endurance (39—-41). Motor performance (Dbx1::Cre; ChPAT™ 1 = 22, mean + SEM = 4.59 + 0.65) exhibited
on this task was assessed in mice with global CART KO, C  asignificant decrease in the number of times they reached the end
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Fig.4. CART and muscarine modulate distinct components of frequency-current relationship and produce opposing control of mAHP in fast but not slow-type
motor neurons. (Ai) Representative frequency-current plots depicting changes in FR during a slow (100 pA/s) depolarizing current ramp for fast motor neurons
before (black) and after CART (green) or muscarine (purple). (Aii) Representative frequency-current plots depicting FR on current ramp for slow motor neurons
before (black) and after CART (green) or muscarine (purple). (Bi-Biii) Effect of CART and muscarine on FR at recruitment, 2x recruitment current, and maximum.
(Bi) CART significantly increases the FR of fast but not slow motor neurons at recruitment (minimum FR) and 2 times recruitment current (Bii) but does not
alter maximal FR (Biii), whereas muscarine does not alter FR for fast motor neurons at recruitment (Bi), but does increase FR at 2 times recruitment current
(Bil) and maximal FR (Biii). Neither CART nor muscarine alter FR of slow motor neurons. (Ci and Cii) Representative trace of the mAHP in fast (Ci) and slow (Cif)
motor neurons both before (black traces) and after application of 1 pM CART (green traces). (Ciii and Civ) Representative trace of the mAHP in fast (Ciii) and slow
(Civ) motor neurons both before (black traces) and after application muscarine (purple traces). (Di) CART significantly increases, whereas muscarine decreases
the amplitude of the mAHP in fast motor neurons. Neither CART, nor muscarine, alter the mAHP amplitude of slow motor neurons. (Dii). CART significantly
increases, whereas muscarine (M) decreases the half-width (HW) of the mAHP in fast motor neurons but do not alter the mAHP HW of slow motor neurons. All
measurements were made at baseline (B), following drug application [CART (C), muscarine (M)], and following a wash period with regular aCSF (W). Asterisks
denote significance (*P < 0.05, **P < 0.01, ***P < 0.001. ****P < 0.0001) from Holm-Sidak post hoc following 2 factor (Repeated measures) ANOVA.

of the wire compared to control mice (C/}ATﬂ/ ﬂ mice, n = 23, mean to wild type control mice (n = 11, mean + SEM = 9.27 + 1.04, t(26)
+ SEM = 7.09 + 0.90; t(43) = -2.28, P = 0.031). Data from male =-2.89, P=10.008), providing strong evidence of a behavioral deficit
and female mice were combined as there were no significant differ-  in the CART KO mice; however, this effect was specific to males
ences between sexes in Déx1::Cre;ChAT ™ mice (n =11, mean + only (Fig. 6B). The female CART KO mice (n = 16, mean + SEM
SEM =5.09 + 1.11 for female and n = 11, mean + SEM = 4.09 + =9.94 + 1.56) did not differ significantly in the number of reaches
0.72 for male mice, t(20) = 0.757, P = 0.459) or ChAT™ mice (n from their wild type counterparts, (n = 11, mean + SEM = 7.55 +
= 13, mean + SEM = 646 + 091 for female and 1.57,t(25) = 1.04, P=0.307), (Fig. 6C). Data from male and female
n = 10, mean + SEM = 7.9 + 1.73 for male mice t(21) = 0.785, mice were not combined as there was a significant difference between
P =0.441). This result indicates that motor performance related to male and female CART*? © mice (n = 16, mean + SEM = 9.94 +
strength is diminished when mice have the ChAT gene exclusively 1.56 for female and n = 17, mean + SEM = 5.76 + 0.7 for male mice,
eliminated in VOc interneurons (Fig. 64). Consistent with animals t(20.92) = -2.44, P = 0.024). A similar, significant decrease in the
that had ChAT eliminated from C boutons (Déx1::Cre;ChAT™), number of times the end of the wire was reached was found in male
CART KO mice (CARTKO/KO, n =17, mean + SEM = 5.76 + 0.70) mice lacking both CART globaljl‘}l and ChAT exclusively from VOc
also reached the end of the wire significantly fewer times compared interneurons (Dbx1:: Cre; ChAT" CART*%° 1~ 21, mean + SEM
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Fig.5. Grossanatomy of C boutons remains unchanged
after genetic elimination of CART and ChAT from the
synapse. (A-Aiii) C boutons on somata of motor neurons
of wild-type mice are marked by CART (blue) and the
cholinergic markers ChAT (red) and vAChT (green). (B)
Schematic representation of a motor neuron receiving
C boutons containing acetylcholine (red) and CART
(blue). (C-Ciii) ChAT (red) and VAChT (green) expression
are not disrupted in C boutons of CART**C mice. (D)
Schematic representation of a motor neuron receiving
C boutons containing acetylcholine (red) only. (E-Eiii)
CART (blue) and VAChT (green) expression are not
disrupted following the genetic deletion of ChAT in VOc
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interneurons. (F) Schematic representation of a motor
neuron receiving C boutons containing CART (blue) only.
(G-Giii) CART (blue), ChAT (red), and vVAChT (green) are
present in C boutons of herterozygous ChAT"";CART*"*
mice. The white arrowhead points to one representative
triple-positive C bouton. (H-Hiii) High-magnification
image showing the colocalization of CART (blue),
ChAT (red), and VAChT (green) in individual C boutons.
(I-liii) Despite the conditional knockout of ChAT and
the complete knockout of Cart in Dbx1:Cre;ChAT"
- CART*® mice, the presynaptic components of C
boutons remain intact, as evident by the presence
of VAChT (green). The white arrowhead points to one
CART-/ChAT- C bouton that expresses VAChT. (/-/iii)
High-magnification image showing the presence of
VAChT (green) in individual C boutons that lack both
ChAT and CART. (K-Kiii) The ChAT+/VAChT+ C boutons
(blue and green respectively) on motor neurons of
control ChAT"*;CART®"* mice are in close apposition
to M2 muscarinic receptor clusters (red). The white
arrowhead points to a ChAT+/M2+/VAChT+ C bouton.
(L-Liii) High-magnification image showing the alignment
of the postsynaptic M2 muscarinic receptor (red) with
the ChAT+/VAChT+ presynaptic part of the synapse
(red and green respectively). (M-Miii) Postsynaptic
clustering of M2 receptors (red) with presynaptic
VAChT (green) is unaltered in Dbx1::Cre;ChAT":CART*/
0 double KO mice. The white arrowhead points to a
VAChT+/M2+ synapse. (N-Niii) High-magnification image
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=3.9 + 0.50) compared to control mice (n = 28, mean + SEM =
5.68 + 0.57, t(47) = -2.25, P = 0.029), (Fig. 6D) suggesting a
sex-specific motor deficit for this particular _genotype. The female
counterparts (Dbx1::Cre; ChAT"; CART  n = 15, mean + SEM
=6.33 £ 0.98) did not differ significantly compared to control mice
(n = 25, mean + SEM = 6.16 + 0.58, t(38) = 0.163, P = 0.872),
(Fig. 6 £ and F). Data from male and female mice were not

https://doi.org/10.1073/pnas.2300348120

combined as there was a significant difference between male and
female Dbx1 :.'Cre;C/aAYﬂﬂ;CARTKO/KO mice (n = 15, mean + SEM
=6.33 +0.98 for female and n = 21, mean + SEM = 3.90 + 0.49 for
male mice, t(34) = -2.39, P = 0.023).

Together, these results indicate that CART and acetylcholine
exhibit parallel roles in the control of motor behavior, with a
particular role for CART in male mice.
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Discussion

Spinal circuits composed of distributed populations of interneu-
rons support a diverse array of functions including the control of
movement. Much of what we have learned about roles for spinal
interneurons for the control of movement has been derived from
the study of locomotor movements that can be broken into prop-
erties related to the rhythm and pattern (2, 42, 43). However,
complex behaviors are critically dependent on the ability to fine-
tune the degree of precision and vigor of the underlying move-
ments. Here, we describe new mechanisms by which VOc
interneurons and their C bouton synapses facilitate motor output
to increase movement vigor.

Our previous work identified a subset of spinal cholinergic
interneurons, called VOc interneurons that are defined by the expres-
sion of the transcription factor Pitx2, and constitute the sole source
of C bouton synapses on motor neurons. The C bouton synapse is
believed to be an important neuromodulatory synapse that
task-dependently increases motor output in mammals (12, 16).
Presynaptic components of C boutons (VOc terminals) include
cholinergic markers ChAT and vAChT, (44, 45) along with
Synaptobrevin (Vamp2) (46), ErbB2/4 receptors (47), P2X7R
purinergic receptors, and possibly Nicotinic Acetylcholine Receptors
(48, 49). The postsynaptic membrane aligned with C bouton
terminals houses N-type calcium channels (50), Ca2+-dependent-K+
channels (SK2/3) (31), calcium-activated chloride channels (30),
and ErbB3/4 receptors (51). In the Subsurface Cisterns of C bou-
tons, Sigma-1 receptors (52), connexin32 (53, 54), indole-N-methyl
transferase (52), and Neuregulin 1 (55) have been identified. The
wide range of proteins localized to pre- and postsynaptic regions of
C boutons points toward a particularly complicated multicompo-
nent synapse. Here, we have demonstrated further complexity to
this synapse, by revealing a neuropeptide, encoded by the Carz gene,
in VOc interneurons at all levels of the spinal cord and in the vast
majority of the cholinergic C bouton synapses on motor neurons.
These initial anatomical data led us to investigate whether CART
may provide a novel complementary signaling mechanism at this
important neuromodulatory synapse.

CART was first described in the rat striatum as a hyper-expressed
mRNA after cocaine and amphetamine administration (56). Since
then, CART has been detected throughout the CNS and has been
linked to multiple functions, such as olfaction and vision (24, 57)
pain processing (24, 58, 59), addictive behavior (60, 61), regula-
tion of appetite, and body weight (35, 62, 63) as well as stress
responses and anxiety (64—66). In the spinal cord, CART has been
previously traced in fibers in laminae I and II of the dorsal horn,
in some somata in laminae X and VII, and in SPNs (24, 25, 67).

The fact that we detected CART in synapses on motor neurons
raised the question of its involvement in motor control. KO of
CART exerted functional consequences and led to a poorer per-
formance on the hanging wire test, a motor task that requires
increased muscle strength and endurance, pointing to an important
role in motor control (Fig. 6B). Surprisingly, this deficit was only
observed in males. This finding is perhaps not entirely unexpected,
given that sex differences regarding CART expression during a
stressful and demanding motor task have been previously observed
(68). Also, changes have been observed in C boutons, specifically
in males, during disease (69-71). Although there are currently
limited tools (conditional KO mice, agonists, antagonists) available
to study CART’s specific role in motor control, it is possible that
this behavioral deficit might be due to the loss of CART in other
areas of the CNS. For example, hypothalamic circuits that involve
CART signaling, related to motivation and reward, could affect
the overall performance. Moreover, we cannot exclude that the lack
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of CART from the CART+ proportion of VOg neurons could also
play a role in the motor deficits observed in our behavioral task.
However, this is unlikely since we find no direct connections from
VO0g interneurons to motor neurons (12). Our in vitro electrophys-
iological analyses provided evidence that CART influences spinal
circuits. Here, we show that CART and acetylcholine provide dif-
ferential control of motor neuron subtypes that innervate different
muscle fibers; with a bias toward motor neuron subtypes that
innervate high-force generating, fast-twitch muscle fibers that are
generally recruited during tasks that require increased levels of
muscle force (S Appendix, Fig. S10 A-D). Interestingly, CART
and acetylcholine accomplish this control through distinct yet
parallel physiological mechanisms for the gradation of muscle force
with CART decreasing the recruitment current and the acetylcho-
line agonist muscarine increasing FR across much of the frequency
current range. While differential control of motor neuron subtypes
that innervate axial muscles has been described in zebrafish
(72, 73), this is the first demonstration that multiple neuromod-
ulators released from the same synapse on hindlimb motor neurons
can produce complementary control through distinct, but parallel
mechanisms. Based on our interdisciplinary approach, we can now
correlate these single-cell mechanisms to changes in animal behav-
ior, since we observed that lack of CART in male mice leads to
poorer motor performance. It remains to be determined whether
peptidergic cotransmission involving CART is a common feature
of other cholinergic modulatory systems that regulate the output
neurons of a range of neural networks (18-20).

The postsynaptic receptors and target ion channels that mediate
CART and acetylcholine’s differential control of motor neuron sub-
types are not yet known. However, differences in ion channels that
control the recruitment and FR of fast and slow motor neurons are
beginning to be described and could contribute to their differential
modulation (31, 33). For example, monoamines including 5SHT and
norepinephrine have been shown to augment motor neuron firing
by activating sodium and calcium channels that conduct persistent
inward currents (6-10). SHT fibers are present at the distal dendrites
(74) and the axon initial segment (75) of motor neurons where the
sodium and calcium channels that conduct persistent inward cur-
rents are distributed (76—79). SHT fibers are also found around V0c
interneurons (12). Given our new work, it is possible that SHT could
indirectly facilitate motor neuron output through these inputs to
VO0c interneurons. While it has not yet been shown whether SHT
can modulate the excitability of VOc interneurons, one could spec-
ulate that serotonergic modulation of VOc interneurons could work
in parallel with cholinergic and CART signaling at somato-dendritic
compartments to facilitate motor neuron output.

The intrinsic properties of hindlimb motor neurons studied both
in vitro and in vivo have not been found to differ between sexes
(33, 80). However, sex differences in human motor unit function
are beginning to be described (81-84), lending the possibility that
sex differences in motor function may arise from a divergence in
their neuromodulatory control. In support of this notion, we found
specific deficits in motor function in male mice, which is in line
with previous anatomical studies that report greater C bouton inner-
vation of fast compared to slow motor neurons in male mice (71).
In contrast to behavioral analyses conducted in adult animals, we
did not detect any sex differences in the effects of CART on spinal
motor neurons in postnatal mice, which is consistent with anatom-
ical studies at similar developmental stages (69). Although C bou-
tons can modulate spinal motor output as early as the first postnatal
week (16), they undergo considerable maturation of their molecular
composition through the first and second postnatal weeks (50),
which occurs in parallel to changes in cholinergic modulation of
motor neurons during this time (34, 85). Testosterone has been
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Fig. 6. Behavioral effects of the complete KO of the Cart gene and the
conditional KO of the ChAT gene in C boutons. Hanging wire test analysis
(reaches method) for monitoring muscle strength in mice lacking ChAT in
C boutons or CART or of both. Muscle strength is reflected by the number
of times that each mouse reaches the end of the wire trying to escape after
being positioned to suspend from the middle of a 55cm long wire (reaches). (A)
Dbx1:Cre;ChAT" mice (males and females combined) performed significantly
fewer reaches than the control ChAT"” littermates (P = 0.031, two-tailed). (B)
CART KO male mice performed significantly fewer reaches than the CART™*
male mice (P = 0.008, two-tailed). (C) There were no significant differences
between the CART KO female mice and the CART"* female mice in the number
of reaches performed (P = 0.307, two-tailed). (D) Dbx1::Cre;ChAT"; CARTAO/K°
male mice performed significantly fewer reaches than the control male mice
(P =0.029, two-tailed). (F) There were no significant differences between the
Dbx1::Cre;ChAT":CART*Y¥© female mice and the control female mice in the
number of reaches performed (P = 0.872, two-tailed). Data are expressed as
mean (+SEM). *P < 0.05, **P < 0.01. (F) Illustration of the mice in the starting
position of the hanging wire test suspended by all four limbs from the middle
of the wire in the behavioral apparatus.

demonstrated to influence the number and size of synapses on motor
neurons (86, 87); therefore, it is possible that sex differences in neu-
romodulatory control of motor neurons may emerge at stages later
than the second postnatal. Regarding CART receptors, recent studies
have pinpointed the G-Protein-Coupled-Receptor (GPCR) Gpr160
as a putative receptor for the CART peptide, proposing that CARTp/
Gprl160 signaling in the dorsal horn of the spinal cord mediates neu-
ropathic pain through a c-fos and ERK/CREB pathway (88).
Furthermore, CARTp/Gpr160 coupling in the rat brainstem has
been proven necessary for the anorexigenic and antidipsogenic effects
of exogenous CART administration (89). The identity of the CART
peptide receptor in the ventral horn and in particular in the motor
neuron membrane remains to be determined; however, its discovery
will have the potential to reveal the intracellular signaling mechanisms
initiated by CART-motor neuron communication.

C bouton source neurons (Pitx2+ and CART4+), the VOc
interneurons, were traditionally believed to increase motor output
by releasing acetylcholine that acts on M2 muscarinic receptors.
Given that chemogenetic activation of VOc interneurons produced
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only a subset of the effects exerted by global pharmacological
activation of muscarinic receptors (16, 28, 34), it has been sug-
gested that C boutons produce a distinct set of cholinergic mod-
ulatory actions on motor output, with other effects produced by
additional, as yet undefined, cholinergic inputs. However, here
we show that CART replicates a subset of the effects of chemoge-
netic activation of VOc interneurons that are not elicited through
pharmacological activation of muscarinic receptors, which
includes decreased rheobase, increased input resistance, and
increased mAHP amplitude. This result suggests that the CART
and acetylcholine may provide comodulation of motor neurons
at C boutons synapses. The diversity in modulatory actions
between studies could be accounted for by distinct control of fast
and slow motor neuron subtypes, which is only beginning to be
studied. The diversity in CART function, apart from the recipient
motor neuron, is also reflected in the diverse CART expression
profiles at C bouton synapses, which were previously believed to
be a homogenous synapse. CART is found in most C boutons in
different patterns, all of which could be observed throughout the
animals’ lifespan (Table 1). In line with our observations, diversity
in synapse nanostructure, arising from different inputs, has been
reported to also change in ventral vs. dorsal areas, during devel-
opment and through adulthood (90). Further, VOc interneuron
diversity can also be accounted for by ipsilaterally and bilaterally
projecting populations (91). C bouton diversity is further sup-
ported by the demonstration that VOc interneurons subdivide into
connexin36 positive and negative subpopulations (92). This gap
junction protein is also differentially distributed in C boutons,
with fast motor neurons having a greater abundance of connexin
36+ terminals than slow motor neurons. Thus, even within a small
subset of functionally defined spinal interneurons, the VOc subset,
we find that there is marked diversity with respect to their anatomy
and function depending on source neurons, target motor neuron
subtypes, and also sex. This highlights perhaps unexpected but
marked diversity in a prominent neuromodulatory synapse, the
C bouton synapse, that was once believed to be homogeneous.

The diversity of synaptic components in C bouton synapses, in
conjunction with our findings of their functional role, reveals a
highly complex and specified component of the motor circuit with
a well-defined purpose. Strikingly, we find that the establishment
of the VOc-motor neuron synaptic contacts, which are regulated
by signals during development, seems to be oblivious of the neu-
rotransmitter content of the C boutons, since the genetic elimi-
nation of CART, acetylcholine, or both, did not seem to affect the
presence or alter the anatomy of the C bouton synapse nor of its
pre- and postsynaptic components. This finding lays the ground-
work for the investigation of the wiring of interneuronal motor
circuits during development and the elucidation of the importance
of functional output for target selection and structural stability of
synapses during ontogeny.

In conclusion, we have identified CART neuropeptide together
with acetylcholine in the C bouton synapse on motor neurons
and propose a unique role for CART at these synapses, which is
important for the neural control of movement. CART facilitates
recruitment and FR at the lower end of the input range of fast-type
motor neurons, while acetylcholine augments maximal FR
throughout most of the input range of fast-type motor neurons.
Thus, differential neuromodulatory control via acetylcholine and
CART may serve as a means to more effectively fine-tune muscle
activation and force generation and may act in parallel to the
descending monoaminergic input. This unique mechanism for
adjusting the gain of motor output may be applicable to cholin-
ergic modulatory systems throughout the CNS.
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Materials and Methods

Detailed information on material and methods used in this study are found in
Sl Appendix.

Mouse Lines. The following mouse lines were used for experiments: Pitx2::Cre
(26), Rosa.stop.tdTomato (27), Dbx1::Cre (36), ChAT"™ (37, 38), CART"? (35), all
maintained on a C57/BI6 background, along with wild-type mice. All experiments
were approved by the respective animal welfare authorities. The sex of the animal
was considered in all experiments and data were analyzed accordingly where sex-
dependent differences were present. Individuals of ages from PO to 4 to 6 mo old
were used, with the respective ages being mentioned in the relevant results sections.

Immunohistochemistry and Imaging. Intact spinal cords were isolated via
ventral vertebrectomy from perfused animals. All Immunohistochemistry experi-
ments were performed in spinal cord cryo-sections of 15 to 20 pm. Sections were
washed and incubated in primary and then secondary-fluorescent antibodies,
before being observed under the confocal microscope.

Electrophysiology and Pharmacology. Experiments were performed on male and
female wild-type C57 BIJ/6 mice from postnatal days 7 to 12 (n = 30). Whole-cell
patch-clamp recordings were obtained from motor neurons of rostral and caudal lum-
bar segments, in slice preparations. Motor neurons were identified based on location in
the ventrolateral region with somata greater than 20 pum. Fastand slow motor neurons
were identified as by refs. 32 and 93 based on the onset latency at repetitive firing
threshold using a 5-s square depolarizing current at rheobase. Working concentrations
of 1 uM CARTand 10 uM muscarine were used for in vitro experiments.

1. S.Gosgnach et al., Delineating the diversity of spinal interneurons in locomotor circuits. J. Neurosci.
37,10835-10841(2017).

2. M.Goulding, Circuits controlling vertebrate locomotion: Moving in a new direction. Nat. Rev.
Neurosci. 10,507-518 (2009).

3. E.Henneman, Relation between size of neurons and their susceptibility to discharge. Science 126,
1345-1347 (1957).

4. R.E.Burke, D.N. Levine, P.Tsairis, F. E. Zajac, Physiological types and histochemical profiles in motor
units of the cat gastrocnemius. J. Physiol. 234, 723-748 (1973).

5. H.S.Milner-Brown, R. B. Stein, R. Yemm, Changes in firing rate of human motor units during
linearly changing voluntary contractions. J. Physiol. 230, 371 (1973).

6. J.Hounsgaard, I. Mintz, Calcium conductance and firing properties of spinal motoneurones in the
turtle. J. Physiol. 398, 591-603 (1988).

7. J.Hounsgaard, 0. Kiehn, Ca++ dependent bistability induced by serotonin in spinal motoneurons
Exp. Brain Res. 57,422-425 (1985).

8. R.H.Lee, C.J.Heckman, Enhancement of bistability in spinal motoneurons in vivo by the
noradrenergic o1 agonist methoxamine. J. Neurophysiol. 81,2164-2174 (1999).

9. J.francois Perrier, J. Hounsgaard, 5-HT2 receptors promote plateau potentials in turtle spinal
motoneurons by facilitating an L-type calcium current. J. Neurophysiol. 89, 954-959 (2003).

10. P.J.Harvey, X. Li, Y. Li, D.J. Bennett, 5-HT2 receptor activation facilitates a persistent sodium current
and repetitive firing in spinal motoneurons of rats with and without chronic spinal cord injury. J.
Neurophysiol. 96, 1158-1170 (2006).

11, S. Conradi, S. Skoglund, Observations on the ultrastructure of the initial motor axon segment and
dorsal root boutons on the motoneurons in the lumbosacral spinal cord of the cat during postnatal
development. Acta Physiol. Scand. Suppl. 333, 53-76(1969).

12. L Zagoraiou et al., A cluster of cholinergic premotor interneurons modulates mouse locomotor
activity. Neuron 64, 645-662 (2009).

13. G.M.Lanuza, S. Gosgnach, A. Pierani, T. M. Jessell, M. Goulding, Genetic identification of spinal
interneurons that coordinate left-right locomotor activity necessary for walking movements. Neuron
42,375-386(2004).

14. A.Pierani et al., Control of interneuron fate in the developing spinal cord by the progenitor
homeodomain protein Dbx1. Neuron 29, 367-384 (2001).

15. L. Moran-Rivard et al., Evx1 is a postmitotic determinant of VO interneuron identity in the spinal
cord. Neuron 29, 385-399 (2001).

16. F.Nascimento etal., Synaptic mechanisms underlying modulation of locomotor-related
motoneuron output by premotor cholinergic interneurons. Elife 9, €54170 (2020).

17. H.P.Clamann, Motor unit recruitment and the gradation of muscle force. Phys. Ther. 73, 830-843
(1993).

18. C.Xiao et al., Cholinergic mesopontine signals govern locomotion and reward through dissociable
midbrain pathways. Neuron 90, 333-347 (2016).

19. J.Pickford, R. Apps, Z. 1. Bashir, Muscarinic receptor modulation of the cerebellar interpositus
nucleus in vitro. Neurochem. Res. 44, 627-635(2019).

20. Y. Li, E. Hollis, Basal forebrain cholinergic neurons selectively drive coordinated motor learning in
mice. J. Neurosci. 41,10148-10160 (2021).

21. 0.Kiehn, S.J. B.Butt, Physiological, anatomical and genetic identification of CPG neurons in the
developing mammalian spinal cord. Prog. Neurobiol. 70, 347-361 (2003).

22. K.J.Dougherty et al., Locomotor rhythm generation linked to the output of spinal Shox2 excitatory
interneurons. Neuron 80, 920-933 (2013).

23. N.M.Fenwick, C. L. Martin, I.J. Llewellyn-Smith, Immunoreactivity for cocaine- and amphetamine-
regulated transcript in rat sympathetic preganglionic neurons projecting to sympathetic ganglia
and the adrenal medulla. J. Comp. Neurol. 495, 422-433 (2006).

PNAS 2023 Vol.120 No.39 2300348120

Behavioral Test. The hanging wire test (reaches method) (Van Putten, 2011
DMD_M.2.1.004) was utilized to assess limb and trunk muscle strength of mice.

Data, Materials, and Software Availability. All dataare included in the man-
uscript and supporting information.
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