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Medullary serotonergic (5-HT) neurons play a pivotal role in locomotor initiation. While these neurons
receive cholinergic innervation, the functional consequences and underlying mechanisms remain
poorly understood. Using ePet-EYFP transgenic mice (P3-P6) and multidisciplinary approaches, we
elucidated the mechanisms by which cholinergic signaling regulated medullary 5-HT neuronal activity
and locomotor output. Key findings included: (1) acetylcholine (ACh) elicited location-dependent
excitatory, inhibitory, or neutral responses in 5-HT neurons, recapitulated by muscarine and abolished

by atropine, indicating muscarinic receptor (MAChR)-mediated regulation. (2) 5-HT neurons in
parapyramidal region exhibited ACh-induced excitation, whereas those in midline raphe nuclei
displayed inhibition. (3) ACh-enhanced excitability was mediated via M3 receptors, whereas ACh-
induced suppression depended on M2/M4 receptor activation. (4) In vitro bath application of
muscarine to medullary region induced triphasic modulation of fictive locomotion. Blockade of M1/M5
receptors did not affect locomotion, whereas M3 receptor antagonism reduced gait velocity and
perturbated locomotor rhythm. Conversely, M2/M4 receptor antagonism increased stepping
frequency without altering locomotor pattern. This study provided the first mechanistic dissection of
how medullary cholinergic-serotonergic interactions regulated neuronal excitability and locomotion,
uncovering distinct MAChR subtype contributions to motor control.

Locomotor activity is a complex process requiring neural circuits in
brainstem and spinal cord that endogenously generate periodic motor
commands for movement'~. Mesencephalic locomotor region (MLR)
initiates, maintains, and stops locomotion as well as controls locomotor
speed and direction™”". Central pattern generator (CPG) in the spinal cord
performs and operates locomotion*'’. The MLR initiates locomotion
through descending pathway to reticulospinal neurons (RSNs) in the pons
and medulla, which project to the spinal cord"™". Several studies have
reported that serotonergic (5-HT) neurons in medulla are activated by
synaptic inputs from the MLR and then release 5-HT in the spinal cord to
facilitate generation of locomotion. This MLR-evoked locomotion can be
blocked by a 5-HT; receptor antagonist (SB 269970)'. The role of 5-HT in

generating locomotion in the spinal cord has been studied extensively by
using isolated preparations of neonatal rodents'*". These studies have
reported that medullar 5-HT neurons, which act as the interface between
MLR and CPG, play a crucial role in signal transmission from the MLR to
spinal cord to release 5-HT for locomotion'”**. Medullar 5-HT neurons can
be classified into two clusters, the parapyramidal region (PPR) and the
midline raphe nuclei (MRN). In previous study we systematically studied
the persistent inward currents (PICs) in 5-HT neurons of medulla in ePet-
EYFP mice and characterized PICs on the basis of their electrophysiological
and ionic properties'>. However, the intrinsic membrane properties and
morphological characteristics of 5-HT neurons in the medulla and their role
in regulating locomotion are not clear yet.
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Several neurotransmitter systems play an essential role in modulating
the neural activity during locomotion'*”~*. Cholinergic system is one of
them which acts at both the brainstem and spinal cord”*”**. In vertebrate
spinal cord, exogenously applied acetylcholine (ACh) induces fictive loco-
motion in the isolated spinal cord”, while the inherent cholinergic inputs
strongly modulate the activity of interneurons and motoneurons to control
the locomotor output™’ via activating M2 and M3 muscarinic receptors
(mAChRs)***. In the vertebrate midbrain, cholinergic neurons in the MLR
are shown to be indispensable for limb movement™*. Bath application of
ACh or mAChRs agonists, pilocarpine, to the brainstem evokes locomotion,
which can be blocked by atropine”. Recent studies show ACh regulates
medullary 5-HT neuron PICs via mAChRs, with M3 receptor activation
enhancing them”. The above studies suggest that mAChRs expressed in
both the spinal cord™” and brainstem™ are essentially involved in regula-
tion of motor output and locomotion in vertebrates. However, little is
known about the mechanism by which the mAChRs in the brainstem
regulates the motor activities. The purpose of this study is to investigate the
synergistic interactions between cholinergic and serotonergic pathways in
the brainstem and their mechanistic roles in regulating neuronal excitability
and locomotor activities in mice.

Using multiple approaches, we characterized the medullar 5-HT
neurons in the mice and discovered that ACh induced varying effects on the
5-HT neurons. The ACh-increased excitability of 5-HT neurons was
mediated by activation of M3 receptors while the ACh-reduced excitability
was produced by activation of M2 and M4 receptors. We further revealed
that the mAChRs of medullary 5-HT neurons play a crucial role in rhythmic
generation during fictive locomotion.

Results

Characterization of the serotonergic neurons in the medulla of
ePet-EYFP mice

In the present study, we characterized 5-HT neurons in the entire brainstem.
The distribution of 5-HT neurons from ventral and midsagittal slices of the
brainstem were shown in the transverse medullar slices in Fig. 1A1 (please
also see Supplementary Fig. 1A1-A4) and sagittal brainstem slices in
Fig. 1A2 (also see Supplementary Fig. 1B1-B4). 5-HT neurons were mainly
distributed in three regions of brainstem: the midbrain, pons, and medulla in
Fig. 1A2 (also see Supplementary Fig. 1B).

Transverse slices were used to study the intrinsic membrane properties
and morphology of 5-HT neurons in medulla (Fig. 1A1). The electro-
physiological data were collected from 146 5-HT neurons of P3-P6 ePet-
EYFP mice in the present study. Significant differences were found in both
the resting membrane potential (RMP) and input resistance (Rin) of 5-HT
neurons between the parapyramidal region (PPR) and midline raphe nuclei
(MRN). The RMP was more depolarized in PPR neurons (PPR:
—63.4+6mV vs MRN: —65.5 £ 5 mV; p = 0.03), and Rin was significantly
lower in PPR neurons (PPR: 1069.5 + 506 M vs MRN: 1294.9 + 677 MQ;
p =0.04). All other measured active and passive properties showed no sig-
nificant regional differences (PPR, n=99; MRN, n =47; Supplementary
Table 1). We also studied morphology of 5-HT neurons labeled by intra-
cellular fluorescent dye of 3% tetramethylrhodamine. The fluorescent
images were analyzed by Sholl analysis technology (Supplementary Fig. 2A
and B).

Compared to MRN 5-HT neurons (n = 14), 5-HT neurons in the PPR
(n=17) (Fig.1 B-D) exhibited a bigger diameter (P <0.05), soma area
(P<0.05), soma volume (P<0.05), and total branch length (P<0.01,
Fig.1D1-D4). Statistical results also showed that the PPR 5-HT neurons had
a bigger number of primary segments, branch points, and branches than
MRN 5-HT neurons (P < 0.01, Fig. 1D5). Typically, the PPR 5-HT neurons
had a bigger number of intersections than the MRN 5-TH neurons within
the range of 50 um apart from soma (P < 0.05, Fig. 1D6). Detailed data were
presented in Supplementary Table 2. These data indicated that neurons in
the PPR region had more abundant dendrites than MRN region.

The morphology of medullary 5-HT neurons can also be divided into
bipolar and multipolar neurons. Results showed that 74.2% 5-HT neurons

(23/31) were multipolar neurons (Fig. 2A celll to cell4) and 25.8% neurons
(8/31) bipolar neurons (Fig. 2A cell5 and cell6). Multipolar neurons could be
further divided into two types, pyramidal neurons with conic shaped soma
and large apical dendrite (Fig. 2A celll and cell2), and stellate neurons with
radial dendrites (Fig. 2A cell3 and cell4). Statistical results indicated that
number of intersections of stellate neurons were more than that of pyr-
amidal and bipolar neurons, especially in the range of 50 um apart from
soma (Fig. 2B1, p < 0.05). The three types of neurons also exhibited sig-
nificant differences in primary segments, branch points, number of bran-
ches, and diameters (Fig. 2B2 and B3). No significant difference was found
in soma area (Fig. 2B4), soma volume (Fig. 2B5), and total branches length
(Fig. 2B6) of three types of 5-HT neurons (See Supplementary Table 3 for
details). We further classified the regional distribution of the three mor-
phological subtypes. The results demonstrated that stellate neurons were
predominantly located in the PPR (11/16, 68.8% of all stellate neurons),
whereas bipolar neurons were enriched in the MRN (6/8, 75.0% of all
bipolar neurons). Pyramidal neurons, however, showed no strong regional
bias (PPR: 4/7 vs. MRN: 3/7) (Fig. 2B7).

We further compared the membrane properties of three types of 5-HT
neurons (Fig. 2C). The results showed that the Rin of bipolar neurons was
significantly greater than that of pyramidal cells and stellate cells (Fig. 2C5).
Furthermore, no significant differences were observed among the three
types of neurons in RMP (Fig. 2C1), rheobase (Fig. 2C2), action potential
(AP) height (Fig. 2C3), or afterhyperpolarization (AHP) depth (Fig. 2C4). In
summary, these data indicated that medullary 5-HT neurons were hetero-
geneous population of neurons. However, the difference in morphology of
these neurons did not produce a significant difference in their active
membrane properties.

Varying effects of acetylcholine on 5-HT neurons

To determine the regulatory effect of ACh on 5-HT neurons in medulla, we
investigated the cellular mechanisms with whole-cell patch-clamp record-
ings performed in 5-HT neurons of medullar transverse slices. Our data
showed that ACh induced three different effects on 5-HT neurons which
could be characterized as an increased excitability (Fig. 3A), a decreased
excitability (Fig. 3B), and an unchanged excitability of the neurons (Fig. 3C).
Bath application of ACh (15uM) depolarized the RMP and increased
neuronal excitability in 55.9% of the 5-HT neurons (38/68). A typical
example was given in Fig. 3A1, where the membrane potential of the 5-HT
neuron was depolarized by about 15 mV after bath application of 15 uM
ACh. ACh also indued a reduction of AP height, AHP depth and Rin
(Fig. 3A2 and A3). Analysis of 38 neurons showed that ACh significantly
depolarized the RMP and reduced the rheobase, AP height, AHP depth and
Rin (Fig. 3A4-A8). On contrary, however, ACh also hyperpolarized the
RMP and decreased the neuronal excitability in 11.8% of the 5-HT neurons
(8/68). A typical example was shown in Fig. 3B1, where bath administration
of 15 uM ACh hyperpolarized the RMP and decreased the AP height and
Rin (Fig. 3B2 and B3). Statistical results from 8 neurons showed that ACh
significantly hyperpolarized the RMP, increased the rheobase, and
decreased the AP height, AHP amplitude and Rin (Fig. 3B4-B8). Finally,
experimental results showed that a 32.3% of the 5-HT neurons (22/68) did
not respond to ACh significantly. An example was shown in Fig. 3C1-C3,
and statistical analysis from 22 neurons indicated that there was no sig-
nificant difference in RMP, rheobase, AP height, amplitude of AHP and Rin
between the control and ACh groups (Fig. 3C4-C8). Detailed data were
presented in Supplementary Table 4.

Substantially empirical evidence from previous investigations has
revealed that muscarinic acetylcholine receptors (mAChRs) exhibit
widespread distribution within the brainstem circuitry and functionally
engage in the regulation of neuronal excitability'"*”. Our previous study
indicated that cholinergic modulation of 5-HT neurons in the brainstem
was primarily mediated by mAChRs activation®**. In the present study,
we further explored the involvement of mAChRs in regulation of 5-HT
neurons’ excitability with bath application of the non-selective mAChR
antagonist atropine (3 uM) in presence of ACh (15uM) in recording
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Fig. 1| Characterization of 5-HT Neurons. A Distribution of serotonergic neurons.
A1l Distribution of 5-HT neurons in a transverse slice of the medulla. The dotted
circles represent the parapyramidal region (PPR) and midline raphe nuclei (MRN).
A2 Distribution of 5-HT neurons in a sagittal slice of the brainstem. The dashed line
divides the brainstem into the midbrain, pons, and medulla. B Localization of
recorded 5-HT neurons B1 Distribution of 5-HT neurons in transverse section of the
medulla. Dashed outlines indicate the boxed regions of PPR expanded in B2 and
MRN expanded in B3. B2 Higher-magnification view of PPR region (boxed in B1)
with recorded neurons: Cell 1 and Cell 2. B3 Higher-magnification view of MRN

region (boxed in B1) with recorded neuron Cell 3. C Morphology of three cells
marked with arrows in B2 and B3, respectively. D Summary diagrams showing the
diameter (D1), soma area (D2), soma volume (D3), total branch length (D4), and
the number of primary segments, branch points, and branches (D5) of 5-HT neu-
rons from the MRN (# = 14) and PPR (n = 17). Statistical analysis for D1-D5 was
performed using a two-sample heteroscedastic t-test. D6 Statistical results show
significant differences in intersections between PPR and MRN 5-HT neurons,
especially in the range of 50-100 um (P < 0.05), analyzed by one-way ANOVA. Error
bars represented SD; *: P < 0.05, **: P < 0.01.

solution (Fig. 3D1 and D3). Our data showed that atropine completely
blocked the ACh-induced increased excitability (Fig. 3D1) as well as
decreased excitability of 5-HT neurons (Fig. 3D3). Statistical analyses
revealed that 3 uM atropine completely suppressed all ACh-induced

electrophysiological changes in both neuronal subtypes. In depolarizing
neurons (n = 8; Fig. 3D2), atropine reversed the ACh-mediated depo-
larization of the RMP, reduction in rheobase, and decreases in AP
amplitude, AHP amplitude, and Rin. Conversely, in hyperpolarizing
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Fig. 2 | Morphology and membrane properties of three types of 5-HT neurons.
A Based on morphological characteristics, 5-HT neurons were divided into pyramidal
neuron (cell 1 and cell 2), stellate neuron (cell 3 and cell 4) and bipolar neuron (cell 5
and cell 6). B Morphological differences among three types of 5-HT neurons. B1.
Statistical results showed that intersections were obviously different in pyramidal,
stellate and bipolar 5-HT neurons, especially in the range of 50-100 pum (p < 0.05). B2
Graphs show the numbers of primary segments, branch points and branches of pyr-
amidal, stellate and bipolar neuron. B3-B6 Summary diagrams show the diameter
length (B3), soma area (B4), soma volume (B5), total branches length (B6) of

pyramidal (n =7), stellate (n = 16) and bipolar (n = 8) 5-HT neuron. B7 Summary
diagram shows the regional distribution of the three morphological subtypes, indi-
cating that stellate neurons were predominantly located in the PPR (11/16, 68.8%),
while bipolar neurons were mainly distributed in the MRN (6/8, 75.0%). Pyramidal
neurons showed no significant regional preference (PPR: 4/7 vs. MRN: 3/7).

C Summary diagrams show the resting membrane potential (RMP, C1), rheobase
(C2), action potential (AP) height (C3), afterhyperpolarization (AHP) depth (C4), and
input resistance (Rin, C5) of pyramidal (n = 11), stellate (n = 13) and bipolar (1 = 11)
5-HT neuron. Analyzed by one-way ANOVA, error bars represented SD; *: P < 0.05.
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neurons (n = 6; Fig. 3D4), atropine prevented ACh-induced hyperpo-
larization of the RMP, increase in rheobase, and reductions in AP
amplitude, AHP amplitude, and Rin. The above results suggested that
ACh modulation of 5-HT neurons was involved in a complex cellular
mechanism, where the mAChRs played a dominate role. See Supple-
mentary Table 5 for detailed data.

We systematically described the distribution of medullar 5-HT neu-
rons based on their different responses to ACh in terms of increased
excitability (RMP depolarization), decreased excitability (RMP hyperpo-
larization) and unchanged excitability (RMP unchanged) of the neurons
(Fig. 3E1). Statistical results indicated that ACh induced RMP depolariza-
tion (AEm>0), RMP hyperpolarization (AEm<0) and unchanged RMP
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Fig. 3 | The modulation of acetylcholine (ACh) on 5-HT neuron excitability.

A ACh increased the excitability of 5-HT neurons. A1 ACh induced membrane
potential depolarization. A2 ACh decreased AP height and amplitude of AHP. A3.
ACh decreased Rin. A4-A8 Summary diagrams showed ACh-induced significant
changes in the membrane properties including RMP, rheobase, AP height, AHP
depth and Rin recorded in control (black) and presence of 15 uM ACh (red) (n = 38).
B ACh decreased the excitability of 5-HT neurons. B1 ACh induced membrane
potential hyperpolarization. B2. ACh decreased AP height and amplitude of AHP.
B3 ACh decreased Rin. B4-B8 Summary diagrams showed ACh -induced sig-
nificant changes in the membrane properties including RMP, rheobase, AP height,
AHP depth and Rin recorded in control (black) and presence of 15 uM ACh (blue)
(n =8). C ACh did not substantially changed the excitability of 5-HT neurons. ACh
did not induced significant change in membrane potential (C1), AP height and
amplitude of AHP (C2) and Rin (C3). C4-C8 Summary diagrams showed ACh did
not induce substantial change in the membrane properties of RMP, rheobase, AP

height, AHP depth and Rin which were recorded in control (black) and presence of
15 uM ACh (grey) (n = 22). Statistical analysis for panels A-C was performed using
paired-sample t-tests. D Muscarinic receptor was involved the modulation of ACh
on 5-HT neurons. D1 ACh-mediated RMP depolarization were blocked by atropine.
D2. Statistical results listed for the RMP, Rheobase, AP height AHP depth and Rin of
5-HT neurons in control (black), 15 uM ACh (red) and 3uM atropine (green),
respectively. D3. ACh-mediated RMP hyperpolarization were blocked by atropine.
D4 Statistical results summarized for the RMP, Rheobase, AP height AHP depth and
Rin of 5-HT neurons recorded in control (black), 15 pM ACh (blue) and 3 uM
atropine (green). Statistical analysis for panel D was performed using one-way
ANOVA. E ACh effects on 5-HT neuron RMP in the medulla. E1 Three type effects
induced by ACh on the RMP of 5-HT neurons and their medullary distribution. E2
Proportions of three type effects by ACh on the RMP in PPR and MRN, respectively.
Error bars represented SD; #: P < 0.05, ##: P <0.01.

(AE =0) in 75.5%, 8.2%, 16.3% of 5-HT neurons (n = 49), respectively, in the
PPR, while the ACh-produced depolarization, hyperpolarization and
unchanged RMP were 14.3%, 14.3% and 71.4% of 5-HT neurons (n = 28),
respectively, in the MRN (Fig. 3E2). These results demonstrated that ACh-
increased excitability of 5-HT neurons were mainly observed in PPR
whereas the unchanged excitability was primarily expressed in MRN, sug-
gesting that the effects of ACh on medullar 5-HT neurons were location-
dependent. This organization could allow the 5-HT neurons in the PPR and
MRN to play different functional roles in generating locomotion with ACh
modulation.

Muscarine mimics the regulatory effects of ACh on 5-HT neurons
Based on the above experiment results, we further examined the effects of
muscarine on 5-HT neurons of medulla. Following a bath application of
muscarine (20 uM), the 5-HT neurons displayed three different changes in
membrane potentials including 54.4% depolarized (99/182 cells, Fig. 4A1),
14.3% hyperpolarized (26/182, Fig. 4B1), and 31.3% unchanged RMP (57/
182, Fig. 4Cl), respectively, in the neurons of PPR and MRN regions.

An example was given in Fig. 4 Al, where 20 uM muscarine evoked
repetitive firing (Fig. 4A2) and depolarized the membrane potential with a
reduction of Rin (Fig. 4A3) and AHP depth (Fig. 4A4) in a 5-HT neuron.
The muscarine-induced depolarization was observed in 54.4% of 5-HT
neurons (99/182) (Fig. 4A5), accompanied with a decrease in rheobase
(Fig. 4A6), AP height (Fig. 4A7), AHP depth (Fig. 4A8) and Rin (Fig. 4A9).
On the other hand, however, the muscarine-induced hyperpolarization of
membrane potentials also observed in the medullar 5-HT neurons
(Fig. 4B1). As shown in Fig. 4B, 20 pM muscarine hyperpolarized mem-
brane potential (Fig. 4B1), increased rheobase (Fig. 4B2) and reduced Rin
(Fig. 4B3) and AHP depth (Fig. 4B4). Statistical results from 26 neurons
indicated that muscarine significantly hyperpolarized the RMP (Fig. 4B5)
with an increase in rheobase (Fig. 4B6) and a decrease in AP height
(Fig. 4B7), AHP depth (Fig. 4B8) and Rin (Fig. 4B9). Similar to the results
with ACh, there was a small portion of 5-HT neurons which did not sub-
stantially respond to muscarine (Fig. 4C). A typical example was shown in
Fig. 4 C1, where 20 uM muscarine did not substantially affect the RMP
(Fig. 4C1), rheobase (Fig. 4C2), Rin (Fig. 4C3) and AHP (Fig. 4C4). Of 182
medullar 5-HT neurons, 31% of the neurons (57/182) did not show any
significant change in RMP by muscarine (Fig. 4C1). Analysis of 57 5-HT
neurons showed that muscarine did not induced any significant change in
RMP (Fig. 4C5), rheobase (Fig. 4C6), AP height (Fig. 4C7), AHP depth
(Fig. 4C8) and Rin (Fig. 4C9). Detailed data were presented in Supple-
mentary Table 6. The above results showed that muscarine mimicked the
varying effects of ACh on 5-HT neurons.

Similar to Fig. 3E, we marked the distribution of 5-HT neurons that
were depolarized, hyperpolarized and unchanged by muscarine, respec-
tively, in Fig. 4D. We further analyzed the relationship between the effects of
muscarine and the location of PPR and MRN (Fig. 4D1). The neurons with
membrane potential depolarization were concentrated more in PPR (72.5%,
87/120) than MRN (19.3%, 12/62), while neurons of membrane potential

unchanged were mainly distributed in MRN (69.4%, 43/62,). The propor-
tion of hyperpolarization neurons in PPR and MRN was 15.8% (19/120) and
11.3% (7/62), respectively (Fig. 4D2). These results showed that the PPR and
MRN location dependence of muscarinic modulation of 5-TH neurons was
similar to that of ACh on the 5-HT neurons. These location-related different
responses to ACh and muscarine suggested that the PPR and MRN 5-HT
neurons in medulla could play different functional roles in locomotion.

Based on the multi-nuclear organization of ventromedullary 5-HT
neurons, we further examined the rostrocaudal distribution of mAChR-
mediated modulatory effects on 5-HT neuronal excitability in this study. We
divided the medullary slices into four consecutive sections along the ros-
trocaudal axis. Sections 1 and 2 were grouped as the rostral region, while
sections 3 and 4 were grouped as the caudal region (Supplementary Fig. 3A).
We then characterized the response profile (excitation, inhibition, no
change) of identified 5-HT neurons to muscarine application within each of
these regions (Supplementary Fig. 3B).

Analysis of the rostrocaudal distribution of muscarine responses
revealed remarkably similar proportions of excited, inhibited, and
unresponsive 5-HT neurons between rostral (sections 1 & 2; n=53
neurons) and caudal (sections 3 & 4; n =34 neurons) regions of the
ventral medulla (Supplementary Fig. 3B, C). In the rostral region, mus-
carine receptor activation excited 25 neurons (25/53, 47%), inhibited 13
(13/53, 25%), and elicited no change in 15 (15/53, 28%). Similarly, in the
caudal region, 16 neurons (16/34, 47%) were excited, 9 (9/34, 26.5%)
were inhibited, and 9 (9/34, 26.5%) showed no response (Supplementary
Fig. 3D). These results suggest that the modulatory effect of muscarine on
5-HT neuron excitability does not significantly differ along the ros-
trocaudal axis of the medulla.

M3 receptors mediated enhancement of excitability of 5-HT
neurons

Of five receptor subtypes of mAChR (M1-M5), M1, M3, and M5 are pre-
ferentially coupled to Gq/11 and activate phospholipase C, which initiates
the phosphatidylinositol trisphosphate cascade leading to increased neu-
ronal excitability*. On the other hand, however, M2 and M4 are coupled to
Gi/o, and inhibit adenylyl cyclase activity. They activate G protein-gated
potassium channels, leading to hyperpolarization of the RMP and decreased
neuronal excitability**.

We first investigated the possible role of M1 muscarinic receptors in
modulating excitability of 5-HT neurons by bath application of 10 uM
telenzepine, the M1 receptor antagonist. The experiment results (n =8)
showed that blocking the M1 receptors did not affect the muscarine-
depolarized membrane potential (Fig. 5A1, A5). As depicted in Fig. 5A,
20 uM muscarine depolarized the membrane potential (Fig. 5A1, A5) and
reduced the rheobase (Fig. 5A2, A6), Rin (Fig. 5A3, A9), AP height
(Fig. 5A4, A7), and AHP depth (Fig. 5A4, A8). These effects were not
blocked by telenzepine (Fig. 5A5-A9), suggesting that M1 receptor was not
involved in muscarinic modulation of 5-HT neurons in medulla. Detailed
data were presented in Supplementary Table 7.
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We further assessed the role of M3 receptors in modulating 5-HT
neurons. Muscarine depolarized RMP and reduced rheobase, Rin, AP
height and AHP depth (Fig. 5B1-B4, red traces) in this neuron. Bath
application of 5 uM 4-DAMP, the M3 receptor antagonist, substantively
removed the depolarization of RMP and reduction of rheobase, Rin, AP
height and AHP depth (Fig. 5B1-B4, green traces), respectively. Statistical

@ Depolarization (n=99)
@ Hyperpolarization (n=26)
© No response (n=57)

1.7%

14
15.8%

19.3%

411.3%

43

72.5% 69.4%

results from 16 neurons indicated that muscarine induced depolarization of
RMP by 6.0 +2.5mV (Fig. 5A5, red circles) and reduction of rheobase,
(Fig. 5A6, red circles), AP height (Fig. 5C7, red circles), AHP depth
(Fig. 5C8, red circles) and Rin (Fig. 5C9, red circles) by 59+ 3.2 pA,
72+34mV, 32+19mV, and 176.2 £ 110.9 MQ, respectively. 4-DAMP
significantly blocked the muscarine-induced depolarization of RMP and
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Fig. 4 | The modulation of muscarine on 5-HT neurons excitability. A Muscarine
increased the excitability of 5-HT neurons. A1 Muscarine induced membrane
potential depolarization and spontaneous firing. A2 Muscarine decreased the
rheobase. A3 Muscarine reduced the Rin. A4 Superimposed action potential
recorded from a 5-HT neuron before (black) and after muscarine (red) showed that
muscarine decreased AP height and AHP. A5-A9 Statistical results for the RMP,
Rheobase, AP height AHP depth and Rin of 5-HT neurons recorded in control
(black) and in the presence of 20 M muscarine (red). B Muscarine decreased the
excitability of 5-HT neurons. B1 Muscarine induced membrane potential hyper-
polarization. B2 Muscarine increased the rheobase. B3 Muscarine reduced the Rin.
B4 Superimposed action potential recorded from a 5-HT neuron before (black) and
after muscarine (blue), muscarine decreased AP height and AHP. B5-B9 Statistical
results listed for the RMP, Rheobase, AP height AHP depth and Rin of 5-HT neurons

recorded in control (black) and in the presence of 20 uM muscarine (blue).

C Muscarine did not significantly change the excitability of 5-HT neurons. C1-C2
Muscarine did not statistically change RMP (C1) and rheobase (C2). C3 Muscarine
reduced the Rin. C4 Superimposed action potential recorded from a 5-HT neuron
before (black) and after muscarine (grey), muscarine did not substantively change
AP height and AHP. C5-C9 Statistical results summarized for the RMP, Rheobase,
AP height AHP depth and Rin of 5-HT neurons recorded in control (black) and in
the presence of 20 uM muscarine (grey). D Muscarine effects on 5-HT neuron RMP
in the medulla. D1 Three-type effects induced by muscarine on the RMP of 5-HT
neurons and their distribution. D2 Proportions of three type effects by muscarine on
the RMP in PPR and MRN, respectively. Error bars represented SD; paired t-test
performed; s: P < 0.05, #s: P <0.01, sss: P <0.001.

reduction of rheobase, AP height, AHP depth, and Rin (Fig. 5B5-9, green
circles). Detailed data were presented in Supplementary Table 8. These
results suggested that M3 receptors mediated the muscarine-increased
excitability of 5-HT neurons in medulla.

Finally, we investigated the effect of M5 muscarinic receptors on the
excitability of 5-HT neurons. Similarly, 20 uM muscarine depolarized
RMP (Fig. 5C1) and reduced rheobase, Rin, AP height and AHP depth in
a medullar 5-HT neuron (Fig. 5C2-C4, red traces). Bath administration
of 5 uM VU6008667, the M5 receptor inhibitor, did not restore the
muscarine-induced depolarization of the membrane potential (Fig. 5C1)
and reduction of rheobase (Fig. 5C2, green trace), Rin (Fig. 5C3, green
trace), AP height and AHP depth (Fig. 5C4, green trace). Statistic results
(n=8) indicated that muscarine significantly depolarized RMP by
8.2+2.5mV (Fig. 5C5, red circles) and lowered rheobase (Fig. 5C6, red
circles), AP height (Fig. 5C7, red circles), AHP depth (Fig. 5C8, red
circles), and Rin (Fig. 5C9, red circles) by 9.4+5.3 pA, 5.6+2.3mV,
28+1.6mV, and 244.7+123.7 MQ, respectively. These muscarine-
induced changes in membrane properties were not antagonized by
VU6008667 (Fig. 5C5-C9, green circles), suggesting that the M5 recep-
tors were not involved the muscarine-increased excitability of 5-HT
neurons in medulla. See Supplementary Table 9 for detailed data.

M2 and M4 receptors co-mediated the decreased excitability of
5-HT neurons

It has been shown that activation of M2 and M4 receptors hyperpolarizes the
RMP and reduces neuronal excitability in the pedunculopontine tegmental
nucleus, which mediates respiratory modulation in rats***’. In this study, we
explored the possible roles of M2 and M4 receptors in regulating excitability
of medullar 5-HT neurons. Figure 6A was an example for M2 receptors,
where 20 uM muscarine induced a hyperpolarization of RMP (Fig. 6A1),
accompanied with an increase in rheobase (Fig. 6A2, blue traces) and a
decrease in Rin (Fig. 6A3 blue traces), AHP depth and AP height (Fig. 6A4
blue traces), respectively. Bath application of 5 M methoctramine, the M2
receptor antagonist, significantly removed the muscarine-induced inhibi-
tory effects on this neuron (Fig. 6A1-A4, orange traces). Statistical results
from 10 neurons indicated that muscarine hyperpolarized RMP by
6.8+ 1.8 mV (Fig. 6A5, blue circles), increased rheobase (Fig. 6A6, blue
circles), and reduced AP height (Fig. 6A7, blue circles), AHP depth
(Fig. 6AS8, blue circles) and Rin (Fig. 6A9, blue circles) by 15+ 10.2 pA,
47+1.7mV, 48£2.5mV and 300.7 + 127.1 MQ, respectively. Methoc-
tramine significantly antagonized the muscarinic effects on the RMP,
rheobase, AP height, AHP depth and Rin (Fig. 6A5-A9, orange circles). See
Supplementary Table 10 for detailed data. These results suggested that M2
receptors mediated the muscarine-induced lowering of excitability of 5-HT
neurons in medulla.

Next, we investigated M4 receptors in modulating excitability of 5-HT
neurons. Similarly, 20 uM muscarine hyperpolarized the RMP, increased
rheobase, and reduced AP height, AHP depth, and Rin, respectively, in a
medullar 5-HT neuron (Fig. 6B1-B4, blue traces). Administration of 10 pM
tropicamide, the M4 receptor antagonist, completely removed the
muscarine-induced inhibitory effects on this neuron (Fig. 6B1-B4, green

traces). Statistic results (n = 9) showed that muscarine induced a hyperpo-
larization of RMP by 5.3+ 1.7mV (Fig. 6B5, blue circles), increase of
rheobase by 10 + 3.3 pA, (Fig. 6B6, blue circles), and reduction of AP height
(Fig. 6B7, blue circles), AHP depth (Fig. 6B8, blue circles) and Rin (Fig. 6B9,
blue circles) by 6.3 +3.2mV, 3.7+ 1.7 mV, and 249.1 + 85.7 MQ), respec-
tively. Tropicamide significantly removed the muscarine-induced changes
in 5-HT neurons (Fig. 6B5-B9, green circles). See Supplementary Table 11
for detailed data. These results implicated that muscarine-induced
decreased excitability of 5-HT neurons was also mediated by activation of
M4 receptors.

Our data confirmed that both M2 and M4 receptors were involved
in mediating decreased neuronal excitability of 5-HT neurons in
medulla. We next investigated the interaction between these two
receptors and determined which one dominated muscarinic modulation
of 5-HT neurons. An example was shown in Fig. 6C1, where a 20 uM
muscarine hyperpolarized the membrane potential by 5.9 mV in aver-
age, accompanied with an increase in rheobase (15 pA) and a decrease in
AP height (5mV), AHP depth (3.2mV) and Rin (341 MQ). Bath
application of 5 uM methoctramine failed to block muscarinic effects on
this neuron. We then further applied 10 pM tropicamide to the
recording solution in the presence of muscarine and methoctramine.
Tropicamide completely removed muscarine-induced hyperpolariza-
tion of RMP in this neuron, suggesting that the muscarine-induced
decreased excitability was mainly mediated by M4 receptors in this
5-HT neuron. Figure 6C2 indicated that overlapping blockade of M4
receptor restored muscarinic-induced reduction in neuronal excitability
(RMP, rheobase, AP height, AHP and Rin) when M2 receptor function
was not fully removed (Fig. 6C2).

In a subset of 5-HT neurons, the M2 receptor was primarily responsible
for the inhibitory effect of acetylcholine. An example was shown in Fig. 6D1.
Similarly, 20 uM muscarine hyperpolarized the RMP in this neuron with an
increase in rheobase and a decrease in Rin, AP height and AHP depth,
respectively. Bath administration of 10 uM tropicamide did not abolish the
muscarine-induced inhibitory effects on this neuron. However, 5 uM
methoctramine significantly antagonized the muscarinic effects on this
neuron, implicating that M2 receptors played a dominant role in regulating
the excitability of this 5-HT neuron. The experiment data showed that
additive blockade of M2 receptors antagonized muscarinic-induced
reduction in neuronal excitability when M4 receptors were not com-
pletely blocked (Fig. 6D2). These results suggested that both M2 and M4
receptors mediated the decreased excitability of 5-HT neurons. In some
neurons, however, they could complement each other to complete this
function.

Expression of M2, M3 and M4 receptors in medullar 5-HT neurons
The above experiments results suggested that M3 receptors mediated the
muscarine-increased excitability of medullar 5-HT neurons and that M2
and M4 receptors contributed to the muscarine-decreased excitability of the
neurons, whereas M1 and M5 receptors were not involved in the muscarinic
modulation of 5-HT neurons. Given the absence of glutamatergic and
GABAergic synaptic transmission blockers, the observed effects of ACh/
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Fig. 5 | The mAChR-M3 receptors mediated the muscarine-induced excitatory
effect on medullar 5-HT neurons. A M1 receptor was not involved the modulation
of muscarine on 5-HT neurons. A1 Muscarine-mediated depolarization and
spontaneous firing persisted following application of M1 receptor antagonist tele-
nzepine (10 uM). Telenzepine did not change the effect of the muscarine on rheobase
(A2), Rin (A3), AP height and AHP depth (A4). A5-A9 Statistical results listed for
the RMP, Rheobase, AP height AHP depth and Rin of 5-HT neurons recorded in
control (black), 20 uM muscarine (red) and 10 uM telenzepine (green). B M3
receptor was involved the modulation of muscarine on 5-HT neurons. B1
Muscarine-mediated RMP depolarization and spontaneous firing were blocked by
4-DAMP (5 uM), M3 receptor antagonist. 4-DAMP removed the muscarine-
induced decrease in rheobase (B2), Rin (B3), AP height,and AHP depth (B4). B5-B9

Statistical results showed for the RMP, Rheobase, AP height AHP depth and Rin of
5-HT neurons recorded in control (black), 20 uM muscarine (red) and 5 pM
4-DAMP (green), respectively. C M5 receptor was not involved in muscarinic
modulation of 5-HT neurons. C1 Muscarine-mediated depolarization persisted
following application of 5 uM VU 6008667, M5 inhibitor. VU 6008667 did not alter
the effect of muscarine on rheobase (C2), Rin (C3), AP height and AHP depth (C4).
C5-C9 Statistical results for the RMP, Rheobase, AP height AHP depth and Rin of
5-HT neurons recorded in control (black), 20 uM muscarine (red) and 5 uM VU
6008667 (green), respectively. Mus muscarine, Tel Telenzepine, VU VU 6008667.
Error bars represented SD; one-way ANOVA performed, #:P < 0.05, #x: P <0.01,
sks: P <0.001, NS: no significant difference.
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muscarine on 5-HT neuron excitability may involve both direct actions and
indirect modulation via local microcircuits. To verify that acetylcholine acts
directly on medullary 5-HT neurons, in the following experiments we
examined the expression of mAChRs on the 5-HT neurons in the medulla.
To this end, the immunofluorescent staining was undertaken for the
mAChRs subtypes 2-4 in medullar 5-HT neurons. Experimental results
clearly showed that M2 (Fig. 7A1), M3 (Fig. 7A2) and M4 (Fig. 7A3)
receptors (red) were expressed on the ePet-EYFP positive 5-HT neurons

(green) in medulla. In the present study, our electrophysiological data
demonstrated that M2 and M4 receptors co-mediate the muscarine-
induced reduction in neuronal excitability in a subset of 5-HT neurons.
Accordingly, we further confirmed, via immuno-co-expression analysis,
that M2 and M4 receptors were co-expressed on the membrane of 5-HT
neurons in medulla (Fig. 7A4). The immunofluorescent results supported
the involvement of mAChRs subtypes 2-4 in mediating the muscarinic
modulation of 5-HT neurons.
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Fig. 6 | The mAChR M2 and M4 receptors mediated the muscarine-induced
inhibitory effect on medullar 5-HT neurons. A M2 receptor was involved the
modulation of muscarine on 5-HT neurons. A1 Muscarine-mediated RMP hyper-
polarization were blocked by methoctramine, M2 receptor antagonist. Methoc-
tramine (5 uM) blocked the effect of muscarine-induced increase in rheobase (A2)
and decrease in Rin (A3), AP height, and AHP depth (A4). A5-A9 Statistical results
summarized for the RMP, Rheobase, AP height, AHP depth and Rin of 5-HT
neurons recorded in control (black), 20 uM muscarine (blue) and 5 uM methoc-
tramine (orange). B M4 receptor mediated muscarinic modulation of 5-HT neurons.
B1 Muscarine-induced RMP hyperpolarization were blocked by 10 uM tropicamide,
M4 receptor antagonist. Tropicamide blocked the effect of muscarine-induced
increase in rheobase (B2), and decrease in Rin (B3), AP height, AHP depth (B4). B5-
B9 Statistical results shown for the RMP, Rheobase, AP height AHP depth and Rin of
5-HT neurons in control (black), 20 uM muscarine (blue) and 10 uM tropicamide

(green), respectively. C, D The coupling effects of M2 and M4 receptors on 5-HT
neurons. C1 Muscarine-induced hyperpolarization was not blocked by M2
antagonist methoctramine, but was completely removed by M4 antagonist tropi-
camide. C2 The RMP, Rheobase, AP height, AHP depth and Rin of three 5-HT
neurons were recorded in control (black), 20 uM muscarine (blue), 5 uM methoc-
tramine (orange) and 10 uM tropicamide (green), respectively. D1 Muscarine-
induced hyperpolarization was not blocked by M4 antagonist tropicamide, but was
blocked by M2 antagonist methoctramine. D2 The RMP, Rheobase, AP height, AHP
depth and Rin of two 5-HT neurons were recorded in control (black), 20 uM
muscarine (blue), 10 uM tropicamide (green) and 5 uM methoctramine (orange),
respectively. Mus muscarine, Meth methoctramine, Trop tropicamide. Error bars
represented SD; one-way ANOVA performed, s: P < 0.05, s: P <0.01,

#kk: P <0.001.

Projection of cholinergic neurons in MLR to the ventral medulla

The medullary reticular formation relays MLR inputs during locomotion,
and previous studies have confirmed that a large number of neurons in
the MLR project to the medulla®”. Therefore, we hypothesized that
cholinergic neurons in the MLR projected to the medullary 5-HT neu-
rons and modulated their excitability. To test this hypothesis, we crossed
ChAT-IRES-Cre mice with the R26-stop-EYFP conditional reporter line
to permanently label cholinergic neurons (Fig. 7B1). We then retro-
gradely labeled Chat-EYFP positive neurons to detect the projection of
cholinergic neurons to the MLR area (Fig. 7B). A retrograde tracer
dextran tetramethylrhodamine was injected into the ventral medullary
reticular formation of transgenic ChAT-IRES-EYFP mice of P3-P6
(Fig. 7B2, see “Methods”). We then identified the cholinergic neurons
from retrogradely labeled neurons in pedunculopontine nucleus (PPN)
and the cuneiform nucleus (CnF). As shown in Fig. 7C, the Chat-EYFP
positive neurons were visualized in PPN but not CnF. However, neurons
in both PPN and CnF were retrogradely labeled, suggesting that the MLR
neurons, either cholinergic or non-cholinergic, projected to the ventral
medulla. The results suggested the possible existence of a neural pathway
through which PPN cholinergic neurons could modulate the medullary
5-HT neurons.

Fictive locomotion regulated by medullary muscarinic
modulation

The locomotor command originates in the mesencephalic locomotor
region (MLR), which projects to spinal locomotor circuits through
descending pathway of RSNs in the pons and medulla"*”. Previous
studies reported that cholinergic neurons in the MLR played an essential
role in regulating rhythmic activities and locomotor output by activating
medullary neurons through mAChRs in lamprey***”. However, it is
unclear which mAChRs are involved in this modulating process. Based
on the results from this study, we investigated the effects of activating
mAChRs of medulla on the rhythmic generation and locomotor activ-
ities. Fictive locomotion was initiated by bath application of 5-HT
(20-30 uM) and NMDA (3-5 uM) to the spinal cord compartment, with
concurrent perfusion of muscarine (20 uM) to the medullary com-
partment. During mAChR blockade experiments, subtype-specific
antagonists were co-applied with the sustained muscarine background
to the medulla while preserving spinal neurochemistry. Ventral root
recordings were collected via suction glass electrodes attached to the left
and right fifth lumbar ventral roots (IL5 and rL5) of the spinal
cord (Fig. 8A).

Experiment results showed that methoctramine (2 pM), the M2
receptor antagonist, promoted the locomotor activities and increased the
cycle frequency (Fig. 8B1, B3) with little change in the coordination and
ENG amplitude of locomotion (Fig. 8B2, B4). In contrast, the M3 receptors
exhibited a big effect on the fictive locomotion. 5 uM 4-DAMP abolished the
rhythmic activities and removed left-right coordination of fictive locomo-
tion (Fig. 8C1, C2). Statistical results from 9 mice indicated that 4-DAMP
significantly reduced the cycle frequency and ENG amplitude (Fig. 8C3,

C4). Similar to the results of M2 receptors, blockage of M4 receptors by
tropicamide (5 uM) significantly increased the cycle frequency (Fig. 8D1,
D3) with no substantial change in step coordination and ENG amplitude
(Fig. 8D2, D4). Detailed data were presented in Supplementary Table 12. In
this study, we also examined the role of medullary M1 and M5 acetylcholine
receptors in regulating fictive locomotion. Blockade of M1 receptors with
telenzepine or M5 receptors with VU 6006887 did not affect fictive loco-
motion (please see Supplementary Fig. 4). The above results suggested that
activation of M2 and M4 receptors in medulla slowed down the cycle fre-
quency without changing the strength of locomotor output, while activation
of M3 receptors increased the cycle frequency as well as the left-right
coordination.

Verification of muscarinic modulation of fictive locomotion with
modeling

5-HT neurons located in the medulla play an important role in initiating
locomotion'“". Both our electrophysiological and immunohistochemistry
studies have confirmed the expression of mAChRs (M2-M4) in medullar
5-HT neurons. Based on these results we built a simplified spinal network™,
which could generate rhythmic activities similar to fictive locomotion as
recoded in our experiments (Fig. 8). The CPG network was driven by
excitatory input from medullar 5-HT neurons which received excitatory
and inhibitory inputs mimicked by activating M3 and M2/M4 receptors,
respectively (Fig. 9A1). Simulation results showed that activation of
medullary 5-HT neurons initiated rhythmic bursting of left and right half-
centers, with a cycle frequency of 0.3 + 0.03 Hz (Fig. 9A2).

In the model experiments, we simulated the results of whole spinal
ventral root recording experiments by selectively reducing the excitatory
and inhibitory synaptic conductances, which corresponded to the antago-
nist effects of M3 and M2/M4 receptors, respectively, on the 5-HT neurons.
When the excitatory synaptic conductance was decreased to 25% of control
levels, the rhythm of fictive locomotion was disrupted, with the average
stepping frequency declining to 0.16 +0.06 Hz (Fig. 9B1). In contrast,
reduction of inhibitory synaptic conductance to 25% resulted in a significant
enhancement of cycle frequency to 0.38 + 0.03 Hz (Fig. 9B2). These results
were consistent with our experimental observations in whole spinal ventral
root recording studies.

To further confirm the modulatory role of excitatory and inhibitory
synapses on medullary 5-HT neurons in regulating fictive locomotion
rhythms, we systematically increased excitatory and inhibitory synaptic
conductances. Simulation results demonstrated that increasing the
conductance of excitatory synapses to 200% (mimicking the enhance-
ment of M3 receptor activation in 5-HT neurons) increased cycle fre-
quency between the left and right half-centers (0.33 + 0.04 Hz; Fig. 9C1).
Conversely, increasing inhibitory synaptic conductance to 200%
(simulating enhanced activation of M2/M4 receptors) reduced the cycle
frequency to 0.23+0.02Hz (Fig. 9C2). These results aligned with
experimental data and confirmed distinct functional roles of mAChR
subtypes (M2, M3, and M4) of medullary 5-HT neurons in modulating
locomotion.
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Fig. 8 | The role of medullary muscarinic receptors in regulating fictive loco-

motion. A Schematic representation of the whole spinal cord ENG recording with
glass electrodes from the lumbar segment L5 (both right and left). Vaseline (black
line) was used to divide the medulla (yellow area) and spinal cord (grey area) in the
cervical region. 5-HT and NMDA were applied to the spinal cord area and mus-

carine were applied to medulla area. Ventral root recordings were recorded before
and after bath application of methoctramine (B), 4-DAMP (C), and tropicamide (D)

in the medulla, respectively. B1, C1, D1 ENG activity recorded from the right and left
L5 ventral roots during fictive locomotion, pre- and post-drug application. B2, C2,
D2 Polar plots represented the fictive locomotion pre- and post-drug application.
Changes in frequency of step cycles (B3, C3, D3) and amplitude of ENG (B4, C4,
D4) before and after drug administration during fictive locomotion. Analyzed by
paired-sample t-tests, error bars represented SD; s: P < 0.05, s: P < 0.01,

#%%: P <0.001.

Discussion

This study elucidates cholinergic regulation of medullary 5-HT neurons
and their role in fictive locomotion. Electrophysiological and immu-
nohistochemical evidence identified M2/M3/M4 receptor involvement,
with functional assays showing M2/M4 blockade increases step
frequency, while M3 inhibition abolishes locomotion. Retrograde tra-
cing revealed an MLR-to-medulla cholinergic pathway, and computa-
tional modeling demonstrated receptor-specific modulation of
locomotor rhythm, speed, and stability. These findings establish a
medullary pathway where M2/M3/M4 coordination controls locomo-
tion (Fig. 10).

Activation of mAChRs regulated neuronal excitability

In mammals, mAChRs mediate most metabotropic actions of ACh in
the central nervous system (CNS)***". mAChRs are coupled either to
Gq/11 proteins (M1, M3, and M5 subtypes) that activate phospholipase
C or Gi/o proteins (M2 and M4 subtypes) that negatively couple to
adenylate cyclase™, linking ACh activity to a variety of biochemical
signaling cascades. In the present study, we found that activating
mAChRs led to two opposite effects on 5-HT neurons, i.e. increased as
well as decreased neuronal excitability in terms of changes in RMP and
rheobase. These findings are generally consistent with previous studies
indicating that M3 receptors contribute to the muscarine-induced
increased neuronal excitability and M2 and M4 receptors mediate the
muscarine-induced decreased neuronal excitability’>*. M1 and M5
receptors did not mediate the cholinergic effect on 5-HT neurons. In
fact, similar results were also observed in our recent study in persistent

inward currents (PICs), where activation of M3 receptors enhanced
PICs in 5-HT neurons, whereas M1 and M5 receptors were not involved
in this process™.

In this study, there was always a decrease in Rin, AHP depth and AP
height no matter whether muscarine induced an increase or decrease in
RMP of 5-HT neurons (Fig. 4). However, different results have been
reported in spinal motoneurons of neonatal mice. Activating the M2
receptors induced a decrease in Rin and AHP depth, whereas activating
the M3 receptors caused an increase in Rin™. The different results could
be due to different types and properties between medullar 5-HT neurons
and spinal motoneurons. Although muscarine induced varying effects on
5-HT neurons, modulation of rheobase was functionally consistent. Our
data showed that an increase in RMP was always accompanied by a
decreased rheobase which increased neuronal excitability, while the
decreased RMP occurred with an increased rheobase which reduced
neuronal excitability. These results suggested that mAChRs-mediated
modulation of rheobase could play a dominant role in cholinergic-
regulating excitability of 5-HT neurons.

It must be acknowledged that experiments involving synaptic
blockers were not conducted in the present study. As a result, we cannot
rule out potential indirect effects mediated by other neurotransmitters
that might be excited or inhibited by acetylcholine or muscarine.
Nevertheless, this study revealed a predominant excitatory influence of
M3 receptor activation, along with inhibitory effects mediated by M2/M4
receptors, on 5-HT neurons. By contrast, no significant effects were
observed for M1 or M5 receptors—which have been reported to exert
excitatory actions in other neuronal types”—under the current
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experimental conditions. Moreover, these findings from slice experi-
ments were consistent with the ENG recordings of fictive locomotion-
like activities in the isolated whole spinal cord (Fig. 8). Collectively, these
results imply that M3 and M2/M4 receptors play dominant roles in
modulating 5-HT neuronal excitability and fictive locomotion and
integrating multi-pathway with cholinergic-serotonergic circuits serving
as principal but not exclusive mediators. Further studies are required to
address this issue in the future.

We also note that specific experiments blocking M3 receptors in the
context of ACh-induced hyperpolarization, or M2/M4 receptors during
ACh-induced depolarization, were not performed. In this study, receptor
antagonists for M1-M5 were applied based on the canonical regulatory
profiles of muscarinic receptors, namely, that M1, M3, and M5 typically
mediate excitatory effects, while M2 and M4 mediate inhibitory effects on
neuronal excitability™*. This rationale underpinned our sequential applica-
tion of M2 (or M4) and subsequently M4 (or M2) antagonists in cases where
muscarine-induced hyperpolarization was not fully reversed by a single
antagonist (Fig. 6C, D).

The distribution of the mAChRs in the central nervous system
Immunocytochemical and immunoprecipitation studies have revealed that
the M1 receptors are widely distributed in the CNS of mammals®. M2
receptors are enriched in the brainstem, thalamus, cerebral cortex, hippo-
campus and striatum, and M3 receptors are widely expressed in both central
and peripheral nervous systems™. M4 mAChRs are found in many brain
regions, however they are most concentrated in the striatum, where they
regulate dopamine release for normal basal ganglia function™. Relatively less
is known about the M5 mAChR subtype, which represents less than 2% of
the total CNS mAChR population™. In this study, we confirmed that M2,
M3 and M4 receptors were expressed on medullar 5-HT neurons in ePet-
EYFP mice (Fig. 7A). Our immunofluorescent data provided anatomic
evidence for muscarinic-modulation of medullar 5-HT neurons. Also, our
data were consistent with the Allen Mouse Brain Atlas (2009) developed by
the Allen Institute for Brain Science available online at http://mouse.brain-
map.org.

Our data demonstrated that M2 and M4 receptors were co-expressed
on a subset of medullary 5-HT neurons (Fig. 7A4), providing anatomical
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Fig. 10 | Functional roles of cholinergic pathway from MLR to spinal cord in
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down locomotor frequency. Acetylcholine from MLR activates M3 receptors,
increases excitability of medullar 5-HT neurons, and accelerates locomotor fre-
quency. This Figure was hand-drawn by us.

support for their functional interaction. Electrophysiological results indi-
cated that in the majority of 5-HT neurons, blockade of either M2 (77%, 10/
13) or M4 receptors (82%, 9/11) alone was sufficient to abolish muscarine-
induced inhibition (Fig. 6A, B), suggesting that activation of either receptor
subtype can fully mediate the inhibitory effect. However, in a smaller sub-
population (<25%), the inhibition required concurrent activation of both
M2 and M4 receptors, as only dual receptor blockade completely reversed
the effect (Fig. 6C, D). These functional observations align with earlier
studies showing that M2 and M4 receptors jointly regulate neurotransmitter
release in striatal pathways™”. The immunofluorescence evidence confirms
the co-localization of both receptors on a proportion of 5-HT neurons,
reinforcing the notion that M2 and M4 may act cooperatively in a subset of
cells to modulate inhibitory responses.

Effects of muscarinic receptors on locomotion in brainstem
Cholinergic propriospinal neurons play an essential role in modulating CPG
to generate locomotion®*""*’, Previous studies have shown that ACh
induce coordinated fictive locomotion in the isolated whole spinal cord***’.
These studies demonstrated in neonatal rat preparations that facilitation of
the endogenous cholinergic propriospinal system could initiate the coor-
dinated locomotor activity, which could be blocked by mAChRs antagonist,
especially M2 and M3 muscarinic receptors antagonist”. Recent studies
further show that cholinergic intraspinal systems mediate balanced, mul-
timodal control of spinal motor output through activation of M2 and M3
muscarinic receptors’*”. However, the role of acetylcholine, especially
mAChRs in regulating locomotion in the midbrain is not clear, yet.

The pedunculopontine tegmental nucleus (PPT/Ch5) and laterodorsal
tegmental nucleus (LDT/Ch6), as key cholinergic nuclei within the brain-
stem, project extensively to the MLR. Cholinergic modulation of locomotor
control through this pathway involves three distinct mechanisms mediated

by acetylcholine receptors (AChRs)". AChRs expressed on MLR gluta-
matergic neurons regulate locomotor initiation and velocity through
modulation of excitatory drive to CPG. Furthermore, mAChRs localized on
dopaminergic neurons in the substantia nigra pars compacta (SNc) enhance
both locomotor activity and reward-associated motor behaviors via facili-
tated dopamine release™.

In contrast to direct synaptic regulation, nAChR-mediated locomotor
control in the medulla operates through hierarchical circuitry. Studies in
lampreys demonstrate that MLR cholinergic neurons modulate RSN not via
direct mAChR innervation, but rather through intermediate “muscar-
inoceptive” neurons essential for rhythm generation®. This indirect reg-
ulatory architecture appears evolutionarily conserved, as evidenced by our
findings in mammalian systems. We identified that ACh regulated 5-HT
neuronal excitability in the ventral medulla via M2/M3/M4 receptor acti-
vation (Figs. 5-7), with cholinergic projections from PPN to medulla con-
firmed by retrograde tracing (Fig. 7B). Notably, these 5-HT neurons may
constitute the mammalian homolog of lamprey muscarinoceptive inter-
neurons, forming a parallel indirect pathway. Such interspecies parallels
underscore the need for comparative studies to discern conserved principles
from species-specific adaptations in cholinergic locomotor networks.

Previous studies in lampreys demonstrated that microinjection of the
mAChRs antagonist atropine into brainstem regions significantly reduced
swimming speed induced by electrical stimulation of the MLR*, providing
initial evidence for mAChRs-mediated regulation of step frequency in
locomotor patterns. Subsequent investigations of respiratory control in rats
revealed that M4 receptors within the pedunculopontine tegmental nucleus
exerted inhibitory effects on respiratory rhythm generation®. These col-
lective findings consistently implicated brainstem mAChRs in the mod-
ulation of rhythmic motor outputs. The present study extended these
observations by systematically investigating the role of brainstem mAChRs
in fictive locomotor rhythm generation. Utilizing both whole spinal cord
ventral root recordings (Fig. 8) and computational modeling approaches
(Fig. 9), we provided the first experimental evidence that pharmacological
manipulation of brainstem mAChR:s significantly modulated the frequency
of fictive locomotor rhythm in mice (Fig. 10). This novel finding aligns with
the earlier observations in lamprey swimming models, confirming the
evolutionarily conserved nature of cholinergic modulation in brainstem-
mediated locomotor control.

In rodent models, however, the PPN cholinergic neurons in locomo-
tion initiation remains contentious”. Whereas some studies report no sig-
nificant effect of PPN cholinergic neurons on locomotor initiation®**,
others demonstrate their involvement in augmenting’*® or attenuating
locomotor velocity’. Our findings reconciled these disparate observations by
demonstrating that medullary muscarinic acetylcholine receptor (mAChR)
subtypes differentially modulated locomotor output, as evidenced by in
vitro isolated whole-spinal cord recordings (Fig. 8 and Supplementary
Fig. 4). Consistent with triphasic responses to acetylcholine in medullary
5-HT neurons, Blockage of medullary M1/M5 receptors exerted no sig-
nificant influence on locomotor rhythmogenesis (Supplementary Fig. 4).
Conversely, blocking M3 receptor receptors reduced gait frequency and
perturbated locomotion, whereas antagonizing M2/M4 receptors increased
stepping frequency without altering locomotor pattern (Fig. 8). This study
established a mechanistic framework whereby PPN cholinergic neurons
facilitated locomotion through subtype-specific mAChR activation.

Limitations of the experiments

In this study, we found that 5-HT neurons in the medulla were concentrated
on the PPR and MRN regions and that there was a significant morphological
difference between these two regions (Fig. 1). More importantly, the cho-
linergic effects on 5-HT neurons in the PPR and MRN were quite different.
Acetylcholine enhanced excitability of 5-HT neurons in the PPR, while ACh
appeared to have little effect on the 5-HT neurons in the MRN. It was found
in previous experiments that electrical stimulation of 5-HT neurons in the
PPR region was more likely to induce fictive locomotion than stimulation of
5-HT neurons in the MRN'". Therefore, it is not clear whether the different
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responses of 5-HT neurons to ACh in the PPR and MRN could determine
their different roles in generating locomotion. A further study is required to
address this issue in the future.

While our isolated spinal cord experiments establish the essential role
of brainstem muscarinic receptors in locomotor control (Fig. 8), we
acknowledge that muscarinic antagonists could also affect non-5-HT neu-
ronal populations within the medulla. Nevertheless, multiple lines of evi-
dence support a central role for the cholinergic-serotonergic pathway: (1)
in vitro electrophysiology demonstrates direct acetylcholine-mediated
modulation of 5-HT neuronal excitability via M2, M3, and M4 receptors
(Figs. 5, 6); (2) immunohistochemical mapping confirms preferential co-
expression of these receptors on 5-HT neurons in the ventral medulla
(Fig. 7A); (3) retrograde tracing reveals MLR cholinergic terminals in close
apposition to medullary 5-HT somata (Fig. 7B). Although substantial non-
serotonergic neurons (GABAergic, glutamatergic, etc.) in this region also
express muscarinic receptors”, the converging evidence—combined with
the established role of medullary 5-HT neurons in locomotor patterning'*,
supports their function as key mediators of cholinergic modulation over
spinal central pattern generators. Thus, the locomotor modulation observed
likely reflects integrated multi-pathway actions, with serotonergic circuits
serving as principal, but not exclusive contributors. Future studies using cell-
type-specific manipulations during fictive locomotion will help dissect
contributions from parallel circuits.

Furthermore, synaptic inputs to medullary 5-HT neurons were func-
tionally represented by cholinergic components only in our model, with
excitatory and inhibitory synaptic inputs representing M3 and M2/M4
receptor-mediated synaptic currents respectively. Although the present study
employed a highly simplified neural network model, the modeling results not
only validated our electrophysiological findings (Fig. 8) but also demon-
strated that bidirectional manipulation of 5-HT neuronal activity (facilitation
via M3-like inputs vs. suppression through M2/M4-type inhibition) sig-
nificantly modulated fictive locomotor rhythm parameters. These compu-
tational predictions retained scientific validity as they mechanistically
recapitulated the essential interplay between cholinergic and serotonergic
systems within brainstem locomotor circuits under physiological conditions.

In this study the model was highly simplistic with focusing 5-HT as the
only driver of the observed effects. Under physiological conditions, multiple
neurotransmitters drive CPG networks to produce locomotion®. Our
reduced-complexity model intentionally abstracted non-serotonergic
mechanisms to isolate how brainstem cholinergic-serotonergic pathways
reconfigure CPG output. Although this approach cannot fully replicate
physiological complexity, it successfully demonstrated how muscarinic
receptor modulation of 5-HT neuronal excitability regulates locomotor
circuits. Extensive studies have shown previously that the neurotransmitter
glutamate, particularly the NMDA receptors involved, plays a crucial role in
the initiation and regulation of locomotion in the brainstem and spinal
cord' "% Therefore, future studies will incorporate NMDA receptor
dynamics to elucidate the synergistic integration of glutamatergic, ser-
otonergic and cholinergic modulations in vertebrate locomotor control.

Conclusions

Our findings reveal a synergistic antagonism within medullary cholinergic-
serotonergic pathways, where M3 receptor-mediated excitation and M2/M4
receptor-dependent inhibition bidirectionally coordinate 5-HT neuronal
excitability in ePet-EYFP mice. This receptor-specific reciprocity forms the
core mechanistic basis for cholinergic-serotonergic interplay, through which
brainstem circuits dynamically balance neuronal states and locomotor out-
put. The functional synergy between opposing muscarinic signals (M3 vs.
M2/M4) enables precise tuning of both rhythm generation and motor sta-
bility, establishing a dual-control system essential for adaptive locomotion.

Materials and methods

Animal model

Experiments were carried out in accordance with the East China Normal
University Laboratory Animal Center and all procedures were in

accordance with protocols approved by the Animal Experiment Ethics
Committee (Ethics No. ARXM2025180). The experiments were carried out
on neonatal ePet-EYFP mice (P3-P6), crossed by ePet-Cre mice (The
Jackson Laboratory, stock no. 012712) with R26-stop-EYFP mice (The
Jackson Laboratory, stock no. 006148), and neonatal ChAT-IRES-EYFP
mice (P3-P6) crossed by ChAT-IRES-Cre mice (The Jackson Laboratory,
stock no. 006410) with R26-stop-EYFP mice. ePet-Cre mice were used to
drive Cre recombinase expression in 5-HT neurons via the Petl enhancer,
enabling tissue-specific recombination when crossed with loxP-flanked
strains. R26-stop-EYFP mice feature a loxP-flanked STOP cassette before
EYFP at the ROSA26 locus, enabling Cre-dependent tissue-specific labeling
ChAT-IRES-Cre knock-in mice enable Cre recombinase expression in
cholinergic neurons without disrupting endogenous choline acetyl-
transferase (Chat) function.

Euthanasia methods were optimized per experimental paradigm:
cervical dislocation with subsequent decapitation preserved medullary
ultrastructure for patch-clamp/retrograde tracing studies, while direct
ponto-medullary transection maintained brainstem-spinal cord continuity
essential for ventral root recordings. Animals were exposed to a 12 h light/
dark cycle and had free access to food and water. Their pain and distress
were minimized.

Preparation of slices and patch-clamp recordings

The general experimental and surgical procedures have been described in
details in previous studies'’. The 3-6 days old ePet-EYFP mice of either sex
were euthanized by cervical dislocation and quickly decapitated. To study
5-HT neurons, a section of medulla was removed and glued to a Plexiglas
tray filled with cooled dissecting artificial cerebrospinal fluid (ACSF),
bubbled with 95% O, + 5% CO,. Four transverse slices of 200 um thick were
cut from the ponto-medullary junction, transferred to a holding chamber
and incubated at room temperature (20-22°C) for 30 min recover in
recording ACSF.

Transferred slices to a recording chamber mounted in the stage of an
upright Olympus BX50 microscope fitted with differential interference
contrast (DIC) optics and epifluorescence. The chamber was perfused with
recording ACSF at rate of 2 ml/min, bubbled with 95% O, + 5% CO,. The
EYFP' 5-HT neurons were identified at 40X magnification using epi-
fluorescence with a narrow band YFP cube. The visualized EYFP* neurons
were patched with glass pipette electrodes. The pipette electrodes were
pulled from borosilicate glass (1B150F-4; WPI) with an electrode puller (P-
1000; Sutter Instrument) and had resistances of 6-8 MQ) when filled with
intracellular solution. tetramethylrhodamine (TMRM 3%) was added to the
intracellular solution to study the morphology of the recorded 5-HT neu-
rons. A MultiClamp 700B, a Digidata 1550, a MiniDigi 1B, and pCLAMP
(10.7) (all from Molecular Devices) were used for data acquisition. Data
were low-pass filtered at 3 kHz and sampled at 10 kHz. Whole cell patch
recordings were made in voltage-clamp mode with capacitance compen-
sation and current-clamp mode with bridge balance. All electro-
physiological data were analyzed with Clampfit (10.7). The parameters
measured and calculated in this study included the resting membrane
potential (RMP), input resistance (Rin), current threshold (rheobase),
action potential (AP) height and afterhyperpolarization (AHP) depth.
Details of the calculation were described in previous studies™.

Morphological analysis

For morphological analysis, a subset of EYFP-positive 5-HT neurons was
patched and labeled using pipette electrodes filled with intracellular
solution containing 3% TMRM. Following 5-10 min of staining, images
of the labeled neurons were immediately acquired using a Nikon Eclipse
Ni fluorescence microscope equipped with a Nikon DS-Ri2 color digital
camera, at excitation wavelengths of 540-580 nm and 465-495nm,
respectively. Somatic parameters were quantified using Nikon NIS-
Elements imaging software (v5.30), where somatic diameter (d) was
calculated as the mean of minor and major axes. Somatic area and
volume were calculated as nd® and md’/6, respectively. Dendritic
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complexity was quantified using Sholl Analysis plugins (v3.6) in Image]J
(1.52 g) with concentric circles at 25 pm intervals centered on the soma
centroid. Secondary morphological parameters (dendritic branches,
terminals, and primary segments) were analyzed using the Neuron]
plugin (v1.4.3)".

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism 8.0. Data, obtained
from multiple biological samples (1 > 6), are presented as the mean + SD of
at least three independent experiments. The normality (Shapiro-Wilk test)
and homoscedasticity (Levene’s test) of data distributions were verified for
all parametric tests. Comparisons between two groups were conducted with
two-tailed unpaired t-tests, while one-way ANOVA was used for compar-
isons among three or more groups. Where the assumptions of parametric
tests were violated, non-parametric alternatives (Kruskal-Wallis/Wilcoxon
tests) were employed. A result was considered statistically significant at
*P<0.05, **P < 0.01, and ***P < 0.001.

Immunofluorescence

Immunostaining for M2, M3, and M4 receptors was performed on tissue
sections fixed with 4% paraformaldehyde in phosphate buffer. For
indirect immunofluorescence studies, cells were treated overnight with
rabbit anti-M2 receptor antibody (ab41168, Abcam, Tokyo, Japan),
rabbit anti-M3 receptor antibody (ab126168, Abcam, Tokyo, Japan), and
rabbit anti-M4 receptor antibody (ab189432, Abcam, Tokyo, Japan).
After incubation, the cells were washed three times with phosphate buffer
saline and then treated with a respective secondary antibody conjugated
with Alexa 488 or 546 (Molecular Probe, Eugene, OR, USA). The
fluorescence was observed using a Nikon Eclipse Ni fluorescence
microscopy (Nikon DS-Ri2 color, Japan). An oil-immersion objective
lens with 60X magnification was used, and fluorescence was observed
using appropriate laser lines and filter sets.

Solutions and chemicals
Dissecting ACSF (mM): NaCl (25), sucrose (253), KCI (1.9), NaH,PO, (1.2),
MgSO, (10), NaHCO; (26), kynurenic acid (1.5), glucose (25), and
CaCl, (1.0).

Recording ACSF (mM): NaCl (125), KCl (2.5), NaHCO; (26),
NaH,PO, (1.25), glucose (25), MgCl, (1), and CaCl, (2.0).

Intracellular solution (mM): K-gluconate (135), NaCl (10), HEPES
(10), MgCl, (2), Mg-ATP (5), and GTP (0.5).

The pH of these solutions was adjusted to 7.3 with HCI. Osmolarity was
adjusted to 305 mOsm by adding sucrose to the solution.

Retrograde tracing

The specific procedure of the retrograde tracing experiment was basically
consistent with that described in our previous studies””’. ChAT-IRES-
EYFP mice (P3-P6) of either sex were euthanized by cervical dislocation
and quickly decapitated. A section of the brainstem was removed and
glued to a Plexiglas tray. A 1.5 mm of vaseline wall was built at the pons,
and then the area above the pons was filled with cooled recording ACSF,
which was bubbled with 95% O, and 5% CO,. The retrograde tracers
(25% TMRM) were injected into the ventral area of medulla using a
manual microinjection pump (WPI, MMP, USA), and the medulla was
kept moist in recording ACSF. Slices of 200 pum of the midbrain were cut
after 5 h labeling.

Whole spinal cord ventral root recording

Wild type mice (P3-P6) were euthanatized by decapitation, and their spinal
cords were isolated by ventral laminectomy under ice-cold (4°C), oxyge-
nated (95% O, + 5% CO,) dissecting ACSF. The isolated medulla and
spinal cord were removed and pinned ventral side-up and perfused with
oxygenated recording ACSF. Vaseline was used to separate the spinal cord
from the medulla in the cervical spine. Compartment integrity was verified
by applying aCSF to the medullary side with 2-min observation. Only

barrier systems showing no fluid transfer had aCSF added to the spinal cord
region””. Experiments were performed after incubating preparations in
oxygenated regular recording ACSF at room temperature (20-22°C)
for 30 min.

5-hydroxytryptamine (5-HT; 20-30 uM) and N-methyl-Daspartate
(NMDA; 3-5uM) were applied to the spinal cord area and muscarine
(20 uM) were applied to medulla area to generate well-coordinated fictive
locomotion, including alternation between the rL5 and IL5. The raw ENG
recordings of the rL5 and IL5 ventral roots were recorded over a 40's
duration. The ENG data were then rectified and filtered for detailed analysis
to determine the relationships between right/left activities. Polar plots,
which were produced from the rectified and filtered waveforms, demon-
strated the coordinated locomotor activities. When the drug significantly
reduced or abolished the ENG amplitude, we selected events in the rectified
and filtered waveform that were greater than 20% of the average fluctuation
amplitude to calculate the frequency and coordinated of the fictive loco-
motion. Ventral root recordings were band-pass-filtered (100 to 5 kHz) and
recorded using a MultiClamp 700B (Molecular Devices, Silicon Valley, CA,
United States).

Modeling

A CPG network model was built with NEURON 7.7 (NEURON, Yale
University, New Haven, CT, United States). General CPG network and
neuronal simulations have been described in detail in previous studies™.
Briefly, the CPG model consisted of left and right half-centers, each half-
center consisted of 5 neurons and received synaptic inputs from two
inhibitory commissural interneurons (CIN) pools. The output of the
whole spinal network was initiated by a brief excitatory input delivered
simultaneously to the left and right half-centers from the 5-HT neuron
pool (see Supplementary Table 13 for details). The representative neu-
rons from each half-center were selected to demonstrate rhythmic
activity.

In order to reduce computing costs without losing simulation accuracy,
we simplified the morphology of the neurons to a single compartment with
conductances described by Hodgkin-Huxley equations. Each 5-HT neuron
included the NaT (transient sodium), K(DR) (delayed rectifier potassium),
K(AHP) (calcium-dependent potassium), CaL (L-type calcium) and
potassium-mediated leak channels. The half-center neurons included CalL,
NaT, K(DR), K(AHP), NaP (persistent sodium) and potassium-mediated
leak channels. The membrane properties of the model neurons were based
on previous research™ ",

The membrane current equation for the 5-HT neurons and half-center
models was given by

av,
Cm? == Zlion - leyn + Is[im (1)

where C,;, Tion Iyn» and I, were membrane capacitance, ion currents,
synaptic currents, and stimulus currents, respectively. Ionic currents
included

Inar = &Nar - m*-h-(V, —Ey,)

Ixory = &xory - '+ (Vo — Eg)

Ix(anp) = &x(amp) " 1° (Vi — Ex)

(2)
Ingp = 8nap - M5+ (V. — Eng)
ICuL =8caL * k- (Vm - ECa)
ILeak = gLeak(Vm - ELeak)

where gnar, gk(DR), SK(AHP), ENap, §Car ANd g1 eqx Were the maximum con-
ductances for In, 7 Ikory Ixanp) INap Icar, and Ipqq respectively. Eng, Ex,
E¢, and Ej .y were equilibrium potentials for Na*, K*, Ca®", and Leak
currents and were set to 55 mV, —75mV, 80 mV and —75mV, respectively.

The resting membrane potential (RMP) of the model cells was set to —65
mV. m, h, n, s and k were state variables that were defined by a Hodgkin-
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Huxley equation:

Z—f:a(l—X)—/SX 3)
where a and  were rate constants for NaT, NaP, and K(DR) ion channels
(Supplementary Table 14) and were adjusted to reflect the kinetics of spinal
neurons’’. The conductances for NaT, NaP, K(DR), and leak channels were
chosen based on a combination of previous CPG model”” and motoneuron
mOde 74,78,7‘).

The intracellular calcium concentration ([Ca*"];,) in the compartment
satisfied the following equation:

d[Ca’"],, [Ca®"];
dr Cal T ( )
where B was a scaling constant set to 10. 7, was a time constant, the rate of
decay of [Ca™*];,, and was set to 15 ms. I,; was the L-type Ca’" current.
The following mathematical model represented the inhibitory and
excitatory synaptic currents between half-center neurons (reciprocal inhi-
bitory synapse)
Ipxc(t) = 8Exc - (e — (-, (Vi — EExc) (5)
Iioh () = 81 - (e t=t)/T _ o= (t=to)/72) . (Vo = Efnn)

where the maximum conductance g, and gj,,;, were set to about 0.1 uS/ cm”.
The equilibrium potential of Eg,. and Ep,, was set to 0 and -80 mV,
respectively. The time constants of T, and T, were set to 0.01 ms, and
0.05 ms, respectively. To simulate the temporal and spatial integration
properties of synapses, we incorporated additional excitatory and inhibitory
synaptic inputs to each neuron, with synaptic weights and time constants
following a uniform distribution.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All source data underlying the graphs and charts presented in the main
figures is uploaded in Supplementary Table and Supplementary Data 1.

Code availability
The neural network model code is available from the corresponding authors
upon reasonable request.
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