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Abstract 

Animals produce diverse motor actions that enable expression of context-appropriate behaviors. 1 
Neuromodulators facilitate behavioral flexibility by altering the temporal dynamics and output of 2 
neural circuits. Discrete populations of serotonergic (5-HT) neurons target circuits in the 3 
brainstem and spinal cord, but their role in the control of motor behavior is unclear. Here we 4 
define the pre- and post-synaptic organization of the spinal-projecting serotonergic system and 5 
define a role in locomotor control. We show that while forebrain-targeting 5-HT neurons 6 
decrease their activity during locomotion, subpopulations of spinal projecting neurons increase 7 
their activity in a context-dependent manner. Optogenetic activation of ventrally projecting 5-HT 8 
neurons does not trigger initiation of movement, but rather enhances the speed and duration of 9 
ongoing locomotion over extended time scales. These findings indicate that the descending 10 
serotonergic system potentiates locomotor output and demonstrate a role for serotonergic 11 
neurons in modulating the temporal dynamics of motor circuits.   12 
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Introduction 13 

Neuromodulators act throughout the central nervous system to enable behavioral flexibility in 14 
changing environments1,2. Neuromodulators alter the dynamics of neural circuits, often leading 15 
to profound changes in network output. In the motor system, rhythm-generating circuits that 16 
produce essential behaviors such as walking, breathing, and swimming, are under strong 17 
neuromodulatory control3,4. While studies of rhythm-generating circuits have yielded insights into 18 
the mechanisms of neuromodulation, how neuromodulators are integrated with instructive motor 19 
commands and effector neurons to control behavior is less understood. 20 

The monoamine serotonin (5-HT) is an evolutionarily-conserved modulator of motor circuits, 21 
including the rhythmically active circuits required to produce locomotion5-20. In vitro and 22 
pharmacological manipulations have shown serotonin is a potent modulator of spinal motor 23 
circuits21. Application of 5-HT to ex vivo neonatal spinal cord induces rhythmic activity similar to 24 
that observed during locomotion14,22. In vivo, 5-HT agonists and antagonists significantly alter 25 
the magnitude and timing of muscle activity during locomotion, as well as the strength of spinal 26 
reflexes7,15,23,24. At the cellular level, 5-HT promotes the excitability of spinal motor neurons 27 
(MNs) and ventral interneurons (INs)25,26, in part mediated by the generation of calcium-28 
dependent plateau potentials11,18,27. Despite a rich history of investigating 5-HT actions in the 29 
spinal cord, a major challenge has been to resolve how descending serotonergic pathways 30 
operate during movement and to determine their role in locomotor behavior. 31 

The majority of serotonergic neurons reside within the raphe nuclei near the midline28,29 and are 32 
divided into two discrete clusters: a rostral group which largely projects to the forebrain and a 33 
caudal group that projects to the brainstem and spinal cord30. Within the caudal group, raphe 34 
obscurus (ROb) and raphe pallidus (RPa) project into ventral regions of the spinal cord, while 35 
raphe magnus (RMg) targets dorsal laminae31-37. Recent studies combining genetic fate-36 
mapping and molecular profiling have defined multiple anatomically and functionally distinct 37 
serotonergic neuron populations36-40. In particular, genetically-distinct serotonergic nuclei in the 38 
ventral medulla target either sensory or motor regions with the brainstem and spinal cord. 39 
Serotonergic neurons with a history of expressing the transcription factor encoding gene Egr2 40 
project dorsally while those expressing the neuropeptide-encoding gene Tac1 terminate 41 
ventrally36,37. 42 

Physiological studies revealed that the activity of 5-HT neurons correlates with movement. 43 
Extracellular recordings in cat showed that the firing rates of ROb and RPa neurons increase 44 
during treadmill-induced locomotion, indicating the activity of spinal-projecting 5-HT neurons is 45 
highly correlated to motor activity. By contrast, these neurons are relatively silent during REM 46 
sleep, a behavioral state characterized by cessation of movement and decreased muscle 47 
tone41. These observations suggest that descending modulation of spinal circuits by 48 
serotonergic neurons is critical for regulating motor function. Whether spinal-projecting 49 
serotonergic neurons affect the initiation, intensity, or duration of locomotor output is unresolved. 50 

Here, we define the cellular and synaptic architecture of spinal cord-projecting serotonergic 51 
neurons and examine their function in motor control. We find that ROb/Pa provides direct input 52 
to spinal MNs and receives input from locomotor control regions, indicating the descending 53 
serotonergic system is recruited in parallel with motor command systems. The activity of 54 
ROb/Pa neurons corelates directly with locomotor activity and is distinct in nature and timing 55 
from other serotonergic populations. We show that activation of ROb/Pa neurons targeting 56 
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ventral spinal circuits produce long-lasting increases in running duration and speed. Our studies 57 
reveal that anatomically and functionally distinct serotonergic neuron populations targeting 58 
ventral spinal motor circuits act to regulate locomotor behavior over long time scales.  59 

 60 

Results 61 

Spinal motor circuits receive biased 5-HT input from medullary raphe nuclei  62 

To examine the spinal cord targets of subtypes of medullary serotonergic neurons, we first 63 
analyzed the distribution of spinal cord 5-HT in adult mice. Punctate 5-HT immunoreactivity was 64 
detected throughout the rostrocaudal extent of the spinal cord, with strongest labeling observed 65 
in the superficial dorsal horn, intermediolateral column, and ventral horn (Fig1.a,b,c), confirming 66 
earlier work28. In the ventral horn, serotonin fibers densely targeted ChAT+ motor neurons 67 
(Fig1d), including both limb-innervating lateral motor column (LMC) and axial-innervating medial 68 
motor column (MMC) neurons. Serotonin puncta were also observed in proximity to the cell 69 
bodies of ventral interneurons, including excitatory Chx10+ V2a neurons (Fig.1e). 70 

Building from prior serotonergic neuron subtype identification and efferent mapping36,37, we 71 
performed anterograde labeling of genetically defined 5-HT populations to visualize serotonergic 72 
projections to the spinal cord. We used an intersectional genetic-approach to visualize 73 
synaptophysinGFP-labelled terminals42 of two caudal 5-HT populations defined by co-74 
expression of Pet1 with Egr236 or Tac137 (Extended Data Fig.1a,b). We observed that for Egr2-75 
Pet1 neurons, whose soma reside predominantly in Raphe Magnus (RMg)36 (Extended Data 76 
Fig.1d), synaptophysinGFP-labeled terminals are exclusively in the dorsal horn of cervical, 77 
thoracic, and lumbar segments (Fig.1f,g,h,i, Extended Data Fig.1c). By contrast, Tac1-Pet1 78 
neurons, whose soma reside within the Raphe Obscurus (ROb), Raphe Pallidus (RPa), and 79 
Lateral Paragigantocellularis (LPGi) nuclei of the caudal medulla37 (Extended Data Fig.1d), 80 
selectively target the ventral horn throughout rostrocaudal levels and densely surround MNs 81 
(Fig.1j,k,l,m, Extended Data Fig.1c). Genetically-distinct sets of Pet1 neurons, therefore 82 
innervate non-overlapping domains along the dorsoventral axis of the spinal cord (Fig.1n), likely 83 
providing separate channels for serotonergic modulation of sensory input and motor output. 84 

While neuromodulators such as serotonin are often released extrasynaptically to signal via 85 
volume transmission, MNs receive numerous 5-HT synaptic contacts upon their soma and 86 
dendrites43. To determine the origin of this direct and synaptic serotonergic neuron input to MNs, 87 
we performed retrograde tracing from spinal MNs using G-deleted rabies virus44, which travels 88 
exclusively through synapses (Fig1o). To restrict expression of the avian TVA receptor and 89 
rabies glycoprotein to spinal MNs we injected AAV-FLEX-TVA-G into the lateral ventricle of 90 
Chat-Cre mice at P0 (Fig.1p)45. Eight weeks later, we infected spinal MNs by delivery of EnvA 91 
pseudotyped, G-deleted N2c rabies virus fused to GFP (EnvA-N2cΔG-GFP) into the spinal cord 92 
(Fig.1o,p). We identified serotonin neurons by presence of tryptophan hydroxylase 2 (TPH2) 93 
and quantified GFP+TPH2+ neurons in the brainstem (Fig.1q, Extended Data Fig.2a,b). Rabies-94 
labeled TPH2+ cells were found almost exclusively within the medullary raphe (ROb, RPa, RMg) 95 
and lateral paragigantocellularis (LPGi) nuclei, with over 60% of GFP+TPH2+ cells located in 96 
ROb (Fig.1r). Over 75% of GFP+TPH2+ cells were found within the neighboring ROb and RPa 97 
nuclei, thus we will henceforth refer to this population as ‘ROb/Pa’. Only a few cells were 98 
labeled in the dorsal raphe nucleus (DRN)(Fig.1r). By comparison, similar transsynaptic tracing 99 
assays from V2a INs (using Chx10-Cre mice), labeled very few 5-HT neurons (Extended Data 100 
Fig.2c-f), suggesting that excitatory spinal INs do not receive substantial direct synaptic input 101 
from serotonergic neurons, despite local innervation.   102 
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We next examined whether serotonergic neurons target specific spinal populations, or instead 103 
broadly innervate multiple segments. We injected AAV2r-FLEX-tdTomato into the cervical spinal 104 
cord of Pet1-Cre mice to retrogradely label serotonergic neurons (Extended Data Fig.3). 105 
Following this, we observed tdTomato+ fibers throughout both thoracic and lumbar levels, 106 
demonstrating that descending 5-HT neurons exhibit a highly collateralized structure with 107 
widespread targets across rostrocaudal spinal segments. Together, these studies showed that 108 
within the spinal cord, fibers from ROb and Pa serotonergic neurons target neurons in the 109 
ventral horn, provide direct input to spinal MNs, and that these inputs distribute to more than 110 
one axial level.  111 

Activity of ventrally-projecting serotonin neurons increases during locomotion 112 

The activity of serotonergic neurons can depend on behavioral context, with specific populations 113 
increasing or decreasing their activity during movement41,46,47. However, the activity of 114 
serotonergic populations during locomotion are just beginning to be defined. We therefore 115 
measured the activity of three serotonergic neuron populations (ROb/Pa, RMg, or DRN) in mice 116 
during both wheel and treadmill running. To record the activity of specific subpopulations of 5-HT 117 
neurons, we performed fiber photometry in Pet1-Cre transgenic mice that were infected to 118 
express the calcium indicator GCaMP6s (AAV-FLEX-GCaMPs6, Fig.2c,g,k, Extended Data 119 
Fig.5b,d,f). One week following viral injection, a low-profile running wheel was placed into each 120 
mouse cage for introduction and practice during the remainder of the experiment. One week 121 
later, mice were acclimated to the recording area and allowed to run on the wheel and treadmill. 122 
Starting 3 weeks after the viral injection, photometry signals were recorded during 30-minute 123 
sessions on the wheel (Fig.2a,b) and for 10s intervals on the treadmill (Fig.2o) with delivery of 124 
470nm excitation light to monitor neural activity and 405nm control light to assess motion 125 
artifact.  126 

We observed that ROb/Pa Pet1 neurons display a sustained increase in activity during periods 127 
of running (Fig.2b,d, Extended Data Fig.4a). Averaged dF/F during the start and stop of run 128 
bouts shows an increase in activity at running onset and decrease at offset (Fig2e,q, Extended 129 
Data Fig.5g). A scatterplot of averaged dF/F values during run bouts vs. rest periods just prior to 130 
the run shows the neural activity increased during locomotion (Fig.2f). Similarly, we observed a 131 
robust increase in GCaMP signal during treadmill-evoked locomotion (Fig.2o,p, Extended Data 132 
Fig.5a). During both spontaneous and evoked locomotion, ROb/Pa Pet1 neurons displayed a 133 
rapid increase activity at the onset of movement (Fig.2p,q). Thus, ROb/Pa Pet1 neurons that 134 
project to the spinal ventral column exhibit activity that positively correlates with locomotion.  135 

By contrast, the activity of DRN Pet1 neurons were anti-correlated with locomotion (Fig.2k, 136 
Extended Data Fig.4c). DRN activity decreased during running (Fig.2l), with a consistent 137 
reduction in signal at the start of running and an increase in activity when the animal stops 138 
(Fig.2m,w). The scatterplot of averaged dF/F values during run bouts vs. rests shows the neural 139 
activity during run bouts shifted below zero, reflecting decreased activity during locomotor bouts 140 
(Fig.2n). We also observed a similar decrease in DRN activity during treadmill locomotion 141 
(Fig.2u,v, Extended Data Fig.5e). Thus, DRN and ROb/Pa Pet1 neurons display reciprocal 142 
patterns of activity during locomotion. 143 

Finally, to determine whether movement-correlated activity in ROb/Pa is unique to ventral spinal 144 
cord-projecting 5-HT neurons, we compared GCaMP signal to the neighboring dorsal spinal 145 
cord-projecting RMg (Fig.2g). We observed that RMg Pet1 neuron activity did not strongly 146 
correlate with locomotion when animals ran freely on the wheel (Fig.2h-j, Extended Data 147 
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Fig.4b). When animals were forced to perform treadmill running however, RMg Pet1 neuron 148 
activity was positively correlated to movement, with a slow rise in activity during locomotion and 149 
decrease during rest (Fig.2r,s, Extended Data Fig.5c), suggesting the activity of RMg neurons 150 
during movement depends upon context. Altogether, these observations indicate that the activity 151 
of serotonergic neurons that send their projections ventral spinal motor circuits is distinct from 5-152 
HT populations targeting dorsal spinal cord and brain regions. 153 

Locomotor state is a strong predictor of ROb/Pa activity 154 

To determine whether locomotor state could be used to predict the activity of serotonin neurons, 155 
we used a linear-non-linear model to examine the relationship between neural activity and 156 
locomotor behavior48,49 We generated linear filters for ROb/Pa, RMg, and DRN, which illustrate 157 
the temporal relationship between activity and wheel speed (Fig. 3). This analysis was 158 
performed using total wheel running data to assess whether the patterns of activity observed 159 
during running onset and offset extend throughout running behavior. Indeed, the model 160 
generated unique filters for each of the three serotonergic populations that were consistent with 161 
the activity patterns we observed in the previous analysis (Fig.2).  162 

The ROb/Pa filter contains a single, positive peak, indicating that increases in ROb/Pa Pet1 163 
neuron activity occur during increases in wheel speed (Fig.3a). By contrast, the DRN filter 164 
contains a negative peak (Fig.3e), indicating that increases in DRN Pet1 neuron activity occur 165 
during decreases in wheel speed. The position of each peak around 0 implies that changes in 166 
ROb/Pa and DRN Pet1 neuron activity are coincident to changes in speed, as we observed in 167 
the aligned dF/F and wheel speed traces (Fig.2q,w). To assess the quality of these models, we 168 
used each filter to predict neural activity from wheel speed and compared this to their actual 169 
dF/F signals (Fig.3b,f) We find that wheel running is a good predictor of ROb/Pa Pet1 neuron 170 
activity (Fig.3b,CC=0.41,SEM=0.08) and DRN Pet1 neuron activity (Fig.3f, CC=0.28,sem=0.02). 171 

By comparison, the RMg filter is noisier and contains less pronounced structure (Fig.3c), likely 172 
due to the varied signal we observed during wheel running (Fig.2h). We find using this model 173 
that wheel speed is a poor predictor of RMg Pet1 neuron activity (Fig.3d, CC=0.12,sem=0.05). 174 
The RMg filter does however contain a small negative peak left of 0, suggesting that changes in 175 
speed precede change in RMg Pet1 neuron activity. This is consistent with the slower RMg 176 
dynamics we observed during both wheel and treadmill locomotion (Fig.2s,t). Thus, in 177 
comparison to other 5-HT populations, ROb/Pa exhibits a distinct pattern of activity that is highly 178 
correlated to locomotor activity.  179 

Brain-wide inputs to raphe Pet1 neurons targeting ventral spinal cord 180 

The tight coupling between ROb/Pa Pet1 neuron activity and locomotion suggests that ROb/Pa 181 
neurons may be part of a broader network involved in locomotor control. Descending command 182 
pathways within the midbrain and brainstem are known to regulate the start, stop and speed of 183 
locomotion50-53. The cuneiform nucleus (CnF), a component of the mesencephalic locomotor 184 
region (MLR), is important for regulating locomotor initiation and speed51,52. The brainstem LPGi, 185 
acts directly upon spinal locomotor networks to control motor output50. To determine whether 186 
ROb/Pa neuron neurons receive input from these locomotor control areas, we performed 187 
monosynaptic rabies tracing to identify brain regions that provide direct input to ventrally-188 
projecting serotonin neurons (Fig.4a,b).  189 
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To restrict rabies infection to Tac1-Pet1 ROb/Pa neurons, we used an intersectional strategy by 190 
generating a knock-in mouse line allowing for Cre- and Flpe-dependent expression of the TVA 191 
receptor and rabies N2c glycoprotein (Extended Data Fig.6a,b). To label inputs to the Tac1-Pet1 192 
subpopulation, we injected Tac1-Cre:Pet1-Flpe:N2cG-TVA mice with N2c rabies virus (EnvA-193 
N2cΔG-tdTomato) (Fig.4c). The rabies glycoprotein was tagged with HA, allowing for 194 
identification of the initially infected starter population (HA+tdT+). We observe no HA expression 195 
or RV infection in N2cG-TVA mice in the absence of Cre and Flpe (Extended Data Fig.6c), 196 
indicating that rabies tracing depends on cell-type specific expression of N2cΔG and TVA. 197 

Following rabies injection of Tac1-Cre:Pet1-Flpe:N2cG-TVA mice, we observed labeled tdT+ 198 
cells in several distinct brain areas. We identified dense bilateral clusters of tdT+ cells within 199 
LPGi, IRt, PAG, and hypothalamus (Fig.4d,f,j,k,l). Additionally, we observed sparse labeling 200 
within CnF (Fig.4e), the medullary reticular formation (MRF, including Gi, GiV, GiA, MdV), and 201 
superior colliculus. We found comparable labeling of these regions after tracing from ROb/Pa 202 
neurons in Pet1-Cre mice (Extended Data Fig.6d-g).  203 

Several of the pre-ROb/Pa Pet1 neuron populations, including CnF, LPGi, MRF and PAG, have 204 
known roles in motor control50,51,54,55. The highest percentage of rabies-labeled cells (~18%) 205 
were located in LPGi (Fig.4m). Recent work identified Vglut2+ neurons within the LPGi that 206 
activate and are required for high-speed locomotion50,56. Therefore, we performed in situ 207 
hybridization for vglut2 mRNA and identified Vglut2-expressing RV-labeled cells in LPGi 208 
(Fig.4g,h,i). These observations suggest a model whereby descending serotonergic pathways 209 
are recruited in conjunction with locomotor command neurons to modulate spinal motor circuits 210 
(Fig.4n).   211 

Activation of ROb/Pa potentiates ongoing locomotor behavior  212 

The activity of ROb/Pa Pet1 neurons during wheel running and connectivity with multiple 213 
locomotor control regions suggests that serotonergic input may be important for regulation of 214 
locomotion. However, it is unknown whether spinal cord-projecting 5-HT neurons regulate 215 
specific features of locomotion, such as initiation, duration, speed, and termination. To test this, 216 
we measured the effect of optogenetically activating ROb/Pa neurons during wheel running. We 217 
injected Cre-dependent channel rhodopsin (AAV-DIO-ChR-EYFP) into ROb/Pa of Pet1-Cre 218 
mice (Fig.5a, Extended Data Fig.7a). Two weeks post injection mice were acclimated to the 219 
wheel and fiber attachment. Three weeks post injection, mice were placed on running wheels 220 
for 30 minutes, during which they received alternating 5-minute periods of light delivery (5 sec 221 
20Hz pulses) and no light (Fig.5b). Control Cre-negative littermates were injected with ChR 222 
virus and did not exhibit any ChR expression (Extended Data Fig.7c).  223 

Because serotonin acts through both ionotropic and metabotropic receptors, changes in 224 
locomotor parameters might emerge over both long and short times scales. We therefore 225 
selected a pattern of blue light delivery that included both short 5-second pulses and longer 5-226 
minute periods with or without light pulses to enable us to observe how neuronal activation 227 
influenced behavior over short and long-time scales. We did not observe locomotor initiation or 228 
acute changes in speed in any animals upon blue light stimulation of ROb/Pa Pet1 neurons 229 
(Extended Data Fig.7d,f,g, Fig.5b). This is in stark contrast to locomotor-driving regions CnF 230 
and LPGi, which when stimulated result in short latency activation of locomotion50,51,56.  231 

We next asked whether activation of ROb/Pa Pet1 neurons influenced the amount of time 232 
animals spent engaged in locomotion (wheel speed >5cm/sec). On average, mice spent 233 
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approximately 66% of their time moving on the wheel (~20min), for both control and ChR 234 
animals (Fig.5c). Thus, activation of ROb/Pa Pet1 neurons did not affect the total duration of 235 
locomotion. We next sought to determine whether activation of serotonergic neurons influenced 236 
the number of discrete locomotor bouts mice produced. Serotonin increases the excitability of 237 
spinal MNs11,25. Thus, we predicted that activation of ROb/Pa may lead to an increase in run 238 
bouts, as heightened MN excitability could lower the threshold needed for a command region to 239 
initiate locomotion. Unexpectedly, we observed the opposite outcome, as ChR animals 240 
produced fewer locomotor bouts than control animals (Fig.5d,e). However, since ChR animals 241 
run the same total amount of time as control animals (Fig.5c), this observation suggests that 242 
ChR animals run bouts are longer. Indeed, we found that activation of ROb/Pa Pet1 neurons 243 
significantly increased the length of locomotor bouts by the third light period (Fig.5f). 244 
Furthermore, ChR animals exhibited fewer total stops in locomotion (Fig. 5d) and an increase in 245 
the number of runs that were maintained following each light pulse (Extended Data Fig.7h,i), 246 
indicating that serotonergic input reduces the probability of terminating locomotor output. 247 
Together, these observations suggest that once an animal has initiated a run bout, ROb/Pa Pet1 248 
neuron activity increases the probability of maintaining the active locomotor state. 249 

We next examined whether activation of ROb/Pa Pet1 neurons influenced locomotor speed. We 250 
measured the fraction of time mice spent in defined 10cm/s speed bins and found that ChR 251 
mice spent less time engaged in locomotion at slower speeds (<25cm/s) and an increased time 252 
at faster speeds (>35cm/s) (Fig.5g). A histogram of time across wheel speed shows a rightward 253 
shift during the light periods as compared to no light periods (Fig5h,i, Extended Data Fig.7e), 254 
indicating that faster running by ChR mice occurs during light periods. To more precisely 255 
determine when light activation influenced speed, we measured average speed during each of 256 
the 5 min time bins. We found that average speed increased significantly in ChR animals 257 
compared to control animals during the third light period (Fig.5j, Extended Data Fig.7j,k). We 258 
also observed significant increases in the fraction of time spent running >35cm/s and the 259 
maximum speed during the third light period compared to the first light period (Fig.5k,l). 260 
Interestingly, the smaller increases in speed and duration of locomotion during the second light 261 
period are maintained during the subsequent no-light period (Fig.5j,k,l), suggesting that 262 
serotonin continues to influence motor circuits beyond periods of increased neuronal activity. 263 
The effects of light activation on locomotion therefore accumulate over time and are strongest 264 
during the final light activation period. These observations indicate that descending serotonergic 265 
modulation of spinal circuits can influence the speed of locomotion and may be important for 266 
regulating behavior over longer time scales. 267 

 268 

Discussion 269 

Neuromodulators are critical for the production of flexible and adaptive motor behaviors. While 270 
serotonin is a known modulator of spinal circuit dynamics21, how the serotonergic system is 271 
integrated with motor circuits and how it influences movement has remained unknown. Our 272 
findings reveal that spinal cord-projecting serotonergic neurons are interconnected with motor 273 
circuits involved in the initiation and execution of locomotion. Serotonergic neurons targeting 274 
rhythm-generating spinal circuits receive input from locomotor control areas, display increased 275 
neuronal activity during locomotion, and can produce long-lasting potentiation of locomotor 276 
behavior. We discuss these findings in the context of neuromodulatory circuit architecture and 277 
the function of the serotonergic system in motor control.  278 
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Anatomical and molecular genetic neuronal tracing studies have demonstrated the existence of 279 
distinct serotonergic populations targeting dorsal and ventral spinal cord31-37. Using genetic and 280 
viral tracing assays, we provide a more complete picture of the input-output organization of the 281 
descending serotonergic system. Our studies show that ventral spinal cord-projecting Pet1 282 
neurons form a highly branched system that innervates multiple spinal segments, yet in a 283 
spatially restricted manner along the dorsoventral domain. The distributed output of descending 284 
ROb/Pa Pet1 neurons likely coordinates modulation of multiple circuits to enable activation of 285 
muscles across the body required for behavioral control, including the respiratory and 286 
autonomic systems36,37,57-59. 287 

We found that ROb/Pa Pet1 neurons receive input from locomotor control regions including 288 
LPGi and CnF. This organization suggests that locomotor command circuits recruit the 289 
descending serotonergic system to facilitate changes in excitability required to modulate motor 290 
behaviors. Consistent with this model, previous work demonstrated that electrical stimulation of 291 
the MLR, including CnF, causes release of 5-HT in the spinal cord60. In addition to locomotor-292 
related inputs, we find that ROb/Pa Pet1 neurons receive input from additional regions that may 293 
be essential in mediating context-dependent behaviors. For example, input from PAG, a region 294 
known to be activated during fight or flight responses, may ensure spinal motor circuits are in an 295 
appropriate state to produce the required motor response54,61,62.  296 

Like other neuromodulators, serotonin acts through volume transmission, but also through direct 297 
synaptic contacts43. Our transsynaptic tracing studies suggest that spinal MNs receive synaptic 298 
input from 5-HT neurons originating from ROb, and to a lesser extent the neighboring caudal 5-299 
HT nuclei. Interestingly, results from our retrograde transsynaptic tracing studies suggest that 300 
excitatory ventral INs receive little direct 5-HT synaptic input, as few TPH2+ neurons were 301 
rabies-labeled despite robust IN starter cell infection. This suggests possible distinct 302 
mechanisms for serotonergic modulation of spinal INs and MNs. Additional layers of specificity 303 
are likely to be conferred by differences in receptor expression among spinal neuronal 304 
classes63,64.  305 

Raphe neurons exhibit activity related to levels of tonic motor activity65. During REM sleep when 306 
there is reduced muscle tone the activity of raphe serotonergic neurons is strongly suppressed, 307 
whereas their activity is elevated during waking states. Raphe populations differ however in their 308 
activities during specific motor behaviors, such as locomotion. Single-unit recordings in cat 309 
showed that the activity of ROb and RPa neurons increases during treadmill locomotion41, while 310 
activity within DRN neurons remains unchanged47. Here, we find that during spontaneous bouts 311 
of locomotion, ROb and RPa neurons increase their activity, while DRN neurons decrease 312 
activity. Our filter analysis of these data revealed that these relationships between neural activity 313 
and locomotion are consistent throughout the spontaneous locomotor behavior we observed.  314 

Anti-correlated activity has also been observed in DRN during locomotion within an open field, 315 
yet DRN activity changes in situations where animals perceive a threat, becoming highly 316 
correlated to muscle activity46. Our findings suggest that similar context-dependent changes in 317 
activity occur within dorsal spinal cord projecting RMg neurons. During wheel running we 318 
observed that RMg Pet1 neuron activity was variable with a slight trend towards being 319 
anticorrelated with movement. By contrast, during treadmill running RMg Pet1 neuron activity 320 
was strongly correlated with locomotor activity. The forced motorized treadmill assay is likely a 321 
more stressful condition for mice compared to unrestrained wheel running. The differences in 322 
RMg activity we observed therefore could reflect differences in the internal state of mice in these 323 
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conditions. RMg modulates incoming sensory information66-68, and therefore may act as a 324 
context-dependent gating system for sensory feedback. One could imagine a high-threat 325 
scenario where high-speed locomotion must be prioritized to promote escape and survival. In 326 
this context, it would be distracting or even life-threatening to respond to a pain signal from your 327 
limb. In contrast, during non-threatening situations, it would be important to notice and respond 328 
to a painful stimulus. In the future it will be important to examine the possible role of RMg in 329 
context-dependent gating of sensory feedback and to gauge its influence on motor behavior.  330 

Serotonin modulates the excitability of spinal MNs and INs, generating changes in the temporal 331 
dynamics of motor output and magnitude and timing of muscle activation. It has been proposed 332 
that serotonin mediates gain control, adjusting the input-output gain of MNs to achieve the 333 
desired activation of muscles for specific movements8,24. We find that activation of ventral spinal 334 
cord-projecting Pet1 neurons increases the speed and length of running. Activation of 335 
serotonergic neurons may function like turning up the gain “knob”, where enhanced release of 336 
5-HT increases the excitability of spinal MNs and INs. This could allow specific motor 337 
commands to yield larger or more sustained motor output. Conversely, turning down this knob 338 
would result in changes to locomotor behavior in the opposite direction, perhaps reducing 339 
locomotor duration and speed. Consistent with this model, local delivery of a serotonin receptor 340 
antagonist to the lumbar spinal cord results in impaired hindlimb stepping7.  341 

Finally, our studies reveal an unexpected feature of a neuromodulatory system’s influence on 342 
movement. The descending serotonergic pathway impacts locomotor behavior in a manner that 343 
fundamentally differs from the relatively immediate effects that reticulospinal pathways have on 344 
locomotor initiation, speed, and termination50,52,55,56,69. While the activity of ROb/Pa is tightly 345 
synced with locomotor behavior, we find that the neurons do not act as a “go-signal” for 346 
locomotion. Rather, serotonergic input strengthens and promotes maintenance of ongoing 347 
locomotion. We find that activation of ROb/Pa produces increases in locomotor speed and 348 
duration, and that these changes accumulate and are sustained over minutes. The influence 349 
that the serotonergic pathway has on movement is slower and extends well-beyond the current 350 
locomotor bout. These results are reminiscent of work in C. elegans showing that 5-HT 351 
mediates a long-lasting effect on locomotor speed5, suggesting that 5-HT mediates the effects 352 
we have observed on locomotion. This enduring influence on behavior may be facilitated by 353 
metabotropic 5-HT receptors that result in sustained changes in the excitability of spinal motor 354 
circuits. These may be critical for producing sustained locomotor output to meet demands of 355 
context-specific motor behaviors.  356 
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 370 

Materials and Methods 371 

Experimental animals. 372 
 373 
Male and female mice aged 8-10 weeks at the time of surgical procedures were used for 374 
experiments. All mice were maintained on a C57BL/6 genetic background. Prior to surgical 375 
procedures, mice were housed communally with littermates. Following surgical procedures and 376 
for the duration of behavioral analysis, mice were single housed. Mice were given ad libitum 377 
access to food and water and maintained on a 12-hour light-dark cycle. All experimental and 378 
surgical procedures involving animals were approved by the NYU Grossman School of Medicine 379 
Institutional Animals Care and Use Committee (IACUC) and in compliance with the NIH 380 
guidelines for care and use of animals. 381 
 382 
A listing of all mouse strains using in experiments can be found below in Table 1. To perform 383 
monosynaptic retrograde rabies tracing from genetically-defined subpopulations of serotonin 384 
neurons (Fig. 4), we generated two mouse lines to enable recombinase-dependent expression 385 
of the N2c rabies virus glycoprotein (N2cG), and the receptor for the subgroup A avian sarcoma 386 
and leukosis virus (TVA). An HA-tagged N2cG and mutated TVA66T70,71 were inserted into both 387 
the Ai9 (Addgene plasmid #22799) and Ai65 (Addgene plasmid #61577) targeting vector to 388 
enable either Cre-dependent or Cre- and Flpe-dependent expression of N2cG and TVA, 389 
respectively. Both targeting vectors allow expression of the inserted cassette at the mouse 390 
Rosa26 locus. The targeting vectors were used to generate mice at Kallyope and then 391 
transferred to NYU Langone animal facility.  392 
 393 
Table 1. Mouse strains by experiment 394 
Experiment  
 

Mouse Strain Source 

Anterograde labeling of Tac1- 
Pet1 or Egr2-Pet1 synaptic 
terminals (Fig. 1) 

RC::FPSit (Cre- and Flpe-
dependent synaptophysin-
EGFP) 
Pet1-Flpe 
Tac1-Cre 
Egr2-Cre 

S. Dymecki (Harvard) 36,37,42 
JAX 030206 
 

Monosynaptic rabies virus 
tracing from spinal motor 
neurons (Fig. 1) 

ChAT-Cre  T. Jessell (Columbia) 72 
Jax 006410 

Monosynaptic rabies virus 
tracing from Chx10+ 

interneurons (Ext Data Fig. 1) 

Chx10-Cre  T. Jessell (Columbia) 73 

Optogenetics and photometry 
(Fig. 2&5) 

Pet1-Cre  JAX 012712 

Monosynaptic rabies tracing 
from raphe (Fig. 4, Ext Data 
Fig. 6) 

Ai65-N2cG-TVA (Cre- and 
Flpe-dependent) 
Ai9-N2cG-TVA (Cre-
dependent) 

Generated with Sebastian 
Poliak (Kallyope) 

 395 
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Viral injections.   396 
 397 
Anesthesia was induced using vaporized isoflurane at 3% in oxygen (2 L/min). Anesthesia was 398 
maintained throughout the duration of procedures at 1.5-2.5% in oxygen (1 L/min) with mice 399 
held in stereotaxic frame (Kopf Instruments, Model 940) atop a feedback-controlled heating pad 400 
set to 37 °C. Viruses were injected using a Nanoject II (Drummond Scientific Company) and 401 
pulled glass capillaries.  402 
 403 
To perform rabies tracing from spinal MNs, AAV9-Syn-DIO-TVA66T-tdT-N2cG (Julie Sable, 404 
Jessell lab, Columbia) was injected into the lateral ventricle by intracerebroventricular (ICV) 405 
injection at P0-1. The ICV injection allows virus to spread with the cerebrospinal fluid and 406 
enables infection of spinal MNs45. At eight weeks of age, mice were injected with EnvA-407 
N2c(ΔG)-TdT (Janelia, NeuroTools Viral Vector Core) into spinal segments C4 to T1. To 408 
perform rabies tracing from Ch10+ INs, Chx10-Cre mice were injected with AAV1-flex-TVA-409 
N2cG (Julie Sable, Jessell lab, Columbia) into spinal segments C5 to C8, and three weeks later 410 
EnvA-N2c(ΔG)-TdT (Julie Sable, Jessell lab, Columbia) was injected into segments C5 to C8. 411 
Mice were perfused 1-2 weeks post rabies injection. To retrogradely label serotonergic neurons 412 
from the spinal cord (Extended Data Fig.3), AAV2retro-CAG-FLEX-tdTomato (Addgene 28306-413 
AAVrg) was injected into spinal segments C5 to C8 of Pet1-cre mice (8 weeks). Mice were 414 
perfused 2 weeks post-injection. For rabies tracing in N2cG-TVA mice, EnvA-N2c(ΔG)-TdT 415 
(Janelia, NeuroTools Viral Vector Core) was injected using ROb coordinates described below 416 
and mice were perfused 7-8 days post-injection. 417 
 418 
Coordinates for ROb injections were 6.85mm posterior and 0mm mediolateral of bregma with 419 
injection at depth of 5.4 to 5.7mm below bregma. Coordinates for RMg injections were 5.3mm 420 
posterior and 0mm mediolateral of bregma with injection at depth of 5.7mm. Coordinates for 421 
DRN injections were 4.7mm posterior and 0mm mediolateral of bregma with injection at depth of 422 
3mm. Cell-type specific expression of Gcamp6s and channelrhodopsin was achieved using the 423 
following Cre-dependent viruses: AAV5-FLEX-GcAMP6s (Addgene #100842-AAV5) for ROb/Pa 424 
and RMg, AAV1-FLEX-GcAMP6s (Addgene #100842-AAV1) for DRN, and AAV2-EF1a-DIO-425 
ChR2(H134R)-EYFP (UNC Vector Core). Approximately 300 nL of virus was injected per 426 
animal. Following the delivery of viral vector, a 26-gauge guide cannula (P1 Technologies) was 427 
positioned overtop of the injection site, descended to a depth of .2mm above desired fiber 428 
position and removed. A fiberoptic cannula (400µm core diameter, Doric Lenses) was then 429 
lower into the brain and cemented in place (C&B Metabond, Parkell). Lastly, a headplate was 430 
cemented to the skull to facilitate handling of mice while attaching and removing the fiber optic 431 
cable.  432 
 433 
Histology and imaging.  434 
 435 
Mice were euthanized via isoflurane overdose delivered by the open drop method and 436 
transcardially perfused with 10mL of cold 1X phosphate buffered saline (PBS) followed by 10mL 437 
of ice cold 4% paraformaldehyde (PFA). Brain and/or spinal cords were removed and post-fixed 438 
overnight in 4% PFA at 4°C. Tissue was sectioned free floating in cold 1X PBS using a 439 
vibratome (Leica VT1200S). Brain tissue was sectioned at 70 μm thickness and spinal cord 440 
tissue was sectioned at 80 μm thickness.  441 
 442 
For immunohistochemistry, sections were permeabilized in 0.3% TritonX-100 in 1X PBS for 15 443 
minutes at room temperature. Following permeabilization, sections were incubated free floating 444 
in primary antibodies (Table 2) diluted in a blocking solution of 1% bovine serum albumin (BSA) 445 
and 0.3% TritonX-100 in 1X PBS for 72 hours at 4°C. Secondary antibodies (Table 3) diluted in 446 
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blocking solution were applied overnight at 4°C. Sections were mounted onto superfrost plus 447 
microscope slides (Fisherbrand) with Fluoromount-G (SouthernBiotech).    448 
 449 
TPH2 antibody was generated by Covance using a TPH2 peptide (RRGLSLDSAVPEDHQLC, 450 
Atlantic Peptides) coupled to KLH (Thermofisher 77605). Reagents were designed and 451 
prepared by Susan Brenner-Morton at Columbia University.  452 
 453 
 454 
Table 2: Primary Antibodies  455 

Ab  Target Host 
Species  

Dilution Manufacturer 

Gp ∝ TPH2 tryptophan hydroxylase 2 Guinea Pig 1:4000 Covance  

Ch ∝ GFP Green Fluorescent Protein  Chicken 1:2000 ThermoFisher (A10262) 

Rat ∝ 5-HT 5-hydroxytryptamine Rat 1:1000 Enzo (BML-SZ1011-
0025) 

Rb ∝ DsRed  DsRed  Rabbit 1:1000 Takara (632496) 

Rb ∝ HA Hemagglutinin (HA) tag Rabbit 1:1000 Abcam (ab9110) 

Gt ∝ ChAT  choline acetyltransferase Goat 1:200 Millipore (AB144P) 

 456 

Table 3: Secondary Antibodies  457 

Ab Conjugated 
fluorophore 

Dilution Manufacturer & Cat # 

Donkey ∝ Guinea Pig - Cy3 Cyanine 3 1:1000 Jackson (706-165-148) 

Donkey ∝ Guinea Pig - 647 Alexa Fluor 647 1:1000 Jackson (706-605-148)  

Donkey ∝ Chicken - 488 Alexa Fluor 488 1:1000 Jackson (703-545-155) 

Donkey ∝ Rat - Cy3 Cyanine 3 1:1000 Jackson (712-165-150) 

Donkey ∝ Rat - Cy5 Cyanine 5 1:1000 Jackson (712-175-150) 

Donkey ∝ Rabbit - Cy3 Cyanine 3 1:1000 Jackson (711-165-152)  

Donkey ∝ Rabbit - 488 Alexa Fluor 488 1:1000 Jackson (711-545-152) 

Donkey ∝ Goat - 647 Alexa Fluor 647 1:1000 Jackson (705-605-147) 

 458 
 459 
 460 
 461 
 462 
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Image analysis.  463 
 464 
Imaris (Bitplane) software was used to analyze the position of synaptophysinGFP puncta in 465 
spinal cord sections and MATLAB was used to generate the position plots and density plots for 466 
each population, as previously described in Bikoff et al.74. This approach was also used to 467 
generate the position plots of RV+ and TPH+ cells following rabies tracing from spinal MNs and 468 
Chx10+ INs.  469 
 470 
Fluorescent In Situ hybridization. 471 
 472 
In situ hybridization was performed on brain tissue following the injection of CVS-N2c(ΔG)-tdT 473 
rabies virus to identify retrogradely labeled cells expressing the vesicular glutamate transporter 474 
2 (Vglut2). Hybridization chain reaction (HCR) probes for Vglut2 were generated from the sense 475 
sequence of Vglut2 cDNA (NCBI) using the HCR 3.0 probe maker75,76. Following tissue 476 
collection and post-fixation described above, brains were placed in a 30% sucrose solution 477 
overnight at 4 °C, then embedded in Tissue-Tek O.C.T. compound. Tissue was cryosectioned at 478 
18µm thickness, collected onto superfrost plus microscope slides, and stored at -80 °C. 479 
Fluorescent in situ hybridization was performed using the Hybridization Chain Reaction RNA 480 
fluorescent in situ hybridization (HCR RNA-FISH, Molecular Instruments) protocol, described in 481 
D'Elia et al.77. 482 
 483 
Locomotor assays and acclimation. 484 
 485 
Wheel running experiments were performed using a low-profile running wheel (Fast Trac 486 
K3251, Bio-Serve) attached to rotary encoder (A2 optical shaft encoder, US Digital). Encoder 487 
output was collected using a USB interface board (RHD2000, #C3100, Intan Technologies) and 488 
recorded using RHD2000 Interface software (Intan Technologies). Treadmill experiments were 489 
performed using a custom-built motorized rodent treadmill (Model 802, University of Cologne 490 
electronics lab).  491 
 492 
Mice were acclimated to the running wheel and treadmill for 4 days prior to the first behavioral 493 
data collection trials. On the first day of behavioral acclimation, mice were allowed explore the 494 
wheel and treadmill environments for 10 minutes each. On the subsequent 3 days, mice were 495 
acclimated with the fiber optic cable attached. Each of these 3 days, mice were then allowed to 496 
run freely on the wheel for 10-30 minutes. On the second day of behavioral acclimation, mice 497 
ran on the treadmill for 1 minute at 20 cm/sec and 1 minute at 25 cm/sec with a 1-minute rest 498 
period in between. The treadmill speed was ramped up slowly by hand to acclimate the animal 499 
to the moving belt. On the third and fourth days of behavioral acclimation, mice on the treadmill 500 
performed alternating 10 second intervals of rests and runs: 3X at 20 cm/sec, 3X at 25 cm/sec, 501 
3X at 30 cm/sec, and 3X at 35 cm/sec.  502 
 503 
Fiber photometry. 504 
  505 
A rig for collecting fiber photometry data was constructed using LEDs (M470F3 & M405FP1, 506 
Thorlabs), Fluorescent Mini Cube (FMC Gen1, Doric), and photoreceiver (Model 2151, 507 
Newport). A 385 Hz sinusoidal 470 LED light (30µW, bandpass filtered 460-490nm) was 508 
delivered by a 400µm optic cable to excite Gcamp6s in the brain. A 315 Hz sinusoidal 405 LED 509 
light (30µW, bandpass filtered 400-410nm) was also delivered to the brain as a control for 510 
motion artifact. The isosbestic point for Gcamp6s is near 405nm, where emitted light is 511 
independent of calcium binding. The emitted light from the brain was bandpass filtered (500-512 
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550nm) and collected by photodetector and recorded using the Intan USB interface board with 513 
Intan software described above with locomotor assays.  514 
 515 
Recordings were made during 30min wheel sessions and treadmill runs over 14-21 days and 516 
collected at 4kHz sampling rate. The signals were bandpass filtered (470nm passing band: 517 
385Hz ± 10, 405 passing band: 315Hz ± 10 and demodulated using a phase sensitive detection 518 
method comparing the modulated signal with a recorded reference signal of same frequency. 519 
Demodulation extracts the envelope of the 385Hz signal reflecting the intensity of Gcamp6s 520 
signal. A baseline was calculated from demodulated signal using an interpolated linear fit of 521 
values in 10th percentile and moving window size of 30s. The photometry signal was baseline 522 
adjusted: dF/F= (demodulated signal-baseline)/baseline.  523 
 524 
The averaged dF/F at the start and stop of run bouts was generated using runs of at least 3 525 
seconds in length, defined by periods where wheel speed was greater than 10cm/sec. For this 526 
analysis, each run was baselined individually. Run starts were normalized to the average 527 
fluorescence 0.5s to 1s prior to the run start and run stops to the fluorescence 0.5s to 1s post 528 
run stop.  529 
 530 
Optogenetic activation and analysis. 531 
      532 
For optical stimulation of ChR2, 470nm LED light (M470F3, Thorlabs) was delivered for 5s 533 
pulses (25Hz sinusoid). Light intensity was measured using an optical power meter (PM100D, 534 
Thorlabs) at the tip of the fiber canula to be 13-15 mW. During each of the 5-minute light 535 
periods, mice received 15 5-second light pulses.  536 

Mice were attached to optic fiber and allowed to run freely on wheel for 30min during the light 537 
stimulation protocol with 5-minute alternating no light and light periods. Data was collected from 538 
each ChR and control mice once a day with 1-2 rest days in between for 3 weeks. For data to 539 
be included in analysis, the following criteria were required: 1) at least 5 minutes total of speeds 540 
>5cm/sec and 2) reached speeds greater than 10cm/sec during all 3 no light and light periods. 541 
These criteria were used to ensure comparable behavior when animals ran to a similar extent 542 
throughout the 30 minutes and remove days where mice stopped running for long periods of 543 
time. For wheel speed analysis, wheel rotary encoder output was converted to speed using the 544 
wheel circumference and maximum encoder output value and downsampled to 1kHz. Run bouts 545 
were defined as periods of wheel speed greater than 10cm/sec for at least 1 second.  546 

 547 
Electromyographic recordings and analysis. 548 
 549 
To observe the relationship between 5-HT neuron activity and muscle activity during locomotor 550 
behavior, electromyographic (EMG) electrodes were implanted into limb muscle to record 551 
muscle activity. EMG electrodes were fabricated and implanted as previously described78. 552 
Briefly, EMG electrodes were made using insulated steel wire (793200, A-M Systems) with 1mm 553 
exposed regions 7.5cm away from a 12-pin miniature connector (11P3828, Newark). The wire 554 
ends were inserted and crimped inside of a 27-gauge needle to use when inserting electrodes 555 
into the muscle. EMG electrodes were implanted into mice that had previously been injected 556 
with Gcamp6s virus and had headplates attached. An incision was made above the neck, hip 557 
and tibialis anterior (TA) muscle in right hindlimb. The needle end of the wire was guided 558 
beneath the skin from the neck to the hip and then to TA. The needle was used to insert the 559 
wire through the muscle and a knot made at the end to hold the electrode in place. The 560 
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connecter was cemented to the rear edge of the headplate. EMG signals were transmitted from 561 
the headplate connecter by an Omnetics connector and amplified using an amplifier chip 562 
(RHD2216, Intan Technologies). Amplified EMG signals were recorded using the Intan USB 563 
interface board and Intan software. EMG recordings were downsampled to 1kHz, high-pass 564 
filtered at 40Hz, and rectified, as described in Miri et al.78.  565 
 566 
 567 
 568 
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Figure Legends 821 

 822 

Figure 1. Spinal motor circuits receive biased 5-HT input form medullary raphe nuclei 823 

a-e. 5-HT immunostaining in adult spinal cord at cervical (C), thoracic (T), lumbar (L) levels. d. 824 
ChAT+ motor neurons (MN) with 5-HT immunostaining. Zoom-in of white box in a. e. Genetically 825 
labeled Chx10+ ventral interneuron (IN) with 5-HT immunostaining. f-i. Genetic labeling of Egr2-826 
Pet1 neurons with synaptophysinGFP (cyan) in cervical spinal cord. g. Immunostaining for ChAT 827 
(magenta) to visualize MN. h. Distribution of Egr2-Pet1 puncta (red) and total 5-HT puncta 828 
(black). i. Relative density plot of Egr2-Pet1 puncta. j-m. Genetic labeling of Tac1-Pet1 neurons 829 
with synaptophysinGFP in cervical spinal cord. k. Immunostaining for ChAT to visualize MN. l. 830 
Distribution of Tac1-Pet1 puncta (red) and total 5-HT puncta (black). m. Relative density plot of 831 
Tac1-Pet1 puncta. n. Schematic summary of Tac1 vs. Egr2 Pet1 neuron populations and target 832 
innervation of spinal cord. o-r. Monosynaptic retrograde rabies tracing to identify 5-HT input to 833 
spinal MNs. o. Experimental procedure. EnvA-RVΔG-GFP injection into cervical spinal cord to 834 
infect spinal MN expressing TVA and G. p. Cervical spinal cord MNs infected by AAV and RV. 835 
Zoom-in of white-dotted region are below. q. Retrogradely labeled neurons expressing 836 
tryptophan hydroxylase 2 (TPH2) within ROb and RPa. r. Quantification of RV-labeled TPH2+ 837 
neurons. Percentage of total RV+/TPH2+ cells within raphe and LPGi. n=3, each red dot is 838 
average of a single animal.  839 

 840 

Figure 2. Activity of ventrally-projecting serotonin neurons increases during locomotion  841 

a. Behavioral assay. Mice freely running on low-profile running wheel with attached fiber for 842 
photometry recordings. b. Example photometry traces dF/F (470nm in pink, 405nm in grey) from 843 
ROb/Pa Pet1 neurons with wheel speed (black) during single session. c. Injection of AAV-FLEX-844 
Gcamp6s into ventral medulla of Pet1-Cre mice to infect ROb/Pa Pet1 neurons. Histology 845 
showing Gcamp6s expression and TPH2 immunostaining in ROb/Pa. d,h,l. Example trace 846 
during 60sec of free running with dF/F and wheel speed for ROb/Pa Pet1 neurons (d), RMg 847 
Pet1 neurons (h), DRN Pet1 neurons (l). e,i,m. Averaged dF/F and wheel speed aligned to start 848 
and stop of running. f,j,n. Plot of the average dF/F during the rest (prior to run start) on the x-849 
axis and during the run on the y-axis. Each dot is an individual run. Triangles show average 850 
dF/F of all runs at 470nm (yellow) and 405nm (black). o,r,u. Example photometry traces during 851 
treadmill assay showing 470nm (pink) and 405nm (grey) dF/F with treadmill setting in black. 852 
ROb/Pa Pet1 neurons (o), RMg Pet1 neurons (r), DRN Pet1 neurons (u). p,s,v, Averaged 853 
signal across all treadmill run bouts with 10sec run and 10sec rest. ROb/Pa (p), RMg (s), DRN 854 
(v). q,t,w, Average 470nm dF/F (pink) and wheel speed (black) at run start on wheel. ROb/Pa 855 
(q), RMg (t), DRN (w). 856 

 857 

Figure 3. Locomotor state is a strong predictor of ROb/Pa activity 858 

a,c,e. Linear filters for ROb/Pa Pet1 neurons (a), RMg Pet1 neurons (c), DRN Pet1 neurons (e). 859 
Black line is average (n=3 mice) with grey SEM. b,d,f, Actual dF/F trace (pink) overlayed with 860 
model’s predicted activity (grey) and wheel speed (black) for ROb/Pa (b), RMg (d), DRN (f). 861 
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 862 

Figure 4. Brain-wide inputs to raphe Pet1 neurons targeting ventral spinal cord 863 

a. Identifying inputs to the ventral spinal cord-projecting 5-HT pathway. b. Experimental 864 
procedure. Injection of EnvA-RVΔG-tdTomato into ROb/Pa of Tac1-Cre:Pet1-Flpe:N2cG-TVA 865 
mice to identify monosynaptic inputs to Tac1-Pet1 neurons. c. Primary infection of Tac1-Pet1 866 
neurons in ROb/Pa with EnvA-RVΔG-tdTomato. d-l. Representative images of EnvA-RVΔG-867 
tdTomato (tdT) infected neurons LPGi (d, zoom-in white box in f), cuneiform (CnF, e), 868 
intermediate reticular nucleus (IRt, j), periaqueductal grey (PAG, k), hypothalamus (Hyp, l). g-i. 869 
Vglut2 mRNA expression with EnvA-RVΔG-tdTomato infection in LPGi neurons. m. 870 
Quantification of rabies-infected neurons. Percentage of total rabies-labeled cells (n=2). n. 871 
Model suggested by rabies tracing. Locomotor command neurons within MLR (CnF) and LPGi 872 
send projections (cyan arrows) to brainstem 5-HT neurons that target ventral spinal cord to 873 
facilitate modulation of spinal MNs and INs during locomotor behavior. (lateral 874 
paragigantocellularis, LPGi; intermediate reticular nucleus, IRt; periaqueductal grey, PAG; 875 
hypothalamus, Hyp; medullary reticular formation, MRF; cuneiform, CnF; superior colliculus, 876 
SC; raphe pallidus, RPa; raphe obscurus, ROb; raphe magnus, RMg, mesencephalic locomotor 877 
region, MLR) 878 

 879 

Figure 5. Activation of ROb/Pa potentiates ongoing locomotor behavior  880 

a-b. Experimental procedure. a. Injection of AAV2-DIO-ChR2(H134R)-EYFP into ROb/Pa of 881 
Pet1-Cre mice. ChR-expressing TPH2+ neurons in ROb/Pa with ChR+ axon terminals in lumbar 882 
spinal cord. b. Light delivery protocol during 30min of wheel running with single example wheel 883 
speed trace from one ChR animal (orange). Stimulation during 5-minute light periods: 5s 20Hz 884 
pulses 470nm light repeating every 15s. c. Total time at rest vs. locomoting in control (grey) and 885 
ChR (black) animals. n=22-30 trials from 5-6 animals. d. Total number of locomotor bouts for 886 
ChR and control mice (equal to total number of run starts and run stops) n=22-30 trials from 5-6 887 
animals. **p<0.01 unpaired t-test. e. Number of locomotor bouts during each 5-minute light or 888 
no light period for control and ChR animals. n=22-30 trials from 5-6 animals. *p<0.05 unpaired t-889 
test. ns=not significant. f. Average length of locomotor bouts during each 5-minute light or no 890 
light period for control and ChR animals. n=22-30 trials from 5-6 animals. **p<0.01 unpaired t-891 
test. g. Fraction of total time control or ChR animals spend within various locomotor speed 892 
intervals. n=22-30 trials from 5-6 animals. **p<0.01, ***p<0.001 Bonferroni-corrected t-test. h. 893 
Distribution of time (ms) across wheel speed during No-light (grey) or Light (blue) periods. 894 
Combined data from 5-6 animals across all No-light or Light periods. i. Difference in average 895 
speed between Light and No-light periods. n=5-6 animals. *p<0.05 unpaired t-test. j. Average 896 
speed during each 5-minute light or no light period for control and ChR animals. n=22-30 trials 897 
from 5-6 animals. *p<0.05 unpaired t-test. k. Fraction of time mice spent locomoting greater 898 
than speed of 35cm/s during each 5-minute light or no light period for control and ChR animals. 899 
n=22-30 trials from 5-6 animals. **p<0.01 unpaired t-test. ns=not significant. l. Average 900 
maximum speed during each 5-minute light or no light period for control and ChR animals. 901 
n=22-30 trials from 5-6 animals. *p<0.05 unpaired t-test. ns=not significant. All Error bars are 902 
SEM. 903 

 904 
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Extended Data Figure 1. Genetic labeling of 5-HT sub-populations 905 

a. Intersectional synaptophysin-GFP allele 37,42. b. Breeding scheme to generate Egr2-Pet1-906 
synGFP or Tac1-Pet1-synGFP mice. c. Distribution of synaptophysinGFP (red) and 5-HT 907 
immunostaining (black) puncta in thoracic and lumbar spinal segments for Egr2-Pet1 and Tac1-908 
Pet1 neuron populations. Relative density of synGFP puncta (blue). d. Distribution of Tac1-Pet1 909 
and Egr2-Pet1 neurons in brainstem and midbrain with TPH2 immunostaining. Raphe pallidus, 910 
RPa; raphe obscurus, ROb; raphe magnus, RMg; dorsal raphe nucleus, DRN; median raphe 911 
nucleus, MRN. 912 

 913 

Extended Data Figure 2. Monosynaptic rabies tracing from spinal MNs and Chx10+ INs 914 

a. Rabies virus (RV) labeling in brainstem and midbrain with TPH2 immunostaining showing 915 
serotonergic nuclei. b. Summary of RV+TPH+ neurons in single ChAT-Cre animal with total TPH+ 916 
cells. c. Experimental strategy for tracing monosynaptic inputs to Chx10+ INs. Injection of 917 
Chx10-cre mouse cervical spinal cord with AAV-FLEX-TVA-HA-G followed by EnvA-RVΔG-GFP.  918 
d. Infection of Chx10+ neurons in cervical spinal cord. Zoom-in below showing RV-infected HA+ 919 
neurons and 5-HT puncta. e. RV labeling within brainstem reticular formation. f. Summary of 920 
RV+TPH+ neurons in single Chx10-cre animal with total TPH+ cells. (Raphe pallidus, RPa; raphe 921 
obscurus, ROb; lateral paragigantocellularis, LPGi; raphe magnus, RMg; dorsal raphe nucleus, 922 
DRN; median raphe nucleus, MRN.) 923 

 924 

Extended Data Figure 3. Retrograde labeling of spinal-projecting Pet1 neurons 925 

a. Experimental procedure. Injection of AAV2r-FLEX-tdTomato into C5-C8 of Pet1-Cre mice. b. 926 
Expression of tdTomato in brainstem with TPH2 expression. tdTomato+ fibers at nucleus 927 
ambiguous (NA). c. tdTomato expression within fibers of thoracic (Th) and lumbar (L) spinal 928 
cord with ChAT immunostaining. Right most images are zoom-in of black box showing 929 
tdTomato+ fibers around MNs. d. Schematic depicting highly collateralized ROb/Pa Pet1 930 
neurons targeting multiple spinal levels and caudal medulla.  931 

 932 

Extended Data Figure 4. Neural activity during individual runs on wheel 933 

a-c. Heatmap showing dF/F (left) for all individual runs during wheel assay. Pet1 neuron activity 934 
within ROb/Pa, RMg, or DRN. Each horizontal line is a single run. Runs ordered by length from 935 
shortest to longest. Traces include 2 seconds prior to run start. Heatmap showing corresponding 936 
wheel speed (right) for all runs. a. ROb/Pa (954 runs, 3 animals). b. RMg (991 runs, 3 animals). 937 
c. DRN (916 runs, 3 animals). 938 

 939 

Extended Data Figure 5. Additional photometry data and histology quantification 940 

a,c,e. Averaged 470nm (pink) and 405nm (grey) dF/F during treadmill locomotor assay with 941 
treadmill setting (black). a. ROb/Pa (20 trials from 2 animals). c. RMg (10 trials from 2 animals). 942 
e. DRN (12 trials from 2 animals). b,d,f. Post-hoc quantification of histology for animals used in 943 
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fiber photometry experiments. Gcamp6s+TPH2+ cell counts and fiber position for each animal. b. 944 
ROb/Pa. d. RMg. f. DRN. g. EMG recordings from tibialis anterior (TA) with Gcamp imaging 945 
during wheel running. Raw EMG trace from TA during locomotion (black). Average dF/F (pink) 946 
from ROb/Pa overlaying rectified EMG traces aligned to first peak of muscle activity at start of 947 
run bout (multicolor). Arrow shows alignment of first muscle burst.  948 

 949 

Extended Data Figure 6. Retrograde rabies tracing from raphe neurons targeting ventral 950 
spinal cord. 951 

a. Intersectional N2cG-TVA allele. b. Generation of Tac1:Pet1:N2cG-TVA mice. Expression of 952 
HA-tagged N2cG within ROb/Pa and LPGi neurons. c. HA and TPH2 immunostaining in N2cG-953 
TVA mouse (no Cre/Flpe) injected with EnvA-RVΔG-tdTomato. d. Cre-dependent N2cG-TVA 954 
allele. e. Generation of Pet1:N2cG-TVA mice. Expression of HA-tagged N2cG within ROb/Pa, 955 
RMg, LPGi neurons. f. HA and TPH2 immunostaining in N2cG-TVA mouse (no Cre) injected 956 
with EnvA-RVΔG-tdTomato. g. Rabies infection in Pet1:N2cG-TVA caudal brainstem with 957 
labeled presynaptic cells in LPGi, cuneiform (CnF), periaqueductal grey (PAG), and 958 
hypothalamus (Hyp).  959 

 960 

Extended Data Figure 7. Optogenetic activation of ROb/Pa Pet1 neurons during 961 
locomotor behavior 962 

a. ChR-infected cells and fiber position for each ChR animal. b. ChR expression in lumbar 963 
spinal cord with ChAT immunostaining. c. Representative control animal with no ChR 964 
expression. White dotted line denotes position of fiber. d. Wheel speed for trials when animal 965 
was still at time of light onset. Averaged wheel speed from the first light pulse of each light 966 
period for control and ChR animals when wheel was 0cm/s at time of light onset. e. Distribution 967 
of time (ms) across wheel speeds during each No-light (grey) or Light (blue) periods (1-3). 968 
Combined data from 5-6 animals. f. Wheel speed when animal was running at time of light 969 
onset. Averaged wheel speed during first light pulse of each period when wheel speed was 970 
greater than 20cm/s at light onset. g. Data in f displayed by control or ChR animals with light 971 
periods overlayed. h. Individual wheel traces from light period 3 in f. i. Fraction of trials when 972 
animal is running at time of light onset and where running is maintained for 10 seconds following 973 
light onset. n=113-159 runs, from 5-6 animals. Error bars are SEM. *p<0.05 unpaired t-test.  j. 974 
Averaged wheel speed across all light pulses of each period when wheel speed was greater 975 
than 20cm/s at light onset. k. Data in j displayed by control or ChR animals with overlayed light 976 
periods.  977 
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