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SUMMARY

Animals produce diverse motor actions that enable expression of context-appropriate behaviors. Neuromo

dulators facilitate behavioral flexibility by altering the output of neural circuits. Discrete populations of 

serotonergic (5-HT) neurons target circuits in the brainstem and spinal cord, but their roles in motor behavior 

are unclear. Here, we define the pre- and post-synaptic organization of spinal-projecting serotonergic neu

rons in mice and identify a role in locomotor control. While forebrain-targeting 5-HT neurons decrease their 

activity during locomotion, spinal-projecting neurons increase their activity in a context-dependent manner. 

Optogenetic activation of ventrally projecting 5-HT neurons does not initiate movement, but rather enhances 

the speed and duration of ongoing locomotion. Serotonergic neurons can influence motor output beyond pe

riods of increased activity, indicating that neuromodulators can act over extended timescales. These findings 

indicate that the descending serotonergic system potentiates locomotor output and demonstrate a role for 

serotonergic neurons in modulating the temporal dynamics of motor circuits.

INTRODUCTION

Neuromodulators act throughout the central nervous system to 

enable behavioral flexibility in changing environments.1,2 Neuro

modulators alter the dynamics of neural circuits, often leading to 

profound changes in network output. In the motor system, 

rhythm-generating circuits that produce essential behaviors 

such as walking, breathing, and swimming are under strong neu

romodulatory control.3,4 While studies of rhythm-generating 

circuits have yielded insights into the mechanisms of neuromo

dulation, how neuromodulators are integrated with instructive 

motor commands and effector neurons to control behavior is 

less understood.

The monoamine serotonin (5-HT) is an evolutionarily conserved 

modulator of motor circuits, including the rhythmically active cir

cuits required to produce locomotion.5–21 In vitro and pharmaco

logical manipulations have shown serotonin is a potent modulator 

of spinal motor circuits.22 Application of 5-HT to ex vivo neonatal 

spinal cord induces rhythmic activity similar to that observed dur

ing locomotion.14,23 In vivo, 5-HT agonists and antagonists signif

icantly alter the magnitude and timing of muscle activity during 

locomotion, as well as the strength of spinal reflexes.7,15,24,25 At 

the cellular level, 5-HT promotes the excitability of spinal motor 

neurons (MNs) and ventral interneurons (INs),26,27 in part medi

ated by the generation of calcium-dependent plateau poten

tials.11,18,28 Despite a rich history of investigating 5-HT actions 

in the spinal cord, a major challenge has been to resolve how de

scending serotonergic pathways operate during movement and 

to determine their role in locomotor behavior.

The majority of serotonergic neurons reside within the raphe 

nuclei near the midline29,30 and are divided into two discrete 

clusters: a rostral group, which largely projects to the forebrain, 

and a caudal group that projects to the brainstem and spinal 

cord.31 Within the caudal group, raphe obscurus (ROb) and 

raphe pallidus (RPa) project into ventral regions of the spinal 

cord, while raphe magnus (RMg) targets dorsal laminae.32–38 

Recent studies combining genetic fate-mapping and molecular 

profiling have defined multiple anatomically and functionally 

distinct serotonergic neuron populations.37–41 In particular, 

genetically distinct serotonergic nuclei in the ventral medulla 

target either sensory or motor regions within the brainstem and 

spinal cord. Serotonergic neurons with a history of expressing 

the transcription factor-encoding gene Egr2 project dorsally, 

whereas those expressing the neuropeptide-encoding gene 

Tac1 terminate ventrally.37,38

Physiological studies revealed that the activity of 5-HT neu

rons correlates with movement. Extracellular recordings in the 

cat showed that the firing rates of ROb and RPa neurons in

crease during treadmill-induced locomotion, indicating that the 

activity of spinal-projecting 5-HT neurons is highly correlated 

with motor activity. By contrast, these neurons are relatively 

silent during REM sleep, a behavioral state characterized by 
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cessation of movement and decreased muscle tone.42 These 

observations suggest that descending modulation of spinal 

circuits by serotonergic neurons is involved in regulating motor 

function. Whether spinal-projecting serotonergic neurons 

affect the initiation, intensity, or duration of locomotor output is 

unresolved.

Here, we define the cellular and synaptic architecture of spinal 

cord-projecting serotonergic neurons and examine their function 

in motor control. We find that ROb/Pa provides direct input to spi

nal MNs and receives input from locomotor control regions, indi

cating the descending serotonergic system is recruited in parallel 

with motor command systems. The activity of ROb/Pa neurons 

correlates directly with locomotor activity and is distinct in nature 

and timing from other serotonergic populations. We show that 

activation of ROb/Pa neurons targeting ventral spinal circuits 

produces long-lasting increases in running duration and speed. 

Our studies reveal that anatomically and functionally distinct 

serotonergic neuron populations targeting ventral spinal motor 

circuits act to regulate locomotor behavior over long timescales.

RESULTS

Spinal motor circuits receive biased 5-HT input from 

medullary raphe nuclei

To examine the spinal cord targets of subtypes of medullary 

serotonergic neurons, we first analyzed the distribution of 5-HT 

in the spinal cord of adult mice. Punctate 5-HT immunoreactivity 

was detected throughout the rostrocaudal extent of the spinal 

cord, with the strongest labeling observed in the superficial dor

sal horn, intermediolateral column, and ventral horn (Figures 1A– 

1C), confirming earlier work.29 In the ventral horn, serotonin fibers 

densely targeted choline acetyltransferase-positive (ChAT+) 

MNs, including both limb-innervating lateral motor column 

(LMC) (Figure 1D) and axial-innervating medial motor column 

(MMC) neurons (Figure S1B). Serotonin puncta were also 

observed in proximity to the cell bodies of ventral INs, including 

excitatory Chx10+ V2a neurons (Figure 1E), and V0c INs near 

the central canal (Figure S1A).

Building from prior serotonergic neuron subtype identification 

and efferent mapping,37,38 we performed anterograde labeling of 

genetically defined 5-HT populations to visualize serotonergic 

projections to the spinal cord. We used an intersectional genetic 

approach to visualize synaptophysinGFP-labeled terminals43 of 

two caudal 5-HT populations defined by co-expression of Pet1 

with Egr237 or Tac138 (Figures S1C and S1D). We observed 

that for Egr2-Pet1 neurons, whose soma reside predominantly 

in RMg37 (Figure S1F), synaptophysinGFP-labeled terminals 

were located in the dorsal horn of cervical, thoracic, and lumbar 

segments (Figures 1F–1I and S1E). By contrast, Tac1-Pet1 

neurons, whose soma reside within the ROb, RPa, and lateral 

paragigantocellularis (LPGi) nuclei of the caudal medulla38

(Figure S1F), selectively targeted the ventral horn throughout 

rostrocaudal levels and densely surround MNs (Figures 1J–1M 

and S1E). Genetically distinct sets of Pet1 neurons, therefore, 

innervate non-overlapping domains along the dorsoventral axis 

of the spinal cord (Figure 1N), likely providing separate channels 

for serotonergic modulation of sensory input and motor output.

While neuromodulators such as serotonin are often released 

extrasynaptically to signal via volume transmission, MNs receive 

numerous 5-HT synaptic contacts upon their soma and den

drites.44 To determine the origin of this direct and synaptic sero

tonergic neuron input to MNs, we performed retrograde tracing 

from spinal MNs using G-deleted rabies virus (RV),45 which 

travels exclusively through synapses (Figure 1O). To restrict 

expression of the avian TVA receptor and rabies glycoprotein 

to spinal MNs, we injected AAV-DIO-TVA-tdTomato (tdT)-G 

into the lateral ventricle of Chat-Cre mice at P0 (Figures 1P and 

S2A).46 8 weeks later, we infected spinal MNs by delivery of 

EnvA-pseudotyped, G-deleted N2c RV with GFP (EnvA- 

N2cΔG-GFP) into the spinal cord (Figures 1O and 1P). We 

identified serotonin neurons by the presence of tryptophan hy

droxylase 2 (TPH2) and quantified GFP+TPH2+ neurons in the 

brainstem (Figures 1Q, S2B, and S2C). Rabies-labeled TPH2+ 

cells were found almost exclusively within the medullary raphe 

(ROb, RPa, RMg) and LPGi nuclei, with over 60% of 

GFP+TPH2+ cells located in ROb (Figures 1R and S2D). Over 

75% of GFP+TPH2+ cells were found within the neighboring 

ROb and RPa nuclei; thus, we will henceforth refer to this popu

lation as ‘‘ROb/Pa.’’ Only a few cells were labeled in the dorsal 

raphe nucleus (DRN, Figure 1R). By comparison, similar transsy

naptic tracing assays from V2a INs (using Chx10-Cre mice) 

labeled very few 5-HT neurons (Figures S2E–S2J). These results 

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

(A–E) 5-HT immunostaining in the adult spinal cord at cervical (C), thoracic (T), and lumbar (L) levels. Scale bars, 200 μm. Arrow in (B) shows a dense 5-HT 

immunoreactive region at thoracic levels around preganglionic neurons.(D) ChAT+ motor neurons (MNs) with 5-HT immunostaining. Zoom-in of the white box 

in (A). Scale bar, 20 μm. (E) Genetically labeled Chx10+ ventral interneuron (IN) with 5-HT immunostaining. Scale bar, 20 μm. 

(F–I) Genetic labeling of Egr2-Pet1 neurons with synaptophysinGFP (cyan) in cervical (C) spinal cord. Scale bar, 200 μm. (G) Immunostaining for ChAT (magenta) 

to visualize MNs. (H) Distribution of Egr2-Pet1 puncta (red) and total 5-HT puncta (black). (I) Relative density plot of Egr2-Pet1 puncta shown in (F). 

(J–M) Genetic labeling of Tac1-Pet1 neurons with synaptophysinGFP in cervical (C) spinal cord. Scale bar, 200 μm. (K) Immunostaining for ChAT to visualize MNs. 

(L) Distribution of Tac1-Pet1 puncta (red) and total 5-HT puncta (black). (M) Relative density plot of Tac1-Pet1 puncta shown in (J). 

Data in (F)–(M) are representative of at least 3 animals for each genotype. 

(N) Schematic of Tac1 vs. Egr2 Pet1 neuron populations targeting the spinal cord. 

(O–R) Monosynaptic retrograde rabies tracing to identify 5-HT input to spinal MNs. 

(O) Experimental procedure. EnvA-RVΔG-GFP injection into the spinal cord (C4-T1) to infect spinal MN expressing TVA and G protein. 

(P) Cervical spinal cord (C8) MNs infected with AAV-DIO-TVA-tdT-G and rabies virus (RV). Scale bar, 200 μm. Individual channels for the white-dotted region 

shown below. 

(Q) Retrogradely labeled neurons expressing tryptophan hydroxylase 2 (TPH2) within ROb and RPa. Arrows indicate RV+/TPH2+ cells. Scale bar, 50 μm. 

(R) Quantification of RV-labeled TPH2+ neurons. Percentage of total RV+/TPH2+ cells within raphe and LPGi. n = 3, each red dot is the average of a single animal. 

Data are represented as mean ± SEM. 

See also Figures S1 and S2.
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suggest that excitatory spinal INs do not receive substantial 

direct synaptic input from serotonergic neurons, despite local 

innervation, although we cannot rule out the possibility that there 

are differences in the efficiency of RV transmission between INs 

and MNs.

We next examined whether serotonergic neurons target spe

cific spinal populations or instead broadly innervate multiple 

segments. We injected AAV2r-FLEX-tdT into the cervical spinal 

cord of Pet1-Cre mice to retrogradely label serotonergic neu

rons (Figure S3A). Following this, we observed tdT+ fibers 

throughout both thoracic and lumbar levels, demonstrating 

that descending 5-HT neurons exhibit a highly collateralized 

structure with widespread targets across rostrocaudal spinal 

segments (Figures S3B–S3D). Within lumbar segments, we 

observed increased 5-HT density at specific ventral MN pools 

(Figures S3E and S3F). Together, these studies showed that 

within the spinal cord, fibers from ROb and Pa serotonergic neu

rons target neurons in the ventral horn, provide direct input to 

spinal MNs, and that these inputs distribute to more than one 

axial level.

Activity of ventrally projecting serotonin neurons 

increases during locomotion

The activity of serotonergic neurons can depend on behavioral 

context, with specific populations increasing or decreasing their 

activity during movement.42,47,48 However, the dynamics of spe

cific serotonergic populations during locomotion are just begin

ning to be defined. We therefore measured the activity of three 

serotonergic neuron populations (ROb/Pa, RMg, or DRN) in 

mice during both wheel and treadmill running. To record the ac

tivity of specific 5-HT subpopulations, we performed fiber 

photometry in Pet1-Cre transgenic mice that were infected to ex

press the calcium indicator GCaMP6s (AAV-FLEX-GCaMP6s, 

Figures 2C, 2G, 2K, S5B, S5D, and S5F). One week following 

viral injection, a low-profile running wheel was placed into each 

mouse cage for introduction and practice during the remainder 

of the experiment. One week later, mice were acclimated to 

the recording area and allowed to run on the wheel and treadmill. 

Starting 3 weeks after viral injection, photometry signals were re

corded during 30 min sessions on the wheel (Figures 2A and 2B) 

and for 10-s intervals on the treadmill, with delivery of 470-nm 

excitation light to monitor neural activity and 405-nm control light 

to assess motion artifact.

We observed that ROb/Pa Pet1 neurons display a sustained 

increase in activity during periods of running (Figures 2B, 2D, 

and S4A). Averaged ΔF/F during the start and stop of run bouts 

shows an increase in activity at running onset and a decrease at 

offset (Figures 2E, 2Q, S5A, and S5H). A scatterplot of averaged 

ΔF/F values during run bouts vs. rest periods just prior to the run 

shows that the neural activity increased during locomotion 

(Figure 2F). Similarly, we observed a robust increase in 

GCaMP signal during treadmill-evoked locomotion (Figures 2O 

and 2P), as previously observed by Veasey et al.42 During both 

spontaneous and evoked locomotion, ROb/Pa Pet1 neurons dis

played a rapid increase in activity at the onset of movement 

(Figures 2P and 2Q). Thus, ROb/Pa Pet1 neurons that project 

to the spinal ventral column exhibit activity that positively corre

lates with locomotion.

By contrast, the activity of DRN Pet1 neurons was anti-corre

lated with locomotion. DRN activity decreased during running 

(Figures 2L and S4C), with a consistent reduction in signal at 

the start of running and an increase in activity when the animal 

stops (Figures 2M, 2W, and S5E). A scatterplot of averaged 

ΔF/F values during run bouts vs. rests shows that neural activity 

during run bouts is shifted below zero, reflecting decreased ac

tivity during locomotor bouts (Figure 2N). We also observed a 

similar decrease in DRN activity during treadmill locomotion 

(Figures 2U and 2V). Thus, DRN and ROb/Pa Pet1 neurons 

display reciprocal patterns of activity during locomotion.

Finally, to determine whether movement-correlated activity in 

ROb/Pa is unique to ventral spinal cord-projecting 5-HT neurons, 

we compared the GCaMP signal with that of the neighboring dor

sal spinal cord-projecting RMg (Figure 2G). We observed that 

RMg Pet1 neuron activity did not strongly correlate with locomo

tion when animals ran freely on the wheel (Figures 2H–2J, 2T, 

S4B, and S5C). When animals were forced to perform treadmill 

running, however, RMg Pet1 neuron activity was positively corre

lated to movement, with a slow rise in activity during locomotion 

and a decrease during rest (Figures 2R and 2S), suggesting that 

the activity of RMg neurons during movement depends upon 

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

(A) Behavioral assay. Mice freely running on a low-profile running wheel with an attached fiber for photometry recordings. 

(B) Example photometry traces ΔF/F (470 nm in pink, 405 nm in gray) from ROb/Pa Pet1 neurons with wheel speed (black) during a single session. Data in the 

black box shown in (D). 

(C, G, and K) Injection of AAV-FLEX-GCaMP6s into Pet1-Cre mice to infect Pet1 neurons. Histology showing GCaMP6s expression and TPH2 immunostaining in 

ROb/Pa (C, scale bar, 100 μm), RMg (G, scale bar, 100 μm), and DRN (K, scale bar, 200 μm). 

(D, H, and L) Example trace during 60 s of free running with ΔF/F and wheel speed for ROb/Pa Pet1 neurons (D), RMg Pet1 neurons (H), and DRN Pet1 neurons (L). 

(E, I, and M) Averaged ΔF/F and wheel speed aligned to the start and stop of running. ROb/Pa: 1,252 runs (n = 4 mice), RMg: 1,290 runs (n = 4 mice), and DRN: 

1,172 runs (n = 3 mice). 

(F, J, and N) Plots of the average ΔF/F during rest (prior to run start) on the x axis and during the run on the y axis at 470 nm (pink) and 405 nm (gray). Each dot is an 

individual run. Triangles show average ΔF/F of all runs at 470 nm (yellow) and 405 nm (black). Average run ΔF/F for ROb/Pa 0.0072, 0.0016 (470 nm, 405 nm); RMg 

− 0.0025, − 0.0005; DRN − 0.0073, − 0.0008. For ROb/Pa, we do not observe a correlation between neural activity during wheel running and running speed 

(Figure S5G). 

(O, R, and U) Example photometry traces during a single trial of treadmill assay showing 470 nm (pink) and 405 nm (gray) ΔF/F with treadmill speed in black. ROb/ 

Pa Pet1 neurons (O), RMg Pet1 neurons (R), and DRN Pet1 neurons (U). 

(P, S, and V) Averaged signal across all treadmill run bouts with 10 s run and 10 s rest. ROb/Pa: 120 trials, n = 3 mice (P); RMg: 120 trials, n = 3 mice (S); DRN: 120 

trials, n = 3 mice (V). 

(Q, T, and W) Average 470 nm ΔF/F (pink) and wheel speed (black) at run start on wheel. ROb/Pa (Q), RMg (T), DRN (W). 

See also Figures S4 and S5.
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context. Altogether, these observations indicate that the activity 

of serotonergic neurons that send their projections to ventral spi

nal motor circuits is distinct from that of 5-HT populations target

ing the dorsal spinal cord and brain regions.

ROb/Pa activity is a strong predictor of locomotor state

To determine whether the activity of serotonin neurons could be 

used to predict behavioral state, we used a linear-non-linear 

model to examine the relationship between neural activity and lo

comotor behavior.49,50 We generated linear filters for ROb/Pa, 

RMg, and DRN, which illustrate the temporal relationship be

tween neural activity and wheel speed (Figure 3). This analysis 

was performed using total wheel-running data to assess whether 

the patterns of activity observed during running onset and offset 

extend throughout running behavior. Indeed, the model gener

ated unique filters for each of the three serotonergic populations 

that were consistent with the activity patterns observed in the 

previous analysis (Figure 2).

The ROb/Pa filter contains a single positive peak, indicating 

that increases in wheel speed occur during increases in ROb/ 

Pa Pet1 neuron activity (Figure 3A). By contrast, the DRN filter 

contains a negative peak (Figure 3E), indicating that increases 

Figure 3. Locomotor state is a strong pre

dictor of ROb/Pa activity 

(A, C, and E) Linear filters for ROb/Pa Pet1 neurons 

(A), RMg Pet1 neurons (C), and DRN Pet1 neurons 

(E). Black line is the average (n = 3 mice) with gray 

SEM. 

(B, D, and F) Representative traces for actual 

wheel speed (black) overlayed with predicted 

speed (green) and aligned ΔF/F trace below (pink) 

for ROb/Pa (B), RMg (D), and DRN (F).

in wheel speed occur during decreases 

in DRN Pet1 neuron activity. The position 

of each peak around 0 implies that 

changes in ROb/Pa and DRN Pet1 

neuron activity are coincident with 

changes in speed, as observed in the 

aligned ΔF/F and wheel speed traces 

(Figures 2Q and 2W). To assess the qual

ity of these models, we used each filter to 

predict locomotor speed from neural ac

tivity and compared this with the actual 

wheel speed (Figures 3B and 3F) We 

find that ROb/Pa Pet1 neuron activity 

(Figure 3B, CC = 0.35, SEM = 0.11) and 

DRN Pet1 neuron activity (Figure 3F, 

CC = 0.29, SEM = 0.02) are good predic

tors of wheel running.

By comparison, the RMg filter is 

noisier and contains less pronounced 

structure (Figure 3C), likely due to the 

varied signal observed during wheel 

running (Figure 2H). We find that, using 

this model, RMg Pet1 neuron activity is 

a poor predictor of wheel speed 

(Figure 3D, CC = 0.14, SEM = 0.06). The RMg filter does, how

ever, contain a small negative peak to the right of 0, suggesting 

that changes in speed precede changes in RMg Pet1 neuron 

activity. This is consistent with the slower RMg dynamics 

observed during both wheel and treadmill locomotion 

(Figures 2S and 2T). Thus, in comparison with other 5-HT pop

ulations, ROb/Pa exhibits a distinct pattern of activity that is 

highly correlated with locomotor activity.

Brain-wide inputs to raphe Pet1 neurons targeting the 

ventral spinal cord

The tight coupling between ROb/Pa Pet1 neuron activity and 

locomotion suggests that ROb/Pa neurons may be part of a 

broader network involved in locomotor control. Descending 

command pathways within the midbrain and brainstem are 

known to regulate the start, stop, and speed of locomotion.51–54 

The cuneiform nucleus (CnF), a component of the mesence

phalic locomotor region (MLR), is important for regulating loco

motor initiation and speed.52,53 The brainstem LPGi acts directly 

upon spinal locomotor networks to control motor output.51 To 

determine whether ROb/Pa neurons receive input from these lo

comotor control areas, we performed monosynaptic rabies 
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Figure 4. Brain-wide inputs to raphe Pet1 

neurons targeting the ventral spinal cord 

(A) Schematic showing input pathways to 5-HT 

neurons targeting the ventral spinal cord. 

(B) Experimental procedure. Injection of EnvA- 

RVΔG-tdTomato (tdT) into ROb/Pa of Tac1-Cre:

Pet1-Flpe:N2cG-TVA mice to identify mono

synaptic inputs to Tac1-Pet1 neurons. 

(C) Primary infection of Tac1-Pet1 neurons in ROb/ 

Pa with EnvA-RVΔG-tdT. Scale bar, 100 μm. 

(D–L) Representative images of EnvA-RVΔG-tdT 

infected neurons in LPGi (D, scale bar, 500 μm; 

zoom-in white box in F, scale bar, 100 μm), cune

iform (CnF, E, scale bars, 500 μm), intermediate 

reticular nucleus (IRt, J, scale bar, 500 μm), peri

aqueductal gray (PAG, K, scale bar, 500 μm), and 

hypothalamus (Hyp, L, scale bar, 200 μm). (G–I) 

Vglut2 mRNA expression with EnvA-RVΔG-tdT 

infection in LPGi neurons. (I) Shows an overlay of 

Vglut2 mRNA and RV-tdT. Scale bar, 20 μm. 

(M) Percentage of second-order rabies-infected 

neurons in various brain areas out of total rabies- 

labeled cells (n = 3), each red dot is the percentage 

from a single animal. Data are represented as 

mean ± SEM. 

(N) Model suggested by rabies tracing. Locomotor 

command neurons within MLR (CnF) and LPGi 

send projections (cyan arrows) to brainstem 5-HT 

neurons that target the ventral spinal cord to 

facilitate modulation of spinal MNs and INs 

during locomotor behavior. LPGi, lateral para

gigantocellularis; IRt, intermediate reticular nu

cleus; PAG, periaqueductal gray; Hyp, hypothala

mus; MRF, medullary reticular formation; CnF, 

cuneiform; SC, superior colliculus; RPa, raphe 

pallidus; ROb, raphe obscurus; RMg, raphe mag

nus; MLR, mesencephalic locomotor region. 

See also Figure S6.
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Figure 5. Activation of ROb/Pa potentiates ongoing locomotor behavior 

(A and B) Experimental procedure. (A) Injection of AAV2-DIO-ChR2(H134R)-EYFP into ROb/Pa of Pet1-Cre mice. ChR-expressing TPH2+ neurons in ROb/Pa with 

ChR+ axon terminals in the lumbar spinal cord. Scale bars, 200 μm. (B) Light delivery protocol during 30 min of wheel running with a single example wheel speed 

trace from one ChR animal (orange). Stimulation during 5-min light periods: 5 s 20 Hz pulses 470 nm light, repeating every 15 s. 

(C) Total time at rest vs. locomoting in control (gray) and ChR (black) animals. n = 22–30 trials from 5 to 6 animals. 

(legend continued on next page) 
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tracing to identify brain regions that provide direct input to 

ventrally projecting 5-HT neurons (Figures 4A and 4B).

To restrict rabies infection to Tac1-Pet1 ROb/Pa neurons, we 

used an intersectional strategy by generating a knock-in mouse 

line allowing for Cre- and Flpe-dependent expression of the 

TVA receptor and rabies N2c glycoprotein (Figures S6A and 

S6B). To label inputs to the Tac1-Pet1 subpopulation, we in

jected Tac1-Cre:Pet1-Flpe:N2cG-TVA mice with N2c RV 

(EnvA-N2cΔG-tdT) (Figure 4C). The rabies glycoprotein was 

tagged with hemagglutinin (HA), allowing for identification of 

the initially infected starter population (HA+tdT+)(Figure S6D). 

We observe no HA expression or RV infection in N2cG-TVA 

mice in the absence of Cre and Flpe (Figure S6C), indicating 

that rabies tracing depends on cell-type-specific expression 

of N2cΔG and TVA.

Following rabies injection of Tac1-Cre:Pet1-Flpe:N2cG-TVA 

mice, we observed labeled tdT+ cells in several distinct brain 

areas. We identified dense bilateral clusters of tdT+ cells within 

LPGi, intermediate reticular nucleus (IRt), periaqueductal gray 

(PAG), and hypothalamus (Figures 4D, 4F, and 4J–4L). Addition

ally, we observed sparse labeling within the CnF (Figure 4E), the 

medullary reticular formation (MRF), including the gigantocellu

laris reticular nucleus Gi, the ventral part (GiV), the alpha part 

(GiA), and the medullary reticular formation ventral part (MdV), 

as well as the superior colliculus, and sensorimotor cortex 

(Figure S6E; data not shown). We found comparable labeling 

of these regions after tracing from ROb/Pa neurons in Pet1- 

Cre mice (Figures S6F–S6I).

Several of the pre-ROb/Pa Pet1 neuron populations, including 

CnF, LPGi, MRF, and PAG, have known roles in motor con

trol.51,52,55,56 The highest percentage of rabies-labeled cells 

(∼16%) was located in LPGi (Figure 4M). Recent work identified 

Vglut2+ neurons within the LPGi that activate and are required 

for high-speed locomotion.51,57 Therefore, we performed in situ 

hybridization for vglut2 mRNA and identified Vglut2-expressing 

RV-labeled cells in LPGi (Figures 4G–4I). These observations 

suggest a model whereby descending serotonergic pathways 

are recruited in conjunction with locomotor command neurons 

to modulate spinal motor circuits (Figure 4N).

Activation of ROb/Pa potentiates ongoing locomotor 

behavior

The activity of ROb/Pa Pet1 neurons during wheel running and 

their connectivity with multiple locomotor control regions sug

gests that serotonergic input may be important for regulation of 

locomotion. However, it is unknown whether spinal cord-projec

ting 5-HT neurons regulate specific features of locomotion, such 

as initiation, duration, speed, and termination. To test this, we 

measured the effect of optogenetically activating ROb/Pa neu

rons during wheel running. We injected Cre-dependent channel 

rhodopsin (AAV-DIO-ChR-EYFP) into the ROb/Pa of Pet1-Cre 

mice (Figures 5A, S7A, and S7B). Two weeks post-injection, 

mice were acclimated to the wheel and fiber attachment. 

Three weeks post-injection, mice were placed on running wheels 

for 30 min, during which they received alternating 5-min periods 

of light delivery (5 s, 20 Hz pulses) and no light (Figure 5B). Con

trol Cre-negative littermates were injected with ChR virus and did 

not exhibit any ChR expression (Figure S7C). Animals spent 

about two-thirds of their time on the wheel locomoting 

(Figure 5C).

Because serotonin acts through both ionotropic and metabo

tropic receptors, changes in locomotor parameters might 

emerge over both short and long timescales. We therefore 

selected a pattern of blue light delivery that included both short 

5-s pulses and longer 5 min periods with or without light pulses 

to enable us to observe how neuronal activation influenced 

behavior over both short and long timescales. We did not 

observe locomotor initiation or acute changes in speed in any an

imals upon blue light stimulation of ROb/Pa Pet1 neurons 

(Figures 5D, S7F, and S7G). This is in stark contrast to locomo

tor-driving regions CnF and LPGi, which, when stimulated, result 

in short-latency activation of locomotion.51,52,57 However, we 

observed that ChR animals exhibited an increase in the fraction 

of runs that were maintained following a light pulse (Figures 5E 

and 5F) and fewer total stops in locomotion (Figure 5G), suggest

ing that serotonergic input reduces the probability of terminating 

locomotor output.

We asked whether activation of ROb/Pa Pet1 neurons influ

enced the amount of time animals spent engaged in locomotion 

(D) Wheel speed for trials when the animal was still at the time of light onset. Averaged wheel speed from the first light pulse of each light period for control and ChR 

animals when the wheel was 0 cm/s at the time of light onset. 

(E) Example wheel traces from light period 3 when the animal is running at the time of the light pulse. Arrows indicate trials when the animal stops running. 

(F) Fraction of trials when the animal is running at the time of light onset, and where running is maintained for 10 s following light onset. n = 113–159 runs from 5 to 6 

animals. Data are represented as mean ± SEM. *p < 0.05 unpaired t test. 

(G) Total number of locomotor starts, stops, and bouts for ChR and control mice, n = 22–30 trials from 5 to 6 animals. **p < 0.01 unpaired t test. 

(H) Number of locomotor bouts during each 5-min light or no-light period for control and ChR animals. n = 22–30 trials from 5 to 6 animals. *p < 0.05 unpaired t test. 

ns, not significant. 

(I) Average length of locomotor bouts during each 5-min light or no-light period for control and ChR animals. n = 22–30 trials from 5 to 6 animals. **p < 0.01 

unpaired t test. 

(J) Fraction of total time control or ChR animals spent within various locomotor speed intervals. n = 22–30 trials from 5 to 6 animals. **p < 0.01, ***p < 0.001 

Bonferroni-corrected t test. 

(K) Distribution of time (ms) across wheel speed during no-light (gray) or light (blue) periods. Combined data from 5 to 6 animals across all no-light or light periods. 

(L) Difference in average speed between light and no-light periods. n = 5–6 animals. *p < 0.05 unpaired t test. 

(M) Average speed during each 5-min light or no-light period for control and ChR animals. n = 22–30 trials from 5 to 6 animals. *p < 0.05 unpaired t test. 

(N) Fraction of time mice spent locomoting greater than the speed of 35 cm/s during each 5-min light or no-light period for control and ChR animals. n = 22–30 

trials from 5 to 6 animals. **p < 0.01 unpaired t test. ns, not significant. 

(O) Average maximum speed during each 5-min light or no-light period for control and ChR animals. n = 22–30 trials from 5 to 6 animals. *p < 0.05 unpaired t test. 

ns, not significant. Data are represented as mean ± SEM. 

See also Figure S7.
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(wheel speed > 5 cm/s). On average, mice spent ∼66% of their 

time moving on the wheel (∼20 min), in both control and ChR an

imals (Figure 5C). Thus, activation of ROb/Pa Pet1 neurons did 

not affect the total duration of locomotion. We next sought to 

determine whether activation of serotonergic neurons influenced 

the number of discrete locomotor bouts mice produced. Seroto

nin increases the excitability of spinal MNs.11,26 Thus, we pre

dicted that activation of ROb/Pa may lead to an increase in run 

bouts, as heightened MN excitability could lower the threshold 

needed for a command region to initiate locomotion. Unexpect

edly, we observed the opposite outcome, as ChR animals pro

duced fewer locomotor bouts than control animals (Figures 5G 

and 5H). However, since ChR animals run for the same total 

amount of time as control animals (Figure 5C), this observation 

suggests that the run bouts of ChR animals are longer. Indeed, 

we found that activation of ROb/Pa Pet1 neurons significantly 

increased the length of locomotor bouts by the third light period 

(Figure 5I). Together, these observations suggest that once an 

animal has initiated a run bout, ROb/Pa Pet1 neuron activity in

creases the probability of maintaining the active locomotor state.

We next examined whether activation of ROb/Pa Pet1 neurons 

influenced locomotor speed. We measured the fraction of time 

mice spent in defined 10 cm/s speed bins and found that ChR 

mice spent less time engaged in locomotion at slower speeds 

(<25 cm/s) and more time at faster speeds (>35 cm/s) 

(Figure 5J). A histogram of time across wheel speeds shows a 

rightward shift during the light periods as compared with no-light 

periods (Figures 5K, 5L, S7D, and S7E), indicating that faster 

running by ChR mice occurs during light periods. To more pre

cisely determine when light activation influenced speed, we 

measured the average speed during each of the 5 min time 

bins. We found that average speed increased significantly in 

ChR animals compared with control animals during the third light 

period (Figures 5M, S7H, and S7I). We also observed significant 

increases in the fraction of time spent running >35 cm/s and in 

maximum speed during the third light period compared with 

the first light period (Figures 5N and 5O). The smaller increases 

in speed and duration of locomotion during the second light 

period were maintained during the subsequent no-light period 

(Figures 5M–5O), suggesting that serotonin continues to influ

ence motor circuits beyond periods of increased neuronal 

activity. The effects of light activation on locomotion, therefore, 

accumulate over time and are strongest during the final light acti

vation period. These observations indicate that descending 

serotonergic modulation of spinal circuits can influence the 

speed of locomotion and may be important for regulating 

behavior over longer timescales.

DISCUSSION

Neuromodulators are critical to produce flexible and adaptive 

motor behaviors. While serotonin is a known modulator of spinal 

circuit dynamics,22 how the serotonergic system is integrated 

with motor circuits and how it influences movement has re

mained unknown. Our findings reveal that spinal cord-projecting 

serotonergic neurons are interconnected with motor circuits 

involved in the initiation and execution of locomotion. Seroto

nergic neurons targeting rhythm-generating spinal circuits 

receive input from locomotor control areas, display increased 

neuronal activity during locomotion, and can produce long-last

ing potentiation of locomotor behavior. We discuss these find

ings in the context of neuromodulatory circuit architecture and 

the function of the serotonergic system in motor control.

Anatomical and molecular genetic neuronal tracing studies 

have demonstrated the existence of distinct serotonergic popu

lations targeting the dorsal and ventral spinal cord.32–38 Using 

genetic and viral tracing assays, we provide a more complete 

picture of the input-output organization of the descending 

serotonergic system. Our studies show that ventral spinal 

cord-projecting Pet1 neurons form a highly branched system 

that innervates multiple spinal segments, yet in a spatially 

restricted manner along the dorsoventral domain. The distrib

uted output of descending ROb/Pa Pet1 neurons likely coordi

nates modulation of multiple circuits to enable activation of mus

cles across the body required for behavioral control, including 

the respiratory and autonomic systems.37,38,58–60

We found that ROb/Pa Pet1 neurons receive input from loco

motor control regions, including LPGi and CnF. This organization 

suggests that locomotor command circuits recruit the descend

ing serotonergic system to facilitate changes in excitability 

required to modulate motor behaviors. Consistent with this 

model, previous work has demonstrated that electrical stimula

tion of the MLR, including the CnF, causes activation of brain

stem serotonergic neurons and release of 5-HT in the spinal 

cord.61,62 In addition to locomotor-related inputs, we find that 

ROb/Pa Pet1 neurons receive input from additional regions 

that may be essential in mediating context-dependent behav

iors. For example, input from ventrolateral PAG, a region known 

to be activated during defensive freezing responses, may ensure 

spinal motor circuits are in an appropriate state to produce the 

required motor response.55,63,64

Like other neuromodulators, serotonin acts through volume 

transmission but also through direct synaptic contacts.44 Our 

transsynaptic tracing studies suggest that spinal MNs receive 

synaptic input from 5-HT neurons originating from ROb, and to 

a lesser extent, the neighboring caudal 5-HT nuclei. Interestingly, 

results from our retrograde transsynaptic tracing studies sug

gest that excitatory V2a INs receive little direct 5-HT synaptic 

input, as few TPH2+ neurons were rabies-labeled despite robust 

IN starter cell infection. This suggests possible distinct mecha

nisms for serotonergic modulation of spinal INs and MNs. Addi

tional layers of specificity are likely to be conferred by differences 

in 5-HT receptor expression among spinal neuronal classes.65,66

Raphe neurons exhibit activity related to levels of tonic motor 

activity.67 During REM sleep, when muscle tone is reduced, the 

activity of raphe serotonergic neurons is strongly suppressed, 

whereas their activity is elevated during waking states. Raphe 

populations differ, however, in their activities during specific mo

tor behaviors, such as locomotion. Single-unit recordings in the 

cat showed that the activity of ROb and RPa neurons increases 

during treadmill locomotion,42 while activity within DRN neurons 

remains unchanged.48 Here, we find that during spontaneous 

bouts of locomotion, ROb and RPa neurons increase their activ

ity, whereas DRN neurons decrease their activity. While our find

ings differ from DRN recordings in the cat,48 possibly a result of 

methodological differences, they are consistent with Ca2+ 
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imaging in mice during open-field locomotion, which also shows 

a negative correlation.47 In addition, our filter analysis of DRN 

and ROb/Pa data revealed that these relationships between 

neural activity and locomotion are consistent throughout the 

spontaneous locomotor behavior.

Anti-correlated activity has also been observed in the DRN dur

ing locomotion within an open field, yet DRN activity changes 

in situations where animals perceive a threat, becoming highly 

correlated with muscle activity.47 Our findings suggest that 

similar context-dependent changes in activity occur within dorsal 

spinal cord-projecting RMg neurons. During wheel running, we 

observed that RMg Pet1 neuron activity was variable, with a slight 

trend toward being anti-correlated with movement. By contrast, 

during treadmill running, RMg Pet1 neuron activity was strongly 

correlated with locomotor activity. The forced motorized treadmill 

assay is likely a more stressful condition for mice compared with 

unrestrained wheel running. The differences in RMg activity we 

observed, therefore, could reflect differences in the internal state 

of mice in these conditions. RMg modulates incoming sensory in

formation,68–70 and therefore may act as a context-dependent 

gating system for sensory feedback. One could imagine a high- 

threat scenario where high-speed locomotion must be prioritized 

to promote escape and survival. In this context, it would be dis

tracting or even life-threatening to respond to peripheral nocicep

tive inputs. By contrast, during non-threatening situations, it 

would be important to notice and respond to a painful stimulus. 

In the future, it will be important to examine the possible role of 

RMg in context-dependent gating of sensory feedback and to 

gauge its influence on motor behavior.

Serotonin modulates the excitability of spinal MNs and INs, 

generating changes in the temporal dynamics of motor output 

and magnitude and timing of muscle activation. It has been pro

posed that serotonin mediates gain control, adjusting the input- 

output gain of MNs to achieve the desired activation of muscles 

for specific movements.8,25 We find that activation of ventral spi

nal cord-projecting Pet1 neurons increases the speed and length 

of running. Activation of serotonergic neurons may function like 

turning up the gain ‘‘knob,’’ where enhanced release of 5-HT in

creases the excitability of spinal MNs and INs. This could allow 

specific motor commands to yield larger or more sustained mo

tor output. Furthermore, gain may differentially influence specific 

limb muscles for intended motor output, as we have observed 

variation in 5-HT input across motor pools. Activation of ROb/ 

Pa neurons could also act by sustaining serotonergic modula

tion, as ROb/Pa neurons have been shown to decrease their 

firing rates after prolonged locomotion.71 Conversely, turning 

down this knob would result in changes to locomotor behavior 

in the opposite direction, perhaps reducing locomotor duration 

and speed. Consistent with this model, local delivery of a seroto

nin receptor antagonist to the lumbar spinal cord results in 

impaired hindlimb stepping.7

Finally, our studies reveal an unappreciated way in which neu

romodulatory systems influence locomotion. The descending 

serotonergic pathway impacts locomotor behavior in a manner 

that fundamentally differs from the relatively immediate effects 

that reticulospinal pathways have on locomotor initiation, speed, 

and termination.51,53,56,57,72 While the activity of ROb/Pa is 

tightly synced with locomotor behavior, we find that the neurons 

do not act as a ‘‘go-signal’’ for locomotion, consistent with what 

has been observed for the lateral LPGi serotonin neurons.57

Rather, serotonergic input strengthens and promotes mainte

nance of ongoing locomotion. We find that activation of ROb/ 

Pa produces increases in locomotor speed and duration, and 

that these changes accumulate and are sustained over minutes. 

The influence that the serotonergic pathway has on movement is 

slower and extends well beyond the current locomotor bout. 

These results are reminiscent of work in C. elegans showing 

that 5-HT mediates a long-lasting effect on locomotor speed,5

suggesting that 5-HT mediates the effects we have observed 

on locomotion. This enduring influence on behavior may be facil

itated by metabotropic 5-HT receptors that result in sustained 

changes in the excitability of spinal motor circuits. These may 

be critical for producing sustained locomotor output to meet 

the demands of context-specific motor behaviors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea Pig anti-Tryptophan Hydroxylase 2 This paper N/A

Chicken anti-Green Flourescent Protein ThermoFisher Cat#A10262; RRID:AB_2534023

Rat anti-5-Hydroxytryptamine Enzo Life Sciences Cat#BML-SZ1011-0025

Rabbit anti-DsRed Takara Biosciences Cat#632496; RRID:AB_10013483

Rabbit anti-Hemagglutinin (HA) tag Abcam Cat#ab9110; RRID:AB_307019

Goat anti-Choline Acetyltransferase Millipore Cat#AB144P; RRID:AB_2079751

Donkey anti-Guinea Pig Cyanine 3 Jackson ImmunoResearch Cat#706-165-148; RRID:AB_2340460

Donkey anti-Guinea Pig Alexa Fluor 647 Jackson ImmunoResearch Cat#706-605-148; RRID:AB_2340476

Donkey anti-Chicken Alexa Fluor 488 Jackson ImmunoResearch Cat#703-545-155; RRID:AB_2340375

Donkey anti-Rat Cyanine 3 Jackson ImmunoResearch Cat#712-165-150; RRID:AB_2340666

Donkey anti-Rat Cyanine 5 Jackson ImmunoResearch Cat#712-175-150; RRID:AB_2340671

Donkey anti-Rabbit Cyanine 3 Jackson ImmunoResearch Cat#711-165-152; RRID:AB_2307443

Donkey anti-Rabbit Alexa Fluor 488 Jackson ImmunoResearch Cat#711-545-152; RRID:AB_2313584

Donkey anti-Goat Alexa Fluor 647 Jackson ImmunoResearch Cat#705-605-147; RRID:AB_2340437

Bacterial and virus strains

AAV9-Syn-DIO-TVA66T-tdT-N2cG Julie Sable, Jessell Lab N/A

EnvA-N2c(ΔG)-TdT Janelia, Neuro Tools Viral 

Vector Core

N/A

AAV1-flex-TVA-N2cG Julie Sable, Jessell Lab N/A

AAV2retro-CAG-FLEX-tdTomato Depositor: Edward Boyden Addgene Cat#28306-AAVrg: 

RRID:Addgene_28306

AAV5-FLEX-GCaMP6s Chen et al.73 Addgene Cat#100842-AAV5; 

RRID:Addgene_100842

AAV1-FLEX-GCaMP6s Chen et al.73 Addgene Cat#100842- 

AAV1;RRID:Addgene_100842

AAV2-EF1a-DIO-ChR2(H134R)-EYFP UNC Vector Core N/A

Experimental models: Organisms/strains

Mouse: RC::FPSit: B6;129S6-Gt(ROSA) 

26Sortm10(CAG-Syp/EGFP*,-tdTomato)Dym/J

Niederkofler et al.43 JAX:030206; RRID:IMSR_JAX:030206

Mouse: Pet1-Flpe Brust et al.37 N/A

Mouse: Tac1-Cre: B6;129S-Tac1tm1.1(cre)Hze/J Harris et al.74 JAX:021877; RRID:IMSR_JAX:021877

Mouse: Egr2-Cre: Egr2tm2(cre)Pch/J Brust et al.37 JAX:025744; RRID:IMSR_JAX:025744

Mouse: ChAT-Cre: B6;129S6-Chattm2(cre)Lowl/J Rossi et al.75 JAX:006410; RRID:IMSR_JAX:006410

Mouse: Chx10-Cre: B6.129(Cg)-Vsx2tm3.1(cre)Kash/TmjJ Azim et al.76 JAX:039931; RRID:IMSR_JAX:039931

Mouse: Pet1-Cre: B6.Cg-Tg(Fev-cre)1Esd/J The Jackson Laboratory JAX:012712; RRID:IMSR_JAX:012712

Mouse: Ai65-N2cG-TVA This Paper N/A

Mouse: Ai9-N2cG-TVA This Paper N/A

Oligonucleotides

Primer: G/TVA Forward: TGGAAAGCAGCGTGATTCCT This Paper N/A

Primer: G/TVA Reverse: CAACTCACAACGTGGCACTG This Paper N/A

Primer: FlPe Forward: 

GCTTACATTTGCTTCTAGCCTGCAG

This Paper N/A

Primer: FlPe Reverse: TGGCTCATGGTGGAAGCTTGG This Paper N/A

Primer: Cre Forward: CGGTCGATGCAACGAGTGATG This Paper N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Male and female mice aged 8-10 weeks at the time of surgical procedures were used for experiments. All mice were maintained on a 

C57BL/6 genetic background. Prior to surgical procedures, mice were housed communally with littermates. Following surgical pro

cedures and for the duration of behavioral analysis, mice were single housed. Mice were given ad libitum access to food and water 

and maintained on a 12-hour light-dark cycle. All experimental and surgical procedures involving animals were approved by the NYU 

Grossman School of Medicine Institutional Animals Care and Use Committee (IACUC) and in compliance with the NIH guidelines for 

care and use of animals.

To perform monosynaptic retrograde rabies tracing from genetically-defined subpopulations of serotonin neurons (Figure 4), we 

generated two mouse lines to enable recombinase-dependent expression of the N2c rabies virus glycoprotein (N2cG), and the 

receptor for the subgroup A avian sarcoma and leukosis virus (TVA). An HA-tagged N2cG and mutated TVA66T78,79 were inserted 

into both the Ai9 (Addgene plasmid #22799) and Ai65 (Addgene plasmid #61577) targeting vector to enable either Cre-dependent 

or Cre- and Flpe-dependent expression of N2cG and TVA, respectively. Both targeting vectors allow expression of the inserted 

cassette at the mouse Rosa26 locus. The targeting vectors were used to generate mice at Kallyope and then transferred to NYU Lan

gone animal facility.

METHOD DETAILS

Viral injections

Anesthesia was induced using vaporized isoflurane at 3% in oxygen (2 L/min). Anesthesia was maintained throughout the duration of 

procedures at 1.5-2.5% in oxygen (1 L/min) with mice held in stereotaxic frame (Kopf Instruments, Model 940) atop a feedback- 

controlled heating pad set to 37 ◦C. Viruses were injected using a Nanoject II (Drummond Scientific Company) and pulled glass 

capillaries.

To perform rabies tracing from spinal MNs, AAV9-Syn-DIO-TVA66T-tdTomato-N2cG (Julie Sable, Jessell lab, Columbia) was in

jected into the lateral ventricle by intracerebroventricular (ICV) injection at P0-1. The ICV injection allows virus to spread within the 

cerebrospinal fluid and enables infection of spinal MNs.46 At eight weeks of age, mice were injected with EnvA-N2c(ΔG)-TdT (Janelia, 

NeuroTools Viral Vector Core) into spinal segments C4 to T1. To perform rabies tracing from Ch10+ INs, Chx10-Cre mice were in

jected with AAV1-flex-TVA-H2B-HA-N2cG (Julie Sable, Jessell lab, Columbia) into spinal segments C5 to C8, and three weeks later 

EnvA-N2c(ΔG)-TdT (Julie Sable, Jessell lab, Columbia) was injected into segments C5 to C8. Mice were perfused 1-2 weeks post 

rabies injection. To retrogradely label serotonergic neurons from the spinal cord (Figure S3), AAV2retro-CAG-FLEX-tdTomato 

(Addgene 28306-AAVrg) was injected into spinal segments C5 to C8 of Pet1-cre mice (8 weeks). Mice were perfused 2 weeks 

post-injection. For rabies tracing in N2cG-TVA mice, EnvA-N2c(ΔG)-TdT (Janelia, NeuroTools Viral Vector Core) was injected using 

ROb coordinates described below and mice were perfused 7-8 days post-injection.

Coordinates for ROb injections were 6.85mm posterior and 0mm mediolateral of bregma with injection at depth of 5.4 to 5.7mm 

below bregma. Coordinates for RMg injections were 5.3mm posterior and 0mm mediolateral of bregma with injection at depth of 

5.7mm. Coordinates for DRN injections were 4.7mm posterior and 0mm mediolateral of bregma with injection at depth of 3mm. 

Cell-type specific expression of GCaMP6s and channelrhodopsin was achieved using the following Cre-dependent viruses: 

AAV5-FLEX-GCaMP6s (Addgene #100842-AAV5) for ROb/Pa and RMg, AAV1-FLEX-GCaMP6s (Addgene #100842-AAV1) for 

DRN, and AAV2-EF1a-DIO-ChR2(H134R)-EYFP (UNC Vector Core). Approximately 300 nL of virus was injected per animal. Following 

the delivery of viral vector, a 26-gauge guide cannula (P1 Technologies) was positioned overtop of the injection site, descended to a 

depth of.2mm above desired fiber position and removed. A fiberoptic cannula (400μm core diameter, Doric Lenses) was then lower 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: Cre Reverse: AGCCTGTTTTGCACGTTCACC This Paper N/A

Primer: GFP Forward: CCCTGAAGTTCATCTGCACCAC This Paper N/A

Primer: GFP Reverse: TTCTCGTTGGGGTCTTTGCTC This Paper N/A

Software and algorithms

ImageJ Schneider et al.77 https://imagej.nih.gov/ij/

Imaris Oxford Instruments RRID:SCR_007370

MATLAB MathWorks RRID:SCR_001622

Deposited data

Fiber photometry data Zenodo https://doi.org/10.5281/zenodo.18260340
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into the brain and cemented in place (C&B Metabond, Parkell). Lastly, a headplate was cemented to the skull to facilitate handling of 

mice while attaching and removing the fiber optic cable.

To retrogradely label spinal motor neurons targeting the gluteus muscle, ChAT-Cre mice (n=3) were injected with AAV2r-flex- 

tdTomato (Addgene #28306-AAVrg) at age P5-6. Pups were anesthetized using isoflurane and 1-2uL of virus was injected into 

the gluteus muscle. Mice were perfused 3 weeks post injection and used for immunostaining and analysis of 5-HT fibers in spinal 

cord sections.

Histology

Mice were euthanized via isoflurane overdose delivered by the open drop method and transcardially perfused with 10mL of cold 1X 

phosphate buffered saline (PBS) followed by 10mL of ice cold 4% paraformaldehyde (PFA). Brain and/or spinal cords were removed 

and post-fixed overnight in 4% PFA at 4◦C. Tissue was sectioned free floating in cold 1X PBS using a vibratome (Leica VT1200S). 

Brain tissue was sectioned at 70 μm thickness and spinal cord tissue was sectioned at 80 μm thickness.

For immunohistochemistry, sections were permeabilized in 0.3% TritonX-100 in 1X PBS for 15 minutes at room temperature. 

Following permeabilization, sections were incubated free floating in primary antibodies diluted in a blocking solution of 1% bovine 

serum albumin (BSA) and 0.3% TritonX-100 in 1X PBS for 72 hours at 4◦C. Secondary antibodies diluted in blocking solution 

were applied overnight at 4◦C. Sections were mounted onto superfrost plus microscope slides (Fisherbrand) with Fluoromount-G 

(SouthernBiotech).

TPH2 antibody was generated by Covance using a TPH2 peptide (RRGLSLDSAVPEDHQLC, Atlantic Peptides) coupled to KLH 

(Thermofisher 77605). Reagents were designed and prepared by Susan Brenner-Morton at Columbia University.

Image analysis

Imaris (Bitplane) software was used to analyze the position of synaptophysinGFP puncta in spinal cord sections and MATLAB was 

used to generate the position plots and density plots for each 5-HT neuron population, as previously described in Bikoff et al.80 Single 

images at each spinal level were used to generate the position and density plots for Egr2-Pet1 and Tac1-Pet1 puncta, although these 

patterns were reproducible across at least 3 animals examined. This approach was also used to analyze 5-HT puncta and gluteal MN 

density in ChAT-Cre mice. For this experiment, position data was combined from 3 lumbar spinal cord images from each of 3 injected 

animals to generate density plots. Additionally, this approach was used to generate the position plots of RV+ and TPH2+ cells 

following rabies tracing from spinal MNs and Chx10+ INs.

Fluorescent In Situ hybridization

In situ hybridization was performed on brain tissue following the injection of CVS-N2c(ΔG)-tdT rabies virus to identify retrogradely 

labeled cells expressing the vesicular glutamate transporter 2 (Vglut2). Hybridization chain reaction (HCR) probes for Vglut2 were 

generated from the sense sequence of Vglut2 cDNA (NCBI) using the HCR 3.0 probe maker.81,82 Following tissue collection and 

post-fixation described above, brains were placed in a 30% sucrose solution overnight at 4 ◦C, then embedded in Tissue-Tek 

O.C.T. compound. Tissue was cryosectioned at 18μm thickness, collected onto superfrost plus microscope slides, and stored at 

-80 ◦C. Fluorescent in situ hybridization was performed using the Hybridization Chain Reaction RNA fluorescent in situ hybridization 

(HCR RNA-FISH, Molecular Instruments) protocol, described in D’Elia et al.83

Locomotor assays and acclimation

Wheel running experiments were performed using a low-profile running wheel (Fast Trac K3251, Bio-Serve) attached to rotary 

encoder (A2 optical shaft encoder, US Digital). Encoder output was collected using a USB interface board (RHD2000, #C3100, Intan 

Technologies) and recorded using RHD2000 Interface software (Intan Technologies). Treadmill experiments were performed using a 

custom-built motorized rodent treadmill (Model 802, University of Cologne electronics lab).

Mice were acclimated to the running wheel and treadmill for 4 days prior to the first behavioral data collection trials. On the first day 

of behavioral acclimation, mice were allowed explore the wheel and treadmill environments for 10 minutes each. On the subsequent 

3 days, mice were acclimated with the fiber optic cable attached. Each of these 3 days, mice were then allowed to run freely on the 

wheel for 10-30 minutes. On the second day of behavioral acclimation, mice ran on the treadmill for 1 minute at 20 cm/sec and 1 min

ute at 25 cm/sec with a 1-minute rest period in between. The treadmill speed was ramped up slowly by hand to acclimate the animal 

to the moving belt. On the third and fourth days of behavioral acclimation, mice on the treadmill performed alternating 10 second 

intervals of rests and runs: 3X at 20 cm/sec, 3X at 25 cm/sec, 3X at 30 cm/sec, and 3X at 35 cm/sec.

Fiber photometry

A rig for collecting fiber photometry data was constructed using LEDs (M470F3 & M405FP1, Thorlabs), Fluorescent Mini Cube (FMC 

Gen1, Doric), and photoreceiver (Model 2151, Newport). A 385 Hz sinusoidal 470 LED light (30μW, bandpass filtered 460-490nm) was 

delivered by a 400μm optic cable to excite GCaMP6s in the brain. A 315 Hz sinusoidal 405 LED light (30μW, bandpass filtered 400- 

410nm) was also delivered to the brain as a control for motion artifact. The isosbestic point for GCaMP6s is near 405nm, where 

emitted light is independent of calcium binding. The emitted light from the brain was bandpass filtered (500-550nm) and collected 

by photodetector and recorded using the Intan USB interface board with Intan software described above with locomotor assays.
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Recordings were made during 30min wheel sessions and treadmill runs over 14-21 days and collected at 4kHz sampling rate. The 

signals were bandpass filtered (470nm passing band: 385Hz ± 10, 405 passing band: 315Hz ± 10 and demodulated using a phase 

sensitive detection method comparing the modulated signal with a recorded reference signal of same frequency. Demodulation ex

tracts the envelope of the 385Hz signal reflecting the intensity of GCaMP6s signal. A baseline was calculated from demodulated 

signal using an interpolated linear fit of values in 10th percentile and moving window size of 30s. The photometry signal was baseline 

adjusted: ΔF/F= (demodulated signal-baseline)/baseline. MATLAB code used in fiber photometry analysis was obtained from Krok 

et al.84 and is available at: https://github.com/TritschLab/TLab_Toolbox. Animals that displayed no signal and where histology 

confirmed insufficient GCaMP expression or misplacement of fiber position were excluded from our analysis.

The averaged ΔF/F at the start and stop of run bouts (Figures 2E, 2I, and 2M) was generated using runs of at least 3 seconds in 

length, defined by periods where wheel speed was greater than 10cm/sec. For this analysis, each run was baselined individually. Run 

starts were normalized to the average fluorescence 0.5s to 1s prior to the run start and run stops to the fluorescence 0.5s to 1s post 

run stop. To generate the scatter plot of averaged ΔF/F values during run bouts vs. rest periods (Figures 2F, 2J, and 2N), the ‘‘run’’ 

value was calculated by taking the average of ΔF/F during the whole run bout, minus the first and last second of the run. The ‘‘rest’’ 

value was calculated by taking the average of the ΔF/F during a half second period, one second prior to the run start.

To analyze the relationship between neural activity and speed (Figure S5G), the averaged ΔF/F and wheel speed were plotted for 

the early phase of each run and throughout each run. The early phase was defined as seconds 2 and 3 of each run. The full run was 

defined as the entire run without the first and last seconds of each run. The beginning and end of each run were not used in the anal

ysis to remove acceleration and deceleration phases of the behavior, so to isolate the period of sustained running when comparing 

activity with speed.

Filter calculation and analysis

Filters were calculated as described in Nagel and Doupe.49 Filters were extracted using concatenated ΔF/F and wheel speed data for 

each individual animal. An average filter and SEM were generated for each brain area (n=3 for each area: ROb, RMg, and DRN). The 

filter was used to predict locomotor speed from ΔF/F for each brain area and then compared to the actual wheel speed. A correlation 

coefficient (CC) was calculated for each animal to determine the strength of the relationship between the predicted speed and actual 

speed. An average correlation coefficient and SEM were calculated for each brain area.

Optogenetic activation and analysis

For optical stimulation of ChR2, 470nm LED light (M470F3, Thorlabs) was delivered for 5s pulses at 25Hz with sinusoidal temporal 

profile. Light intensity was measured using an optical power meter (PM100D, Thorlabs) at the tip of the fiber canula to be 13-15 mW. 

During each of the 5-minute light periods, mice received 15 5-second light pulses.

Mice were attached to optic fiber and allowed to run freely on wheel for 30min during the light stimulation protocol with 5-minute alter

nating no light and light periods. Data was collected from each ChR and control mice once a day with 1-2 rest days in between for 3 weeks. 

For data to be included in analysis, the following criteria were required: 1) at least 5 minutes total of speeds >5cm/sec and 2) reached 

speeds greater than 10cm/sec during all 3 no light and light periods. These criteria were used to ensure comparable behavior when an

imals ran to a similar extent throughout the 30 minutes and remove days where mice stopped running for long periods of time. For wheel 

speed analysis, wheel rotary encoder output was converted to speed using the wheel circumference and maximum encoder output value 

and downsampled to 1kHz. Run bouts were defined as periods of wheel speed greater than 10cm/sec for at least 1 second.

Electromyographic recordings and analysis

To observe the relationship between 5-HT neuron activity and muscle activity during locomotor behavior, electromyographic (EMG) 

electrodes were implanted into limb muscle to record muscle activity. EMG electrodes were fabricated and implanted as previously 

described.85 Briefly, EMG electrodes were made using insulated steel wire (793200, A-M Systems) with 1mm exposed regions 7.5cm 

away from a 12-pin miniature connector (11P3828, Newark). The wire ends were inserted and crimped inside of a 27-gauge needle to 

use when inserting electrodes into the muscle. EMG electrodes were implanted into mice that had previously been injected with 

GCaMP6s virus and had headplates attached. An incision was made above the neck, hip and tibialis anterior (TA) muscle in right 

hindlimb. The needle end of the wire was guided beneath the skin from the neck to the hip and then to TA. The needle was used 

to insert the wire through the muscle and a knot made at the end to hold the electrode in place. The connecter was cemented to 

the rear edge of the headplate. EMG signals were transmitted from the headplate connecter by an Omnetics connector and amplified 

using an amplifier chip (RHD2216, Intan Technologies). Amplified EMG signals were recorded using the Intan USB interface board 

and Intan software. EMG recordings were downsampled to 1kHz, high-pass filtered at 40Hz, and rectified, as described in Miri et al.85

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of behavioral data was performed using Microsoft Excel with a two-tailed unpaired Student’s t test. The statistical 

significance was indicated as the following: *p<0.05, **p<0.01, ***p<0.001, or ns=not significant. Bar plots show grouped data with 

mean ± standard error of the mean (SEM). Scatter plot shows data by individual animal with mean ± standard error of the mean (SEM).
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Figure S1. Genetic labeling of 5-HT sub-populations, related to Figure 1 

(A) 5-HT immunostaining of cervical spinal cord showing 5-HT puncta at cholinergic INs beside central canal (CC). Higher 

magnification image on right of area within white box. Scale bars 50µm. (B) 5-HT immunostaining at MMC (black box) in 

lumbar spinal cord. Scale bar 200µm. Higher magnification of MMC motor neurons on right. Scale bar 50µm. (C). 

Intersectional synaptophysin-GFP allele. (D) Breeding scheme to generate Egr2-Pet1-synGFP or Tac1-Pet1-synGFP mice. 

(E) Distribution of synaptophysinGFP (red) and 5-HT immunostaining (black) puncta in thoracic and lumbar spinal segments 

for Egr2-Pet1 and Tac1-Pet1 neuron populations. Relative density of synGFP puncta (blue). Cervical segments in Figure 1. 

(F) Distribution of Tac1-Pet1 and Egr2-Pet1 neurons in brainstem and midbrain with TPH2 immunostaining. Scale bars 

200µm. Raphe pallidus, RPa; raphe obscurus, ROb; raphe magnus, RMg; dorsal raphe nucleus, DRN; median raphe 

nucleus, MRN. 



 
Figure S2. Monosynaptic rabies tracing from spinal MNs and Chx10+ INs, related to Figure 1 

(A) MN-restricted expression of tdTomato (tdT) in spinal cord (C8) following intracerebroventricular injection (ICV) of Cre-dependent AAV9 

virus into ChAT-Cre mouse. Scale bar 200µm. (B) Rabies virus (RV) labeling in brainstem and midbrain with TPH2 showing serotonergic 

nuclei. Brainstem section and DRN scale bars 500µm. LPGi and RMg scale bars 200µm. (C) Summary of RV+TPH2+ neurons in single 

ChAT-Cre animal with total TPH2+ cells. (D) Cell counts of second-order RV+ TPH2+ neurons in raphe nuclei by animal. The few labeled 

cells located in RMg likely derive from Tac1+ 5HT neurons (Figure S1F). (E) Strategy for tracing monosynaptic inputs to Chx10+ INs. 

Injection of Chx10-cre mouse cervical spinal cord (C5-C8) with AAV-FLEX-TVA-HA-G followed by EnvA-RVΔG-GFP.  (F) Infection of 

Chx10+ neurons in cervical spinal cord (C4). Scale bar 200µm. Zoom-in below showing RV-infected HA+ neurons and 5-HT puncta. Scale 

bar 50µm. (G) Cell counts of primary infected HA+RV+ neurons and second order RV+ (HA-) neurons in cervical spinal cord by animal.  

(H) RV labeling within brainstem reticular formation. Scale bar 500µm. Image on right shows magnified ROb/Pa region. Scale bar 200µm. 

(I) Summary of RV+TPH2+ neurons in single Chx10-cre animal with total TPH2+ cells. (J) Cell counts of second-order RV+TPH2+ neurons 

in caudal raphe and LPGi regions and second-order RV+TPH2- neurons throughout the rest of the brainstem. (Raphe pallidus, RPa; 

raphe obscurus, ROb; lateral paragigantocellularis, LPGi; raphe magnus, RMg; dorsal raphe nucleus, DRN; median raphe nucleus, MRN.)  



 
Figure S3. Organization and terminal density of ventrally-projecting 5-HT neurons, related to Figure 1 

(A) Experimental procedure. Injection of AAV2r-FLEX-tdTomato into C5-C8 of Pet1-Cre mice. Expression of tdTomato at 

injected cervical level. Scale bar 200µm.  (B) Expression of tdTomato in brainstem with TPH2 expression. tdTomato+ fibers 

at nucleus ambiguous (NA). Scale bar 500µm. Zoom-in of expression within white box. Scale bar 100µm. (C) tdTomato 

expression within fibers of thoracic (Th) and lumbar (L) spinal cord with ChAT immunostaining. Scale bars 200 µm. Right 

most images are zoom-in of black box showing tdTomato+ fibers around MNs. Th scale bar 50µm, L scale bar 100µm. (D) 

Schematic depicting highly collateralized ROb/Pa Pet1 neurons targeting multiple spinal levels and caudal medulla. (E) 

Expression of 5-HT in lumbar ventral horn with retrogradely infected gluteal MNs (AAV-tdT). Scale bar 200µm. (F) Relative 

density plots for ventral horn 5-HT puncta and gluteal MNs (n=3 animals).  



 
 

Figure S4. Neural activity during individual runs on wheel, related to Figure 2 

(A-C) Heatmap showing ΔF/F (left) for all individual runs during wheel assay. Pet1 neuron activity within ROb/Pa, RMg, or 

DRN. Each horizontal line is a single run. Runs ordered by length from shortest to longest. Traces include 2 seconds prior 

to run start. Heatmap showing corresponding wheel speed (right) for all runs. (A) ROb/Pa (1252 runs, 4 animals). (B) RMg 

(1290 runs, 4 animals). (C) DRN (1172 runs, 3 animals). 



 
Figure S5. Additional photometry data and histology quantification, related to Figure 2 

(A,C,E) Averaged 470nm ΔF/F by animal at run start and stop. Percentage of Gcamp6s-infected ROb/Pa TPH2+ cells is 

listed below by animal. (A) ROb/Pa. (C) RMg. (E) DRN. (B,D,F) Post-hoc quantification of histology for animals used in fiber 

photometry experiments. Gcamp6s+TPH2+ cell counts and fiber position for each animal. (B) ROb/Pa. (D) RMg. (F) DRN. 

(G) Plot of averaged ΔF/F and wheel speed during 2sec early in the run (top) and during the full run (bottom). (H) EMG 

recordings from tibialis anterior (TA) with Gcamp imaging during wheel running. Raw EMG trace from TA during locomotion 

(black). Average ΔF/F (pink) from ROb/Pa overlaying rectified EMG traces aligned to first peak of muscle activity at start of 

run bout (multicolor). Arrow shows alignment of first muscle burst.  



 
Figure S6. Retrograde rabies tracing from raphe neurons targeting ventral spinal cord, related to figure 4 

(A) Intersectional N2cG-TVA allele. (B) Generation of Tac1:Pet1:N2cG-TVA mice. Expression of HA-tagged N2cG within 

ROb/Pa and LPGi neurons. Scale bars 100µm. (C) HA and TPH2 immunostaining in N2cG-TVA mouse (no Cre/Flpe) 

injected with EnvA-RVΔG-tdTomato. Scale bar 500µm. (D) Cell counts of primary infected cells (HA+tdT+) and second-

order (HA-tdT+) cells by animal from Tac1:Pet1:N2cG-TVA mice injected with EnvA-RVΔG-tdTomato. (E) Second order 

rabies-labeled neurons in sensorimotor cortex (Ctx). Scale bar 500µm. (F) Cre-dependent N2cG-TVA allele. (G) Generation 

of Pet1:N2cG-TVA mice. Expression of HA-tagged N2cG within ROb/Pa, RMg, LPGi neurons. Scale bars 100µm. (H) HA 

and TPH2 immunostaining in N2cG-TVA mouse (no Cre) injected with EnvA-RVΔG-tdTomato. Scale bar 500µm. (I) Rabies 

infection in Pet1:N2cG-TVA caudal brainstem with labeled presynaptic cells in LPGi (scale bar 500µm), cuneiform (CnF, 

scale bar 100µm), periaqueductal grey (PAG, scale bar 200µm), and hypothalamus (Hyp, scale bar 200µm).  



 
Figure S7. Optogenetic activation of ROb/Pa Pet1 neurons during locomotor behavior, related to figure 5 

(A) ChR-infected cells and fiber position for each ChR animal. Percentage of ChR-infected ROb/Pa TPH2+ cells is listed 

beside each animal.  (B) ChR expression in lumbar spinal cord with ChAT immunostaining. Scale bar 200µm. (C) 

Representative control animal with no ChR expression in ROb/Pa neurons. White dotted line denotes position of fiber. Scale 

bar 200µm. (D) Distribution of time (ms) across wheel speeds during No-light (grey) or Light (blue) periods (1-3) shown for 

each individual Control (top row) or ChR (bottom row) animal. (E) Distribution of time (ms) across wheel speeds during No-

light (grey) or Light (blue) periods (1-3). Combined data from 5-6 animals. (F) Averaged wheel speed when animal was 

running at time of light onset. Averaged wheel speed during first light pulse of each period when wheel speed was greater 

than 20cm/s at light onset. (G) Data in F displayed by control or ChR animals with light periods overlayed. (H) Averaged 

wheel speed across all light pulses of each period when wheel speed was greater than 20cm/s at light onset. (I) Data in H 

displayed by control or ChR animals with overlayed light periods. 
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