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SUMMARY

Locomotion in vertebrates is generated in the spinal cord but initiated by supraspinal centers. Spinal inter-

neurons expressing Shox2 include putative locomotor rhythm generating neurons in mice. Reticulospinal 
neurons directly provide drive to spinal rhythm generating interneurons, which then convey rhythmic output. 
Excitatory neurons in the lateral paragigantocellular nucleus (LPGi) have been shown to provide this de-

scending drive during locomotor initiation. Here, we performed viral tracing and electrophysiology to test 
for direct connections between the LPGi and lumbar Shox2 interneurons in adult mice. Using monosyn-

aptic-restricted rabies tracing, we show that excitatory neurons from the LPGi make direct synaptic connec-

tions onto lumbar Shox2 interneurons. This connection from the ventral caudal medulla to Shox2 interneurons 
was confirmed via anterograde tracing and recordings of excitatory postsynaptic potentials in Shox2 inter-

neurons. Thus, a subset of Shox2 interneurons receives monosynaptic excitatory input from the LPGi, which 
may provide the substrate for locomotor initiation.

INTRODUCTION

Locomotion is one of the primary ways by which vertebrates 

dynamically interact with their environments. Locomotion in ver-

tebrates is initiated by neural circuitry spanning the entire central 

nervous system. A number of genetically identified populations of 

spinal interneurons have been shown to contribute to various as-

pects of locomotion. 1,2 Among these, Shox2 interneurons are a 

putative rhythm-generating population of excitatory neurons 

located ventromedially in the spinal cord 3 exhibiting many 

of the criteria for rhythmogenic locomotor-related neurons. 4 

Although there are other populations proposed to contribute to 

rhythm generation, including the Hb9 interneurons, 4–6 Lhx9 inter-

neurons, 7 and ventral spinocerebellar tract (VSCT) neurons, 8 the 

location, electrophysiological properties, and local connectivity 

of the Shox2 interneurons is most consistent with a primary role 

in rhythm generation. 3,9,10 However, the supraspinal structures 

targeting these neurons are yet unknown.

Rhythm generating neurons are hypothesized to receive an 

initiation signal from supraspinal structures, which is converted 

to a rhythmic motor output. 4,11–14 The reticulospinal tract has 

long been suggested to serve as a direct link between supraspi-

nal effectors and spinal interneurons in the context of motor 

output. 15 The descending reticulospinal drive originating in the 

medulla acts as a necessary intermediary between the mesence-

phalic locomotor region and the spinal locomotor central pattern 

generator. 13,16,17 In freely behaving mice, targeted activation

within medullary reticulospinal nuclei initiates, 18 halts, 18,19 or re-

directs/turns 19,20 locomotion. Similarly, glutamatergic reticulo-

spinal transmission generates rhythmic locomotor-like behavior 

in vitro. 11 Reticulospinal projections have been shown to directly 

contact commissural interneurons 21–23 and motor neurons. 24 

However, a determination of relation to function is complicated 

by the diversity in both the medullary nuclei that form the reticular 

spinal pathway and spinal interneuron populations.

Higher specificity has been gained more recently. Using 

either anterograde or retrograde viral tracing strategies from 

specified interneuronal populations, the gigantocellular nu-

cleus has been shown to project to a variety of spinal neurons. 

These include lumbar V2a interneurons 25 involved in left-right 

co-ordination 26,27 and functional recovery following SCI, 25 lum-

bar Dmrt3 commissural neurons that participate in left-right 

alternation, 28 and cervical V1 interneurons 29 that mediate 

flexor/extensor co-ordination and locomotor speed. 30,31 It is 

notable that direct reticulospinal input to these or other popula-

tions of locomotor-related lumbar spinal neurons has rarely 

been functionally assessed.

The lateral paragigantocellular nucleus (LPGi) has been impli-

cated in the initiation of forward locomotion from rest. 18 Specif-

ically, activation of glutamatergic LPGi neurons drives locomotion 

in vivo. 18 The speed of this excitatory LPGi-driven locomotor 

behavior was shown to scale with activation intensity, 18 suggest-

ing that excitatory LPGi neurons have robust access to the spinal 

circuitry, which dictates locomotor rhythm. Further, reticulospinal
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terminations from LPGi and neighboring caudal ventrolateral 

reticular nucleus forming a ‘‘hot spot’’ for the initiation of locomo-

tor-like activity in the spinal cord are highly dense in medial lamina 

VII, 32,33 consistent in location to be in overlap with lumbar Shox2 

interneurons.

The reticulospinal tract has been the subject of studies aiming 

to improve motor function after spinal cord injury 25,34–36 so that 

the identification of the specific connections made by the retic-

ulospinal tract with spinal interneurons can be targeted in efforts 

to restore locomotor function after injury. Thus, our goal was to 

test the hypothesis that excitatory LPGi neurons make functional 

synaptic connections with lumbar Shox2 interneurons. We 

demonstrate a direct connection between excitatory neurons 

originating in the LPGi and lumbar spinal Shox2 interneurons in 

adult mice using retrograde transsynaptic tracing. We show, 

both anatomically and electrophysiologically, that a subset of 

lumbar spinal Shox2 interneurons receives excitatory monosyn-

aptic input from reticulospinal neurons in the ventral caudal me-

dulla, providing evidence for a potential pathway for the initiation 

of locomotion.

RESULTS

Transsynaptic viral-mediated tracing demonstrates a 

monosynaptic connection between the LPGi and Shox2 

interneurons

It has been previously propounded that locomotor-related rhyth-

mogenic spinal interneurons should receive supraspinal drive 

via direct excitatory reticulospinal input. 4,11–14 To determine 

whether a monosynaptic connection was present between the 

LPGi and lumbar spinal Shox2 interneurons, we performed 

monosynaptic-restricted transsynaptic tracing with the CVS-

N2c(ΔG) strain 37 of rabies virus (RabV CVS-N2c[ΔG]-eGFP). 

This strategy has previously been employed to study V1 inter-

neurons in the cervical spinal cord. 29 We simultaneously injected 

two Cre-dependent AAVs into the lumbar spinal cord of adult 

Shox2::Cre mice to generate the expression of the necessary 

glycoprotein (N2cG) for rabies transsynaptic transmission, and 

the necessary cellular receptor TVA for EnvA-dependent rabies 

virus-host membrane fusion. We then injected CVS-N2c(ΔG) 

rabies virus (RabV) into the same site in the lumbar spinal cord

4 weeks later. We found RabV-eGFP + /AAV1-TVA-mCherry + 

starter cells (Figures 1A and 1B) and cells which were only 

AAV1-TVA-mCherry + (Figure 1C), which were restricted to the 

ventromedial lumbar spinal cord where Shox2 interneurons 

reside (N = 3 mice). However, cells which were only RabV-

eGFP + extended throughout the dorsal horn in the lumbar spinal 

cord as well (Figure 1D).

We mapped RabV-eGFP + neurons in sections containing the 

reticulospinal nuclei from the medulla (Figure 1E). We found 

eGFP + neurons in the middle and ventral medulla (n = 473 neu-

rons, N = 3 mice), including in the LPGi, gigantocellular nucleus 

(Gi), ventral gigantocellular nucleus (GiV), anterior gigantocellular 

nucleus, the medullary reticular formation ventral part, the para-

median reticular nucleus, the lateral reticular nucleus, and 

several raphe nuclei (Figures 1E and 1F). Dorsal medullary nuclei 

also contained RabV-eGFP + cells (n = 55 neurons, N = 3 mice), 

including the dorsal paragigantocellular nucleus and various 

vestibular nuclei (Figures 1E and 1G).

We then focused on the LPGi neurons, which monosynapti-

cally contact lumbar spinal Shox2 interneurons (Figure 1H). We 

performed RNAscope (Figure 1I), which revealed that a subset 

(22%) of eGFP + neurons in the LPGi which monosynaptically 

contact lumbar spinal Shox2 interneurons contain vesicular 

glutamate transporter 2 (VGLUT2) RNA (Figure 1J). Although 

the excitatory neurons may be underestimated due to bias of 

the RabV or underdetection of VGLUT2 RNA, this demon-

strates that excitatory neurons in the LPGi are monosynapti-

cally connected to lumbar spinal Shox2 interneurons.

We performed control experiments in age-matched wild-type 

mice, which do not express Cre. Injections of only RabV-eGFP 

(Figure S1A) or AAV1-CAG-FLEX-H2B-HA.N2cG, AAV1-Ef1a-

FLEX-TVA-mCherry, and RabV-eGFP (Figure S1B) resulted in 

no fluorescently labeled cells in either the spinal cord or in the 

medullary nuclei. Any fluorescence detected in these images 

was auto-fluorescence and was equally intense in all testable 

channels. Cell counts from experimental and control injections 

in all examined regions are compiled in Table S1. Taken 

together, these data demonstrate that lumbar spinal Shox2 

interneurons receive monosynaptic connections from many 

medullary nuclei and spinal cord cells, including excitatory 

LPGi neurons.

Figure 1. Transsynaptic rabies tracing from lumbar spinal Shox2 interneurons reveals starter cells and monosynaptically connected cells

(A) Representative image following bilateral microinjections of helper AAVs, AAV1-CAG-FLEX-H2B-HA.N2cG and AAV1-Ef1a-FLEX-TVA-mCherry, and RabV 

CVS-N2c(ΔG)-eGFP showing RabV-eGFP + cells (green), AAV1-TVA-mCherry + cells (red), and RabV-eGFP + /AAV1-TVA-mCherry + starter cells (yellow) present in 

the lumbar spinal cord. Scale bars, 200 μm (left) and 50 μm (right).

(B) Density contour plot of mapped RabV-eGFP + /AAV1-TVA-mCherry + starter cell bodies.

(C) Density contour plot of mapped AAV1-TVA-mCherry + cell bodies.

(D) Density contour plot of mapped RabV-eGFP + cell bodies.

(E) Representative maps of cell body positions of RabV-eGFP + cells from images matched to atlas figures to define nuclei boundaries.

(F) Relative distribution of RabV-eGFP + cells within nuclei in the dorsal medulla. Data represent the proportion of the total eGFP+ cell count in the dorsal medulla.

(G) Relative distribution of RabV-eGFP + cells within nuclei in the middle and ventral medulla. Data represent the proportion of the total eGFP + cell count in the 

middle and ventral medulla.

(H) eGFP + cells in the medulla (green) at approximately Bregma − 6.64. Scale bars, 200 μm.

(I and J) Cell counts in the LPGi after probing for eGFP RNA and VGLUT2 RNA using RNAscope demonstrates that approximately 22% of eGFP RNA + cells (green) 

are also VGLUT2 RNA + (magenta). Scale bars, 20 μm. N = 3 mice.

DPGI, dorsal paragigantocellular nucleus; MVe, medial vestibular nucleus; SpVe, spinal vestibular nucleus; LVe, lateral vestibular nucleus; MVeMC, medial 

vestibular nucleus magnocellular part; Gi, gigantocellular nucleus; MdV, ventral medial reticular nucleus; PMn, paramedian reticular nucleus; GiA, anterior gi-

gantocellular nucleus; GiV, ventral gigantocellular nucleus; LPGi, lateral paragigantocellular nucleus; LRt, lateral reticular nucleus; RMg, raphe magnus; ROb, 

raphe obscuruis; RPa, raphe pallidus. 38 See also Figure S1 and Table S1.
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Anterograde viral-mediated tracing demonstrates a 

connection between excitatory reticulospinal neurons 

and Shox2 interneurons

To validate the connection between the LPGi and lumbar spi-

nal Shox2 interneurons, anterograde viral-mediated tracings 

were performed. This strategy efficiently labels the LPGi and 

reveals the connections to all spinal neurons, not specifically 

to the Shox2 interneurons. Bilateral injections of AAV9-

CamKII0.4-eGFP into the LPGi in adult Shox2::Cre; Ai9(RCL-

tdT) mice (Figure 2A) labeled LPGi, but labeling also spread 

beyond these nuclei in the ventral medulla to other neigh-

boring reticulospinal nuclei including the Gi and GiV. We 

examined resulting projections and terminations in lumbar spi-

nal cord sections (Figure 2B). The distribution of eGFP in the 

spinal cord matches previous studies examining activation 

patterns following LPGi stimulation, 33 with hot spots of de-

scending fibers within the lateral white matter columns and 

dense terminations medially in spinal gray matter. These find-

ings also match what has been shown in anatomical tracing 

studies of the reticulospinal tract, originating from the LPGi, 

in adult mice. 39

The LPGi consists of serotonergic, glutamatergic, 

GABAergic, and glycinergic neurons. 18,33,40,41 However, the 

activation of excitatory LPGi neurons, and not glycinergic or 

GABAergic neurons, was shown to promote forward locomo-

tion in adult mice. 18 We therefore, sought to calculate the pro-

portion of transfected LPGi neurons, which are excitatory. We

Figure 2. Anterograde viral tracing of spinal 

projections

(A) Bilateral injections of AAV9-CamKII0.4-eGFP-

WPRE-rBG were delivered to adult Shox2::Cre; 

Ai9(RCL-tdT) mice, resulting in fluorescently 

labeled cell bodies in the LPGi (green) at the level of 

the ChAT + 10th and 12th cranial nerve motor nuclei 

(cyan) at approximately − 7.08 from Bregma. 38

(B) eGFP + projections in the lumbar spinal cord 

(green) overlap with the ventromedial location of 

Shox2 interneurons (red). Scale bars, 200 μm. In-

sets display the boxed region at a higher magnifi-

cation. Left inset, scale bar, 50 μm; right inset, 

scale bar, 20 μm. N = 4 mice.

probed for eGFP RNA to visualize trans-

fected neurons, and VGLUT2 RNA to 

visualize excitatory neurons (Figure 3A). 

We found that an average of 42% 

eGFP RNA + LPGi neurons were 

VGLUT2 RNA + across four mice 

(Figures 3B and 3C). This suggested 

that a proportion of excitatory neurons 

were targeted by our injections into the 

LPGi. To examine the terminations of 

the excitatory reticulospinal neurons 

onto lumbar spinal Shox2 interneurons, 

we performed immunohistochemistry 

on spinal cord slices to label VGLUT2 + / 

eGFP + puncta in apposition to Shox2 in-

terneurons (Figure 3D). We show that, 

while a subset of lumbar Shox2 interneurons had no 

VGLUT2 + /eGFP + puncta (Figure 3E), most Shox2 interneurons 

were 50–200 μm 2 in area and overlapped with 10 or less 

VGLUT2 + /eGFP + puncta (Figure 3F). Some Shox2 interneurons 

were considerably larger (300–750 μm 2 ) and contained higher 

amounts of overlapping VGLUT2 + /eGFP + puncta (Figure 3F), 

supporting the notion that lumbar spinal Shox2 interneurons 

are a heterogeneous population. Moreover, almost half of the 

eGFP + puncta on lumbar spinal Shox2 interneurons were 

VGLUT2 + (Figure 3G). These anatomical data support that 

Shox2 interneurons receive input from neurons in the caudal 

ventral medulla, with a subset of it being from excitatory 

neurons.

Electrophysiology demonstrates a monosynaptic 

connection between excitatory reticulospinal neurons 

and lumbar spinal Shox2 interneurons

In order to evaluate the functionality of the connection be-

tween excitatory reticulospinal neurons and Shox2 interneu-

rons in the adult mouse, we sought to directly measure the 

electrophysiological input that Shox2 interneurons receive 

via these synaptic contacts. To determine the extent to which 

the observed putative excitatory puncta were functional syn-

apses, we performed bilateral injections of AAV9-CaMKIIa-

hChR2(H134R)-EYFP into the LPGi in adult Shox2::Cre; 

Ai9(RCL-tdT) mice (Figure 4A). We optically stimulated termi-

nals in the lumbar spinal slice during whole-cell patch clamp
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from visually identified Shox2 interneurons. We did this in both 

baseline recordings and in the presence of TTX+4-AP to 

isolate the monosynaptic component of the light-evoked 

response (Figure 4B). We found that one-third (n = 12/36) of 

tested Shox2 interneurons displayed baseline light-evoked 

excitatory postsynaptic currents (EPSCs, Figure 4C). Of this 

subset, we lost three Shox2 interneurons and were therefore 

unable to confirm whether the input they received was mono-

synaptic or polysynaptic. Following TTX+4-AP application, we 

determined that a subset of Shox2 interneurons received 

monosynaptic light-evoked input (n = 4/9, Figure 4F). There 

was no significant change in EPSC amplitude (16.7 ± 6.7 pA) 

or latency (6.5 ± 1.5 ms) in Shox2 interneurons with detectable 

inputs remaining, compared to baseline amplitude (25.0 ± 

8.8 pA; Figure 4G) and latency (4.9 ± 0.7 ms; Figure 4H). 

The mean amplitude of the putative-polysynaptic EPSCs re-

corded in 5 Shox2 interneurons at baseline (23.8 ± 7.8 pA, 

Figure 4D) was similar to the mean confirmed-monosynaptic 

EPSC amplitude at baseline (25.0 ± 8.8 pA, Figure 4G). The

Figure 3. RNAscope in LPGi and immuno-

histochemistry in lumbar spinal cord reveal 

excitatory anatomy

(A) RNAscope showing bilateral AAV9-CamKII0.4-

eGFP injection (green) and glutamatergic cells 

signified by VGLUT2 RNA (magenta) with DAPI for 

whole-slice morphology of brainstem slice (blue) 

at approximately Bregma − 6.64. 38 Scale bars, 

200 μm.

(B) Inset of eGFP RNA (green), VGLUT2 RNA 

(magenta), and overlapping image showing puta-

tively excitatory LPGi neurons. Scale bars, 20 μm.

(C) Approximately 40% of injected, eGFP RNA + ,

LPGi neurons also are VGLUT2 RNA + .

(D) Immunostaining of lumbar spinal slices from 

AAV9-eGFP injected mice for VGLUT2 (cyan) 

shows overlap with eGFP + terminations (green) 

onto Shox2 interneurons (red) in confocal images. 

Scale bars, 20 μm.

(E) The density of putative glutamatergic synaptic 

contacts from reticulospinal neurons onto lumbar 

spinal Shox2 interneurons (INs).

(F) Number of putative glutamatergic synaptic 

contacts plotted against Shox2 interneuron (IN) 

cross-sectional area.

(G) Of all eGFP+ puncta counted on Shox2 in-

terneurons, 47% were also VGLUT2 + . n = 84 

lumbar Shox2 interneurons, N = 4 mice.

mean amplitude of the unconfirmed-

polysynaptic Shox2 interneurons was 

37.1 ± 3.3 pA (Figure 4D). The mean 

latency of the putative-polysynaptic 

input to Shox2 interneurons (6.0 ± 

1.9 ms, Figure 4E) was also similar to 

the mean baseline confirmed-monosyn-

aptic EPSC latency (4.9 ± 0.7 ms, 

Figure 4H) and unconfirmed-polysyn-

aptic Shox2 interneuron mean latency 

(5.8 ± 1.9 ms, Figure 4E). Taken 

together, these findings demonstrate 

that a subset of lumbar spinal Shox2 interneurons receive 

monosynaptic excitatory input from reticulospinal neurons.

DISCUSSION

We demonstrated that a subset of Shox2 interneurons receive 

monosynaptic excitatory input from the LPGi in the adult mouse. 

This study supports that Shox2 interneurons may be an entry 

point for supraspinal descending drive into spinal locomotor 

circuitry.

Technical considerations of viral tracing and 

electrophysiological connectivity testing

We first sought to examine the monosynaptic component of the 

connection between the LPGi and Shox2 interneurons to corrob-

orate predictions of locomotor-related brainstem centers sending 

descending drive directly to rhythm-related spinal interneu-

rons. 13,16,17 We chose the CVS-N2c(ΔG) rabies virus-mediated 

strategy, which has been previously used in mice to examine
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monosynaptic inputs to V1 interneurons. 29 The use of the CVS-

N2c(ΔG) rabies virus has advantages over earlier strains in that it 

allows efficient and intense labeling of neuronal somas and pro-

cesses over long distances in a G protein-dependent/monosyn-

aptic-restricted fashion. 37,42,43 However, it is impossible to deter-

mine the true number of starter neurons due to the toxicity of the 

CVS-N2c(ΔG) rabies virus, although less toxic than other strains. 37 

Further, the starter population is likely to be an underestimation or 

a small subset of the local Shox2 interneuron population due to the 

necessity of three essential components (TVA, G, and N2c[ΔG]) to 

be successfully expressed in the same neuron. Nevertheless, we 

were able to identify labeled spinal starter neurons and synapti-

cally coupled neurons in the spinal cord and brainstem.

Figure 4. Whole-cell patch clamp record-

ings of light-evoked reticulospinal terminal 

activation in Shox2 interneurons

(A) Bilateral injections of AAV9-CaMKIIa-hChR2-

eYFP were delivered to adult Shox2::Cre; 

Ai9(RCL-tdT) mice. Through the microscope 

objective, fluorescent light evoked activation of 

ChR2 in terminals in the lumbar spinal slice during 

whole-cell patch clamp of Shox2 interneurons. In 

current-clamp mode, light evoked excitatory 

postsynaptic potentials. Scale bars, 1 mV, 50 ms.

(B) Light pulse trains evoked excitatory post-

synaptic currents in Shox2 interneurons in base-

line ACSF (magenta), which had a monosynaptic 

component revealed after the bath application of 

TTX + 4-AP (purple). Left scale bars, 5 pA, 300 ms. 

Inset scale bars, 2 pA, 30 ms.

(C) Of the 36 Shox2 interneurons recorded from, 

12 displayed light-evoked excitatory postsynaptic 

potentials in baseline ACSF conditions. Three of 

the 12 interneurons with responses were lost after 

baseline recordings.

(D) Amplitude and (E) latency of 3 unconfirmed-

polysynaptic (green) and 5 putative-polysynaptic 

(pink) Shox2 interneurons.

(F) Of the 9 Shox2 interneurons with light-evoked 

EPSCs that were tested further, 4 had light-evoked 

EPSCs, which persisted following bath application 

of TTX + 4-AP.

(G and H) Amplitude (G) and latency (H) of 4 

monosynaptic Shox2 interneurons in baseline 

(purple) and drug (magenta) conditions. N = 7 mice.

Anterograde AAV tracing was used to 

complement the retrograde tracing and 

to examine the termination pattern of the 

LPGi reticulospinal neurons in the lumbar 

spinal cords of adult mice. Due to the 

extent and irregular borders of the LPGi, 

there was spread of labeling to the neigh-

boring structures in the caudal medulla, 

specifically Gi and GiV. However, our 

findings are comparable to what has 

been previously described in the neonatal 

in vitro preparation 33 and in the adult 

mouse using biotinylated dextran amine 

solution. 39 We chose the CaMKIIα pro-

moter for its specificity to supraspinal excitatory neurons. 44 

More recently however, it has been shown that viral labeling using 

a CaMKIIα promoter is efficient in both excitatory and inhibitory 

supraspinal neurons. 45 Our findings support this, as we demon-

strate that only about half of the targeted cells in the LPGi labeled

in our anterograde AAV tracing experiments are VGLUT2 RNA + .

The LPGi includes serotonergic, glutamatergic, GABAergic, 

and glycinergic neurons. 18,33,40,41 None of these discrete 

neuronal types in the LPGi have identified spinal targets beyond 

the excitatory connections to Shox2 interneurons presented in 

this study. Moreover, it is likely that LPGi inputs to different sub-

sets of Shox2 and other spinal interneurons are serotonergic, 

excitatory, and inhibitory.
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Only excitatory light-evoked responses from reticulospinal 

neurons in the spinal slice were recorded in this study. Electro-

physiological testing may underestimate the connections be-

tween the targeted descending neurons and Shox2 interneurons 

for many reasons. We may be eliminating some of the synaptic 

connections onto Shox2 interneurons during slice collection 

due to the removal of dendritic arbors, which extend away from 

the Shox2 interneuron soma beyond the range of each 300 μm 

slice. We are also unable to determine how many synaptic con-

tacts are necessary for the light-evoked EPSCs. The amplitude 

of the light-evoked EPSCs is also likely dictated by light intensity, 

and ours was relatively low compared to similar experiments. 29 

We confirmed that a subset of the light-evoked responses were 

monosynaptic using pharmacology. The expected response la-

tency at room temperature is unknown but we did expect to 

see a distinction between confirmed-monosynaptic and at least 

a portion of the responses that were abolished in TTX+4-AP. It is 

possible that the quality of the recording was reduced with time.

Adult lumbar Shox2 interneurons likely integrate 

information broadly from reticular and local spinal 

sources

Experiments aimed at determining the function of genetically 

identified locomotor circuit interneurons have largely been carried 

out in neonatal animals, 26,31,46 with some exceptions. 27,47,48 This 

is particularly true of rhythm-generating populations, since most 

of the manipulations affect respiratory function and/or feeding, 

limiting viability. 3,6,7 This is in contrast with the majority of exper-

iments that determined the roles of various reticulospinal popula-

tions. These were largely performed in adult mice, due to the use 

of viral tools, which require weeks to express. 18–20,47,49,50 The 

direct excitatory connections demonstrated in this study are likely 

present at birth, as reticulospinal input develops embryonically. 51 

Further, descending fiber-evoked locomotion is reduced in fre-

quency when Shox2 neurons are synaptically silenced 3 and stim-

ulation of the LPGi induces locomotor-like activity 33 in the 

reduced neonatal mouse preparation. Thus, it is possible that 

prior demonstrations of reticulospinal activation evoking locomo-

tor-like activity in neonatal preparations 11,33 are via this pathway. 

Although the identities of the spinal neurons presynaptic to 

Shox2 interneurons were not explored, the locations of the pre-

synaptic neurons offer hints to the spinal circuit architecture. 

Local presynaptic neurons were found in most laminae but there 

were concentrations in the deep dorsal horn and in the medial 

ventral horn (lamina VIII). Commissural interneurons are concen-

trated in lamina VIII. 52,53 At least a subset of Shox2 interneurons 

activate commissural interneurons 3 but the connection between 

commissural neurons and Shox2 (or rhythm generating) interneu-

rons is predicted to be important for the coordination of left and 

right sides during locomotion. 54 Deep dorsal presynaptic neurons 

would be consistent with those in reflex pathways to rhythm 

generating neurons, 55,56 which have been shown to be both excit-

atory and inhibitory to Shox2 interneurons in both neonate 57 and 

adult. 58 Other local neurons in lamina VII are also expected to be 

connected, including other Shox2 neurons 10 in addition to V1 and 

V2b inhibitory interneurons involved in flexor-extensor alterna-

tion. 30,59,60 The direct testing of the connectivity of these popula-

tions is complicated by the downregulation of the expression of

the identifying transcription factors. It is clear that Shox2 interneu-

rons broadly receive input from spinal neurons, which may be in-

tegrated into their rhythmogenic output in locomotor circuitry.

Potential behavioral implications including the initiation 

of forward locomotion

In the mammalian medullary reticular formation, regional borders 

are ambiguous and neuronal cell types are diverse. 61 Robust 

behavioral effects after the manipulation of specific medullary 

neuronal populations have been evoked in many motor-related 

contexts in mice, including ipsilateral body turning, 20 locomotor 

arrest, 19 REM sleep, and associated muscle atonia, 62 and even 

wakefulness with strong postural tone from coma. 63 Based on 

the monosynaptically connected medullary nuclei identified in 

this study, Shox2 interneurons may play a role in these and other 

motor functions. It is possible that subsets of lumbar spinal 

Shox2 interneurons play regulatory roles in posture and gait, as 

suggested by their direct input from vestibular nuclei such as 

the lateral vestibular nucleus. 64 Shox2 interneurons may also 

directly integrate raphespinal input in the context of locomotion, 

as the caudal raphe nuclei, including the raphe pallidus have 

been implicated in forward locomotion. 65 The nature and utility 

of these connections to lumbar spinal Shox2 interneurons are 

likely varied and relevant to broad arrays of behavioral outcomes. 

The LPGi alone is implicated in muscle atonia and postural 

control in addition to locomotion, with the neurons controlling 

these behaviors likely intermingled within this region. 66 Other 

functions the LPGi has been implicated include sexual reflexes 

in male rodents, 67,68 audition, 69 pain, 40 bladder control, 41 and 

cardiac function. 70 Previous studies have also demonstrated 

the role of the LPGi in general arousal. 71–73 This is likely via the 

dense connections from the LPGi to the locus coeruleus, which 

are comprised of excitatory and inhibitory projection neurons 

and have been shown to collateralize to innervate the spinal 

cord as well. 72 It is unclear how many simultaneously ascending 

and descending neurons exist in reticular nuclei, let alone the 

LPGi. 74 Lumbar spinal Shox2 interneurons may integrate excit-

atory and inhibitory input from descending bifurcating neurons 

to modulate features of locomotor behavior.

Direct unilateral activation of excitatory LPGi neurons results in 

the initiation of locomotion, which can be driven in a speed-

dependent manner, 18 and has been reproduced using computa-

tional modeling. 16 As putative rhythm-generating neurons of the 

central pattern generator and direct recipients of excitatory retic-

ulospinal input from the LPGi, spinal Shox2 interneurons are 

poised to mediate these effects. The identities and locations of 

the excitatory LPGi neurons necessary for the initiation of locomo-

tion, and what proportion of these are present in this study as 

monosynaptic partners to Shox2 interneurons is unknown. Future 

investigations are also needed to delineate the utility of the 

connection between the LPGi and lumbar spinal Shox2 interneu-

rons in the context of motor and other behaviors, including and 

beyond the excitatory connections identified in this study.

Limitations of the study

This study primarily focused on identifying a monosynaptic 

connection between the LPGi in the medulla and lumbar spinal 

Shox2 interneurons in adult mouse. First, this study was limited

iScience 29, 114567, February 20, 2026 7

iScience
Article

ll
OPEN ACCESS



by the toxicity 37 and efficacy of the viruses used for anatomical 

tracing. The CVS-N2c(ΔG) rabies virus-mediated strategy is toxic 

to neurons, although less toxic than alternative strategies. 37 This 

strategy also required a combination of factors to be expressed in 

the same starter Shox2 interneurons, limiting the efficacy. Sec-

ond, the stimulation of the LPGi neuron somatas, rather than op-

togenetic stimulation of terminals in spinal slice, would be more 

physiologically relevant. However, such a manipulation is unfea-

sible in the adult mouse in vitro, as the isolated brainstem-spinal 

cord preparation would be inviable, and also in vivo, as the re-

cordings cannot be made from visually identified neurons. Finally, 

manipulations in this study were limited by the ambiguous 

anatomical borders within the ventral medulla. The LPGi was tar-

geted during viral injections purely using co-ordinates from 

Bregma. 38 In the future, perhaps a more advanced understanding 

of the discrete neuronal populations in the LPGi will lead to more 

precise targeting.
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KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal experiments were performed using wildtype C57BL/6 and the following transgenic mouse lines: Shox2::Cre 3 

(Shox2 tm1.1(cre)Oki ) and Ai9(RCL-tdT) 77 from The Jackson Laboratory (B6.Cg-Gt(ROSA)26Sor tm9/(CAG-tdTomato)Hze /J, #007909). Both 

male and female adult (≥P25) mice were used for this study. Sex differences were not assessed in this study. All experimental pro-

cedures followed National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at 

Drexel University (LA-23-731). Mice were group housed on a 12 hour light/dark cycle with ad libitum access to food and water.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rat anti-mCherry Invitrogen Cat# M11217; RRID: AB_2536611

goat anti-ChAT Millipore Cat# AB144P; RRID: AB_2079751

guinea pig anti-VGLUT2 Millipore Cat# AB2251; RRID: AB_1587626

goat anti-rat rhodamine Invitrogen Cat# 31680; RRID: AB_228357

donkey anti-goat 647 Jackson ImmunoResearch Cat# 705-605-003; RRID: AB_2340436

goat anti-guinea pig 647 Invitrogen Cat# A-21450; RRID: AB_2535867

Bacterial and virus strains

AAV9-CaMKIIa-hChR2(H134R)-EYFP Addgene; gift from Karl Deisseroth 75 Viral prep #26969-AAV9; RRID: Addgene_26969

AAV9-CamKII0.4-eGFP-WPRE-rBG Addgene; gift from James M. Wilson Viral prep # 105541-AAV9; RRID: Addgene_105541

AAV1-CAG-FLEX-H2B-HA.N2cG BRAIN Initiative NeuroTools Viral Vector Core, 

UNC; plasmid was a gift from Thomas Jessell 37

Addgene plasmid # 73477 ; RRID: Addgene_73477

AAV1-Ef1a-FLEX-TVA-mCherry BRAIN Initiative NeuroTools Viral Vector Core, 

UNC; plasmid was a gift from Naoshige Uchida 76

Addgene plasmid # 38044; RRID: Addgene_38044

RabV CVS-N2c(ΔG)-eGFP Center for Neuroanatomy with Neurotropic 

Viruses (P40 OD010996); plasmid was a 

gift from Thomas Jessell 37

Addgene plasmid # 73461; RRID: Addgene_73461

Chemicals, peptides, and recombinant proteins

Tetrodotoxin HelloBio HB1034

4-aminopyridine Sigma 275875

Critical commercial assays

RNAscope TM Multiplex Fluroescent 

Reagent Kit v2

ACD Bio 323100

Experimental models: Organisms/strains

Shox2::Cre mice Dougherty et al. 3 MGI:5567920

Gt(ROSA)26Sor tm9/(CAG-tdTomato)Hze /J

(Ai9) mice

The Jackson Laboratory 007909

Oligonucleotides

RNAscope TM Probe, tdTomato ACD Bio 317041

RNAscope TM Probe, eGFP ACD Bio 400281-C2

RNAscope TM Probe, Slc17a6 ACD Bio 456751-C3

Software and algorithms

pClamp 9 Molecular Devices https://www.moleculardevices.com/

products

ImageJ National Institutes of Health https://imagej.net/ij/index.html

MATLAB MathWorks https://www.mathworks.com/

MATLAB Code for contours this paper https://github.com/heyshayna/
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METHOD DETAILS

Surgical procedures

For spinal microinjections, male and female mice (P25-29) were anesthetized with isoflurane (4% induction, 2% maintenance). Dorsal 

skin was shaved and sterilized with betadine and isopropyl alcohol. After making an incision over lumbar spinal segments, a 1-1.5 

segment laminectomy was performed, exposing the dorsal surface of the spinal cord. Four microinjections (500nL per microinjection, 

two on either side of the midline) of a mixture containing both AAV1-CAG-FLEX-H2B-HA.N2cG and AAV1-Ef1a-FLEX-TVA-mCherry 

(250nL each per microinjection) were delivered about 0.75mm deep into the spinal cord using a microinjection pump controller (WPI 

UMC4) and nanoinject II injector (Drummond 3-000-204) via a glass pipette. Following injections, dorsal skin was sutured. Mice 

received SR buprenorphine analgesic (0.5 mg/kg) and Baytril antibiotic (10 mg/kg) subcutaneously perisurgically. This procedure 

was repeated 4 weeks later in the same mice but with RabV CVS-N2c(ΔG)-eGFP. 37 CVS-N2c(ΔG) rabies microinjections (250nL 

each, two on either side of the midline) were delivered with the titer of ≥1.59x10 8 ffu/mL. Mice were perfused 10 days after CVS-

N2c(ΔG) rabies injection for anatomy.

For stereotaxic brainstem injections, male and female mice (>P40) were anesthetized with isoflurane (4% induction, 2% mainte-

nance). Scalps were shaved and sterilized with betadine and isopropyl alcohol. Once secured in the stereotaxic frame (Kopf Instru-

ments 900LS), bilateral injections (100nL each) of AAV9-CaMKIIa-hChR2(H134R)-EYFP or AAV9-CamKII0.4-eGFP-WPRE-rBG were 

delivered using a microinjection pump (WPI NC1987991) into the LPGi (AP -6.96mm, ML ±0.08mm, and DV -5.7 to -6mm). Coordi-

nates were initially taken from the Paxinos atlas of the mouse brain 38 and adjusted mediolaterally following pilot experiments. 

Following injections, scalps were sutured. Mice received SR buprenorphine analgesic (0.5 mg/kg) and Baytril antibiotic 

(10 mg/kg) subcutaneously perisurgically. Mice were perfused 3 weeks following injections for anatomy or slices were prepared 

for electrophysiological recordings 6 weeks following injections.

Immunohistochemistry and RNAscope in situ hybridization

Mice were anesthetized with ketamine (150mg/kg) and xylazine (15mg/kg) and perfused transcardially with 0.1M PBS, followed by 

4% PFA in PBS. Spinal cords and brainstems were harvested from each animal and fixed overnight in 4% PFA solution at 4 ◦ C. Fixed 

tissue samples were subsequently maintained in 30% sucrose in PBS for at least 48 hours. Tissue was then embedded in OCT com-

pound (Thermo Fisher Scientific) over dry ice and stored at -80 ◦ C. Brainstems and lumbar spinal cords were sectioned (20-40μm) 

transversely on a cryostat (Microm HM 505 E), directly mounted onto charged slides, and stored at -20 ◦ C. Slides were washed in 

PBS before being used for immunohistochemistry or RNAscope.

For immunohistochemistry, slides were first blocked in a PBS solution containing 5% donkey or goat serum, 1% bovine serum 

albumin, 0.2% Triton X-100, and 0.1% fish gelatin. Slides were incubated overnight in rat anti-mCherry (1:1000, Invitrogen 

M11217), goat anti-ChAT (1:100, Sigma AB144P), or guinea pig anti-VGLUT2 (1:200, Sigma AB2251). Slides were then incubated 

for 2 hours in goat anti-rat rhodamine (1:400, Invitrogen 31680), donkey anti-goat 647 secondary antibody (1:400, Jackson 

ImmunoResearch 705-605-003), or goat anti-guinea pig 647 secondary antibody (1:400, Invitrogen A-21450). All immunohistochem-

istry steps were performed at room temperature.

RNAscope was performed according to manufacturer’s protocols. 78 ACDBio probes used include tdTomato (317041), eGFP 

(400281-C2), and Slc17a6 (456751-C3). All slides from both immunohistochemistry and RNAscope were coverslipped using 

Fluoromount-G with DAPI (Invitrogen 00-4959-52). Images were acquired as sequential z stacks of 20x tile-scans on a Leica DM6 

fluorescence or Leica SP8 confocal microscope.

Anatomical mapping

RabV-eGFP + cell bodies in medulla images were counted and marked using the multipoint tool in ImageJ and maps were constructed 

in Adobe Illustrator. RabV-eGFP + , mCherry + , and RabV-eGFP + /mCherry + cell bodies in lumbar spinal cord images were counted and 

marked using the multipoint tool in ImageJ. Marked cell bodies were converted to representative dot maps in Adobe Illustrator. 

Representative dot maps were used to generate contour isoline figures in MATLAB using a custom script which is available online 

(https://github.com/heyshayna/SinghBrainstemManuscript2025).

Electrophysiological recordings

To access lumbar spinal Shox2 interneurons in the spinal slice, mice were first anesthetized with ketamine (150mg/kg) and xylazine 

(15mg/kg). Following decapitation and evisceration, spinal cords were removed from all mice in ice-cold dissecting solution. The 

dissection solution contained (in mM): 222 glycerol, 3 KCl, 11 glucose, 25 NaHCO 3 , 1.3 MgSO 4 , 1.1 KH 2 PO 4 , and 2.5 CaCl 2 . The lum-

bar spinal cord was sectioned transversely (300μm) in dissection solution using a vibrating microtome (Leica Microsystems). Slices 

were immediately transferred to recording artificial cerebrospinal fluid (ACSF) containing the following (in mM): 111 NaCl, 3 KCl, 11 

glucose, 25 NaHCO 3 , 1.3 MgSO 4 , 1.1 KH 2 PO 4 , and 2.5 CaCl 2 . Slices were incubated at 34-37 ◦ C for 30 minutes and then rested at 

room temperature for 1 hour before recording. Dissecting and recording solutions were continuously aerated with 95%/5% O 2 /CO 2 . 

Fluorescently labeled tdTomato + Shox2 interneurons were visualized with a 63X objective lens on a BX51WI scope (Olympus) using 

LED illumination (Lumen Dynamics X-Cite) and targeted for whole cell patch clamp recordings. Electrodes were pulled to tip 

resistances of 5–12 MΩ using a multi-stage puller (Sutter Instruments) and were filled with intracellular solution which contained
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(in mM): 128 K-gluconate, 10 HEPES, 0.0001 CaCl 2 , 1 glucose, 4 NaCl, 5 ATP, and 0.3 GTP. All recordings were performed at room 

temperature. Data were collected with a Multiclamp 700B amplifier (Molecular Devices) and Clampex software (pClamp9, Molecular 

Devices). Signals were digitized at 20kHz and filtered at 6kHz.

Resting membrane potential was recorded shortly after gaining whole-cell access, and neurons with resting membrane potentials 

more depolarized than -40mV were excluded. To activate channelrhodopsin and record light-evoked postsynaptic currents, neurons 

were held at -50mV in voltage clamp mode. We delivered 2ms pulses of 0.75-1.5mW blue LED light at 1 Hz through the 63X objective 

(Lumen Dynamics X-Cite) for 10 seconds per trial. For measurements 5-6 trials were averaged. Latency of excitatory postsynaptic 

currents was calculated by measuring the time between the beginning of the light stimulation artifact to the beginning of the inward 

current. Amplitude was measured as the maximum current response. Tetrodotoxin (0.5μM, Hello Bio HB1034) and 4-aminopyridine 

(100μM, Sigma 275875) were used to isolate monosynaptic light-evoked responses. Both were dissolved in recording ACSF.

QUANTIFICATION AND STATISTICAL ANALYSIS

eGFP RNA + cell counting was performed in ImageJ using the Nucleus Counter Plugin, 79 and overlap with VGLUT2 RNA + neurons was 

counted manually using the multipoint tool. Puncta counting was performed manually in ImageJ using the multipoint tool. Cell area 

measurements were taken manually with freehand selections after adjusting image scale in ImageJ. Measurements of postsynaptic 

currents were manually calculated from recording traces in Clampfit 11 (Clampex, Molecular Devices). Values reported are means of 

the first light-evoked response in each trial. Results are reported as mean+/-SD, unless otherwise noted.
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