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Spinal projecting neurons in rostral ventromedial
medulla co-regulate motor and sympathetic tone
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e SPNs in VMM co-innervate sympathetic and motor regions

in the spinal cord

e Excitatory and inhibitory MM SPNs control motor and
sympathetic function oppositely

e Excitatory VMM SPNs set motor and sympathetic tone for

locomotion performance

e Inhibitory VMM SPNs regulate muscle atonia and
sympathetic hypoactivity in REM sleep
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In brief

The spinal projecting neurons in the
rostral ventromedial medulla co-
innervate sympathetic preganglionic
neurons and motor-related regions in the
spinal cord. The excitatory and inhibitory
populations in this same brainstem region
have opposite functions in regulating
somatic and sympathetic tone in different
arousal states.

¢? CellPress


mailto:zhigang.he@childrens.harvard.edu
https://doi.org/10.1016/j.cell.2024.04.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2024.04.022&domain=pdf

Cell

¢? CellPress

Spinal projecting neurons in rostral ventromedial
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SUMMARY

Many behaviors require the coordinated actions of somatic and autonomic functions. However, the underly-
ing mechanisms remain elusive. By opto-stimulating different populations of descending spinal projecting
neurons (SPNs) in anesthetized mice, we show that stimulation of excitatory SPNs in the rostral ventromedial
medulla ('VMM) resulted in a simultaneous increase in somatomotor and sympathetic activities. Conversely,
opto-stimulation of r'VMM inhibitory SPNs decreased both activities. Anatomically, these SPNs innervate
both sympathetic preganglionic neurons and motor-related regions in the spinal cord. Fiber-photometry
recording indicated that the activities of VMM SPNs correlate with different levels of muscle and sympathetic
tone during distinct arousal states. Inhibiting rVMM excitatory SPNs reduced basal muscle and sympathetic
tone, impairing locomotion initiation and high-speed performance. In contrast, silencing the inhibitory pop-
ulation abolished muscle atonia and sympathetic hypoactivity during rapid eye movement (REM) sleep.
Together, these results identify VMM SPNs as descending spinal projecting pathways controlling the tone
of both the somatomotor and sympathetic systems.

INTRODUCTION ments, regulating blood pressure and other sympathetic func-
tions.® However, ample evidence suggests that brain-derived

Numerous human and animal behaviors involve the coordinated  supraspinal inputs are critical for coordinating somatomotor

engagement of somatomotor and autonomic systems. For
example, running and flight-or-fight responses require elevated
skeletal motor activities with concurrent increases in respiration,
heart rate, and blood pressure.’*> Conversely, during rapid eye
movement (REM) sleep, muscle atonia often accompanies
reduced sympathetic activities.>* These observations imply
the presence of neural circuits that can simultaneously control
the activities of both the somatomotor and autonomic systems.
Motor and pre-motor neurons reside in all spinal segments and
control hundreds of muscles in the body. Likewise, sympathetic
preganglionic neurons (SPGNs) reside in the T1 to L2 spinal seg-

and sympathetic functions.®° For example, patients and animal
models of spinal cord injury exhibit paralysis and autonomic
dysfunction.'®"'? Attempted muscle contraction in paralyzed hu-
man subjects increased blood pressure and heart rates.'>™'°

In mammals, brain commands are mainly carried to the spinal
cord by different populations of descending spinal projecting
neurons (SPNs).'®"® Thus, a key challenge is to define how
these SPNs execute and coordinate such diverse command
functions via their long axonal projections. Tremendous prog-
ress has been made in analyzing the effects of individual brain re-
gions and their respective spinal projections on motor, sensory,

ot Cell 187, 3427-3444, June 20, 2024 © 2024 Elsevier Inc. All rights reserved. 3427


mailto:zhigang.he@childrens.harvard.edu
https://doi.org/10.1016/j.cell.2024.04.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2024.04.022&domain=pdf

- ¢? CellPress

Cell

A AP-0.58 -1.06 -1.82 -3.52 -3.88 -4.36 -4.48 -5.20
[mist]a  [Mist]= \ : < :
». f { 1 : “ " e ) e M1S1 e PnC
: (e pe PPN = [PeN]a ' [DTg]¥® | BUN o Ve
‘ &‘ E RN ]# LN] [Pro ¥ [Pno]® © [Pnclé : LH o CB
' I *RN  oGiA
-5.40 -5.68 -5.88 -6.24 -6.36 -6.72 -6.84 -7.20 -7.32 -7.76 ° MRN o Giv
S ‘ . . : ~ . *PPN e MdV
i ) / / / . . ®PnO o LPGj
j i = ‘ ‘ ‘ ‘
(S~ [supc] ™~ L /- [wl, °LDTg eNTS
g ‘ \8‘\(5 =R v ;. © SubC
rcly  [eal fem.: o Tone | Loy 20 v (s
- : ¥ ° -| °
B Trunk EMG Cc Blood Pressure D Heart Rate
E BTk SRt B " EY
R o de T 15 . S Q9 .
NS 06 N o “ £ g % ° °
R o o T E 10 7o S . f o
EZo4 % Pia, § o 1R € 10 . \ é
2302 oiiﬁ%ﬁ 1 ® S 59 o B« e i ° o . % B
oo T @ © o
Sorleeasd ML IIAL. 3 Cloalib.siisnnlilng § ofeobisnstind, W0,
E ChrimsonR ChAT F G
I B GiA GiV
g7 __0.034
S ,—|
é EE L]
" $002{s ° o
| 2 )
g
.. 80~ Fiber Tip o
ES } — GIA WT < 0.01
3% 60 — GV Q
C=J $ 40 MdV wi
8820 0.00-
2 0 NENENRN
6 -7 -8 OIOCG
Distance from
Bregma (mm)
H —~ 157 =20 J . . .
o — S‘A = s Somatic-Sympathetic Dual Control in rVMM
€ 10- — GV €
£ Mdv  E -2 -1 0 1 2 (mm)
_ ~10 1 1 1 1 1
. 5 WTog -4 :
s
S opea 3 i
J
0 20 40 60 80 -57; |
I Time (s) ' :
£ 15 — GiA 64"
=} 10 — GiV \
o 107 MdV 5
g —wr ‘=
© 5 79
3 . Amb
T 0
g -8
0 20 40 60 80
Time (s)

Figure 1. Opto-stimulation mapping of excitatory SPNs controlling somatomotor and/or sympathetic responses in anesthetized mice
(A) Coordinates of fiber-optic tips targeting different populations of Vglut2* SPNs.
(B-D) Average (+SEM) changes of EMG responses (normalized to the maximum amplitude within same subject) (B), mean arterial pressure (MAP) (C), or heart rate
(D, with the presence of muscle relaxant), upon stimulating different populations of Vglut2* SPNs, *, p < 0.05; **, p < 0.01; ****, p < 0.0001; Kruskal-Wallis test with
Dunn’s multiple comparisons.
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and sympathetic functions.'”'®?°?® By contrast, much less is
known about the mechanisms underlying their coordination. It
remains unknown whether or which populations of SPNs directly
control both sympathetic (SPGNs) and motor (spinal motor and
pre-motor) neurons and mediate their functional coordination.
To address these questions, we optimized an adeno-associated
virus (AAV)-based method to target brain-wide SPNs efficiently
and surveyed their functions in anesthetized mice. These results
revealed that the SPNs in the rostral ventromedial medulla
(rVMM) can co-regulate somatic muscles and sympathetic activ-
ities, with the excitatory and inhibitory populations in this same
region exhibiting the opposite outcomes. Further studies sug-
gested that these specific groups of SPNs complementarily con-
trol the tone of skeletal muscles and sympathetic activities in
different arousal states, thereby governing state-dependent
behavioral performance.

RESULTS

An optimized procedure for efficient labeling of SPNs
SPNs are sparsely distributed in different brain regions, and their
axonal projections frequently overlap in the spinal cord. To target
them selectively and efficiently, we developed a retrograde la-
beling procedure with a new version of the highly diffusible
AAV vector and an intraspinal injection protocol targeting the
entire spinal cord. In light of the superior diffusion capacity of
AAV9,%° we inserted the 10-mer peptide, which is critical for
the retrograde targeting capability of AAV2retro,*® into the
AAV9 capsid, generating a retrograde competent AAV9 vector,
named AAV9retro. Then, we optimized a multiple injection proto-
col to cover the cervical, thoracic, and lumbar spinal cord (C3-
L6) of mice at postnatal day 14 (P14) when the spinal cord is still
relatively small in size, yet its development is largely completed
(Figure S1A).°"32 This protocol labeled brain-wide SPNs in the
cortex, hypothalamus, midbrain, cerebellum, pons, and medulla
(Figure S1B). With another tracer red retrobeads as a reference,
we estimated 90% SPNs in the cortex and midbrain, and 70%
SPNs in the hypothalamus and brainstem were labeled by AAV9-
retro (Figure S1C). In addition to excitatory and inhibitory SPNs
(Figure S1D), our method also labels tyrosine hydroxylase posi-
tive (TH*) SPNs in the pons and serotonergic positive (5-HT)
SPNs in para-pyramidal area of the medulla; however, few TH*
SPNs or 5-HT* SPNs were observed in the medulla areas or
caudal raphe, respectively (Figures STE-S1G), perhaps due to
the tropism biases of AAV9retro vectors against certain types
of modulatory neurons.®*3

¢ CellP’ress

Opto-stimulation-assisted mapping of excitatory SPNs
controlling sympathetic and/or somatomotor responses
We next applied optogenetic stimulation to the labeled SPNs to
map their effects on motor (electromyography [EMG] of the trunk
muscle longissimus thoracis) and sympathetic (blood pressure
and heart rate) activities in anesthetized mice. Because excit-
atory and inhibitory SPNs spatially overlap in some brain regions
(Figure S1D), a non-selective stimulation may not reveal their
specific functions. Thus, we analyzed the excitatory SPNs by in-
jecting AAV9retro-expressing Cre-dependent channelrhodopsin
(AAV9retro-DIO-ReaChR-citrine) to the spinal cord of P14
Vglut2-Cre mice (Figure S1H).*> A low-intensity laser, which
evoked a blood pressure response only within 0.5 mm from the
fiber-optic tip (Figure S1J), was selected for further mapping.

With these optimizations, we stimulated the Vgiut2* SPNsin 17
brain regions (Figure 1A) and recorded trunk muscle EMG in
anesthetized mice (Figure 1B). Because muscle activity can
modulate blood pressure independent of descending control,
we then recorded blood pressure and heart rate in the presence
of the muscle relaxant pancuronium (Figure 1C).***” No signifi-
cant responses in EMG, blood pressure, or heart rate occurred
after stimulation of several regions, including primary motor/so-
matosensory cortices (M1/S1), lateral hypothalamus (LH),
mesencephalic reticular nucleus (MRN), vestibular nucleus (Ve),
fastigial and interposed deep cerebellar nuclei (CB), and solitary
nucleus (NTS), possibly due to the low stimulation intensity and/
or limited numbers of labeled SPNs. However, we identified three
types of responses in other regions. First, stimulation of SPNs in
seven regions, including red nucleus (RN), pedunculopontine nu-
cleus (PPN), pontine reticular nucleus oral part (PnO), laterodorsal
tegmental nucleus (LDTg), subcoeruleus nucleus (SubC), pontine
reticular nucleus caudal part (PnC), and lateral paragigantocellu-
lar nucleus (LPGi), elicited predominantly EMG responses
(Figures 1B—1D). Second, stimulation of SPNs in the paraventric-
ular nucleus (PVN) of the hypothalamus only increased blood
pressure but did not impact trunk EMG response (Figures 1B-
1D), consistent with previous findings of spinal projections from
PVN.*® Third, stimulation of the SPNs at different rostral-caudal
levels of the ventromedial medulla, equivalent to gigantocellular
reticular nucleus alpha part (GiA), ventral part (GiV), and medullary
reticular nucleus (MdV), elicited consistent EMG responses, as
well as robust blood pressure and ;heart rate increases in the
presence of pancuronium (Figures 1B-1D).

In the experiments described above, ReaChR-citrine protein is
present in both SPN cell bodies and processes. Thus, the
observed responses could result from stimulating labeled SPNs
in situ and/or the passing fibers of other SPNs. To address this,

(E) Representative images showing fiber-optic tip (white rectangles) and soma locations of the intersectionally labeled Vglut2* SPNs in GiA, GiV, and MdV,
respectively. Bottom right: cell distribution and fiber-optic tip location along rostral-caudal axis. Scale bars, 200 pm. 7N, facial nucleus; g7, genu of the facial
nerve; py, pyramidal tract; Amb, ambiguus nucleus; 10, inferior olive.

(F) Representative EMG responses upon opto-stimulation (gray shade) in GiA, GiV, or MdV with ChrimsonR-expressing SPNs or in GiA of control in control wild-
type mice received the same virus injection. EMG scale bars, 0.01 mV; timescale bars, 10 s.

(G) Average (+SEM) maximal EMG responses upon opto-stimulation. ****, p < 0.0001, one-way ANOVA with Dunnett’s multiple comparison test.

(H and 1) Time course (left) and maximum changes (right, average + SEM) of MAP (H) and heart rate (I) upon stimulation (gray shade) from baseline (10 s before
stimulation). *, p < 0.05; **, p < 0.01; ****, p < 0.0001, ns, not significant; one-way ANOVA with Tukey’s multiple comparison test.

(J) Stimulation sites with somatomotor and sympathetic responses.

See also Figure S1.
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we used an intersectional strategy to selectively express a
different version of channelrhodopsin, ChrimsonR, in the excit-
atory SPNs at different levels of the ventromedial medulla (Fig-
ure S1K). Optical fibers were positioned at the center of each
site, and their locations were verified with post hoc histology
(Figures 1E and S1L). Without the muscle relaxant, stimulation
of SPNs in all sites induced robust EMG responses (Figures 1F
and 1G). With the presence of pancuronium, stimulation of GiA
induced the most robust increase of blood pressure and heart
rate, while stimulation of GiV induced smaller responses. Post
hoc histology showed that the number of neurons labeled in GiA
and GiV was similar (Figure S1K). Stimulating the SPNs in MdV
induced no increase in blood pressure or heart rate (Figures 1H
and 1l). Thus, the excitatory SPNs in the rVMM, covering both
GiA and GiV, have a dual function in activating both sympathetic
and somatomotor functions (Figure 1J).

Excitatory rVMM SPNs co-control somatomotor and
sympathetic function via their direct spinal projections
Although several brain regions may regulate cardiovascular
functions,??%%° current studies have been primarily focused
on the rostral ventrolateral medulla ('VLM).?° In this region, a
subset of C1 adrenergic neurons send their projections to the
spinal cord and impact blood pressure and other sympathetic
functions.?"?> However, the VMM SPNs differ from C1 neurons.
First, besides having different soma locations, these neurons
have distinct terminations in the spinal cord. VMM SPNs inner-
vate the spinal areas related to motor and sympathetic control
(see below). By contrast, the spinal projections of C1 neurons,
labeled by stereotaxic injection of AAV8-DIO-ReaChR-citrine in
the VLM of TH-Cre mice (Figures S2A and S2B),*" terminate
nearly exclusively in the intermediolateral column (IML) where
the SPGNs are located (Figures S2C and S2D). Second, opto-
stimulation of these TH* neurons (including C1 neurons) in the
rVLM increased blood pressure but elicited no EMG response
in the trunk muscles (Figures S2E and S2F). Consistently, pan-
curonium had little effect on the extent of the stimulation-
induced increase in blood pressure (Figure S2F). In addition, as
mentioned above, our retrograde labeling protocol labeled very
few TH* cells in the medulla.

We next considered the possibility that the rVMM excitatory
SPNs send projections to the rVLM and indirectly impact sympa-

¢ CellP’ress

thetic functions. We thus examined the impact of opto-stimula-
tion on the spinal projections of VMM excitatory SPNs. We in-
jected AAV8-DIO-ReaChR-citrine into the rVMM of adult
Vglut2-Cre mice and performed opto-stimulation at different spi-
nal levels (Figures 2A and 2B). We found that opto-stimulation at
the thoracic level (T3 or T9) induced trunk EMG response (Fig-
ure 2D) and increased blood pressure and heart rate
(Figures 2E and 2F). Importantly, this effect remained even after
spinal cord transection at the cervical level (Figures 2G-2l),
although the basal blood pressure and heart rate levels were
reduced after spinal transection (Figure 2J).*? Post hoc histology
verified that nearly no TH* cells in rVLM were labeled by virus
diffusion (2 out of 603 TH™ cells were co-labeled with ReaChR;
Figure 2C). Together, excitatory rVMM SPNs control sympa-
thetic response through their spinal projections.

Inhibitory rVMM SPNs are also dual functioning butin an
opposing manner to the excitatory population

We next examined the effect of opto-stimulation of inhibitory
SPNs in rVMM on blood pressure, heart rate, and motor re-
sponses. We expressed ReaChR in these neurons by injecting
AAV9retro viruses expressing FIpO-dependent Cre (AAV9retro-
fDIO-Cre) to the entire spinal cord at P14 and Cre-dependent
ReaChR AAVs (AAV-DIO-ReaChR) to rVMM of Vgat-FIpO mice,
which label both GABAergic and glycinergic inhibitory SPNs
(Figures 3A and S2G).*® Because anesthetics inhibit motor activ-
ity, we performed the experiments at two different levels of anes-
thesia. First, in a deeply anesthetized condition where EMG activ-
ities are absent, stimulating VMM inhibitory SPNs reduced blood
pressure and heart rate at a modest amplitude (Figures 3D and
3E). Second, to examine the inhibitory effect on EMGs, we allowed
mice to slightly recover from anesthesia to a level where small but
constant basal-level EMGs were observed (Figure 3B, middle and
lower panels). Stimulating rVMM inhibitory SPNs suppressed
EMG activities (Figures 3B and 3C) and blood pressure
(Figures 3F and 3G). The larger reduction in the lightly anesthe-
tized condition might be due to the higher basal blood pressure
level than deep anesthesia (Figure 3H). Post hoc histology of
c-Fos expression confirmed that most VMM SPNs labeled with
ReaChR were activated with opto-stimulation through the optical
fiber implanted in the rVMM at the same intensity as applied in the
above experiment (Figures S2H and S2l). In addition, stimulating

Figure 2. Excitatory VMM SPNs control somatomotor and sympathetic functions through spinal projections in anesthetized mice

(A) Experimental scheme.

(B) Left: image of brainstem coronal section showing the expression of ReaChR in rVMM. Right: ReaChR expression areas in two coronal levels of VMM, colors
marked for different subjects, n = 6.

(C) Immunostaining image (left) and cell counts (right) showing nearly no ReaChR expression diffused to C1 neurons. Quantification from 16 sections of 6 mice.
*** p < 0.0001; unpaired t test.

(D) Examples and average (+SEM) maximal EMG responses upon opto-stimulation (gray shade) at different spinal cord levels. EMG scale bars, 0.05 mV;
timescale bars, 10 s. *, p < 0.05; ***, p < 0.001; one-way ANOVA with Dunnett’s multiple comparison test.

(E and F) Time course (E) and maximal changes (F, mean + SEM) of MAP and heart rate upon opto-stimulation (gray shade) at different spinal cord levels. ****,
p < 0.0001; ns, not significant; one-way ANOVA with Tukey’s multiple comparison test.

(G) Scheme of assessing the effects of local stimulation of ReaChR-expressing axons from excitatory SPNs in rVMM after C4 spinal transection.

(H and 1) Time course (H) and maximal changes (I, mean + SEM) of MAP and heart rate upon opto-stimulation (gray shade) at T3 before and after cervical
transection. ns, not significant; paired t test.

(J) Representative trace (left panel) and average change of blood pressure and heart rate after C4 transection. *, p < 0.05; **, p < 0.01; paired t test. BL, baseline;
Tx, transection.

See also Figure S2.
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Figure 3. Inhibitory rVMM SPNs suppress
somatomotor and sympathetic activities in
anesthetized mice

(A) Experimental scheme.

(B) Examples of EMG responses upon opto-stim-
ulation (gray shade) under deep or light anesthesia
in Vgat-FIpO mice (orange outline) or WT mice
(black outline). EMG scale bars, 0.01 mV. Time-
scale bars, 10 s. BL: baseline.

(C) Average (+SEM) EMG amplitude during base-
line (BL) and opto-stimulation (Stim.) in deep or
light anesthesia conditions in Vgat-FipO mice (or-
ange) or WT mice (black). **, p < 0.01; ns, not
significant; two-way ANOVA with Bonferroni’s
multiple comparisons test.

(D and E) Time course (left) and maximal changes
(right, average + SEM) of MAP and heart rate upon
opto-stimulation in deep anesthesia with muscle
relaxant. ****, p < 0.0001; unpaired t test.

Time (s)

Time (s)

F Light Anesthesia

& E
o 3

G __ Light Anesthesia

e £
5 ?
[a

o

AHeart Rate (bpm
&

0 20 40 60 80
Time (s)

0 20 40 60 80
Time (s)

&
AHeart Rate (bpm)
>

| J C4T3TIL4 L

AAV-fDIO-

EMG reduction
from baseline (%)

c4 1T Transection

73 | = Opto-
Stim.

CAT3TIL4

Opto-
| e StiM.

N
o o

AHeart Rate (b
[ RN
o O O O
L—o
* 00 =0
* oo

the ReaChR-expressing spinal projections of the rVMM inhibitory
SPNs at the thoracic spinal cord suppressed EMG activities and
reduced blood pressure and heart rate both before (Figures 31—
3K) and after cervical spinal cord transection (Figures 3L and
3M), suggesting that the spinal projections directly mediate the
inhibitory effect. Taken together, excitatory and inhibitory SPNs
in the same rVMM region have the capacity for dual control of
sympathetic and somatomotor functions in the spinal cord, but
in an opposite direction. This might explain why rVMM has been
overlooked in previous studies on sympathetic control.

Spinal and brain projection patterns of excitatory and
inhibitory VMM SPNs

We next used the intersectional labeling strategy to express green
fluorescent protein (GFP) and synaptophysin-red-fluorescent-
protein (RFP) or syp-RFP in excitatory or inhibitory VMM SPNs
and examined their axon projection (GFP) and presynaptic termi-

3432 Cell 187, 3427-3444, June 20, 2024
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(F and G) Time course (left) and maximal changes
(right, average + SEM) of MAP and heart rate upon
opto-stimulation in lightly anesthetized condition,
compared with deep anesthesia. *, p < 0.05; ns,
not significant; unpaired t test.
(H) Comparison of resting blood pressure between
deep and light anesthesia. ***, p < 0.0001; un-
paired t test.
(l) Experimental scheme to express ChrimsonR in
the inhibitory SPNs in VMM and stimulate their
spinal cord projections at different spinal levels.
M é\o@' & (J) Average (+SEM) EMG reduction upon opto-
stimulation at different spinal cord levels. ***,
p < 0.001; ***, p < 0.0001; one-way ANOVA with
Tukey’s multiple comparison test.
(K) Maximal reduction (mean + SEM) of MAP and
heart rate upon opto-stimulation at different spinal
cord levels. *, p < 0.05; one-way ANOVA with
Fisher’s LSD test.
(L) Scheme of assessing the effects of stimulating
the spinal projections of inhibitory SPNs in VMM
after C4 spinal transection.
(M) Maximal reduction (mean + SEM) of MAP and
heart rate upon opto-stimulation at T3 before and
after cervical transection. ns, not significant;
paired t test.
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nals (syp-RFP) (Figures 4A and 4E). In the spinal cord, both excit-
atory and inhibitory axons are distributed in the IML (Figures 4B,
4F, S3A, and S3B). Additionally, RFP* synaptic boutons are colo-
calized with GFP on the soma and dendrites of the SPGNs stained
with anti-ChAT antibodies in the IML of the thoracic cord
(Figures 4C and 4G). However, excitatory and inhibitory SPNs ex-
hibited different termination patterns in other spinal areas. Excit-
atory projections mainly terminate in the intermediate laminae,
where pre-motor neurons are concentrated (Figures 4D and
S3A).** By contrast, inhibitory fibers are enriched in the ventral
horn, the location of the spinal motor neurons (Figures 4H and
S3B), consistent with previous results of anterograde tracing
from similar medulla regions.*® Intriguingly, many inhibitory, but
not excitatory, terminals were observed in the superficial dorsal
horn (Figure 4H), suggesting a possibly additional role for the
inhibitory population in sensory processing. Thus, both excitatory
and inhibitory VMM SPNs innervate SPGNs for sympathetic
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Figure 4. Spinal innervation patterns of excitatory and inhibitory rVMM SPNs

(A) Experimental scheme.

(B) Contour maps of excitatory fiber densities in different spinal levels.
(C) Upper: representative image of excitatory projections in thoracic IML. Scale bars, 100 um. Lower: excitatory synaptic boutons (labeled by RFP, Syp) colocalize

with ChAT* IML neurons (pointed by white arrow). Scale bars, 5 um.

(D) Excitatory projections in cervical spinal cord. Scale bars, 100 um.

(legend continued on next page)
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control, while they may regulate somatomotor (or sensory) func-
tions via different circuitries.

In addition, the VMM SPNs send collateral branches to inner-
vate several nuclei in the medulla, pons, and midbrain (Figure S3).
Excitatory and inhibitory SPNs have shared targets, particularly
the LDTg and PPN, where cholinergic ascending neurons are
located (Figures S3C and S3D). However, these neurons have
distinct termination patterns in other regions. For example, excit-
atory SPNs mainly innervate motor-related cranial nuclei,
including facial nucleus (7N), oculomotor nucleus (3N), trochlear
nucleus (4N), PnO, and MdV (Figure S3E). However, inhibitory
SPN branches were found to be more abundant in broader brain
regions related to autonomic and sensory functions, including the
NTS, locus coeruleus (LC), SubC ventral part (SubCV), principal
sensory trigeminal nucleus (Pr5), A5 and A7 noradrenergic groups,
periaqueductal gray (PAG), parabrachial nucleus (PBN), and spi-
nal trigeminal nucleus (Sp5) (Figures S3F and S3G). Noticeably,
inhibitory SPNs avoid innervating cranial nerve nuclei 3N and
4N, where the motor neurons controlling eye movements are
located (Figure S3H). Thus, the excitatory VMM SPNs may be
relevant in driving motor nuclei, while the inhibitory SPNs may
be more important for tuning sensory and autonomic integration.

Previous studies suggest that MM SPNs exhibit extensive
collaterals in multiple spinal levels.*®°° We next assessed if the
same group of SPNs innervate both motor and sympathetic re-
gions in the spinal cord. Since SPGNs are distributed between
T1 to L2,° the L4/5 levels are expected to have the neurons for
direct somatomotor but not sympathetic control. Therefore, we
intersectionally labeled excitatory or inhibitory VMM SPNs from
L4/5 segments and examined their terminations in the spinal
cord. We injected a small volume of AAV9retro-DIO-FIpO or
AAV9retro-fDIO-Cre to L4/5 of adult Vglut2-Cre or Vgat-FipO
mice, respectively, followed by AAV-fDIO or DIO-GFP-syp-RFP
injection in r'VMM (Figures 4l and 4J). To monitor the diffusion
of injected viruses in the spinal cord, aliquots of AAV9-H2B-
tdTomato were co-injected to L4/5. This procedure resulted in
efficient labeling of SPNs in VMM (Figure S3L) but did not trans-
duce cells in the spinal segments with SPGNs (Figure S3l). Impor-
tantly, these L4/5-projecting excitatory and inhibitory SPNs send
collateral branches to the thoracic spinal cord (Figures 41, 4J, S3J,
and S3K) and innervate ChAT* SPGNSs (Figures 4l and 4J). These
results suggest that at least some rVMM SPNs innervate both
motor and sympathetic spinal neurons.

Direct synaptic connections between rVMM SPNs

and SPGNs

To directly assess synaptic connections between the axons of
SPNs and SPGNs, we performed whole-cell patch recording in

Cell

ex vivo slices prepared from the thoracic spinal cord of ChAT-
Cre:tdTomato reporter mice (to label SPGNs in the IML of the
thoracic spinal cord) (Figure S4A). To facilitate opto-stimulation
of both excitatory and inhibitory SPN axons, we injected AAV8-
ChR2-EYFP into the rVMM of these mice at P4 (Figures S4F-
S4H). In horizontal sections of the thoracic spinal cord from
mice injected with the virus, we performed whole-cell voltage
clamp recordings on tdTomato™ cells in IML while applying LED
stimulation on rVMM SPN axon terminals to examine mono-
and poly-synaptic excitatory postsynaptic currents (EPSCs)
and inhibitory postsynaptic currents (IPSCs). At —70 mV holding
potential, optical stimulation produced current responses in 13 of
23 neurons recorded. Post hoc histology verified that most ChR2-
EYFP expressions were in the r'VMM and none in the C1 region
(Figures S4F-S4H). To determine the mono-synaptic component
of the evoked response, Tetrodotoxin (TTX) (0.5 pM), 4-Amino-
pyridine (4-AP) (200 pM), NBQX (5 uM), and CPP (10 uM) were
sequentially applied. The sodium channel blocker TTX blocked
the EPSC, indicating that the evoked EPSC is action potential
dependent. With the addition of the potassium channel blocker
4-AP, which augmented light-induced, direct depolarization of
ChR2" axon terminals, EPSCs reappeared. lonotropic glutamate
receptor antagonists (NBQX and CPP) significantly attenuated
this EPSC amplitude, demonstrating that rVMM SPNs make
mono-synaptic glutamatergic connections onto IML neurons
(Figures S4B and S4C).

Notably, outward currents were observed in 9 of the 13 cells in
the presence of TTX/4-AP/NBQX/CPP (Figure S4C), suggesting
that these cells might also receive inhibitory inputs from the
rVMM. We then tested if the observed mono-synaptic outward
currents were IPSCs mediated by GABA, and/or glycine recep-
tors. Holding the membrane potential at +20 mV, mono-synaptic
IPSCs were present in 10 of 11 recorded cells. GABA, and
glycine receptor antagonists, BMI (10 puM) and strychnine
(1 uM), significantly inhibited the mono-synaptic outward current
amplitude to 2.2% of baseline (Figures S4D and S4E). Thus,
these results suggest excitatory and inhibitory r'VMM SPNs
make direct synaptic connections onto SPGNSs, although indirect
connections may also be present.

Distinct activity patterns of excitatory and inhibitory
rVMM SPNs in different arousal states and high-speed
locomotion

To explore the behavioral relevance of these rVMM SPNs in
behaving mice, we targeted GCaMP6s expression to excitatory
or inhibitory VMM populations (Figure 5A). With an implanted op-
tical fiber (Figure 5B), we recorded their population neuronal activ-
ity®" (Figure 5C) when mice were in two different conditions: (1) in a

(E) Scheme of intersectional labeling of inhibitory SPNs in r'VMM with GFP and synapse-targeting RFP.

(F) Contour maps of inhibitory fiber densities in different levels of the spinal cord.

(G) Upper: representative image of inhibitory projections in thoracic IML. Scale bars, 100 um. Lower: excitatory synaptic boutons (labeled by RFP, Syp) colocalize
with ChAT" IML neurons (pointed by white arrow). Green and red channels of the pointed structure are split below. Scale bars, 5 um.

(H) Inhibitory projections in cervical spinal cord. Scale bars, 100 pm.

(I and J) Left: scheme of intersectional labeling of L4/5-projecting excitatory (I) or inhibitory (J) VMM SPNs with GFP and synapse-targeting RFP. Middle: contour
maps of excitatory fiber densities at different spinal levels, derived from lumbar projecting SPNs. Right: excitatory synaptic boutons (Syp, RFP), derived from
lumbar projecting SPNs, terminated on ChAT* IML neurons in thoracic spinal cord (pointed by white arrow). Scale bars, 5 um.

See also Figures S3 and S4.
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Figure 5. Neuronal activity patterns of excitatory and inhibitory rVMM SPNs in different behavioral states

(A) Experimental scheme.

(B) Representative imaging of r'VMM showing the excitatory VMM SPNs expressing GCaMP6s and the fiber-optic tract. White rectangle indicates fiber-optic
tract. Scale bars, 200 um.

(C) Scheme showing EMG/EEG/Photometry recording of mice. Both EMG and EEG data were considered to define four different states (see text for details).
Purple for active state, gray for quiet state, yellow for NREM state, and blue for REM state. The same color coding is used in the subsequent panels.

(D) Example recording and analysis of Vglut2* rVMM SPNs calcium activity. Left: EEG spectrogram, EMG, and Z scored dFF. Corresponding arousal states were
indicated at the bottom. Right: group comparison of Vglut2* rMM SPNs calcium activity between different states (mean + SEM, n = 9). ***, p < 0.0001; ***,
p < 0.001; **, p < 0.01; ns, not significant; repeated measures one-way ANOVA with Fisher’s LSD multiple comparisons test.

(legend continued on next page)
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home cage condition where mice could undergo sleep/awake cy-
cles with associated activities such as sleep, rest, and locomotion,
and (2) on a treadmill where mice were subjected to locomotion of
different speeds. In parallel, we also recorded electroencephalo-
gram (EEG) with electrodes on the skull and EMG from deep
neck/anterior trunk muscles (Figure 5C).°>>*

We first recorded these parameters over 7 h in the daytime
when mice were kept in an open arena. By examining the Pear-
son correlation between different parameters, we found that the
calcium signals of excitatory r'VMM SPNs were positively corre-
lated with EMG amplitude and EEG theta-band power density
but negatively correlated with EEG delta-band power density
(Figures S5A and S5D). No such correlation was found in GFP
controls (Figures S5B and S5D). These results prompted us to
analyze their neuronal activities in different arousal states,
namely: (1) active: high EMG tone with burst firing and de-
synchronized EEG; (2) quiet: high EMG tone without burst firing
and desynchronized EEG; (3) non-REM (NREM) sleep: low
EMG tone with high EEG delta-band power density; and (4)
REM sleep: further reduced EMG tone with high EEG theta-
band power density and low delta-band density (Figure 5C).
We found that the mean calcium signals of excitatory rVMM
SPNs were highest in the active state, moderate in a quiet state,
and low in NREM sleep (Figure 5D). On the other hand, the GFP
signal in control animals did not change in these different arousal
states (Figure S5E). Moreover, the activities of the excitatory
neurons exhibited significant alteration at the transitions of
different behavioral states (Figures 5F, 5G, and S5F), positively
correlating with increased active/arousal states. No such alter-
ations were observed in the GFP control group (Figures 5F,
5G, and S5F). In the active state, mice often undertook explor-
atory locomotion bouts.”® We found that the calcium signals of
these excitatory VMM SPNs exhibited a modest yet significant
increase at the onset of locomotion bouts (Figures 5H and 5l),
suggesting that the activities of these neurons correlate with
the initiation of locomotion bouts.

In another set of experiments, we monitored autonomic pa-
rameters together with EEG and EMG by implanting a telemetry
device into the carotid artery in intact mice.*® We found that the
sympathetic tone, as measured by blood pressure and heart
rate, varied similarly to the excitatory SPN activity (Figure S5G).

Cell

Intriguingly, calcium signals of excitatory VMM SPNs increased
in REM sleep (Figure 5D), despite muscle atonia in this state. This
might be relevant to the muscle twitches and increased blood
pressure observed in some REM sleep episodes.®”

However, the calcium signals of inhibitory VMM SPNs had a
significantly weaker correlation to the neck muscle activity,
even though they also showed a positive correlation with EEG
theta-band power density and a negative correlation with EEG
delta-band power density (Figures S5C and S5D). Their mean
calcium signals were at moderate levels during active (with a
few observable peaks during grooming, eating, and nesting)
and quiet states, reached the lowest level in NREM sleep, and
significantly surged in REM sleep (Figure 5E), suggesting that
the inhibitory MM SPNs might have a role in regulating muscle
atonia and autonomic suppression during REM sleep. Like the
excitatory populations, the inhibitory SPNs exhibited significant
alteration in activity at the transitions between different behav-
ioral states yet had significantly lower activities during the active
state (Figures 5F, 5G, and S5F). In addition, there is a downward
trend of their activities associated with individual locomotion
bouts in active states, but these changes did not reach statistical
significance (Figures 5H and 5I). Because of modest activity
changes and the short duration of individual bouts, further
studies are needed to establish a precise relationship between
the onset/offsets of bouts and these neuronal activities.

We next analyzed the neuronal activities of these SPNs when
mice ran at different speeds on a treadmill. For the rVMM excit-
atory SPNs, the calcium signals were low when the mice were
quiet (when the treadmill is off), similar to the observation in an
open arena recording (Figure 5J, first panel). Their calcium signals
became elevated when the treadmill was turned on regardless of
the treadmill speed (Figures 5J, second to fourth panels, and 5K),
suggesting that these neurons might be important for initiating
high-speed locomotion. Consistent with excitatory SPN activity
dynamics, the amplitude of neck EMGs increased during running
and remained at comparable levels at different speeds (Fig-
ure S5H, left panel), while blood pressure also increased gradu-
ally (Figure S5H, right panel). On the other hand, the calcium sig-
nals of inhibitory VMM SPNss slightly decreased during running at
higher speed, while the control GFP signals of excitatory rVMM
SPNs remained static (Figure S5I).

(E) Example recording and analysis of Vgat* rVMM SPNs calcium activity. Left: EEG spectrogram, EMG, and Z scored dFF. Corresponding arousal states were
indicated at the bottom. Right: group comparison of Vgat* r'VMM SPNs calcium activity between different states (mean + SEM, n = 7). ****, p < 0.0001; ***,
p < 0.001; **, p < 0.01; ns, not significant; repeated measures one-way ANOVA with Fisher’s LSD multiple comparisons test.

(F) Calcium activities (z-dFF, mean + SEM) of excitatory and inhibitory r'VMM SPNs during transitions of different behavioral states. For Vglut2* GCaMP6s, 9 mice
were recorded, and n = 127 events for quiet to active (Q-A), n = 194 for NREM to active (N-A), n = 235 for NREM to REM (N-R); for Vgat* GCaMP6s, 7 mice were
recorded, n = 105 events for Q-A, n = 160 for N-A, n = 167 for N-R; for GFP, N = 6 mice, n = 61 events for Q-A, n = 98 for N-A, and n = 132 for N-R.)

(G) Average (+SEM) of calcium activity changes (9 s post-transition minus 9 s pre-transition). **, p < 0.001; ***, p < 0.0001; Kruskal-Wallis test with Dunn’s
multiple comparisons.

(H) Calcium activities (mean + SEM) of excitatory and inhibitory VMM SPNs during locomotion bout onset in open arena. Activities of 2 s before bout onset
(>5 cm/s) were used as baseline.

() Comparison of calcium activities difference between each group. ns, not significant; ***, p < 0.001; ***, p < 0.0001; one-way ANOVA with Bonferroni
comparison.

(J) Calcium activities (mean + SEM) of Vglut2* rvMM SPNs in treadmill running at different speeds. Average traces showing Z scored dFF in each treadmill speed.
Time points of 2 s before and 2 s after treadmill onset are shown as break lines in orange and green, respectively. 30-s periods are shaded in blue. N = 7.

(K) Mean (+SEM) z-dFF of 2 s before and 2 s after treadmill onset at different speeds. *, p < 0.05; **, p < 0.01; paired t test.

(L) Mean (+SEM) z-dFF of 30 s after treadmill onset at different speeds, compared with the mean z-dFF during quiet moments (0). **, p < 0.01; mixed-effects
analysis with Fisher’s LSD multiple comparisons test.

See also Figure S5.
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To complement the forced locomotion on a treadmill experi-
ment, we performed additional experiments on mice performing
voluntary running on a horizontal disc.”® Similar to what was
observed on the treadmill (Figures 5J-5L), the activities of excit-
atory SPNs increased at the transitions from non-locomotion to
locomotion (0 to 10 cm/s; Figures S5J and S5R1) but did not in-
crease further at higher speeds (>10 cm/s) (Figures S5J and
S5R2). Similarly, blood pressure and heart rate dramatically
increased when initiating running (0 to 10 cm/s) but increased
less at higher speeds (>10 cm/s) (Figure S5K). These results sug-
gest similar neuronal activities and blood pressure dynamics
occur during voluntary locomotion (Figures S5J and S5K) and
forced locomotion on the treadmill (Figures 5G, 5H, and 5J-
5L). Our results suggest that the rVMM excitatory SPNs may
be crucial in regulating proper levels of skeletal muscle and sym-
pathetic tone to support increased locomotion and muscle
contractility, perhaps by providing homeostatic and metabolic
preparations.

Excitatory rVMM SPNs are required for setting both
skeletal muscle and sympathetic tone during rest and
locomotion

We next asked if these r'VMM SPNs are required for the relevant
behavior. We expressed the inhibitory receptor hM4Di in rVMM
SPNs in Vglut2-Cre mice and silenced their activity by injecting
the ligand deschloroclopazine (DCZ) (Figures 6A and S6A-
S6C).°° Because DCZ-triggered silencing lasts for only 2-3
h,%° our studies focused on the active and quiet states in the
home cage, as well as active locomotion in the open arena
and treadmill. EMG and sympathetic functions (arterial blood
pressure and heart rate) were monitored (Figure 6B). In the
home cage condition, when mice are at rest, DCZ treatment
significantly decreased EMG activity and blood pressure, not
heart rate, in Vglut2-Cre mice (Figure 6C) but not in control
mice (Figures S6F and S6G). The effect lasts about 3 h, corre-
lating with the effective time of DCZ-mediated silencing (Fig-
ure S6D). Further analysis indicated that DCZ treatment
reduced basal muscle tone and blood pressure in the quiet state
(Figure 6D). It is striking that silencing excitatory r'VMM SPNs
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reduced resting blood pressure, differing from the previous
study that found that silencing C1 neurons had little effect on
basal blood pressure.®® Consistently, we also noticed that
DCZ-assisted silencing changed the animal’s resting posture,
as evidenced by reduced nose height, body height, and elon-
gated body length (Figure 6E), likely reflecting the reduced mus-
cle tone. However, this silencing did not significantly alter other
locomotion parameters (Figure SGE).

In an open arena, DCZ treatment reduced total traveled dis-
tance and the frequency of active locomotion bouts in the
Vglut2-Cre mice with hM4Di expression in r'VMM SPNs (Fig-
ure 6F) but not in the control mice (Figure S6H), consistent with
their activity patterns (Figure 5H). These silenced mice also ex-
hibited reduced EMG and blood pressure (Figure 6G). Thus,
excitatory VMM SPNs might be important in setting basal levels
of skeletal muscle and sympathetic tone for locomotion and
exploratory behaviors. Furthermore, on the treadmill where
mice were subjected to running at different speeds, DCZ treat-
ment reduced the time the mice remained on the treadmill at
30 cm/s (Figures 6H, 61, and S6l). Consistently, the silenced
mice exhibited reduced levels of muscle activity and blood pres-
sure at rest and failed to mobilize these functions with increased
treadmill speeds (Figures 6H and 6l), suggesting that these excit-
atory VMM SPNs are also required to support high-speed
locomotion.

Inhibitory rVMM SPNs are required for muscle atonia
and sympathetic suppression during REM sleep

Finally, we assessed the behavioral outcome of silencing inhibi-
tory VMM SPNs with a tetanus toxin light-chain (TeLC)-assisted
method®’ (Figures 7A and S7A-S7C). In an open arena, mice
with silenced inhibitory VMM SPNs displayed increased activ-
ities (Figure 7B), evidenced by increased distance traveled and
locomotion bout frequency and duration, but not speed (Fig-
ure 7C). These effects are opposite to what was seen after the
silencing of excitatory VMM SPNs (Figure 6). This is consistent
with the observations that the inhibitory VMM SPNs are at
modest activity levels during awake (active and quiet) states
(Figure 5).

Figure 6. Silencing excitatory VMM SPNs reduces muscle and sympathetic tone at rest and during locomotion

(A) Experimental scheme.

(B) Scheme of EEG/EMG and blood pressure (BP)/heart rate (HR) recording in behaving mice.

(C) Dynamics (in 20-min time window right after vehicle or DCZ treatment) of EMG amplitude, MAP, and heart rate of mice in home cage. Zero represents baseline
of 20 min prior to treatment. *, p < 0.05; n = 7; mixed-effects analysis with Bonferroni’s multiple comparisons test.

(D) Representative EMG amplitude and MAP in quite state (left) and quantification (right) after vehicle or DCZ treatment. Scale bars, 60 s. Right: mean and in-
dividual value of EMG amplitude and MAP in quiet state after vehicle or DCZ treatment. *, p < 0.05; **, p < 0.01; paired t test.

(E) Images (upper) and quantification of body posture at rest after vehicle or DCZ treatment. For lower panel, quantification, mean, and individual value. *, p < 0.05;

**, p <0.01; ***, p < 0.0001; paired t test.

(F) Trajectory of body mass position for 10 min in open arena after vehicle or DCZ treatment (left) and quantification of performance in open arena (right). Scale
bars, 10 cm. For the right panel, mean and individual value. ***, p < 0.001; ****, p < 0.0001; paired t test.
(G) Representative EMG amplitude and MAP in open arena after vehicle or DCZ treatment (left) and mean and individual value of EMG amplitude and MAP (right).

Scale bars, 60 s. **, p < 0.01; paired t test.

(H) Representative traces of locomotion speed (top), normalized EMG (middle), and MAP (bottom) at different treadmill speeds after vehicle or DCZ treatment.

Timescale bars, 60 s.

(I) Average (+SEM) locomotion speed, EMG peak amplitude, and MAP at different treadmill speeds after vehicle or DCZ treatment. The levels of EMG and MAP
from vehicle controls were sub-sampled to match the duration of running in the DCZ group. **, p < 0.01, ****, p < 0.0001; n = 7; two-way ANOVA with Tukey’s

multiple comparisons test.
See also Figure S6.

3438 Cell 187, 3427-3444, June 20, 2024



Cell ¢ CelPress

A B o c £ . .
WT Vgat-Fip o5 G 40- o ;
_ — — < @ 304 |_(|’ £ 'E%g- |_<|>
Vgat-FIpO Mice ; ' Y 3 & 204 S E10] 5
WT Mice L ESY] 3> 57
—_— i 2 0 m 0-
)]
el 5 *
S_ 157 1 £ 15
N P - B
5 o g 107 S5 1.0 &
2. AAV-DIO- —' 53 5] S~ 051
TeLC-EYFP a O 3 0.0
c O m\wT ¥ Vgat-FIpO
D
T 1. AAV9retro- Vgat-FIpO
fDIO-Cre 31% 3.01%
L [l Active
= Quiet
46.79% 48.12% o Ron
11.6
F WT Vgat-FIpO

, — —_— '  eeaes M. (9B)
1.0+ B 2.0 1.2 30
EMG "LJMWL' MW MMWW
. 0.3 0.5-
125+ 155 1301
95- 125 ™ 100
Hr 8907 700 700-
(bpm) o -
0 500 — 500-

450- REM
G Changes from NREM to REM H WT Vgat-FIpO I Vgat-FIpO
1.0 kK okl — falulel
o5 10 |_| E 50 |_'
© 05 £ oim £ o0
i €10 ) § 50 89.16% 61.76% M 13.93%
. B . 40.74% -10 /o o
0.0 o, T -100{ f0.54% M a0 Toe 38.24% [ 86.07%
3 =207 8 $ -150
0.5 < a0 5 000l ° M Atonia M BP Drop
BWT M Vgat-FIpO [INo Atonia [JNo BP Drop
J
ame—— Silencing Excitatory r'VMM SPNs
- Excitatory
£ \ —_—\
L / Neuronal
N\ Activities g/’
7 1 S s
\ Excitatory Inhibitory | - -
. \ —= ‘]Inh|b|tory | Blood —_— °
oracic Sympathetic | | pressure \ Muscle Tone ‘ BP \ Speed ‘
- “Tone
Jhl_ ‘Silencing Inhibitory rYMM SPNs
EMG | s .7
N— z
Lumbar Muscle ) ) Muscle Tonef
‘ N/ T Active Quiet; NREM;REM
‘e Tone BP )
Arousal States REM Sleep

(legend on next page)

Cell 187, 3427-3444, June 20, 2024 3439




¢ CellPress

Next, we recorded EEG/EMG and sympathetic readouts when
the mice were in the home cage condition (Figure 7D). Because
rVMM SPN silencing might affect muscle activities, video
tracking of body movements was also performed to assist the
interrogation of the four arousal states: (1) active (desynchron-
ized EEG, with movement), (2) quiet (desynchronized EEG,
without movement), (3) NREM sleep (high delta, low theta, and
no movement), and (4) REM sleep (low delta, high theta, and
no movement). In the silenced group, the four behavioral states
are still distinguishable (Figures S7D and S7E), but with
increased total duration in the active state and decreased total
duration in the quiet state compared with the wild-type control
group (Figures 7E and S7F). Noticeably, several aspects of
REM sleep were severely disrupted. First, the overall REM sleep
duration was reduced in the silenced group (Figures 7E and S7F).
Second, EMG level significantly increased with burst activities,
accompanied by increased blood pressure and heart rate in
the silenced group, in contrast to the low EMG level (muscle ato-
nia) and the often-reduced blood pressure/heart rate during
REM sleep episodes in controls (Figures 7F and 7G). Third, there
was a significant reduction of tonic REM sleep episodes (com-
plete muscle atonia and reduction of blood pressure and heart
rate) in the silenced group, as opposed to the control group
(Figures 7H, 71, and S7G). These findings suggest that inhibitory
rVMM SPNs are required for atonia and reduction of sympathetic
outflow during REM sleep, consistent with the observation that
these neurons are the most active during REM sleep (Figure 5).
Our results reveal an important role for inhibitory MM SPNs
in controlling both the somatomotor and sympathetic functions
during REM sleep and awake states, correlating with their activ-
ity levels.

DISCUSSION

Multi-functioning SPNs in the rVMM

In mammals, there are several hundred skeletal muscles for so-
matic functions and many peripheral organs, including billions of
smooth muscle cells as the effectors of sympathetic activities. In
explaining how a small number of descending brain-spinal path-
ways achieve complex behavioral coordination, a plausible
model is that individual behaviors in a hierarchical architecture
are constructed by combining discrete building blocks.®?%* As
individual behaviors have shared and unique components of mo-
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tor, sensory, and autonomic functions, distinct SPNs might con-
trol these functions separately, forming “function-specific” mod-
ules. This model could offer the maximal flexibility of control.
Alternatively, certain SPNs could innervate multiple targets and
control multiple functions. Such “multi-functional” modules
may mobilize the behaviorally correlated functions simulta-
neously, increasing controlling efficiency with the cost of a
reduced degree of freedom. Our functional mapping results sug-
gest SPNs utilize both strategies. Several SPN populations, such
as rubrospinal neurons and several populations of reticulospinal
neurons, preferentially trigger somatic muscle activities, while
the hypothalamospinal neurons in the PVN are more specific to
sympathetic control.’”*® By contrast, the excitatory and inhibi-
tory SPNs in the rVMM are multi-functional and differentially
regulate both the somatomotor and sympathetic responses. Ex-
tending from the notion that rVMM-derived reticulospinal neu-
rons elaborate collaterals in the entire spinal cord,*®-°%% our
anatomical results suggest that these neurons possess multi-
level collaterals innervating both the IML and distinct motor
and even sensory regions in the spinal cord, along with several
nuclei in the brainstem. Of note, the dorsal horn innervation by
inhibitory SPNs suggests an additional role of this population in
sensory processing, a hypothesis that remains to be tested, in
addition to somatomotor and sympathetic controls. Thus, the
multiple innervations and functions of these SPNs might underlie
their properties as “command neurons” in translating brain-
derived commands into different motor, sensory, and autonomic
engagements that constitute complex behaviors.

The role of r'VMM SPNs in arousal state control

Most behaviors depend on an animal’s arousal state.®* Our re-
sults reveal a remarkable correlation between the activation of
both excitatory and inhibitory VMM SPNs and different arousal
states (Figure 7J). Excitatory SPNs’ activities are positively
correlated with EMG and theta-band EEG and negatively with
delta-band EEG during these differential arousal states, except
for paradoxical REM sleep. On the other hand, inhibitory SPNs
are the most active in REM sleep, significantly less in an awake
state, and the least active in NREM sleep. Interestingly, both
populations are highly active in REM sleep. Although different
mechanisms have been proposed for REM-associated ato-
nia,®®®” our results suggest inhibitory SPNs in the rVMM play a
key role. These neurons directly innervate spinal motor neurons

Figure 7. Silencing inhibitory VMM SPNs increases locomotion in awake mice and impairs muscle atonia and sympathetic reduction in

REM sleep
(A) Experimental scheme.
(B) Representative body mass trajectories in open arena. Scale bars, 10 cm.

(C) Average (+SEM) of different parameters for locomotion in open arena, n = 6 for Vgat-FlpO mice, n = 10 for WT mice. *, p < 0.05; **, p < 0.01; ns, not significant;

unpaired t test.
(D) Scheme of EEG/EMG and BP/HR recording in behaving mice.

(E) Mean proportion of four different behavioral states from 24-h recording in WT and Vgat-FlpO mice. Statistical differences are found in active and REM sleep

states (Figure S7F). Percentage, mean + SEM, n = 7, unpaired t test.

(F) Representative traces of EEG power spectrum, EMG amplitude, MAP, and HR in REM sleep episode in WT and Vgat-FlpO mice. Scale bar, 60 s.

(G) Average (+SEM) changes of EMG, MAP, and heart rate compared with preceding baseline (30 s prior to REM onset).

Hokk

, p <0.001; unpaired t test.

(H and I) Proportion of REM sleep episodes with or without muscle (l) and proportion of REM sleep episodes with or without blood pressure drop (J) atoniain WT or

Vgat-FIpO mice. Differences are statistically significant (Figure S7G).
(J) Summary of the key results.
See also Figure S7.
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(Figure 4),° fitting with the expected role in triggering hyperpo-
larization in the spinal motor neurons.®®’° These neurons also
elaborate collaterals to several cranial nuclei but avoid the ocu-
lomotor nucleus and trochlear nucleus, which may explain the
presence of eye movements during this stage of sleep. Further-
more, this inhibitory population heavily innervates the dorsal
horn, possibly contributing to reduced sensory processing and
awareness in REM sleep. However, the question remains: why
does atonia persist during REM sleep even when these excit-
atory SPNs are activated? Unlike inhibitory SPNs, which directly
hyperpolarize spinal motor neurons through direct innervation,
excitatory SPNs primarily target pre-motor neurons rather than
motor neurons themselves. This suggests that inhibitory SPNs
could overpower the excitatory signals, keeping spinal motor
neurons inactive.

Activation of excitatory SPNs in rVMM sets the
competence for high-speed locomotion

An obvious example of somatic and autonomic coordination is
high-speed locomotion or exercise. Classic studies demon-
strated that in decorticate and paralyzed cats, cardiovascular
variables increase during fictive locomotion.”" In addition, stim-
ulation of the mesencephalic locomotor region (MLR) leads to
co-recruitment of locomotion and autonomic functions.”"*
Our results suggest that SPNs in the VMM might be a potential
substrate for such coordination. In particular, silencing excit-
atory SPNs in rVMM not only reduced basal muscle tone and
blood pressure at rest but also abolished the speed-dependent
increase of blood pressure and mobilization of somatic muscle
activation. However, these SPNs in the rVMM do not exhibit
speed-dependent further activation, suggesting that other
mechanisms account for the speed-dependent recruitment of
motor and autonomic functions. Together, these results suggest
that the activities of these reticulospinal neurons define the
behavioral competence for both basic and demanding motor
performance. This competence consists of both the somatomo-
tor and sympathetic arms. The somatomotor arm mainly controls
the skeletal muscle tone, an essential component of posture-gait
control.”®”® On the other hand, the sympathetic arm regulates
relevant homeostatic and metabolic states conducive to
different behaviors and physiological needs. In various behav-
ioral contexts, these SPNs in VMM might be regulated by cogni-
tion- or emotion-dependent signals from the higher levels of the
brain. Future studies will determine how these and other SPNs
coordinate and control the planning and execution of individual
bodily behaviors.

Limitations of the study

Although our studies analyzed excitatory and inhibitory SPNs in
rVMM, these neurons might not be homogenous. Molecularly,
our single nuclei RNAseq analysis revealed distinct populations
of SPNs in the medulla.®* Anatomically, although we showed
that the SPNs labeled from L4/5 spinal segments innervate the
entire spinal cord, the co-injection of AAV9-H2B-tdTomato in
L4/5 may underestimate the diffusion of Cre or FIpO viruses,
considering that the transduction necessary for fluorophore
expression is typically higher than that for recombinase activity.
We cannot rule out the possibility that subsets of SPNs preferen-
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tially innervate some spinal segments. Functionally, our fiber-
photometry recording collected the activity of neuronal popula-
tions and cannot distinguish sub-populations or individual
neuronal activities correlated to other aspects of behaviors. In
addition, due to the relatively slow kinetics of GCaMP6s, it is
difficult to establish a precise temporal relationship between
the activity of VMM SPNs and some aspects of behaviors.
Furthermore, despite the demonstrated link between these
SPNs and different behavioral states, we do not know how these
neurons’ activities are regulated. Future studies will investigate
the pre-synaptic inputs to these SPNs to understand their spe-
cific roles across various physiological and pathological condi-
tions, such as spinal cord injury and stroke.
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AAV-Ef1a-fDIO-H2B-mCherry This paper N/A
AAV-hSyn-DIO-ReaChR-Citrine Lin et al.”® Addgene#50955
AAV-Ef1a-DIO-FIpO Zingg et al.”” Addgene#87306
AAV-CAG-fDIO-ChrimsonR-GFP Klapoetke et al.”® Addgene#118295
AAV-Ef1a-fDIO-Cre Schneeberger et al.”® Addgene#121675
AAV-hSyn-fDIO-mGFP-2A- Beier et al.?° Addgene#71761
Synaptophysin-mRuby

AAV-DIO-mGFP-2A- Beier et al.?° Addgene#71760
Synaptophysin-mRuby

AAV-hSyn-ChR2-EYFP Karl Deisseroth Addgene#26973
AAV-Ef1a-fDIO-GCaMP6s Rylan Larsen Addgene#105714
AAV-hSyn-DIO-GCaMP6s Chen et al.®’ Addgene#100845
AAV-hSyn-fDIO-hM4Di-mCherry Runegaard et al.®? Addgene#154867
AAV-hSyn-DIO-TeLC-EYFP Fan Wang, MIT Addgene#135391
AAV-CAG-H2B-tdTomato Economo et al.®® Addgene#116870
Chemicals, Peptides, and Recombinant Proteins

Pancuronium bromide Millipore Sigma P1918
Deschloroclopazine Tocris 7193

Red Retrobeads IX LumaFluor Inc. Red Retrobeads™ IX (100 pl)
NBQX Tocris 1044

CPP Tocris 1265

TTX Tocris 1078

4-AP Sigma A78403

BMI Tocris 2503

Strychnine Sigma S0532

4-AP Tocris 0940
Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Jax#000664
Mouse: Vglut2-ires-Cre The Jackson Laboratory Jax#016963
Mouse: Vgat-2A-FIpO The Jackson Laboratory Jax#029591

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: ChAT-ires-Cre The Jackson Laboratory Jax#006410
Mouse: TH-Cre The Jackson Laboratory Jax#008601
Mouse: Ai14 The Jackson Laboratory Jax#007914

Software and Algorithms

LabChart

Doric Neuroscience Studio

Notocord-hem

Sirenia Sleep Pro

ADlInstruments

Doric

Instem

Pinnacle Technology Inc.

https://www.adinstruments.com/
products/labchart

https://neuro.doriclenses.com/products/
doric-neuroscience-studio

https://www.instem.com/solutions/
notocord/notocord-hem.php

https://www.pinnaclet.com/sleepPRO.html

ZEN Blue ZEISS https://www.micro-shop.zeiss.com/en/us/
softwarefinder/software-categories/zen-blue/

Fiji Imaged Fiji https://fiji.sc/

QuPath Bankhead, P. et al.® https://qupath.github.io/

DeepLabCut Mathis et al.®” http://www.mackenziemathislab.org/deeplabcut

MATLAB MathWorks https://www.mathworks.com/products/matlab.html

GraphPad Prism GraphPad https://www.graphpad.com/

Other

Millar Mikro-Tip Pressure Catheter
Stellar Implantable Transmitter

PowerLab16/35
Fiber Photometry Console

AdInstrument
TSE
ADInstrument
Doric

SPR-1000
Type PBTA-XS-C
PL3516

FPC

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by lead contact, Zhigang He
(zhigang.he@childrens.harvard.edu).

Materials availability
AAV9retro reported in this study will be available at Addgene.

Data and code availability
® All data necessary to understand and assess the conclusions of this manuscript are presented in the paper and the supple-
mental information.
o Codes for analyzing neuronal activities and physiological and histological data are available upon request.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse Strains

All experimental procedures were performed in compliance with animal protocols approved by the Institutional Animal Care and Use
Committee at Boston Children’s Hospital. The following mouse lines were used in this study: C57BL/6J wild-type (WT) mouse
(Jax#000664), Vglut2-ires-Cre (Jax#016963), Vgat-2A-FIpO (Jax#029591), ChAT-ires-Cre (Jax#006410), TH-Cre (Jax#008601),
and Ai14 (Jax#007914). Only male mice (P14 to 6 months) were included in this study. For treatment and control groups, mice
were used from littermates and the body weight was randomized and assigned to different groups.
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METHOD DETAILS

Virus production and injection

All viruses used in this study were produced by Viral Core of Boston Children’s Hospital, unless otherwise indicated. The following
viruses were used: AAV9retro-hSyn-H2B-GFP, AAV9retro-CAG-DIO-H2B-GFP, AAV9retro-Ef1a-fDIO-H2B-mCherry, AAV9retro-
hSyn-DIO-ReaChR-Citrine, AAV9retro-EF1a-DIO-FIpO, AAV8-CAG-fDIO-ChrimsonR-GFP, AAV8-hSyn-DIO-ReaChR-Citrine,
AAV9retro-Ef1a-fDIO-Cre, AAV8-hSyn-fDIO-GFP-Synaptophysin-mRuby, AAV8-hSyn-DIO-GFP-Synaptophysin-mRuby, AAV9-
CAG-H2B-tdTomato, AAV8-hSyn-ChR2-EYFP, AAV8-Ef1a-fDIO-GCaMP6s, AAV8-hSyn-fDIO-GFP, AAV8-hSyn-DIO-GCaMP86s,
AAV8-hSyn-fDIO-hM4Di-mCherry, and AAV8-hSyn-DIO-TeLC-EYFP. The titers of the viruses were adjusted to 0.5~2e+13 gc/ml
for injection.

For spinal cord injection at P14, mice were anesthetized, shaved, and positioned in the ultrasound injection platform with heated
base set at 37°C.?® A glass pipette was guided by the ultrasound probe (MS550, Ultrasonic Vevo 3100) and inserted into the spinal
cord. For the most rostral injection site in the cervical spinal cord, the position was located 1.5mm caudal to C1 vertebrate to avoid
virus diffusion to brainstem. Injections were made bilaterally with two different depths targeting lamina 1-5 and lamina 6-9 of gray
matter. Injections were made at the gap between every two vertebrae, corresponding to spinal segment C3 to L6. A total volume
of 1.8 ul was injected in cervical (C3-C8) and lumbar (L1-L6) spinal cord, and 2.4 pl in the thoracic (T1-T13) spinal cord.

For the spinal cord injection of retrobeads in adult mice (P56), mice were positioned on the stereotaxic frame, with spinal vertebrate
secured using spinal clamp accessories. A laminectomy was made at the cervical (C4-6) and lumbar (L2-4) spinal cord, and a total
volume of 2.4 ul virus was injected in bilateral grey matter at 1mm and 0.6mm depths, 0.35mm lateral to midline, in each part of spinal
cord. For the spinal cord injection aiming to limit the virus diffusion so as not to reach spinal levels containing SPGNs, a laminectomy
was performed at the T13 vertebra, and a total volume of 50~-100 nl of virus was injected into the L4/5 spinal cord segments at 1Tmm
and 0.6mm depths, 0.35mm lateral to midline. The samples were verified with post hoc histology and only animals with no viral diffu-
sion to SPGNs at the L2 spinal cord were included in further analysis.

For brainstem injections, mice were positioned on a stereotaxic frame. A craniotomy was made on the skull on top of the cere-
bellum, and a glass pipette was inserted perpendicularly into target brainstem regions according to mouse brain atlas.®® The coor-
dinates for different brainstem targets are as follows (zero from Bregma; AP, anterior-posterior; ML, medial-lateral; DV, dorsal-ventral
from dura; in mm): GiA, AP-6.1, ML0.3, DV-4.9; GiV, AP-6.7, MLO0.3, DV4.9; MdV, AP-7.3, ML0.3, DV4.9; rVLM, AP-7.0, ML1.2, DV4.9.
A volume of 0.2 ul was injected at each coordinate. In the loss-of-function experiment with viral expression of hM4Di or TeLC, the
following injection coordinates were used: rVMM, AP-5.8/-6.1/-6.4, ML+0.3, DV-5.0/-4.7. A volume of 0.2 ul was injected at each
coordinate.

Opto-stimulation, EMG and blood pressure recording in anesthetized mice

Mice were anesthetized with ketamine/xylazine (100/10 mg/kg, i.p.) and body temperature was maintained at 37°C with controlled
heat pad (HB101/2; Panlab). The trachea was cannulated with a customized trachea tube with Luer connector. The procedure for
measuring blood pressure from the left carotid artery is similar to what had been described before.?” In brief, the left sternohyoid
muscle next to trachea was separated to expose the left common carotid artery. The cranial end (proximal to the internal and external
carotid artery bifurcation) was ligated with suture. A vessel clamp was placed on the caudal end temporarily. An arteriotomy was
created with a modified 26-gauge needle and a pressure catheter (SPR-1000, 1F; Millar; calibrated with pressure gauge each
time before use) was introduced to the left carotid artery and advanced to aortic arch. The blood pressure wave form was monitored
in real time to ensure accurate placement. The catheter was secured in place with double suture. Customized EMG electrodes were
connected to longissimus thoracis (upper trunk muscle) on the right side of body. Blood pressure was amplified with Bridge Amp
(ADInstruments). EMG signals were filtered at 0.1-1000 Hz and amplified 1000x using a differential AC amplifier (Model 1700; A-M
Systems). Both blood pressure and EMG signals were digitized at 4000Hz with Power Lab 16/35 and processed in LabChart 8 (ADIn-
struments). Mean arterial pressure (MAP) was measured from each cardiac cycle by cyclic measurement.?'*¢%% Heart rate was ex-
tracted from blood pressure signal using cyclic measurement. To measure the EMG and blood pressure response, mice were main-
tained anesthetized with supplemental ketamine/xylazine (1/3 of initial dose every 1 hour). To assess the blood pressure without the
interference of muscle contraction, pancuronium bromide (1mg/kg, i.p.; Tocris) was administered to paralyze muscles (with supple-
mental dose of 0.5mg/kg every 1 hour), and a ventilator (SAR-830/P; CWE Inc.) was connected to the trachea tubing. 95% O, and 5%
CO, were supplied at breathing rate of 150bpm, end-inspiratory pressure of 12cmH,0, and 40% of inspiratory time each cycle. To
verify the effectiveness of the pancuronium, EMG activities were monitored during and after the application of pancuronium to
confirm the complete absence of EMG activities.

To test the minimum stimulation threshold and fine tune the spatial resolution, mice were anesthetized and paralyzed with muscle
relaxant. An optical fiber (200um, 0.39NA, RWD) was dipped with fluorescent dye to label insertion track, inserted perpendicular from
the cerebellum targeting the GiA (AP-6.1, MLO0.2, in mm). 473nm laser stimulation (1.0mW, 5ms pulse, 20Hz, 500 pulse train) was
applied. The optical fiber was lowered down with 0.5mm steps in depth. Once a blood pressure response was observed, the laser
intensity was lowered to threshold. This procedure was repeated until a minimum threshold was identified at a hotspot depth. The
fiber tip was finally lowered down to the bottom where no response was expected, to confirm the laser was restricted at the fiber tip,
as well as to confirm the depth of the hotspot. To test minimum stimulation threshold for EMG response, the experiment was carried
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out in a separate preparation without muscle relaxant, and a similar procedure was performed to guide the optical fiber to the same
hotspot (AP-6.1, ML0.2, DV-4.5, in mm). Laser stimulation (5 ms pulse, 20 Hz, 10 pulse train) was applied and repeated 5 times at
intensity of 0.002mW and up, until an EMG response was observed. Since the measured stimulation threshold of an EMG response
was lower or similar to that of blood pressure response, the same stimulation intensity was used in an individual subject to cover the
same area in the brain wide mapping experiment.

To map the EMG, blood pressure, and heart rate response brain wide, the following coordinates were used where SPNs were iden-
tified (zero from Bregma; AP, anterior-posterior from Bregma; ML, medial-lateral from Bregma; DV, dorsal-ventral from dura; in mm):
M1S1, AP0, ML 1.0,DV 0.6; PVN, AP -1.3, ML 0.3, DV -4.5; LH, AP -1.9, ML 0.8, DV -4.5; RN, AP -3.7, ML 0.75, DV -3.5; MRN, AP -3.7,
ML0.75,DV -2.5; PPN, AP -4.6, ML 1.2, DV -2.5; PnO, AP -4.5, ML 1.2, DV -4.0; LDTg, AP -5.2, ML 0.7, DV -2.5; SubC, AP-5.5, ML 0.7,
DV -2.5; PnC, AP -5.2, ML 0.7, DV -4.0; Ve, AP -6.3, ML 0.9, DV -3.0; CB, AP -6.4, ML 0.9, DV -2.0; GiA, AP -6.2, ML 0.2, DV -4.5; GiV,
AP -6.7, ML 0.2, DV -4.5; MdV, AP -7.2, ML 0.2, DV -4.5; LPGi, AP -6.9, ML 1.1, DV -5.0; NTS, AP -7.7, ML 0.5, DV -2.5. Laser stim-
ulation (0.04 ~ 0.23 mW, 5 ms pulse, 20Hz, 500 pulse train) was applied and repeated 3 times at each site. The fiber-optic tip was
dipped with dye at each insertion to label the insertion track and tip location. Fiber tip locations were examined in coronal brain sections
and the actual coordinates were subjected to adjustment and registered in brain atlas. The experiment was performed first with ke-
tamine/xylazine only. After that, mice were paralyzed with pancuronium administration, and stimulations were applied to the same re-
gions to test the blood pressure response only.

EMGs were analyzed similar to what has been described before.®° Briefly, EMG signals were high-pass-filtered at 10Hz, rectified to
a positive value, and averaged every 0.5s. Then EMGs were averaged from repeated trials and normalized to the maximum response
amplitude among all brain regions. MAP was measured from each cardiac cycle. Heart rate was extracted from the cyclic measure-
ment of blood pressure. Blood pressure and heart rate response were calculated by subtracting the pre-stimulation baseline level
from the maximum amplitude during stimulation and averaged across repeated trials.

To stimulate the SPN projections in the spinal cord, the spinal cord was exposed with dorsal muscles removed, and fixed on the
stereotaxic frame with spinal clamp. The fiber-optic tip was guided to the vertebrate gap of the C4, T3, T9 or L4 in the spinal cord, and
a593nm laser (3 mW, 5ms pulse, 20Hz, 500-pulse train) was delivered. 593nm laser was used instead of 473nm laser because of the
better tissue penetration of red-shifted laser to activate down to the ventral spinal cord. After stimulation in the intact spinal cord, a full
transverse transection was made at C4 spinal cord using a fine feather blade, and bleeding was stopped before proceeding to stim-
ulation and recording after transection.

Chronic recording of autonomic, EEG and EMG in behaving mice

The procedure for implanting a telemetry device for chronic recording of blood pressure and heart rate has been described before.*®
In brief, mice were anesthetized with ketamine/xylazine. Incisions were made on the dorsal and ventral neck. A telemetry device with
a pressure catheter (Type PBTA-XS-C; TSE) was placed in the dorsal pocket on the back. The pressure catheter was routed ventrally
and placed in the left carotid artery, with a similar procedure described earlier in the acute blood pressure recording. Catheter wire
was secured with suture to the surrounding musculature. After surgery, mice were allowed to recover for 5-7 days before behavioral
assessment and recording. Blood pressure was recorded at 250Hz using Stellar Telemetry System (TSE) and processed using No-
tocord software (Instem). Data was then synchronized with other recording data using LabChart 8. MAP and heart rate were ex-
tracted from the original blood pressure signal using cyclic measurement function in LabChart. For each animal, the pressure cath-
eter was calibrated using a sphygmomanometer before implantation, and a final measurement was performed after subject was
euthanized to detect any baseline drift during implantation. Baseline drift was adjusted by dividing the final drift value to the days
implanted and applied to the day when recording was performed.

Torecord EEG and EMG in behaving mice, mice were anesthetized with ketamine/xylazine. An incision was made on the scalp. The
customized EEG electrodes were secured with bone screws on the left and right skull on top of the parietal cortices (AP-1.0, ML1.5),
and the reference electrode was secured with bone screw on the skull on top of the cerebellum. Differential EMG electrodes were
placed in the neck muscle (trapezius muscle, cervical part). The EEG/EMG electrode socket was secure on the skull with dental
cement. After surgery, mice were allowed to recover for 5-7 days before behavioral assessment and recording. EEG and EMG signals
were amplified 1000x, filtered at 0.1~1000 Hz (1700; A-M System), sampled at 2000 Hz using PowerLab 16/35 (ADInstrument). In
24-hr recording in sound-proof chamber, EEG and EMG signals were amplified 100x (8202-SL; Pinacle), filtered at 0.5~500 Hz,
and sampled at 1000 Hz using Sirenia Sleep (Pinnacle). Data was transformed and analyzed with LabChart 8 (ADInstrument). Video
tapes were recorded simultaneously at 10-30fps, and the head position was tracked with a deep learning algorithm (DeepLabCut) to
calculate movement speed. For EEG analysis, the power spectrum, and the percentage of total power for delta (1-4 Hz) and theta (5-
9 Hz) frequency bands was calculated by Multitaper spectral analysis.’? EMG signal was highpass filtered at 10Hz, rectified to pos-
itive value, averaged every 1 second, and normalized to proper reference value (mean EMG amplitude of pre-treatment baseline in
Figures 6 and S6; mean EMG amplitude of entire recording period in Figures 7, S5, and S7). In some cases when ECG artifact was
presented in EMG recording, a customized algorithm was applied to detect ECG event and the values were zeroed within event win-
dow of 10 ms. For sleep scoring, four stages were scored based on the following criteria: 1) Active: high EMG tone with burst (or high
movement (>1 cm/s) in loss-of-function assay, same applied to following conditions), low delta (<30%), low theta (<40%); 2) Quiet:
high EMG tone without burst (or low movement (<1 cm/s)), low delta (<30%), low theta (<40%); 3) NREM sleep: low EMG tone (or low
movement (<1 cm/s)), high delta (>30%), low theta (<40%); 4) REM sleep: low EMG tone (low movement (<1 cm/s)), low delta (<30%),
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high theta (>40%). The threshold of delta and theta bands were subjected to 5% adjustment based on individual variation and verified
by different experimenters.

Fiber photometry recording on rVMM SPNs

To selectively label SPNs in rVMM, 1) AAV9retro-EF1a-DIO-FIpO were injected into spinal cord of P14 Vglut2-Cre mice, or 2)
AAV9retro-EF1a-fDIO-Cre into P14 Vgat-FlpO mice. At the adult stage, 1) AAV8-Syn-fDIO-GCaMP6s or 2) AAV8-Syn-fDIO-GFP
was injected into VMM (AP -6.0 ~ -6.5, ML 0.2, DV -4.8) of Vglut2-Cre mice or 3) AAV8-Syn-DIO-GCaMP®6s into rVMM of Vgat-
FipO mice. One week after the virus injection, EEG electrodes, a reference electrode and EMG electrodes were placed as mentioned
above. The optical fiber was implanted ~ 300 nm above the viral injection site to target SPNs with concurrent monitoring of the
photometry signal. All implants were secured with dental cement. After all behavioral experiments, histology verification was con-
ducted to exclude animals with mistargeted viral expression and optic fiber locations for analysis.

After at least one week of recovery, EEG/EMG and photometry signals, together with behavioral videos, were recorded from the
mice in a home cage condition (open arena with home cage bedding) or on a treadmill apparatus. In brief, EEG and EMG signals were
amplified and filtered (0.1-1000 Hz) by A-M systems, then digitalized with Power Lab 16/35 (ADInstrument). A synchronizing signal
was generated by Doric Neuroscience Studio and fed into Power Lab to synchronize photometry, video, and EEG/EMG recordings.

ECG artifact in EMG trace was detected by LabChart cyclic measurement function and removed offline as mentioned above. Then
the cleaned EMG signal was rectified and smoothed with 1 second window. EEG and rectified EMG were exported to MATLAB for
synchronization with photometry data and spectrum analysis. EEG spectrograms were computed using the Multitaper method®*°
with the following parameters: 5-second window length, 1-second step size, time-half-bandwidth product of 2.5, and 4 Slepian ta-
pers, which provides a 1 Hz spectral resolution. EEG band power density (delta: 1-4 Hz; theta: 5-9 Hz) was computed by integrating
the power in the corresponding frequency range and divided by the total power from 1 to 20 Hz. Z-scored EMG data was first down-
sampled to the photometry (dFF) resolution, then a 5-second moving average smoothing window was applied to both z-scored dFF
(z-dFF) and downsampled EMG. After that, Pearson correlation coefficients were calculated to evaluate the correlations between
z-dFF with other parameters. To verify the time-locked correlation, EMG, EEG delta-band %, or EEG theta-band % were randomized
along the time domain, and Pearson correlation analysis was performed again with z-dFF. Neutral correlation was observed (data not
shown), further validating the correlation shown in Figures 5 and S5. To compare the Pearson’s correlation coefficient, the coeffi-
cients were transformed into normal distributions using Fisher’s transformation z = arctanh(r) and then compared using appropriate
statistical tests.

Animal behavioral state was segmented into four according to the corresponding signature EEG and EMG features: Active (high
EMG with burst firing and desynchronized EEG), Quiet (high EMG tone with few or no burst firing and desynchronized EEG), NREM
(low EMG tone with high EEG delta-band power density (>30%)), and REM (low EMG tone with high EEG theta-band power density
(>40%) and low delta-band power density (<30%)).

Photometry signals from 405nm (isosbestic signal) and 465nm (calcium dependent signal) and behavioral video (30 fps) were
captured with Doric Neuroscience Studio at 120Hz. Photometry data was exported to MATLAB. dFF was calculated
dFF= (F—F0)/F0, where FO is the fitted isosbestic signal and F is the calcium dependent signal.®® Z-scored dFF (z-dFF) was used
for synchronization and further analysis. For open arena recording, z-dFF episodes of the same behavioral state were pooled
together. For state transitions, z-dFF of 9 seconds before and after transition onset are pooled together. For treadmill running, loco-
motion speed of the animals was tracked by DeeplLabCut.®> Z-dFF of 2 seconds before and 2 seconds after, or 30 seconds before
and 30 seconds after treadmill onset of each speed were pooled to generate averaged traces and the group comparison. The time
windows when mice were quiet during treadmill OFF stage were the baseline of 0 cm/s to avoid confusion with spontaneous move-
ment and locomotion. A continuous quiet window larger than 30 seconds from each mouse was pooled to compute the average trace
in Figure 5J, and the average z-dFF of all quiet windows was used for group comparison in Figure 5L. To show the dFF changes during
transition of locomotion status, 2 seconds around the treadmill onset of each speed are pooled together in Figure 5K. For running disk
recording, mice movement were tracked with DLC, and the speed was calculated. Correlation of the calcium activity and running
speed were computed after 5 seconds smoothing and down-sampling to 1Hz.

Behavioral tests

24-hour sleep recording was performed on a 12-hour dark-light cycle (7pm-7am dark, 7am-7pm light). Mice were placed in the
sound-proof chamber with normal bedding, food and water. EEG/EMG signals and video tape were collected with Sirenia Sleep soft-
ware (Pinnacle Technology Inc.). Blood pressure signals were collected simultaneously with Stellar Telemetry System (TSE) and No-
tocord Software (Instem).

The open arena test was performed in a square arena (30x30cm) between 10am-2pm. Before the test, mice stayed in their home
cage in the test room for 30 minutes. The mice were then placed in the open arena for 10 minutes, while EMGs, autonomic readouts
and video tape were recorded simultaneously. In the case that the test was repeated for different treatments, the repeat test was
performed 3-7 days after the previous test to avoid adaptation to the environment.

For the treadmill running test, a treadmill with programmable speed control was used (Exer 3/6; Columbus Instruments). Mice were
allowed to acclimate the treadmill at 5 cm/s for 5 minutes one day before the test. During the test, mice were placed on the treadmill
for 5-10 minutes at Ocm/s as baseline, where autonomic readouts and EMG were recorded. The period when mice were quiet was
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considered baseline of 0cm/s to avoid confusion with spontaneous locomotion. The treadmill was then turned on at 10, 20, 30 cm/s,
1 minute for each speed with 1 second acceleration between speeds. When the mouse’s body was dragged against the back wall of
the treadmill for more than consecutive 5 seconds, it was considered as not being able to keep up on treadmill and the treadmill was
manually stopped. The body position in the treadmill was recorded with a top-down camera at 30fps or a side-view camera at 120fps.
Three test sessions were performed with 5-minute intervals between sessions. An average of three sessions was calculated for in-
dividual subjects. To compare the blood pressure and EMG levels during treadmill running between silenced and control groups, the
duration of running in control groups was subsampled as the mean duration of running in the silenced groups at each speed, and
30cm/s was omitted from comparison as most silenced mice were not able to run.

To silence excitatory SPNs, hM4Di was allowed to be expressed for 3 weeks after virus injection. DCZ (1mg/kg, i.p., dissolved in
2% DMSO in saline) or vehicle (2% DMSO in saline) was injected, and behavioral tests were performed 10-180 minutes after injection.
For permanent silencing of inhibitory SPNs, TeLC was allowed to be expressed for 3 weeks after virus injection before behav-
ioral tests.

For the horizontal running disc assay, an exercise saucer (You & Me; Petco) was placed in the mouse housing chamber to allow
them to run voluntarily on the saucer. To allow the mice to acclimate the saucer, a small size saucer (12.7 cm in diameter) was placed
in the housing chamber for 3 days. During the testing session, a medium size saucer (19.05 cm in diameter) was placed in the
recording chamber, and the saucer rotation and mouse activity was video-taped at 30 fps through a top-down camera. Three
markers were drawn on the edge of the saucer. The markers and mouse body mass locations in each frame were tracked with
DeepLabCut to calculate the mouse locomotion speed.

Slice recording on sympathetic preganglionic neurons in thoracic spinal cord

To express channelrhodopsin (ChR) in 'VMM neurons, AAV8-Syn-ChR2-EYFP was injected in r'VMM of ChAT-Cre: tdTomato reporter
mice at P4. In brief, neonatal pups at P4 were anesthetized with ice and placed under the ultrasound probe (MS550, Ultrasonic Vevo
3100). A glass pipette was guided to the midline of VMM and 0.8ul of AAV8-Syn-ChR2-EYFP virus was injected at 0.1ul/min. Pups
were then placed on heat pad to recover and returned to normal feeding.

After 4-6 weeks (postnatal day 33-46), the spinal cord was removed by hydraulic extrusion with cold slicing solution. Slicing solution
composition was (in mM): NaCl 80, Sucrose 75, NaH,PO4 1.25, NaHCO3; 26, CaCl, 0.5, MgCl, 3.5, D-glucose 10, Na-ascorbate 1.3, Na-
pyruvate 3, myo-Inositol 3. The thoracic cord was mounted on agarose block with the ventral part facing the glue. The agarose block
was glued to the chamber filled with ice-cold slicing solution. Horizontal slices (200 um) were cut in a similar way to a previous method.”’
The blade approached in a perpendicular direction to the long axis of tissue with vibrating slicer (VT1200S, Leica). The second and
third slices from the dorsal surface were further cut into about 4 pieces per slice manually. Tissues were incubated in ACSF for
60 min at 35-36 °C, then kept in room temperature for at least 1 hour (23-24 °C). ACSF solution consists of (in mM): NaCl 120, KCI
2.5, NaH,PQO, 1.25, D-Glucose 20, NaHCO; 26, CaCl, 2, MgCl, 1, Na-ascorbate 1.3, Na-pyruvate 3, myo-Inositol 3.

Tissue was transferred to the recording chamber maintained at 31-32 °C (BX50WI, Olympus). ACSF flowed 2-3 ml/min. IML region
was identified with tdTomato fluorescence (550 nm LED, pE-4000, CoolLED). Whole cell recording was obtained with pipettes (2-4
MQ, BF150-86-10, Sutter). Pipette solutions for EPSC experiment contained (in mM) K-gluconate 130, KCI 5, MgATP 4.0, NaGTP 0.5,
phospho-creatine 10, HEPES 10, EGTA 0.5. pH adjusted to 7.2-7.4 with KOH, osmolality 290-300 mOsm. Pipette solution for IPSC
experiment contained (in mM) CsMeSO3; 120, CsCl, HEPES 10, EGTA 0.5, MgATP 4.0, NaGTP 0.5, phospho-creatine 10, TEA-ace-
tate 10, QX314-Br 2.5. pH adjusted to 7.20 with CsOH (50%). Osmolality was 290-300 mOsm. Green fluorescent dye was added to
the pipette solution to mark the recorded cell (20 1M, A10436, Invitrogen).

In voltage-clamp, the holding potential was -70 mV for EPSC or +20 mV for IPSC experiment. To activate ChR synaptic projection
from brainstem to the recorded cells, LED 470 nm (11.08 mWatt, PM100D, ThorLAB) was applied through a 60x objective (0.90 NA,
Olympus). A single pulse (5 ms, 0.1 Hz) continued for ~10 min in ACSF before drug applications. For EPSC, TTX (0.5 uM), 4-AP
(200 uM), NBQX (5 puM), and CPP (10uM) were sequentially added. For IPSC experiment, TTX, NBQX, CPP, 4-AP, Strychnine
(1.0 - 1.3 uM), and BMI (10-13 uM) were sequentially applied. After NBQX + CPP or Strychnine + BMI condition, series resistance
(<385 MQ) was measured with Membrane Test in pClamp. Recording continued in ACSF with 4-AP for at least 20 min to check
cell viability. The measured liquid junction potential was small, -5 mV, and therefore was not corrected. Drug and chemicals were
purchased from Tocris and Sigma.

Data were acquired with Multiclamp 700B (Molecular Device), filtered (low-pass 3 KHz, Bessel filter), and sampled at 10 or 20 KHz
(pClamp 10). For signal analysis (Clampfit or MATLAB), five traces were averaged in each condition. For EPSC or IPSC amplitude,
inward or outward peaks within a 20 ms window from the onset of light stimulation were detected.

After spinal slice recording, viral expression in brainstem was examined with 100um brain sections made from the vibratome and
only those with expression restricted in VMM were included in final analysis.

Normality was tested with Shapiro-Wilk test. Non-normal data was expressed with median and range. For repeated events,
repeated nonparametric ANOVA (Friedman test with Dunn’s post hoc test) was applied.

Immunohistochemistry

At the end of the experiment, mice were anesthetized with ketamine/xylazine, and perfused transcardially with 1X phosphate-buff-
ered saline (PBS) followed by 4% paraformaldehyde. The tissue was post-fixed with 4% paraformaldehyde at 4°C overnight. Brain
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and spinal cord tissue were dissected and dehydrated in 30% sucrose in 1X PBS. The tissues were sectioned using a cryostat (50um
for brain, 30um for spinal cord). Sections were rinsed with 0.5% Triton-100 in PBS 5 minutes for 2 times and then treated with block-
ing solution containing 10% normal donkey serum and 0.5% Triton-100 in PBS for 2 hours at room temperature. Sections were then
incubated with primary antibodies overnight at 4C, washed 0.5% Triton-100 in PBS for 3 times, and incubated with secondary an-
tibodies for 2 hours at room temperature. After thoroughly washed with PBS 3 times, sections were mounted with mounting medium
with or without DAPI for imaging and storage. The following antibodies were used at dilution of 1:500 if not otherwise specified:
chicken anti-GFP (GFP-1020, Aves), rabbit anti-RFP (ab34771, Abcam), goat anti-cholinergic acetyltransferase (ChAT) (1:200;
AB144P, Millipore), rabbit anti-tyrosine hydroxylase (TH) (AB152, Millipore), goat anti-5-HT (20079, Immunostar), rabbit anti-c-Fos
(2250; Cell Signaling Technology), Alexa Fluor 488-conjugated donkey anti-chicken (703-545-155, Jackson ImmunoResearch),
Alexa Fluor 568-conjugated donkey anti rabbit (A10042, Thermo Fisher), Alexa Fluor 647-conjugated donkey anti goat (A21447,
Thermo Fisher), and Alexa Fluor 405-conjugated donkey anti rabbit (ab175649, Abcam).

Imaging and histological analysis

Images were taken using the following microscope and objectives: Zeiss LSM 900 Confocal Laser Scanning Microscope, wide field,
10x objective (Figures 1A, 1E, 1J, 2B, S1D, S1L, S2G, S6A-S6C, and S7A-S7C); wide field, 5x objective (Figures S4F-S4H), 10x
objective (Figure 5B); LSM 900, laser scanning, 10x objective, z-stack of 5 um (Figures 2C, S1C, S1E-S1G, S2B, S2H, S3I, S3L,
and S3M); LSM 900 or LSM 980 Confocal Microscope with Airyscan 2, laser scanning, 20x objective, z-stack of 1 um
(Figures 4,S2C, S1D, and S3). TissueCyte Serial Two-Photon Tomography (FigureS1B).

For 3D reconstruction of whole brain SPNs, the brains with retrograde virus labeling were processed and imaged with the
TissueCyte serial two-photon tomography platform. Images of 25 um thickness were stacked with MicroFile+ (MBF Bioscience).
The stacked image was then imported into Neuroinfo (MBF Bioscience) for H2B signal detection, and their locations were then regis-
tered to the Allen Mouse Common Coordinate Framework (Allen CFF). The detected H2B signals were manually assigned with
different colors according to the previous registration. Videos and horizontal, coronal projections of the reconstructions were ob-
tained from Neuroinfo’s 3D visualization module.

The contour map for fiber density was plotted by first loading the images into MATLAB and subtracting the background. Then the
images were binarized with a threshold of 80 and bright dots with less than two connected pixels were considered as noise and were
removed. The image was separated into 16-by-16 equally spaced bins and the number of bright dots that fell in each bin were
counted. To make the contours more natural and less rigid, the count results were smoothed with 100-by-100 bins. Contour plots
were generated from the smoothed results.

To examine the innervations of SPNs in spinal cord and brain regions, synaptophysin-RFP signals were captured together with
green fluorescence of the fibers. Spinal cord and brain regions found to contain fibers were also checked for synaptophysin-RFP
signals co-expressing in the fibers to confirm that they are innervated with synaptic boutons. Synaptophysin-RFP channels were
not overlaid in Figures 4 C, 4E, 4F, and S3 because of the smaller size and weaker fluorescence that are not visible in the larger scale
images.

To examine the colocalization of synaptic boutons on ChAT* IML neurons in thoracic cord, images were captured with a 20x objec-
tive at 1 um z-stack interval. Images were examined in orthogonal projection mode in which the candidate colocalized synaptic bou-
tons were also visualized at z-stack of their own x and y position. Only those boutons also found colocalized with ChAT* cell bodies or
dendrites at z-stack of their own x and y position were counted as colocalization.

To analyze the rostral-caudal distribution of labeled cells, 50 um serial coronal brain sections were obtained, and analysis (including
cell counting) was performed on every 3™ section if not otherwise specified. Cell detection and counting was performed using
QuPath.®

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 9. Shapiro-Wilk tests were performed to check if data set is normally
distributed. Subsequent parametric tests were performed on normally distributed data sets, and non-parametric tests were per-
formed on non-normally distributed data set. Paired or unpaired t tests were performed for single comparison between two groups
depending on experimental design. One-way, two-way ANOVA, or mixed-effects analysis were performed on comparisons between
three or more groups depending on experimental design. Post hoc multiple comparisons were carried out with appropriate correc-
tions. Differences were considered statistically significant if p value was below 0.05.
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Figure S1. Anatomical characterization of SPNs, related to Figure 1

(A) Strategy of retrograde labeling of SPNs with AAVs and retrobeads in wild-type (WT) mice.

(B) 3D reconstruction showing AAV-labeled SPN somas (marked by dots) from serial horizontal section and imaging of whole brain (left) and zoom-in views of
pons and medulla (middle and right). Landmarks (7N, facial nucleus; Amb, ambiguus nucleus; 12N, hypoglossal nucleus) were also indicated in the middle and
right panels.

(C) Colocalization of GFP-labeled SPNs in retrobead-labeled population and vice versa. Scale bar, 100 pm. Quantification: mean + SEM, on multiple coronal
sections from 3 mice. Ctx, cortex; Hyp, hypothalamus; MB, midbrain; Pon, pons; Med, medulla.

(D) 3D reconstruction of medulla showing the distribution of excitatory and inhibitory SPNs, labeled by AAV9retro-DIO-H2B-GFP or AAV9retro-fDIO-H2B-
mCherry injection in the spinal cord of Vglut2-Cre or Vgat-FIpO mice, respectively.

(E and F) Colocalization of SPNs (AAV labeled) and TH* (E) or 5-HT* cells (F) (immunostaining). Scale bar, 100 um. LC, locus coeruleus; A7/A5, noradrenergic
neuron groups 7 and 5 in pons; C1, adrenergic neuron group in ventrolateral medulla; PPy, para-pyramidal nucleus; RMg, raphe magnus nucleus; ROb, raphe
obscurus nucleus.

(G) Cell counts of TH* or 5-HT* SPNs labeled by AAV versus those labeled by retrobeads (n = 2 to 4 sections from 2 brain samples). *, p < 0.05; ****, p < 0.0001; ns,
not significant; unpaired t test.

(H) Strategy of ReaChR-assisted retrograde labeling of excitatory SPNs for mapping somatomotor and sympathetic response upon opto-stimulation.

() Examples of blood pressure change at GiA in response to different laser intensity, determining the threshold for brain-wide mapping.

(J) Example of blood pressure change upon opto-stimulation (gray shade) at different depths (with 0.5 mm step) from dura of cerebellum to bottom of medulla.
Blood pressure response only occurred in 4.5 mm depth, but not other depths.

(K) Strategy of intersectional labeling of excitatory SPNs with ChrimsonR in GiA, GiV, or MdV. WT mice were injected as control. Cell counts (mean + SEM) from
ChrimsonR-labeled excitatory SPNs in GiA and GiV (1/3 of all coronal brain sections). ns, not significant; unpaired t test.

(L) Viral expression area for intersectional labeling of ChrimsonR targeting GiA (blue), GiV (green), and MdV (yellow) nuclei. Graded colors marked individual
subject. Rectangle shapes: location of fiber-optic tip for individual subject.
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Figure S2. C1 neurons are anatomically and functionally distinct from excitatory VMM SPNs, related to Figure 2

(A) Injection location and strategy of labeling C1 neurons with ReaChR. R, rostral; C, caudal; L, lateral; M, medial.

(B) Representative image showing C1 neurons labeled with ReaChR located lateral to GiV, with reference to ambiguus nucleus (Amb) as anatomical landmark. D,
dorsal; V, ventral.

(C and D) Spinal innervation of C1 neurons in thoracic (C), cervical, and lumbar spinal cord (D), with zoom-in images in IML, dorsal horn, and ventral horn of
thoracic spinal cord. Scale bar, 100 um.

(legend continued on next page)
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(E) Left: time course of EMG and MAP changes upon opto-stimulation of C1 neurons (gray shade), under the condition of no muscle relaxant. Middle: EMG level at
baseline (BL, 10 s prior to stimulation onset) and during stimulation (Stim.). ns, not significant; paired t test. Right: maximal changes of MAP upon stimulation
(mean + SEM). ***, p < 0.001; unpaired t test.

(F) Time course (left) and maximal changes of MAP (right) upon opto-stimulation under the presence of muscle relaxant (mean + SEM).
t test.

(G) Left: location of fiber-optic tip and inhibitory SPNs labeled with ReaChR in coronal brain section. Scale bar, 200 um. Middle: ReaChR expression areas in
coronal levels. Right: cell distribution along rostral-caudal axis (mean + SEM).

(H) Left: colocalization of c-Fos-expressing nuclei and ReaChR-labeled inhibitory SPNs shown in coronal brain sections. Scale bar, 200 um. Right: enlarged
image (from white square region in left panel) shows colocalization of c-Fos and ReaChR-labeled SPNs in split and merge channels.

(I) Percentage of c-Fos™ cells in GFP* SPNs (mean + SEM, cell counts from multiple sections of 2 brain samples).

Kk

, p <0.001; unpaired
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Figure S3. Anatomical innervations of VMM SPNs in spinal cord and brain regions, related to Figure 4
(A and B) Low-magnitude view of innervation patterns of excitatory (A) or inhibitory (B) VMM SPNs in different levels of spinal cord co-stained with anti-ChAT
antibodies (for all images in this figure).

(legend continued on next page)
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(C and D) Innervations of excitatory (blue outline) or inhibitory (orange outline) VMM SPNs in LDTg and PPN in pons. Synaptophysin-RFP signals are colocalized
with axons in the nuclei and not overlaid due to poor visualization. Same results for all images in this figure.

(E) Innervations of excitatory VMM SPNs in different motor-related nuclei (images with blue outline).

(F and G) Innervations of inhibitory VMM SPNs in different nuclei related to autonomic and sensory functions.

(H) Inhibitory r'VMM SPNs avoid innervation in 3N and 4N.

Scale bar: 100 um. 12N, hypoglossal nucleus; 10N, dorsal motor nucleus of vagus; IRt, intermediate reticular nucleus; scp, superior cerebellar peduncle; 7n, facial
nerve; m5, motor root of the trigeminal nerve. LPB, lateral parabrachial nucleus; MPB, medial parabrachial nucleus; KF, Klliker-Fuse nucleus.

() AAV local diffusion indicated by co-injection of AAV9-CAG-H2B-tdTomato in L4/5 spinal cord. Scale bar: 200 um.

(J and K) Low-magnitude view of spinal innervation patterns of excitatory (J) or inhibitory (K) VMM SPNs labeled from lumbar spinal cord.

(L) Representative images of VMM SPNs labeled from L4/5. Scale bar: 200 pm.
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Figure S4. Synaptic connections between rVMM SPNs and sympathetic preganglionic neurons, related to Figure 4

(A) Scheme showing recording from tdTomato™ cells in the thoracic spinal cord slices of ChAT-Cre: tdTomato mice.

(B) An example of current response to optic stimulation in four conditions: ACSF; +TTX; +TTX and 4-AP; and +TTX, 4-AP, and NBQX/CPP. Dotted vertical lines
indicating the light stimulation period (5 ms).

(C) Summary table of response types from total 23 neurons recorded.

(D) An example of mono-synaptic IPSC isolation and its senstivity to glycine and GABA4 receptor antagonists. Mono-synaptic IPSC was isolated in the condition
of TTX + NBQX + CPP + 4-AP and blocked by the addition of strychnine and bicuculine.

(E) Summary table of response types from 11 neurons recorded.

(F) Representative images showing ChR2 expression in r'VMM in coronal sections. Scale bar, 200 um.

(G and H) Outlines of ChR2-EYFP expression area in the brainstem for EPSC (G) and IPSC (H) experiments (14 mice).
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Figure S5. EMG, sympathetic activities, and the activities of VMM SPNs at different arousal states, related to Figure 5

(A) Pearson correlation analysis of Vglut2* rVMM SPNs calcium activity and neck Z scored EMG, EEG theta-band power density, and delta-band power density.
Correlation coefficient (CC), R, and the fit line (red) were superimposed. Data were combined from 9 animals, 13 recordings. All p values < 0.0001.

(B) Pearson correlation analysis of GFP signal of Vglut2* rVMM SPNs and neck z-EMG, EEG theta-band power density, and delta-band power density. Cor-
relation coefficient (CC), R, and the fit line (red) were superimposed. Data were combined from 6 animals. All p values < 0.0001.

(C) Pearson correlation analysis of Vgat* VMM SPNs calcium activity and neck z- EMG, EEG theta-band power density, and delta-band power density. Cor-
relation coefficient (CC), R, and the fit line (red) were superimposed. Data were combined from 7 animals, 9 recordings. All p values < 0.0001.

(D) Comparison of CC between each group of mice (CC was converted to Fisher Z score). Left, comparison between CC of z-dFF and z-EMG; Middle, comparison
between CC of z-dFF and EEG theta-band power; Right, comparison between CC of z-dFF and EEG delta-band power; data were presented as mean + SEM;

(legend continued on next page)
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n =13 for Vglut2* Gcamp6, n = 9 for Vgat* Gcamp8, and N = 6 for Vglut2* GFP. ***, p < 0.0001; ***, p < 0.001; **, p < 0.01; ns, not significant. One-way ANOVA with
Fisher’s LSD multiple comparisons test.

(E) Recording example and analysis of GFP signal from Vglut2* r'VMM SPNs. Left: 1 h recording of EEG, Z scored EMG, and Z scored dFF. Corresponding mouse
states were indicated at the bottom. Right: group comparison of GFP signals from Vglut2* VMM SPNs between different states (mean, n = 5). ns, not significant.
One-way ANOVA with Fisher’s LSD multiple comparisons test.

(F) Heatmap showing z-dFF changes during state transitions (post-state mean z-dFF minus pre-state mean z-dFF). *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.d., not
determined. Paired t test. A, active; Q, quiet; N, NREM; R, REM.

(G) Upper: representative traces of the EEG power spectrum, EMG amplitude, MAP, and HR at different arousal states. Scale bar, 60s. Lower: mean and in-
dividual values of EMG amplitude, MAP, and heart rate at different arousal states. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant; repeat-
measures one-way ANOVA with Tukey’s multiple comparisons test.

(H) Average (+SEM) of EMG peak amplitudes and blood pressure levels at different treadmill running speeds (mean + SEM, n = 10). *, p < 0.05; **, p < 0.01; ***,
p < 0.001; ***, p < 0.0001; ns, not significant. Repeat-measures one-way ANOVA with Tukey’s multiple comparisons test.

() Left: mean Z scored dFF of GCaMP®6s in Vgat™ VMM SPNs at four different speeds (mean + SEM, N = 7). Right: mean Z scored dFF of GFP in Vglut2* rVMM at
four different speeds (mean + SEM, N = 6). *, p < 0.05; ns, not significant; mixed-effects analysis with Fisher’s LSD multiple comparisons test.

(J) Pearson correlation analysis of z-dFF and speed on a disc and linear fitting curve (red) with 95% confidence bands (gray). A threshold of 10 cm/s was used to
separate the data into two groups for correlation analysis. R1 and R2, Pearson correlation coefficients for the speed of 0 to 10 cm/s and >10 cm/s, respectively.
(K) Pearson correlation analysis and linear fitting curve (red) with 95% confidence bands (gray shade). Data points were collected from traces (on a disc)
smoothed with 1-s window and down-sampled to 0.2 Hz. R1 and R2, Pearson correlation coefficients for the speed of 0 to 10 cm/s and >10 cm/s, respectively.
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Figure S6. Characterization of DCZ-mediated silencing of excitatory VMM SPNs, related to Figure 6

(A) Representative coronal brain section of hM4Di-mCherry expression in Vglut2* SPNs in r'VMM. Scale bars, 200 um.

(B) Diffusion areas of hM4Di expression at two coronal levels of 'VMM. Subjects are individually colored (n = 7).

(C) Rostral-caudal distribution of hM4Di expressing cells (mean + SEM, n = 7). The rostral and caudal boundaries of 'VMM are marked by dot line.

(D) Representative EMG and MAP traces upon vehicle or DCZ treatment of Vglut2-Cre mice with hM4Di expression.

(E) Kinematic parameters of forelimb (FL) and hindlimb (HL) from ground locomotion of Vglut2-Cre mice with hM4Di expression, mean + SEM, n = 5. ns, not
significant; paired t test.

(F) Strategy of injecting same viruses in WT mice as control group.

(legend continued on next page)
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(G) Time course of EMG, MAP, and heart rate (mean + SEM) upon vehicle or DCZ treatment in control group (n = 3). ns, not significant; mixed-effects analysis with
Bonferroni’s multiple comparisons test.

(H) Performance of WT control group in open arena (mean and individual value) upon vehicle or DCZ treatment (n = 9). ns, not significant; paired t test.

(I) Performance of WT control group in treadmill running upon vehicle or DCZ treatment (n = 9). ns, not significant; two-way ANOVA with Tukey’s multiple
comparisons test.
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Figure S7. Characterization of TeLC-mediated silencing of inhibitory VMM SPNs, related to Figure 7

(A) Representative coronal brain section of TeLC-EYFP expression in Vgat™ SPNs in r'VMM. Scale bars, 200 um.

(B) Diffusion areas of TeLC expression at two coronal levels of 'WVMM. Subjects are individually colored (n = 7).

(C) Rostral-caudal distribution of TeLC expressing cells (mean + SEM, n = 7). The rostral and caudal boundaries of VMM are marked by dotted lines.

(D) Representative traces of EEG power spectrum, body mass speed, EMG amplitude, blood pressure, and heart rate in dark-light cycle of WT and Vgat-FlpO
mice. Scale bars, 30 min.

(legend continued on next page)



¢ CelPress Cell

(E) EEG power spectrum of the four arousal states of representative WT and Vgat-FipO mice.

(F) Average percentage (+SEM) of time spent in different behavioral states. *, p < 0.05; ns, not significant; unpaired t test.

(G) Average percentage (+SEM) of REM sleep episodes with or without atonia/BP drop. ***, p < 0.001; ***, p < 0.0001; two-way ANOVA with Bonferroni’s multiple
comparisons test.
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