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and other neurons around the lesion site with high efficiency, we
then used this method to express chemogenetic actuators in these
neurons and examined the behavioural outcomes of altering their
excitability in mice with SCI. To do this, we focused on adult mice
with T8 complete crush injury, a surgical procedure that destroys
all neural tissues at the lesion level22,26,27. To further characterize
this injury model, we monitored serotonergic axons around the
lesion at different time points by immunohistochemistry with
antibodies against 5-HT (Supplementary Fig. 2), a surrogate
marker for completeness of injury. This method was used to label
all serotonergic axons, thus bypassing issues of partial labelling
observed by most tracing procedures28. As shown in the serial
section of a single mouse spinal cord, as well as quanification of
those from different mice (Supplementary Fig. 2a, d), no 5-HT
axons could be detected beyond the lesion acutely after injury,
supporting the completeness of this injury model. However, at
8 weeks after injury, a few axons were seen at the spinal cord
within 1–2 mm distal to the lesion (Supplementary Fig. 2b, d),
consistent with previous studies showing spontaneous regrowth
of serotonergic axons28–30. Thus, we used this model to assess the
effects of manipulating propriospinal neurons on hindlimb motor
function in the absence of supraspinal inputs.

To alter neuronal excitability, we used chemogenetic actuators,
either activating hM3Dq or inhibiting hM4Di DREADDs31,
under control of human synapsin promoter (Syn) to drive
neuron-specific expression. Wild-type adult mice were subjected
to a T8 complete crush injury followed by a tail vein injection of
AAV2/9-Syn-hM3Dq-mCherry or its control (AAV2/9-Syn-
mCherry) 3 h after injury (Fig. 2a). Hindlimb locomotor
performance was assessed by the Basso Mouse Scale (BMS), an
established open-field locomotion test with scores ranging from 0
(no movement of hindlimbs, complete paralysis) to 9 (coordi-
nated plantar stepping in intact mice)32. As shown in Fig. 2b, this
injury caused hindlimb paralysis in all mice (no hindlimb
movement, BMS score at 0), with limited spontaneous recovery
that plateaued at paresis (only isolated ankle movements, average
BMS score at 1). None of these injured mice displayed any weight
support or stepping for up to 20 weeks after injury (Fig. 2b).

To assess the effects of activating the neurons expressing
hM3Dq, we treated the mice with clozapine-N-oxide (CNO), a
ligand for DREADDs, every 2 weeks after injury (Fig. 2b). In all
tested time points, mice with control virus had no improvements
after CNO treatment, but the mice expressing activating hM3Dq
exhibited significantly improved hindlimb locomotor function, i.e.,
hindlimb plantar placement or dorsal stepping with an average
BMS score of 3 (Fig. 2b, Supplementary Video 1). At 1 h after CNO
treatment, a majority of hM3Dq-expressing mice (92%) regained
significant weight-bearing dorsal or plantar stepping capabilities,
while a small portion (8%) only achieved plantar placement of the
hindlimbs (Supplementary Fig. 3b). The extent of improved
functional performance depended on the timing after CNO
administration (Supplementary Fig. 3a, Supplementary Video 1),
likely reflecting the clearance of CNO from circulation. Detailed
hindlimb kinematics revealed the following major improvements:
(1) a change from dragging flaccid hindlimbs to a standing pose
(Fig. 2c); (2) increased weight support (increased iliac crest height,
Fig. 2c, f); and (3) regained hindlimb stepping ability indicated by
foot/toe lifting height (Fig. 2c, g), ankle range of motion
(Supplementary Fig. 3g), and the amplitudes of hindlimb iliac
crest height (Supplementary Fig. 3d). Importantly, the hindlimb of
these treated mice exhibited similar cycle duration and stance/
swing ratio as intact mice (Fig. 2d, e) and stepping frequency as
their forelimb (Supplementary Fig. 3h). Although alternate
stepping of hindlimbs was observed in these CNO-treated mice,
de-couplings between steps during free walking prevented accurate
quantification of interlimb coordination. Taken together, these

results suggest that enhancing excitation of neurons in the spinal
thoracic levels enabled the completely paralyzed mice to perform
hindlimb stepping with body weight support.

On the other hand, although many neurons rostral to the
lesion also expressed hM3Dq, we did not observe detectable
behavioural differences in their forelimb upon CNO treatment
(Supplementary Fig. 3i, j). Consistent with improved hindlimb
stepping ability, EMG recordings indicate alternate firing of the
ankle flexor tibialis anterior muscle (TA) and the extensor
gastrocnemius soleus muscle (GS). On the other hand, the
proximal joints and their muscles, such as knee extensor vastus
lateralis (VL) and flexor ST muscle, were also recruited during
walking, but with much lesser extent (Supplementary Fig. 4a, b).
Together, our data are indicating that CNO-treated mice
exhibited hindlimb movement that is mainly driven by the ankle
joint. The movements of other proximal joints might be
associated with passive dragging. Remarkably, such improve-
ments were still triggered by CNO at 10 or 20 weeks after injury
(Fig. 2b), suggesting the efficacy of manipulating the excitability
of thoracic neurons in both acute and chronic SCI models.

At the end of the experiments, we verified the complete injury
by immunohistochemistry with anti-5-HT antibody on transverse
sections at T10 and L2 (Supplementary Fig. 5a, b). With this tail
vein injection procedure, numerous mCherry+ axons, but not
cell bodies, were seen in the lumbar spinal cord, consistent with
the efficient labelling of descending-projecting propriospinal
neurons (Supplementary Fig. 4c). Thus, these results suggest that
upon CNO treatment, activation of T8-13 neurons could
indirectly enhance the overall excitatibility of lumbar spinal cord
through propriospinal circuits and facilitate hindlimb locomo-
tion. In support of this, we found that hindlimb responses to
noxious stimuli were partially recovered following CNO applica-
tion (Supplementary Fig. 4d, e).

While these experiments involve the activation of thoracic
neurons, we also examined the outcomes of inhibiting these
neurons. As expected, injured mice expressing the inhibitory
hM4Di-DREADD in thoracic neurons failed to improve beha-
vioural outcomes upon the same CNO treatment (Supplementary
Fig. 4f). Thus, these results suggest that activating the thoracic
neurons, including descending propriospinal neurons, allows
mice with nearly complete paralysis to achieve significant
hindlimb locomotor function.

Activating excitatory neurons in the thoracic spinal cord pre-
ferentially improves standing ability after T8 crush injury.
Since propriospinal neurons could physiologically act as either
excitatory or inhibitory drivers13,14,33, we next assessed whether
manipulating each of these populations separately might give rise
to different behavioural outcomes. Thus, we first examined the
effects of selective activation of the excitatory population by
utilizing Vglut2-Cre transgenic mice, which express Cre in exci-
tatory spinal neurons34. Vglut2-Cre mice received tail vein
injections of AAV2/9-Syn-FLEX-hM3Dq-mCherry at 3 h after T8
crush injury and were then subjected to locomotor assessments
before and after CNO treatment at 4 weeks after injury (Fig. 3a).

Before CNO treatment, the mice had paralysis or paresis (BMS
score of 0–1). However, at all tested concentrations of CNO
(0.001–1 mg/kg), the hind limbs of vGlut2-Cre mice adopted a
flexed position where the plantar paw surface gently draged
across the ground surface, with or without reflexive-like stepping,
with BMS scores of 3 (Fig. 3b, Supplementary Video 2)32. Even
after lower dose of CNO treatment (0.01 mg/kg), their hindlimbs,
in contrast to their forelimbs, only occasionally stepped, and had
predominant “stance” with rare swing phases (Fig. 3c, d), spasm-
like rigid distal joints, and limited foot flexion (toe-dragging)
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