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Stimulation of corticospinal neurons by
optogenetic cAMP inductions promotes
motor recovery after spinal cord injury in
female rats via raphespinal tract modulation

Beatriz Martínez-Rojas 1,9 , Samuel Martín-Pérez 1, Esther Giraldo 1,2,3,

Eric Lopez-Mocholi 1, Ana Alastrue1, Yuniesky Andrade-Talavera 4,

Jose Prius-Mengual4, Guillem Paniagua 1, Maria Pedraza1,5, Sonia Hingorani1,

Benjamin R. Rost 6, Dietmar Schmitz6,7, Marta Llansola 8, Vicente Felipo 8,

Antonio Rodríguez-Moreno 4 & Victoria Moreno-Manzano 1,2,9

After spinal cord injury (SCI), cyclic adenosine monophosphate (cAMP) levels

drop in the spinal cord, cortex and brainstem, unlike in regenerating peripheral

neurons. To address SCI recovery, we expressed photoactivatable adenylate

cyclase (bPAC) in corticospinal neurons of female rats with dorsal hemisection

for on-demand cAMP inductions. bPAC stimulation restored passive and firing

properties of corticospinal neurons, promoted early and sustained locomotor

recovery and increased corticospinal tract plasticity. Additionally, bPAC

enhanced sparing of lumbar-projecting brainstem neurons after SCI, accom-

panied by activation of cAMP signaling in the raphe-reticular formation and

increased excitatory/inhibitory neurotransmitter balance. Accordingly, aug-

mented density of serotonergic tracts was found caudal to the injury in bPAC

rats, correlating with enhanced functional performance. Serotonergic implica-

tion in motor recovery was further evidenced by selective depletion, resulting

in the abrogation of bPAC-mediated recovery. Overall, our findings underscore

that cAMP induction in corticospinal neurons enhances locomotion after SCI,

through a cortical rerouting pathway via the serotonergic descending tract.

During walking, the brain sends executive commands to the spinal

cord through descending tracts, forming synapses with inter-

neurons or motor neurons that engage the target muscle1. Spinal

cord injury (SCI) disrupts the sophisticated array of connections,

depriving lower spinal neurons of supraspinal inputs that,

ultimately, render them non-functional2 resulting in dramatic

locomotor deficits3.

The corticospinal tract (CST) represents the most relevant

supraspinal pathway for skilled voluntary motor control in humans,

especially finger dexterity4. CST originates from pyramidal neurons
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of the layer V that project to the dorsal (95%) or the ventral and lateral

funiculus (5%) of the spinal cord5,6. Additionally, other phylogenetically

older motor centers also directly connect with the spinal cord7. Within

the brainstem, neurons located in the gigantocellular nucleus (Gi), the

lateral paragigantocellular nucleus (LPGi), and the ventral gigan-

tocellular nucleus (VGi or GiA) of the reticular formation give rise to

the reticulospinal tract (RtST), which descends through the ventral and

lateral funiculi of the spinal cord8–10. In close anatomic proximity, the

serotonergic tract (the major component of the raphespinal tract,

RpST) arises from serotonergic cells distributed in the caudal raphe

nuclei, including the raphe magnus, pallidus, and obscurus but also

scattered throughout the reticular formation11. Notably, neurons of

Layer V of the motor cortex send cortico-bulbar projections to the

brainstem, delineating an alternative indirect pathway to the spinal

cord12,13.

The CST is especially reluctant to axonal regeneration14,15 after

SCI.Promising preclinical therapies have achieved varying degrees of

CST axonal outgrowth into the injury site16–19; however, long-distance

CST elongation still remains inconceivable. New evidence recently

suggested that CST sparing below the injury level is not strictly

required to recover cortical control over leg motor neurons20. CST

regeneration across the injury represents only one means for cortical

commands to reach sublesional areas after SCI20. Supralesional CST

sprouting to contact propriospinal neurons21 or cortico-brainstem

rewiring22 represent validated mechanisms to reroute the cortical

networks to bypass the injury. Thus, the field recently faced a new

paradigm shift towards therapies focused on exploiting the potential

of spared tracts, leaving behind the conventional focus on injury

containment, cell replacement, or damaged fiber regeneration. Excit-

ingly, neuromodulatory therapies have already seen successful trans-

lation into human patients23,24.

In the present study, we explored the therapeutic potential of

neuromodulation of corticospinal neurons by daily cyclic adenosine

monophosphate (cAMP) elevations after SCI. Our therapeutic

approach takes inspiration in the conditioning lesion paradigm in

dorsal root ganglion (DRG) neurons where cAMP levels are tripled one

day after peripheral axon injury, which induces a state of regenerative

competence to the spinal central branch when consecutively

injured25,26. Moreover, cAMP analog (db-cAMP) injections into the DRG

before SCI completelymimic the conditioning lesion effect promoting

dorsal column axon regeneration. These findings suggest that cAMP

increases after the conditioning lesion are responsible for the acqui-

sition of a growth-competent state26. However, cAMP fails to increase

in neurons after CNS injury; instead, cAMP levels sustainably drop in

the spinal cord (64.3%), sensorimotor cortex (69.7%), and brainstem

(68.1%) within one-day post-SCI27. Thus, we propose ectopic cAMP

induction in corticospinal neurons to mimic the conditioning lesion

effect and trigger regeneration after SCI.

The photoactivatable adenylate cyclase extracted from the soil

bacterium Beggiatoa (bPAC) is a homodimeric protein containing a

BLUF domain, which displays sensitivity to blue light stimulation,

linked to an adenylate cyclase domain. bPAC serves as an optogenetic

tool suitable for on-demand cAMP increases in living animals, enabling

cell-specific expression when controlled under specific promoters and

through localized injection of adeno-associated viral constructs,

thereby minimizing undesirable off-target effects28. Xiao et al. pre-

viously applied bPAC in afferent neurons in a Zebrafish spinal cord

injury model, reporting significantly enhanced axonal regeneration

following axotomyand reinnervationof their original target area, upon

bPAC stimulation29.

Thus, we hypothesized that cAMP stimulation in corticospinal

neurons would trigger neuroplastic changes of the CST, ultimately

leading to improvements in locomotor function in a rodent model of

severe SCI. Overall, our study revealed the effectiveness of inducing

cAMP in corticospinal neurons for the purpose of restoring locomotor

function after SCI through a mechanism involving the serotonergic

descending pathway.

Results
bPAC stimulation resulted in increased P-CREB and c-Fos levels
in the motor cortex of rats with SCI
In vitro evaluation in cultured cortical neurons transduced with either

CAMKII-bPAC-mCherry (bPAC) or CAMKII-mCherry (Control) demon-

strated that bPAC activation by saturating blue light exposure

(480nm, 90 s, 20mW/cm2)30 (Fig. 1A) successfully prompted a ≈ 14-

fold increase of cAMP levels (Fig. 1B). Moreover, real-time calcium

assays, performed using Fluo-4AM probe, showed that bPAC expres-

sing cortical neurons efficiently increased their intracellular calcium

content after blue light stimulation (Fig. 1C and D), possibly through

cAMP-gated calcium channel31,32. These results demonstrate that bPAC

system is efficient to induce cAMP levels in cortical neurons and that it

can additionally prompt intracellular calcium oscillations which may

lead to calcium-downstream signaling.

For bPAC expression in rats, AAV2/9-CAMKII-bPAC-mCherry viral

particles were stereotaxically injected in layer V of the motor cortex.

Control animals were likewise injected with AVV1-CAMKII-mCherry or

AAV2/9-CAMKII-∆bPAC-mCherry, as indicated. Oneweek after, time to

allow the bPAC protein expression, a spinal cord dorsal hemisection at

the 8th thoracic (T8) spinal segment was performed, and a wireless

device for time and dose-controlled blue-light stimulation was

implanted (Fig. 1F). Ten days after optogenetic stimulation (30min/

day, 1 s ON - 4 s OFF, starting one day after SCI) bPAC rats presented

widespread CREB phosphorylation (P-CREB) within the primarymotor

cortex, as expected after cAMP elevation33 (Fig. 1G–I), indicative of the

suitability of bPAC optogenetic set up for inducing cAMP signaling in

vivo. cAMP induction has been previously related to increased neu-

ronal activation, with studies reporting transient neuronal hyper-

activation after bPAC-mediated cAMP elevation in the CA1 region of

the hippocampus34. In agreement, we detected a significant increase in

c-Fos expression after bPAC stimulation, mostly in layers IV and V of

the motor cortex (Fig. 1J–L). Neither P-CREB nor c-Fos staining were

confined to bPAC-expressing neurons (Supplementary Fig. 1), but

rather, these increases were also observed in neighboring neurons,

indicating a more widespread activation beyond the bPAC-

expressing cells.

Moreover, HPLC quantification of cAMP levels after 10 days of

optogenetic stimulation across various regions of the central nervous

system revealed a general increase in cAMP levels (Supplementary

Fig. 2A). This effect reached statistical significance at the spinal cord

segment rostral to the injury site, where cAMP concentrations

increased from 4.1 ± 0.62 to 12.2 ± 0.6 µM/mg of tissue in Control vs.

bPACgroups, respectively (p =0.0001, one-tailed t-test). The observed

accumulation of cAMP in the spinal segment rostral to the injury may

reflect the anterograde diffusion of the second messenger along the

descending corticospinal axons following cortical stimulation, poten-

tially leading to the formation of cAMP-enriched subdomains at the

axonal tips.

Overall, these results demonstrate that daily bPAC stimulation of

corticospinal neurons in SCI rats activates cAMP-dependent signaling

pathways, as evidenced by increased CREB phosphorylation and

c–Fos–associated neuronal activation in the motor cortex, along with

elevated cAMP levels at key regions of the central nervous system.

bPAC treatment affects passive electrophysiological properties,
increases the excitability of Layer V motor cortex neurons and
improves their responsiveness
Ex vivo current-clampon corticospinal neurons fromprefrontal cortex

slices ten days after optogenetic stimulation revealed that bPAC-

treated group is more prone to spontaneous firing at resting mem-

brane potential (basal, Vm) compared to uninjured and Control
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(injured) groups (Fig. 2A). In addition, neurons from bPAC-treated rats

showed more depolarized Vm compared with uninjured and Control

groups (Fig. 2A, B). Control injured neurons showed increased mem-

brane capacitance (Cm, Fig. 2C) whichmight be related to the reduced

membrane resistance (Rm, Fig. 2D) despite the membrane time con-

stant (tau) not being altered (Fig. 2E). In turn, bPAC treatment restor-

ed the parameters that were altered in the Control injured group

(Fig. 2C, D). No significant differences between conditions were found

in the passive electrophysiological membrane properties of astrocytes

(Supplementary Fig. 3A–D). These results indicate that bPAC treat-

ment affects passive membrane electrophysiological properties of

Layer V neurons from themotor cortex and increases their excitability.

To further test whether the bPAC treatment increases the excit-

ability of pyramidal neurons from rats’motor cortex, we applied hyper
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– and depolarizing pulses (-100 and 250 pA, respectively) during

500ms. We observed the typical behavior of motor cortex pyramidal

neurons35,36. Strikingly, the depolarizing pulse elicited a higher firing

rate in the bPAC-treated group than in Control (injured) rats, resulting

in a similar pattern to the uninjured condition (Fig. 2F–H). Moreover,

the application of multistep depolarizing protocol (10 pA increas-

ing,700ms, Fig. 2G) revealed that neurons from bPAC-treated rats

possess a more hyperpolarized AP firing threshold (Fig. 2I), with a

lower threshold current (Fig. 2J) and lower AP delay at rheobase

(Fig. 2K) compared with neurons from Control injured rats. Interest-

ingly, bPAC treatment restores the firing threshold and AP firing delay

at the uninjured group levels (Fig. 2I-K). Input-output curve (injected

current-Vm changes) showed that neurons from all groups respond

similarly (Fig. 2L). However, bPAC-treated rats respond to increasing

current intensity with larger Vm variations at very low current inten-

sities (ex., at 20 and 50 pA). More pronounced differences were

observed in terms of AP firing rates in response to increasing current

intensity (Fig. 2M). In line with the observed lower threshold current at

rheobase, neurons from the bPAC-treated group started firing at lower

current intensities compared with Control and uninjured groups,

reaching a plateau with a significantly larger firing rate. Likewise, the

Control group did not reach the firing rate of bPAC and uninjured

groups in response to 190 pA intensity. Moreover, bPAC treatment led

tofiring responses similar to the uninjured group at 190pA, recovering

such firing ability (Fig. 2M). Additional statistical data are available in

Supplementary Table 1.

To investigate the excitatory drive onto pyramidal motor cortex

neurons,we recorded spontaneous excitatorypostsynaptic currents at

−70 mV holding Vm. We observed that bPAC treatment provokes a

decrease in EPSC amplitude and an increase in the frequency. Thus,

bPAC treatment also changes excitatory synaptic transmission at Layer

V motor cortex (Supplementary Fig. 3E–G).

Altogether these findings indicate that bPAC treatment affects

passive membrane properties, increases the excitability of Layer V

motor cortex neurons, and widens their ability to respond to depo-

larizing inputs. Thus, bPAC treatment recovers the passive and firing

properties of Layer V motor neurons from the injured phenotype.

bPAC stimulation in corticospinal neurons improved locomotor
recovery after SCI
Next, we explored whether the cAMP-dependent motor cortex activa-

tion could drive skilled locomotor improvements after thoracic dorsal

hemisection. For that, we evaluated the progressive skilled locomotor

recovery inoptogenetically stimulated rats (bPAC)orControl for 35days

after SCI (Fig. 3A–F). Post-mortem evaluation of the injury via the his-

tological study of GFAP-negative and cyst-filled areas confirmed no dif-

ferences in the injury size (GFAP negative staining) nor the Neun gap

across the injury between Control and bPAC rats (Fig. 3B), demonstrat-

ing the consistency of injuries between the two experimental groups.

While all animals gradually recovered a certain degree of motor

function during the period under study; bPAC animals achieved

higher Basso, Beattie, and Bresnahan (BBB) scores, significantly

different at day 6 and 10 post-injury, and then sustained over the

entire 35-day period (Fig. 3C). Specifically, bPAC rats elicited a

pronounced early recovery compared to Control; by day 10 after

injury 100% of bPAC rats had recovered the ability to support their

weight with hind paws and perform frequent plantar stepping (BBB

score ≥11), while only 55.5% of the Control rats exhibited weight-

bearing capacity at that time. This result was validated by the

measurement of the height of the iliac crest during walk-

ing (Fig. 3D).

We further interrogated more skilled locomotion once the ani-

mals had recovered their weight support capacity by evaluating their

scores when crossing through a horizontal ladder or narrow beam.

Those tests are useful for easily discerning animals with more con-

sistent forelimb-to-hindlimb coordination and balanced stepping,

allowing the discrimination between an individual with the same score

in open-field testing37. bPAC rats outperformed Controls throughout

the timeperiodunder study inboth tests (Fig. 3E) being thedifferences

statistically significant on day 6 and 10 for ladder beam and day 17, 29

and 35 for narrow beam. Finally, to evaluate finer locomotion, at the

endpoint (day 35), we assessed hind-limb joint kinematics using TSE

Motorater system38. bPAC rats exhibited hip, knee, and ankle angle

range curves during the step cycle more similar to uninjured animals

than Control (injured) animals (Fig. 3F). All the collected locomotor

parameters were integrated in a principal component analysis reveal-

ing a clear segregation between bPACandControl rats, which provides

robust evidence of bPAC’s efficacy in promoting a differential loco-

motor recovery (Fig. 3G).

Additionally, we studied thermal hyperalgesia (as an indicator of

neuropathic pain) by the thermal test of hind limb paws (Fig. 3H). Our

result displayed no significant difference between Control and bPAC

rats, demonstrating the absence of unintended effects on nociceptive

perception.

This functional data demonstrates that cAMP induction by daily

optogenetic bPAC stimulation in the corticospinal neurons results in

early locomotor recovery and improves fine locomotor skills without

affecting nociception after severe dorsal thoracic SCI.

Histological analysis of the CST using anterograde labeling with

AAV2/9-CaMKII-bPAC-mCherry (bPAC) or the inactive mutant con-

struct AAV2/9-CaMKII-∆bPAC-mCherry (Control)39, revealed increased

mCherry+ area in the spinal segment rostral to the injury in bPAC

group compared to controls (p = 0.008, n = 4 per group) (Fig. 3I-J). A

similar trend was observed caudal to the lesion, although it did not

reach statistical significance. This finding may suggest enhanced CST

sprouting into the surrounding gray matter in response to bPAC sti-

mulation, resulting in an expanded distribution of labeled and fibers

innervating the intermediate and ventral neurons.

Fig. 1 | bPAC stimulation induces cAMP levels and calcium mobilization in

primary cortical cultures and increases P-CREB and c-Fos levels in the motor

cortex of SCI rats. A Experimental design for the in vitro determination of cAMP

after saturating blue light exposure (90 s, 20mW/cm2) in primary cortical neurons.

B cAMP levels measured by high-performance liquid-chromatography in Control

(gray) or bPAC (magenta) cultured cortical neurons normalized to total protein

content. Three independent experiments, 2 technical replicates per experiment;

p =0.0054. C Experimental design for live calcium in vitro assays during blue light

stimulation in bPAC-expressing (bPAC + ) or non-bPAC expressing (bPAC-) neurons

in the samewell.DGraphs for the change in fluorescent given by Fluo-4AM (green)

defined as Fx-F0/F0 as well as (E) the maximum fluorescent change calculated as

Fmax-F0/F0 for each neuron in bPAC+ (magenta) and bPAC- neurons (gray).

Sample size reflects individual neurons across two independent experimental

replicates; p <0.0001. F Experimental schema describing the in vivo

implementation of bPAC strategy. G Schema illustrating the brain region analyzed

in P-CREB and c-Fos quantifications. H Representative images for P-CREB immu-

nolabelling in Control (right) and bPAC (left) injured animals, 10 days after dorsal

hemisection and optogenetic stimulation. Scale bar: 500 µm. I bar-graph for the

quantification of the effect of bPAC stimulation on CREB phosphorylation in the

motor cortex. Three animals/group, mean of two hemispheres/animal; p =0.0207.

J Representative images for c-Fos immunostaining, Scale bar: 200 µm, and

K, L quantification of the effect of bPAC on c-Fos activation across cortical layers.

Three animals/group, mean of 3–5 hemispheres/animal; p =0.038 for the layer V.

Data is presented as a mean ± SEM with statistical significance set as *p <0.05,

**p <0.01, and *** p <0.001 for comparisons using two-tailed unpaired t test (B),

two-tailed Mann-Withney test (E), Two-way Anova (L) and one-tailed t-test (I).

Source data are provided as a Source Data file.
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bPAC stimulation improves the preservation/regeneration of
descending tracts from Layer V of the motor cortex and raphe
reticular formation but not from red nuclei
To further investigate whether bPAC treatment leads to preservation

or regeneration of the CST, we employed a retrograde tracing

approach. This method overcomes a key limitation of anterograde

labeling techniques, which typically capture only a small fraction of

CST fibers from the lumbar segments40, while also enabling the

examination of additional descending motor pathways beyond the

corticospinal tract. Lumbar injections of rAAV2-Syn1-eGFP (14 days

after injury) caudal to the injury site, label supraspinal projection

neurons with spared axonal tracts across the injury (Fig. 4A).

We analyzed the number of retrogradely-labeled neurons in the

primary motor cortex (bregma from +2 to -3; Fig. 4B). We observed a
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substantial number of labeled corticospinal neurons in Layer V of the

motor cortex of uninjured rats (91.6 ± 2 neurons/brain slice; Fig. 4B,

right panel). The thoracic dorsal hemisection dramatically reduced the

number of eGFP corticospinal retrogradely labeled neurons

(p ≤0.0001, for uninjured Control vs. bPAC and uninjured control vs

Injured Control, Tukey’s test). Strikingly, while we found sparse eGFP

cells in injured Control animals (0.4 ± 0.4 neurons/brain slice, n = 6

rats), bPAC rats showed significantly higher numbers of labeled neu-

rons (8.8 ± 7.4 neurons/brain slice, n = 6 rats) in the primary motor

cortex (p =0.03 for injured Control vs. bPAC, Tukey’s test; Fig. 4B).

Unexpectedly, while almost 100% of retrogradely-labeled corti-

cospinal neurons in uninjured Control rats located in Layer V, injured

Control and bPAC rats possessed eGFP neurons in additional layers:

47% in Layer V, 37% in Layer II-III, 7.7% in Layer IV, 4.7% in Layer VI, and

2.4% in Layer I, effect that was also reported by Zhigang He et al. 41.

However, layer distribution analysis revealed no significant difference

between bPAC and injured Control, indicating the injury dependence

and bPAC-independence of this effect (Supplementary Fig. 4).

This result evidences a greater presence of CST axons reaching

spinal segments caudal to the injury site in bPAC-stimulated animals

compared to Controls, due to either enhanced regeneration of the

damaged tracts or improved preservation of the non-transected

ventral CST.

Next, we also explored the number of retrograde-labeled neurons

in additional supraspinal nuclei with a known relevance in locomotor

recovery42,43-such as the red nuclei, caudal raphe nuclei, and the reti-

cular formation.

The red nuclei, located in the midbrain, is the niche for rubrosp-

inal neurons that project as the rubrospinal tract (RST) into the dor-

solateral funiculus of the spinal cord44. Injured rats displayed very few

retrogradely-traced neurons compared to uninjured Control rats

(Fig. 4C). Numbers of eGFP-labeled neurons in the red nuclei showed

no significant differences between bPAC and Control rats (Fig. 4C),

suggesting that the RST does not actively participate in bPAC-

mediated functional recovery.

Caudal to the red nucleus, additional motor centers reside within

the brainstem. The medullary reticular formation represents a com-

plex network of motor nuclei, including the gigantocellular reticular

nuclei and the caudal raphe nuclei, which project caudally to the

ventrolateral funiculus of the spinal cord as the reticulospinal and

raphespinal tracts, respectively10. Diffuse boundaries between these

regions make their separate analysis challenging9,43,45; therefore, we

have characterized them together as “raphe-reticular” formation.

Dorsal hemisection partially transects the medullary RtST and RpST,

leaving some undamaged tracts; in agreement, eGFP-labeling was

detected in the raphe reticular formation even in injured rats (6.9 ± 4.6

neurons/brain slice, Fig. 4D). Interestingly, bPAC rats displayed higher

numbers of eGFP-labeled neurons in the raphe-reticular formation

than Control rats (21.3 ± 11.9 neurons/brain slice, p value = 0.06 for

bPAC vs Control, Tukey’s test, Fig. 4D).

To explore the functional relevance of each supraspinal motor

center in the recovery of locomotion, we correlated the number of

retrogradely-labeled neurons in each brain region to BBB scores. eGFP

cell counts in the motor cortex or red nuclei did not significantly

correlate with BBB scores (Fig. 4E, upper and middle panels respec-

tively). Remarkably, the number of retrogradely-labeled neurons

within the raphe-reticular region did significantly correlate with BBB

scores at 7- and 10-days post-injury (timepoints with the most sig-

nificant functional difference between bPAC and Control) (Fig. 4E,

lower panel, dark blue). This result unveiled the functional relevance of

the brainstem descending pathways in bPAC-mediated functional

recovery from SCI.

bPAC stimulation mediates serotonergic tract regeneration
which directly correlates with functional recovery after SCI
Serotonergic neurons are themajor cellular component of the raphe

nuclei, projecting 5-hydroxytryptamine (5-HT) axons to the spinal

cord. Serotonergic innervation caudal to the injury site has proven to

be crucial for motor recovery46. Thus, we further explored the ser-

otonergic tract state in the spinal cord by direct serotonin 5-HT

immunohistochemistry. 5-HT immunostaining allowed the visuali-

zation of serotonergic tracts mainly innervating ventral horn neu-

rons of the spinal cord (Fig. 5A). bPAC rats showed a significantly

increased level of caudal 5-HT positive signal compared to injured

Control animals (Fig. 5A and B) (p value = 0.029, unpaired t-test),

confirming the significantly enhanced regeneration of the ser-

otonergic tracts. Importantly, the amount of caudal 5-HT staining

significantly positively correlatedwith better performance in several

locomotor tests (BBB scores: p ≤ 0.001, Narrow beam: p ≤ 0.05,

Ladder beam: p ≤0.05 and inclined plane: p ≤ 0.0001), while it did

not correlate with thermal test measurements or the injury size

measured as the GFAP negative area (Fig. 5C). 5-HT terminals

innervate and establish synaptic contacts with choline acetyl-

transferase (ChAT) positive motor neurons of the ventral horn,

which may account for the implication of the serotonergic tract in

motor recovery after SCI (Fig. 5D)47–50. Moreover, immunostaining

for the serotonin transporter (SERT), an additional marker of ser-

otonergic innervation, further confirmed a significantly higher

caudal-to-rostral SERT ratio in bPAC-treated rats compared to con-

trols (Fig. 5E and F), supporting enhanced serotonergic fiber pre-

sence caudal to the injury with serotonin uptake capability.

Consistently, HPLC determination of 5-HT levels in spinal cord

extracts showed a trend toward higher caudal-to-rostral 5-HT con-

centrations in bPAC animals compared to control

(0.51 ± 0.27vs.0.14 ± 0.11 μM/mg protein, respectively; p = 0.08,

Mann–Whitney test, Fig. 5G).

Altogether, this data suggests active participation of serotonergic

tracts in motor recovery through direct motor neuron interaction and

highlights the functional importance of bPAC-mediated serotonergic

tract modulation.

Fig. 2 | Passive and firing properties of layer 5 pyramidal neurons frommotor

cortex ofuninjured, Control (injured) and bPAC (injured) rats. ARepresentative

examples at resting membrane potential in basal conditions. B–E passive electro-

physiologicalmembrane properties.BRestingmembrane potential (Vm) of Layer V

neurons at basal conditions. C Membrane capacitance (Cm) of neurons and (D)

their membrane resistance (Rm). E Membrane time constant. F Representative

examples trace of neurons in response to the protocol shown on the right, no

hyperpolarizing sag is observed in response to 500ms, −100pA and illustrating the

firing rate differences. G Representative example traces of the firing threshold and

firing rate (top) in response to 19 depolarizing pulses protocol, 10 pA increments,

700ms duration (bottom). The threshold current at rheobase for each group is

represented at the bottomaccordingly and theAPdelay ismarked upwith a double

arrowhead line for each group on top of the AP firing.HQuantification of the firing

rate in response to 500ms, 250 pA depolarizing current step, applied in (F). I

Quantification of the APfiring threshold, (J) lower intensity of the threshold current

needed for eliciting one first AP firing (at rheobase) in the bPAC-treated group.

KQuantificationof the APdelay.L andM Input-output curves (e.g., see at 20 and 50

pA in L). Statistics performed in (B–D andH–L) Ordinary one-way ANOVA followed

by Holm-Sidak multiple comparisons post hoc test. Statistics performed in (E and

M) Kruskal-Wallis test followed by Dunn’smultiple comparisons post hoc test. Data

is presented as amean± SEMwith statistical significance set as *p <0.05, **p <0.01,

*** p <0.001 and **** p <0.0001, n.s: not significant. Sample size corresponds to

individual neurons recorded across three biological replicates per group. Source

data and exact P values for each comparison are provided as a Source Data file and

Supplementary table 1.
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bPAC stimulation can mediate trans-neuronal activation of
brainstem neurons
We next aimed to investigate how bPAC stimulation and cAMP

induction in the motor cortex might influence serotonergic neurons.

Given that the pyramidal tracts (py) innervate raphe and reticular areas

through the corticobulbar pathway, we hypothesized that bPAC sti-

mulation could serve as a pushing input to activate the spinal-

projecting neurons at the brainstem level. Numerous corticobulbar

projections arise from the pyramidal tracts by as detected by ante-

rograde tracing from the motor cortex (Fig. 6A, left, red) in both,

Control and bPAC groups. By analyzing the py innervation in density

heatmaps computed from immunostaining images we found higher

innervation in the raphe (RMg, RPa) and gigantocellular nuclei (GiA,

LPGi), while other areas such as the medial laminiscus (ml) remained
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poorly innervated (Fig. 6A, right). Compared to Control rats, bPAC

treated animals have higher density of corticobulbar projections in the

raphe-reticular region, especially in the medial zone (Fig. 6A, right).

Interestingly, bPAC rats displayed discrete but significant P-CREB

induction in the raphe magnus nuclei compared to injured Control;

which was also observed at the LPGi and GiA without reaching statis-

tical significance (Fig. 6B, C). Higher levels of P-CREB in the brainstem

correlated positively with higher levels of P-CREB in the motor cortex

(Fig. 6D). Additionally, HPLC analysis of brainstem extracts revealed a

trend toward elevated cAMP levels in bPAC-treated animals compared

to controls (7.14 ± 0.78 vs. 3.78 ± 1.48μM/mg protein, respectively;

p =0.06, one-tailed t-test; Fig. 6E). Notably, the glutamate/Gamma-

aminobutyric acid (GABA) ratio, reflecting the balance between exci-

tatory and inhibitory neurotransmission, was significantly increased in

the brainstem extracts of bPAC animals (2.5 ± 0.2 in bPAC vs.

1.6 ± 0.1μM/mg protein in controls; p =0.029, Man-Whitney test,

Fig. 6F), indicating a pronounced shift toward excitation.

These results strongly suggest that local cortical bPAC stimu-

lation in corticospinal neurons may also influence distal brain

regions, particularly the brainstem, resulting in increased cAMP-

dependent signaling (P-CREB activation) as well as increased exci-

tatory/inhibitory (E/I) balance. Such neuromodulatory changes may

support functional and structural remodeling of descending brain-

stem pathways, potentially leading to significant motor recovery

following injury.

Motor cortex neurons synaptically contact with brainstem
spinal-projecting neurons
To explore the potential cortico-brainstem synaptic interactions we use

wheat germ agglutinin (WGA) as a transsynaptic neuronal tracer51 in the

motor cortex of bPAC or Control rats following the design described in

Fig. 6G. Pyramidal neurons effectively captured WGA in the injection

zone (Fig. 6H), andWGA dotted-like staining was detected in cells of the

raphe-reticular formation in both groups, demonstrating that the

brainstem is synaptically integrated with the motor cortex (Fig. 6I).

However, no significant differences were found for counts of all WGA-

positive neurons in bPAC or Controls (Fig. 6J and Supplementary Fig. 5).

To unveil whether spinal-projecting neurons of the brainstem

receive synaptic contacts from the motor cortex, we designed a

double-tracing experiment that combined cortical WGA injections

with lumbar injections of the retrograde tracer rAVV2-Syn1-eGFP in SCI

rats (Fig. 6K). While some brainstem neurons displayed only single

labeling with either WGA (Fig. 6L) or GFP (Fig. 6N), interestingly,

40.5 ± 10.0 % of the neurons retrogradely labeled from the lumbar

spinal cordwere also positive forWGA-dotted staining (Fig. 6M, O). No

significant differences of double-positive cells at the brainstem were

observed among groups.

This result demarks that a substantial proportion of the lumbar-

projecting neurons of the brainstem are putative to receive synaptic

inputs for the motor cortex following SCI. Thus, cortical inputs could

be rerouted through this pathway to caudal segments of the spinal

cord after CST injury. Thus, bPAC-mediated cAMP elevations in

corticospinal neurons maymediate the synaptic modulation of spinal-

projecting population of neurons residing in the brainstem.

Serotonergic depletion by DHT treatment abrogates bPAC-
induced functional recovery
To definitively investigate the relevance of serotonergic descending

tracts for the observed functional recovery in bPAC rats we selectively

deplete the serotonergic system by administration of 5,7-dihydroxy-

tryptamine (DHT) via intraventricular injection, at the steady state in the

functional recovery (22 days after SCI) (Fig. 7A). Ablation of serotonergic

innervation using DHT is a well-established method, shown to be

effective and specific,with no secondary effects in noradrenergic system

when animals are pre-medicated with desipramine52–54. Post-mortem

analysis revealed thatDHTefficientlydepleted serotonergic inputs in the

spinal cord, as shown by reduced 5-HT staining in lumbar (Fig. 7B) and

sagittal (Supplementary Fig. 6) spinal cord slices of DHT-treated animals

(referred asDHT+ ) compared tonon-DHT-treatedcontrols (DHT-). DHT

treatment, did not affect other general markers of spinal cord tracts,

such as phosphorylated neurofilament (P-NF), (Supplementary Fig. 6).

We assessed motor function by ladder beam test prior and six

days after DHT administration. Of note, while bPAC rats demonstrated

significantly higher scores than injured Control rats pre-DHT admin-

istration, after DHT treatment bPAC scores decline but Controls con-

tinued improving, dampening the initial differences (Fig. 7C, left

graph). When expressed in terms of score increments (as the differ-

ence in the score pre- and post-DHT treatment for each animal) all

bPAC rats yielded negative values (indicative of functional worsening)

while injured Control rats rendered positive values (indicative of

functional improvements) (Fig. 7C, right graph).

Overall, these results strongly suggest that the locomotor

improvements induced by bPAC are, at least in part,mediated through

the serotonergic descending pathway. Furthermore, the functional

improvements observed in Control rats between 22–28 dpi, even after

serotonergic depletion, may imply that other forms of neuroplastic

reorganization—beyond the serotonergic tracts—are occurring at

this stage.

Discussion
SCI occurs in an instant, dramatically disrupting brain-to-muscle

neuronal circuits that, in humans, will not recover in a lifetime.

Despite this, most cases exhibit a significant portion of uninjured

remaining tracts, leaving the door open for a certain extent of spon-

taneous functional recovery occurring during the first weeks-months

after the trauma55. Locomotor improvement is possible due to either

structural or functional injury-induced neuronal plasticity that may

occur at different CNS levels, including the cortex, the brainstem and

the spinal cord56. Deciphering how neuronal circuitry at all these

levels reorganize to take over damagedpathways’ functions remains a

daunting yet essential challenge for developing new neuromodula-

tory therapies that could better direct the reorganization process.

Recently, efforts have mainly focused on understanding the plastic

reorganization of CST at the spinal level14,57, leaving the mechanisms

Fig. 3 | bPAC stimulation promotes early and sustained locomotor recovery

after SCI. A Experimental design for functional evaluation in bPAC and Control SCI

rats for 35-day after dorsal hemisection (n = 9 rats/group). B Immunostaining

images for GFAP (red) and Neun (green) and the quantification of both GFAP

negative area andNeuNgap distances as indicators of injury extension.C Pie-charts

of the percentage of Control and bPAC rats with or without weight support and

plantar stepping capacity at ten days post-injury. D Measurement of iliac crest

height as an indicator of weight-bearing capacity (p =0.002 at 6dpi and 0.0007 at

10 dpi). E Performance of bPAC and Control rats in ladder (left) and narrow (right)

beam tests (p =0.02, 0.06, 0.02 and 0.045 at 17, 23, 29 and 35 dpi respectively).

F Hind-limb kinematics at the endpoint of the experiment (35 days) in Control and

bPAC rats compared to uninjured Control rats as shown by the hip (top), knee

(middle), and ankle (bottom) angle range. G Principal component analysis of

combined locomotor parameters in Control and bPAC rats; bbb: Basso, Beattie,

Bresnahan test; pln: inclined plane test; nb: narrow beam test; lb: ladder beam test;

ci: crest iliac height. Numbers indicate the days post injury; (H) Thermal test of the

front paws (as an internal control) and hind paws in Control and bPAC rats.

I Quantification of CST state rostral and caudal to the injury as given by the area

positive for the anterograde tracer (mCherry) (p =0.0077). J Sagittal images of the

CST state in control and bPAC rats (Scale bar:1000 μm). Data is presented as a

mean ± SEMwith statistical significance set as *p <0.05, **p <0.01, and *** p <0.001

for comparisons two-tailed Fisher’s LSD (C–E and H) or two-tailed un-paired t-test

(I). Scale bars=1000mm. Source data are provided as a Source Data file.
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controlling supraspinal plasticity more elusive. This study character-

ized the effects of specific neuromodulation of corticospinal motor

neurons by daily optogenetic cAMP induction via bPAC stimulation

after a T8 dorsal hemisection (SCI). Conversely to traditional phar-

macological interventions for cAMP augmentation38,52, bPAC enables

on-demand minimally-invasive cAMP induction, avoiding injections

or surgical intervention, which allows longitudinal continuity in

treatment rather than punctual cAMP increases. As expected, bPAC

light-dependent stimulation induced P-CREB levels in the primary

motor cortex of SCI rats. Since P-CREB is a transcription factor con-

trolling hundreds of regenerative-associated genes (RAGs), this result

implies that bPAC may mediate a transcriptional reprogramming on

corticospinal neurons toward a more regenerative state58. Of note,

Caracciolo et al. reported that CREB overexpression inmotor neurons
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promoted motor recovery after stroke by inducing cortical re-map-

ping, while CREB inactivation turned off the functional recovery59,

providing evidence that CREB phosphorylation in the motor cortex

suffices to drive motor recovery. We also demonstrated that cAMP

induction bybPAC stimulation led to increased c-Fos immunostaining

in Layers IV and V of themotor cortex, possibly by generating calcium

waves through cAMP-gated calcium channel31, indicating that bPAC

maintained neuronal activity of corticospinal neurons after SCI.

Ex vivo patch-clamp experiments have shown that corticospinal

neurons from injured Control rats exhibited increased membrane

capacitance and decreased membrane resistance along with reduced

excitability (lower firing rate and increased AP delay) compared to the

uninjured group, indicating impaired neuronal function. Strikingly,

bPAC treatment effectively counteracted these injury-induced chan-

ges, restoring both the passive membrane properties and excitability

parameters of pyramidal neurons to levels resembling those observed

in the uninjured condition.

In agreement, the evaluation of the locomotor outcomes of SCI

rats revealed that bPAC stimulation improved functional recovery

after injury. Specifically, we described that the greatest differences in

BBB scores between bPAC and injured Control animals occurred early

compared to the timing of other SCI therapies60, supporting the

importance of early interventions for a better clinical prognosis. At

6- and 10-days post-injury, bPAC stimulation increased the weight-

bearing ability of the rats, thus leading to significant differences in BBB

scores and height of the iliac crest. Both observations indicate the

involvement of the serotonergic tract, as 5-HT tracts have shown to be

crucial for hindlimb weight support after spinal cord injury11,61,62 and

therapies targeting raphespinal tract regeneration have reported very

early functional recovery61. Despite the earliness of the bPAC-mediated

functional recovery, the locomotor differences between bPAC and

injured Control animals are sustained through the experiment, as

shownbymore challenging tests (ladder, narrow), which requiremore

advanced postural control, front-limb hind-limb coordination and

muscular tone37, reinforcing the relevance of early regenerative inter-

vention for improvements on skilled motor tasks.

Alongside the functional benefits of bPAC stimulation, we observe

adeleterious effect derived from long-termbPACstimulation −42% (11/

26) of bPAC rats included in this study developed seizure episodes

during stimulation. In long-term experiments, 3 out of 9 rats devel-

oped seizure episodes several minutes after the beginning of the sti-

mulation routine by day 30 of daily stimulation. By day 35 of the

experiment, 9 out of 9 animals developed seizures during the first

5min of stimulation. In contrast, in short-term experiments of this

study, only 8% (2 /26 rats) developed seizures at early time points,

7 days of stimulation. Supplementary Table 2 contains a detailed

report of seizure apparition. Seizures stopped shortly after removing

animals from the stimulation cage, and we detected no spontaneous

seizures in the elapsed time between stimulations nor Control rats,

indicating that seizures depended on bPAC hyperexcitability. Simi-

larly, deletion of the PTEN (phosphatase and tensin homolog) gene –

which has been considered for years the most efficient means to

induce CST regeneration and motor improvement after SCI63,64 –also

led to spontaneous epileptic seizures in 82% of animals60. Further

refinement of the temporal windows of bPAC stimulationmay prevent

the development of seizures while retaining the functional benefits,

casting some optimism for this therapy.

To investigate the mechanisms underlying functional recovery in

bPAC-stimulated rats, we examined the state of the CST following

injury using both anterograde and retrograde tracing techniques.

bPAC treatment resulted in an increased CST anterogradely labeled

axonal area rostral to the lesion, which may reflect enhanced sprout-

ing, reinnervating spinal interneurons within the gray matter. Addi-

tionally, bPAC stimulation led to a higher number of retrogradely

labeled neurons from the lumbar spinal cord in the motor cortex,

suggesting that a subset of cortical projections still reach sublesional

regions of the spinal cord post-injury. This preservation or regenera-

tion of descending inputs raises the possibility that bPAC activation

could influence lumbar spinal circuits, including the central pattern

generator (CPG), potentially contributing to locomotor recovery65.

However, this interpretation remains inconclusive, with the limitation

of the anterograde sensibility detection and by the lack of significant

correlation between the number of retrogradely labeled cortical neu-

rons and functional outcomes measured by BBB scores.

Retrograde tracing studies also allowed the study of other des-

cending tracts with supraspinal origins. bPAC stimulation increased the

number of retrogradely-labeled neurons in the raphe-reticular forma-

tion, which positively correlated with BBB scores at days 7 and 10,

remarking its locomotor implication. This finding suggests that bPAC

promotes the regeneration of transected or the preservation of non-

transected RpST and RtST, since increased sprouting would not explain

the difference in number of retrogradely-labeled neurons (although

sprouting is not excluded). Accordingly, the serotonergic tract, des-

cending from serotonergic neurons of the raphe-reticular formation,

displayed increasedcaudal/rostral ratio in 5-HTor SERT immunostaining

in bPAC-stimulated animals compared to injured control rats.

The effects of bPAC stimulation on serotonergic tracts raised an

open question: how does primary bPAC stimulation in corticospinal

neurons trigger functional effects mediated by a secondary non-

originally-targeted tract? In this regard, Leibinger et al. reported the

transneuronal delivery of Hyper Interleukin 6 (hIL6) and JAK/STAT

activation of raphespinal neurons after the adenoviral delivery of hIL6

overexpression into the motor cortex, resulting in raphespinal regen-

eration and functional recovery54. Similarly, we observed a moderate

induction of P-CREB in the raphe magnus nuclei of bPAC-treated rats,

which correlated with P-CREB activation in the primary motor cortex.

In addition, we described a trend toward elevated cAMP concentra-

tions along with a significantly increased glutamate/GABA ratio in the

brainstem, indicating a shift in the excitatory/inhibitory (E/I) balance.

Together, these findings support the idea that cortical stimulation can

remotelymodulate subcorticalmotor centers such as the raphe nuclei,

potentially contributing to functional reorganization and recovery

after SCI.

In agreement to that, we reported copious cortical projections

arising from the pyramidal tract and innervating the raphe-reticular

formation. bPAC stimulation slightly altered the distribution of

Fig. 4 | bPAC stimulation increases retrogradely-labeled neurons in the motor

cortex and raphe-reticular formation, but not in the red nucleus. The countsof

retrogradely-labeled neurons in the raphe-reticular formation directly corre-

lated to improved locomotion. A Experimental design for analyzing the

supraspinal descending tracts by retrograde tracing using AVV2-Syp-eGFP injec-

tions in the lumbar spinal cords in uninjured Control, injured Control, and bPAC

rats. B–D Representative images (left) of retrogradely-labeled neurons (eGFP)

observed in the B)motor cortex (p <0.0001, for uninjured vs control andbPACand

0.0366 for bPAC vs control), C red nuclei (p <0.0001, for uninjured vs control and

bPAC and 0.6 for bPAC vs control), and (D) raphe-reticular formation (p <0.0001,

for uninjured vs control and bPAC and 0.06 for bPAC vs control) and their

respective quantification. Each data point represents a biological replicate.

E Pearson correlations between the counts of retrogradely-labeled neurons in the

motor cortex (top), red nuclei (middle), and raphe reticular formation (bottom)

and the BBB scores at 1-, 2-, 3-, 4-, 7- and 10-days post-injury. The graph shows

P values for each comparison (one-tailed Pearson test); Color intensity indicates

statistical significance as described in the legend. Scale bars= 1000 µm (for low

magnification images) and 500 µm (for high magnification images). Data is pre-

sented as a mean± SEM for one-way ANOVA comparisons and Tukey’s post-test

with statistical significance set as *p <0.05, ***p <0.001, and **** p <0.0001. Source

data are provided as a Source Data file.
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Fig. 5 | bPAC stimulation induces serotonergic tract regeneration/preservation

across the injury correlating with improved functional recovery.

A Representative images of 5-HT immunostaining (green) in sagittal sections of the

spinal cords in Control and bPAC rats 35 days post-injury at low and high magni-

fications (Scale bars = 1000 and 200 µm, respectively) and (B) its quantification,

n = 7 rats/group,p =0.029.C Pearson correlations between several locomotor tests

and the amount of caudal 5HT staining. Color code indicates the Pearson R coef-

ficient, as shown in the legend; P values for each correlation are indicated inside

each cell.DRepresentative image showing a ChAT+motor neuron (red) innervated

by serotonergic axons (green) and synaptic contacts (yellow) between them. Scale

bar = 50 µm. This observation was consistent across all biological replicates.

E Representative images of serotonin transporter (SERT) immunostaining in

sagittal sections (Scale bars=1000mm) and F) its quantification, n = 3 animals/

group, p =0.03. G Quantification of 5-HT levels (μM/mg of in spinal cord tissue,

ratio caudal/rostral) by HPLC, n = 4 animals/group, p =0.08. Data is presented as a

mean ± SEM for either two-tailed t-test (B), two-tailed Pearson correlation (C), one-

tailed t-test (F) or one-tailedMan-Whitney test (G),with statistical significanceset as

*p <0.05. Source data are provided as a Source Data file.
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corticobulbar projection, with higher densities observed at the raphe

magnus and GiA nucleus. We found that at least 40% of the brainstem

neurons thatmaintain axonal projections to the lumbar segment of the

spinal cord following a thoracic dorsal hemisection are synaptically

connected with neurons in the motor cortex. Together, these results

strongly suggest the brainstem as an important transshipment station

for rerouting cortical inputs into intact descending RpST/ReST after an

injury affecting the CST.

Cortico-brainstem or corticobulbar projections represent an

ancient evolutionary pathway present in multiple species, including

rodents11, cats66, pigs67, and primates68. Del Cerro et al. demonstrated

that the porcine CST only reached the T6 spinal cord level and relied

on cortico-brainstem interaction to drive inputs to the lumbar seg-

ment even in naïve conditions67. Additionally, Courtine et al. reported

that silencing of reticulospinal neurons of the vGi during channelro-

dopsin 2 cortical stimulation abolished evoked legmusclepotentials in

contusion rodent models, indicating that these neurons relayed the

cortical command to hind-limb motor neurons after SCI11. These two

studies highlight the relevance of cortico-brainstem interaction in

both injured or uninjured scenarios.
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Last, we evaluated serotonergic tract implication in bPAC-

mediated functional recovery in loss-of-function experiments using

DHT. This neurotoxinpreviously served todemonstrate a serotonergic

role in therapy-mediated motor outputs53,54. Interestingly, DHT

administration worsened the performance of bPAC rats in the ladder

beam test, rendering the scores to control injured rat levels. This

finding strongly supports the involvement of serotonergic descending

pathways in bPAC-induced locomotor recovery. However, it is impor-

tant to note that serotonergic depletion at this stage of recovery

(22 days post-injury) resulted in modest motor impairment, trackable

in skilled motor tests, but no detectable motor deficits in open field

walking. These observations suggest the implication of spontaneous

plasticity of other tracts in the progressive recovery observed in bPAC

and control injured rats.

Of note, our data does not exclude the participation of additional

supraspinal or propriospinal pathways in a bPAC-mediatedmechanism

of action. Here, we reported certain insight into the effect of bPAC

stimulation on the corticospinal and reticulospinal tract, whichhas not

been thoroughly studied and deserves further exploration. The

experiments presented here lay the groundwork for future optimiza-

tion of bPAC-based therapies and further exploration of additional

undescribed mechanisms.

To sum up, the cortico-serotonergic tract may provide a more

regenerative descending pathway parallel to the more sophisticated

but less regenerative corticospinal tract. Overall, this study highlights

the relevance of cortico-brainstem plasticity for functional recovery

after SCI. Importantly, RpST and RtST tracts are likely to remain par-

tially intact in human SCI69 due to their ventral anatomical location42,70.

Fig. 6 | bPAC stimulation may be transduced from the motor cortex to brain-

stem neurons. A Representative example of an original (lower left) image and

computed heat maps showing the density of corticobulbar projections into the

brainstem for injuredControl (right, upper) andbPAC rats (right, lower). Heatmaps

integrate data from 4 bPAC and 5 control biological replicates.; Scale bar= 200 µm.

BRepresentative images of P-CREB staining in brainstem slices at higher (left upper

and lower) and lower (right upper and lower)magnifications in injured Control and

bPAC rats. Scale bars = 500 (left) and 100 (right) µm. C Quantification of the pro-

portion of P-CREB relative to DAPI in each region in injured Control and bPAC

rats,n = 3 animals/group, p =0.04 for RMg. D Correlation between P-CREB in the

motor cortex and brainstem. E Quantification of cAMP levels, n = 4 rats/group,

p =0.06 and F Glutamate/GABA concentrations in brainstem (μM/mg of tissue) by

HPLC, n = 4 rats/group, p =0.02. G Experimental design for studying synaptic

connections between motor cortex and brainstem in injured Control and bPAC

rats. H Representative images of the WGA and AVV injection sites at low (left) and

high (right) magnifications. Scale bars = 500 (left) and 50 (right) µm.

I Representative images of brainstem region displaying WGA-positive cells. Scale

bar = 50 µm, n = 3 rats/group. J 3D reconstruction of WGA-positive cell counts and

distribution in the brainstem region in injured Control and bPAC rats. Each brain

representation includes data from three animals. Counts of WGA-positive neurons

are expressed as mean± SD. K Experimental schema for the double-tracing

experiment and representative images showing different labeled populations

within the brainstem, n = 3 rats/group, Scale bar = 200 µm. J–L High-magnification

images of (L) WGA +GFP-, M WGA+GFP+ and N) WGA-GFP+ neurons in the

brainstem. Scale bar=50 µm. O graphs showing the percentage of double-positive

neurons from the GFP+ (left) andWGA+ (right) populations, n = 3 rats/group. Data

is presented asMean± SEM for comparisons using two-tailedmultiple t-test (C,O),

two-tailed Pearson correlation (D), one-tailed t-test (E) or one-tailed Man-Whitney

test (F), with statistical significance set as *p <0.05. Source data are provided as a

Source Data file.

Fig. 7 | Serotonergic depletion by DHT treatment abrogates bPAC-induced

functional recovery after SCI. A Experimental design to study serotonergic

involvement in bPAC-mediated functional recovery. DHT treatment was applied to

bPAC and Control rats 22 days after SCI, and their locomotor skills were evaluated

before and 6 days after treatment. B 5-HT immunostaining in lumbar spinal cord

slices of non-DHT-treated controls (denoted as DHT-) and DHT-treated rats

(denoted as DHT+ , both bPAC and Control rats) and its quantification. Scale bar =

50 μm. Each data dot represents a biological replicate, n =0.009. C Functional

evaluation pre- and 6 days post-DHT injections expressed as the absolute achieved

score in the ladder beam test (left, bPAC preDHT vs Control preDHT: p =0.02

and bPAC postDHT vs control postDHT: p =0.55) or the increment score post-

to pre-DHT treatment (right, p =0.0004). Data is presented as Mean ± SEM,

two-tailed Kolmogorov-Smirnov test (B), two-tailed t-test (C); * p ≤0.05, ** p ≤0.01,

*** p ≤0.001, ns=not significant. Source data are provided as a Source Data file.
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In the light of that premise, future therapies targeted to reroute cor-

tical commands into spare brainstem descending circuits may possess

more clinical relevance than those attempting to promote vague CST

regeneration at the injury level.

Methods
Primary cortical neuron culture, cAMP determination, calcium
dynamics
Cortical neurons were harvested from E14.5 fetal Sprague Dawley rats.

Briefly, cortices were dissected from the brains and enzymatically

dissociated using trypsin-EDTA (0.05%, 25300-054, Gibco). Neurons

were then counted and seeded on poly-D-lysine pre-coated plates

using a platingmedium (containingDMEMHighGlucose (SH30243.01,

Cytiva), 10% fetal bovine serum, and 1x penicillin/and streptomycin

(P/S)). After 2 h, the platingmediumwas changed to neuronalmedium

containing Neurobasal (21103-049, Gibco), B27 (17504-044, Gibco),

200mM Glutamax (35050061, Gibco) and 1x P/S. To transduce neu-

rons with our protein of interest, either AVV1-CAMKII-mCherry or

AAV2/9-CAMKII-bPAC-mCherry were added to control or bPAC con-

ditions at a multiplicity of infection (MOI) of 109. Cells were incubated

at 37°C at 5% CO2 in dark conditions.

For cAMP determination, one week after the neurons were

exposed to blue light (480 nm, 90 s of 20mW/cm2) using an optoge-

netic stimulator for in-vitro experimentation (OSIVE)71 to induce bPAC

activity. The stimulation parameters were selected to achieve a satur-

ating effect of cAMP levels according to previous reports reporting

that cAMP levels reached a plateau after bPAC exposure of 60 s of

6mW/cm2 blue light30.

Immediately after stimulation, reactions were quenched by

removing the culture medium and adding 0.4M of perchloric acid

(HClO4). Next, cells were collected by scraping, homogenized by

sonication, and centrifuged at 20,000 rpm at 4 °C for 10min. Super-

natants (containing cAMP extracts) were stored at −80 °C until used.

Pellets (containing total protein contents) were resuspended in 1M

NaOH, and protein concentrations were measured using a BCA assay

kit (23227, Pierce™BCA ProteinAssay Kit, ThermoScientific). Based on

previous reports, chromatographic parameters were optimized for an

XBridge C18 2.1 × 75 2.5mm (BEH Technology. Cat 186005626

Waters)72. Themobile phase compositionwas 0.1% formic acid inwater

and 100% acetonitrile. The conditions for the chromatographic run

were: flow rate 0.4ml/min, gradient: 0.5 min-100 %A; 1 min-10% A;

2.2 min-10% A, 2.3 min-100% A; 3.5 min-100 % A. The volume injected

was 25μl. Obtained cAMP concentrations were normalized to the total

mg of protein in each experimental replicate. Three different experi-

ments were performed (two replicates per experiment). Two outliers

were identified by the ROUT method (Q = 1%). Group comparisons

were made using the Welch t-test.

For calcium imaging, the cells were incubated with 3μM Fluo-4

AM (Thermo Fisher) 30min prior to the assay. Confocal Leica TSP-SP8

was used for time-lapse acquisition, equipped with resonant scanning

mirrors to allow the adequate imaging speed required for real-time

recordings of calcium73 and maintaining adequate temperature and

CO2 levels for live imaging. The recording consisted in 1 image every

25ms (40 frames/s) for 120 s. Two blue light stimulation (0.2mW/cm2,

470 nm) protocols were applied: stim 1 consisted in 500ms pulses

every 10 s and stim 2 consisted in 100 pulses of 90ms on-10 ms off

every 15 s, using the OSIVE Slim device75. Calcium dynamics were

measured as the increment of fluorescent given by Fluo-4AM defined

as Fx-F0/F0 (Fig. 1D) and themaximum fluorescence changedefined as

(Fmax-F0)/F0 (Fig. 1D), quantified using LasX software.

Dorsal spinal cord hemisection and animal care
Young (2-4 months) Female Sprague Dawley rats were used in this

study, given the ease of manual bladder drainage, which reduces the

prevalence of urinary infections and supports a more stable body

weight after SCI than male rats74. Animals were bred and housed with

littermates under standard conditions with ad libitum access to food

andwater at the Animal ExperimentationUnit of the Research Institute

Príncipe Felipe (Valencia, Spain) in accordance with the guidelines of

the European Communities Council Directive (86/609/ECC) and the

Spanish Royal Decree 53/2013. Experimental procedures were

approved by the Animal Care and Use Committee of the Research

Institute Prince Felipe (2021/VSC/PEA/0032).

For surgical interventions, animals were subcutaneously treated

with morphine (2.5mg/kg) and anesthetized with 2% isoflurane.

A complete lesion model is highly disabling for the animal, and

creates a significant barrier to regeneration, leaving no possibility for

functional recovery. Moreover the majority of human SCI trauma

results in incomplete injuries. For these reasons, most contemporary

studies rely on partial injury models, which better mimic the clinical

scenario. Dorsal hemisection, the most commonly used paradigm to

study CST regeneration, generates a bilateral interruption of the des-

cending motor pathways, including the dorsal aspect of the CST, the

rubrospinal tract, and partially the raphespinal and reticulospinal

tracts, while sparing the ventral CST. This sparing of ventral tracts

allows for partial functional recovery, similarly to the contusion

induced injuries, while reducing inconsistency and intra-animal varia-

bility inherent to the traumatic injury models.

For inducing SCI, a laminectomy was performed to expose the

spinal cord at thoracic segment eight. Bilateral dorsal hemisection was

performed by an incision of 1.1mm in depth from the dorsal surface,

leading to the total transection of the dorsal half of the spinal cord.

After interventions, animals received post-surgical care consisting of

subcutaneous injections of 5mg/kg of Enrofloxacin (Baytril) for seven

days, 0.1mg/kg of buprenorphine twice a day for four days, and

manual drainage of bladders twice a day until vesical reflex was

recovered. Rat well-being was monitored, and endpoint criteria was

applied if major signs of distress were observed.

Motor cortex injections
One week prior to SCI, excitatory corticospinal neurons were trans-

duced to express bPAC by AAV9-CAMKII-bPAC-mCherry injections

into Layer V of the motor cortex (coordinates from bregma: AP: 0, 2;

ML: ±1.5; DV: -1.4, 6e12 VG/injection site). Control animals were

injected with a bPAC-deficient vector (AVV1-CAMKII-mCherry,

114469, Addgene, Massachusetts, USA) or with the AVV9-CAMKII-

bPAC L123R (AVV9-CAMKII-∆bPAC), an inactive mutant construct,

for anterograde tracing experiments. The CAMKII-bPAC L123R

mutant construct was generated by point mutation mutagenesis

following manufacturer instructions of QuickChange Lightning

Site-directed Mutagenesis kit #210515-5, Agilent Technologies, using

the primers Forward: CAGAGCCACCGGGTGCGGGAAAAGTACATG

CCC and Reverse: GGGCATGTACTTTTCCCGCACCCGGTGGCTCTG)

based on a previous report39. Correct single point mutation was

confirmed by Sanger sequencing. All vectors contained a red fluor-

escent reporter to allow the tracing of the descending corticospinal

tracts. No significant differences in AVV1 and AVV9 serotype tropism

have been previously reported when used in CAMKII construct in

macaques, marmosets, and mice75.

Light stimulation
On the same day of the injury, bilateral brain devices were implanted

in all the rats to allow stimulation with blue light at 470 nm (Neuro-

lux; Northfield, USA). Devices were mounted sub-dermally on top of

the animal’s skull, and the µLEDs were placed beneath the skull and

over each hemisphere of the motor cortex. The stimulation routine

started one day after the SCI and was applied once a day until the end

point consisting of 1 s on - 4 s off for 30min at 8W (procedure

adapted from Chen et al. 76). During the stimulation, animals were

placed in a cage connected to a power distribution control box
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(Neurolux, Northfield, EE. UU) responsible for delivering wireless

power to the implants.

Functional tests
To assess open-field locomotion, animals were recorded for 5min

once a week throughout the experiment while freely walking in an

open space. Basso, Beattie, and Bresnahan (BBB) locomotor scale

scores were analyzed by a blinded evaluator using the 21-point BBB

locomotion scale77.

Analysis of motor gait used the high-speed video system TSE

MotoRater (TSE Systems, Bad Homburg, Germany), which records

animal locomotion while crossing a transparent corridor simulta-

neously from three different perspectives (ventral, left, and right) in

twodifferentmodalities: ladder skilledwalking or overgroundwalking.

Animalswere previously acclimatized to the setupprior to the test day.

The ladder-walking animals were allowed to partially regain the ability

to support their weight (for six days after injury) and then evaluated

once a week throughout the experiment. Each animal’s success rate

was scored using the scale previously defined by Gerlinde et al. 78.

Animals with recovered trunk stability were evaluated for their

ability to pass through an elevated narrow beam weekly from day

seventeen post-injury until the end of the experiment. The narrow

beam testmeasures the longer distance a rat canwalk forwardwithout

making paw slips in at least three consecutive runs.

At the experimental endpoint, rats were passed through a trans-

parent corridor (TSEMotoRater) to analyze finermotor kinematics. To

track hind paw movement during locomotion, corporal landmarks of

the hind-limb joints were marked on the shaved skin. SIMI Motion

(SIMI Reality Motion Systems, Germany) software was used to acquire

two-dimensional coordinates of each joint for each run. The step

cycles for both paws in each run, defined as the transitionbetween two

ground contacts, were manually defined. Angle ranges for each joint

were calculated and averaged across the two paws for two-step cycles.

Thermal test
Neuropathic pain is a usual side effect after CNS damage. A standard

indicator of the presence of neuropathic pain in animal models of SCI

is thermal hyperalgesia. Thermal test studies the animal behavior upon

a thermal stimulus by observation of the hind paw withdrawal from a

heat-radiant surface79 (Ugo Basile Hot/Cold Plate, 35150). Thermal

ramp starts at 25 °C and increases at a rate of 0.07 °C/s. Animals were

instructed to maintain a quadrupedal position, being their behavior

monitored throughout the test. The test concluded when the animals

removed their paws from the plate as a reaction to the thermal sti-

mulus, registering at that moment the temperature reached.

Retrograde tracing
Fourteen days after dorsal hemisection, animals were retrogradely

traced from the lumbar spinal cord (L1). In brief, laminectomy was

performed at the lumbar segments to expose the spinal cord. Four µl at

1:2 dilution of pAAV-Syn1-eGFP; addgene#50465 were injected in eight

different points (four points/hemisphere) at 1mm of depth in the

dorsoventral axis using the PV850 microinjector (World Precision

Instruments, USA).

Sample processing and immunostaining
At the end of the experiment, the animals were overdosed with

100mg/kg sodium pentobarbital and transcardially perfused with 4%

paraformaldehyde (PFA) solution. Brains and spinal cords were care-

fully removed, fixed in 4% PFA, and stored in 0.1M phosphate buffer

(PB). Samples were cryopreserved in 30% sucrose in PB for at least

seven days. Spinal segments of 1.8 cm in length (including the lesion

epicenter) were cut into 35-micron thick slices in the sagittal plane

using the Cryostat Microm HM550 (Thermofisher, Germany). Brains

were cut into 40-micron thick in the coronal plane.

Standard immunofluorescence staining was performed by incu-

bation at 4 °C in the primary antibody solution in TBS + 5% donkey

serum + 0.25% Triton for at least two nights and one night in the

secondary antibody solution. mCherry/c-Fos/P-CREB/spinal 5-HT sig-

nals were amplified using the tyramide signal amplification (TSA)

protocol80. Primary antibodies used were anti-GFAP (α-Rb, 1:800,

Z0334, DAKO, Denmark), anti-5-HT (α-Gt, 1:1000, AB_572262, Immu-

nostar, Wisconsin, USA), anti-5-HT (α-Rb,1:400, S5545, Merck Milli-

pore, Massachusetts, USA),anti-SERT (α-Rb,1:400, PC177L, Merck

Millipore); anti NET (α-MS,1:400, MA5-24647, Invitrogen), anti-c-Fos

(α-Rb,1:100, ab190289, Abcam, Cambridge, UK), anti-P-CREB (α-Rb,

1:100, 06-519, Merck Millipore, Massachusetts, USA) Anti-Choline

Acetyltransferase, ChAT (α-Gt, 1:200, AB144P, Merck Millipore, Mas-

sachusetts, USA), anti-RFP/mCherry (α-Gp, 1:1000, 390 004 Synaptic

systems, Göttingen, Germany). Secondary antibodies used for stan-

dard immunohistochemistry were Alexa Fluor-488, -555, or -647 con-

jugated antibodies (1:400, Invitrogen,Massachusetts, USA). Secondary

antibodies used in TSA amplification immunohistochemistry were

either Biotinylated Donkey anti-Rb or anti-Gp (706-065, Jackson

ImmunoResearch, Cambridgeshire, UK) and either 555 (S21381, Ther-

mofisher, Massachusetts, USA) or 488 streptavidin (016-540-084

Jackson ImmunoResearch, Cambridgeshire, UK). Cell nuclei were

counterstained with DAPI (1:1000, Sigma, Missouri, USA). Sections

were mounted in Mowiol and imaged using an Aperio Versa scanner

(Leica Biosystems, Germany). Images were visualized and analyzed

with the Image Scope software or ImageJ software.

5-HT, mCherry for CST labeling and SERT quantification
For 5-HT and mCherry signal for CST labeling and immunohisto-

chemical analysis in spinal cord the positive signal was quantified

separately in the rostral and caudal regions of the injured spinal cords.

To reduce the possible deviation of the cutting angle, 5-HT absolute

data was then normalized to the ChAT positive area (as the zones

putative for having 5-HT innervation). Next, the ratios from caudal to

rostral were calculated for each slice (n = 1–3 slices/animal, n = 7 ani-

mals/group). For mCherry signal derived from anterograde tracing of

CST, a complete series (including 8 tissue slices/animal, n = 4 animals/

group) were included. The correlation of 5-HT measurements with

locomotor parameters was studied by calculating Pearson coefficients

for each pair of variables.

For SERT immunohistochemical analysis, the positive signal in

rostral and caudal regions was relativized to total area of analysis per

slice and the caudal to rostral ratios were calculated for each slice (n=

∼5 slices/animal, n = 3 animals/group). Rout’s test (Q = 5%) was per-

formed to detect outliers.

c-Fos and P-CREB quantification
To quantify the amount of c-Fos along the cortical layers, first regions

within the primary motor cortex in brain slices approximately at

bregma -1 were selected. For each animal (three animals/group), three

to five independent hemispheres were analyzed. All images were

thresholded using the same parameters, and the histogram of mean

gray value along the layers was displayed using the plot profile plugin

of ImageJ both for DAPI and c-Fos. Then, c-Fos histogram profiles were

normalized to DAPI, and all the images for each animal averaged to a

single profile. Finally, themean gray valueof c-Fos encountered ineach

layer was calculated (two-way ANOVA Fisher’s test).

For P-CREB quantification in the motor cortex, regions compris-

ing the primary motor cortex were selected as defined by Paxinos and

Watson atlas in brain slices at bregma -1.5 and measured (three ani-

mals/group, two hemispheres/animal), which was then normalized to

the total DAPI counts. To quantify CREB phosphorylation in the brain

stem, brain slices at bregma -11.88 were immunostained and imaged.

Several regions of the raphe nuclei and the reticular formation were

manually defined (according to the Paxinos andWatson atlas), and the
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number of P-CREB+ nuclei and DAPI were quantified for each region.

The average of P-CREB+ relative toDAPI was calculated (three animals/

group; two slices/animal).

Determination of cAMP and neurotransmitters by LC-MS from
tissue samples
The tissue concentration of serotonin, norepinephrine, cAMP, gluta-

mate and GABA was measured by liquid-chromatography-mass spec-

trometry (LC-MS) as in Wang et al.81. An EXION (Shimatzu) HPLC

systemcoupled to amass spectrometry detection systemconsisting of

aQTRAP4500 triplequadrupole (ABSciex,Ontario, Canada) equipped

with electrospray ionization (ESI) ion source and controlled by the

Analyst software, version 1.6.3, was used. The sample preparation

proceeded as follows: samples were homogenized in H2O (LC-MS

grade) with 0.1% formic acid with a Politron. Protein was precipitated

by adding 10 µL of trifluoroacetic acid to 50 µL of sample. 30 µL of the

supernatant was injected in the HPLC, n = 4 animals/group, each

sample was normalized to the total protein.

A LunaOmega PolarC18 (OOD-4760-AN) 100*2.1mm3 µm(100A)

column from Phenomenex, at 35° C, was used. The mobile phase

consists of a two-phase gradient: 0.1% formic acid inwater (A) and 0.1%

formic acid in acetonitrile (B), as follows: 5% B 0-0.5min, 5-80% B 0.5-

5.0min, 80% B 5.0-6.0min, 80-5% B 6.0-6.1min, 5% B 6.1-8min, with a

flow rate of 0.4ml/min. ESI (electrospray ionization) ion source in

positive ionizationmodewas usedwith curtain gas 30, GS1 40 andGS2

50, 500 °C and 4500V in multiple reaction monitoring (MRM) mode

with the following conditions for eachmetabolite: 1) Serotonin (5-HT):

177.1m/z > 160 transition, RT 1.7 EP 10 CE 12 DP 80 CXP 13; 2) Nor-

epinephrine (NE): 170m/z> 152, RT 0.6 EP 10 CE 12 DP 40 CXP 13; 3)

Glutamate: 148m/z > 84, RT 0.6, EP 10, CE 2,1 DP 130, CXP 9 and 4)

GABA: 104m/z > 87, RT 0.6, EP 10, CE 15, DP 46, CXP 4, [RT: retention

time; EP: entrance potential; DP: declustering potential; CE: collision

energy; CXP: collision exit potential]. A standard curve for each

metabolite was processed as the samples to calculate metabolite

concentration in samples which was then relativized to the mg of

protein in the tissue extract.

For cAMP analysis 50 µL of the same tissue sample in H2O was

precipitated with an equal volume of 0.8M perchloric acid. After

centrifugation for 15minutes at 17.000 g and 4 °C, 25 µL of the super-

natant was injected in the HPLC. Method described in ref. 82 was used

with somemodifications. Chromatographic separationwas carried out

at room temperature using the LunaOmega Polar C18 (OOD-4760-AN)

100*2.1mm 3 µm (100A) column from Phenomenex. Mobile phase A

consisted of 0.1% formic acid in water and mobile phase B was 100%

acetonitrile. The following gradient elution profile was applied at a

flow rate of 0.4mL/min: 0.00min: 90% A, 0.50min: 90% A, 1.00min:

10% A, 2.20min: 10% A, 2.30min: 90% A, 3.50min: 90% A. Eluates were

detected with the QTRAP 4500 triple quadrupole mass spectrometer

(ABSciex,Ontario,Canada) in the positive electrospray ionization (ESI)

mode by multiple reaction monitoring (MRM) in the following condi-

tions: Curtain gas 20 psi, GS1 45 psi, GS2 60psi, Ion spray voltage

5.500 V, Tª 600 °C, EP 10, DP 91, CE 35, CXP 10. The 330.08 to 136.10

transition was used for quantification of cAMP. Standard solutions of

cAMP were prepared in 0.4M of perchloric acid.

Ex vivo electrophysiological recordings
Coronal brain slices containing the motor cortex from both hemi-

spheres were obtained from three-to-five-month-old female rats

(n = 3). In brief, rats were deeply anesthetized with isoflurane (2%),

decapitated, and the brain was quickly removed and placed in an ice-

cold artificial cerebrospinal fluid (ACSF) containing 126mM NaCl,

3mM KCl, 1.25mM NaH2PO4, 2mM MgSO4, 2mM CaCl2, 26mM

NaHCO3, and 10mM glucose (pH 7.2, 300mOsm/L). Coronal slices

(250-μm thick) were obtained with a vibratome Leica VT1000S and

maintainedoxygenated (95%O2/5%CO2) in ACSF for at least 1 h before

use at room temperature. Recordingswere conducted at 32–34 °C, and

the slices were continuously superfused with oxygenated ACSF during

the experiments.

Pyramidal neurons were visually identified at layer V of the motor

cortex by their characteristic morphology and their distinctive elec-

trophysiological responses to different stimulation protocols35,36.

These protocols were also used for the identification of GABAergic

interneurons83–85 that were discarded from the study. Identification

protocols comprised a two-stepprotocol (-100hyperpolarizing pA and

300 depolarizing pA) and depolarizing ramp current injection (500

pA). Whole-cell patch clamp recordings of were obtained under visual

guidance by IR-DIC microscopy (Axio Examiner, Zeiss; Germany).

Patch electrodes were pulled from borosilicate glass tubes having a

resistance of 5–8MΩ when filled with 110mM potassium gluconate,

40mM HEPES, 4mM NaCl, 4mM ATP-Mg, and 0.3mM GTP (pH

7.2–7.3, 290mOsm/L). Recordings were low-pass filtered at 3 kHz and

acquired at 10 kHz with a patch-clamp amplifier (Multiclamp 700B)

using pCLAMP 10.4 software (Molecular Devices) and stored using

Digidata 1550A and pCLAMP 10.4 software (Molecular Devices)85–87.

Spontaneous excitatory postsynaptic currents (sEPSCs)were recorded

in voltage clamp configuration at -70 mv holding.

Passive membrane properties including membrane capacitance

(Cm), membrane resistance (Rm), and membrane time constant (tau),

were acquired with the Clampex membrane test tool, and amplifier

readings in voltage-clamp mode. Resting membrane potential (Vm)

was directly measured in current-clamp mode immediately after get-

ting the whole-cell configuration. For the firing properties, the firing

threshold was measured with Clampfit at the potential where the cell

fired the first action potential (AP). The threshold current was mea-

sured at rheobase (when the neuronfired thefirst action potential) and

the firing rate was assessed in response to a 250-pA depolarizing pulse

delivered viapatch pipette during 500ms. For neurons thatwerefiring

spontaneously at basal Vm, a hyperpolarizing current was applied via

patch pipette until the cell stopped firing to accurately detect the real

firing threshold.

Spontaneous EPSCs were detected offline using a custom-made

template in Clampfit 10.4 software (Molecular Devices, CA, USA)

including around 20 averaged representative events. EPSCs para-

meters (amplitude and frequency) were analyzed and presented using

GraphPad Prism 9.0 (GraphPad Software, USA) from 60 s-long sEPSCs

recording segments Statistical analysiswasperformedusingGraphPad

Prism 9.0 following outliers’ detection (ROUT method, 1%) and

Shapiro-Wilk normality test. Ordinary one-way ANOVA followed by

Holm-Sidak’s multiple comparisons test was used for parametric dis-

tributed data and Kruskal-Wallis test followed by Dunn´s multiple

comparisons test was used for comparisons of non-parametric data.

Results are reported as mean± SEM and significance levels were set as

follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

WGA tracing
Wheat germ agglutinin (WGA) is commonly used as a neuronal tracer,

given its ability to travel both anterogradely or retrogradely and to

jump transynaptically88. Injecting WGA into Layer V of the motor cor-

tex allows tracing the synaptic connectome of corticospinal neurons.

For that, 5%WGAAlexa Fluor 647 conjugated (W32466, ThermoFisher,

Massachusetts,USA) in saline solutionwas coinjected alongwith either

Control or bPAC adenoviral vectors.

5,7-DHT treatments
To induce the depletion in the serotonergic system, rats were treated

with a serotonergic neurotoxin: 5,7-dihydroxytryptamine hydro-

bromide (DHT; CDX-H0026-M010, Labclinics, Barcelona, Spain),

22 days after SCI (Fig. 6). Briefly, 20 µl of 7.5 µg/ml 5,7-DHT in 0.02%

ascorbate saline solution was intraventricularly infused bilaterally

(coordinates from bregma: AP: -0.8; ML: ±1.5; DV: -4.6; 10 µl per side;
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infusion rate: 1 µl/min) both to bPAC (bPAC DHT) and control (control

DHT) rats. The accessibility to the injection area required the removal

of the optogenetic device. Injured sham controls (DHT-) were likewise

injected with 0.02% ascorbate saline solution. The noradrenergic sys-

tem was protected by intraperitoneal premedication (25mg/kg) with

desipramine hydrochloride (D3900, Merk Millipore Massachusetts,

USA) 30min before 5,7-DHT injections89.

Statistics & reproducibility
Sample size determination: Sample sizes for the in vivo experiments

were determined based on our previous experience and tailored to

specific experimental needs. The following criteria were used: 1) For

in vivo experiments involving functional testing, we selected larger

sample sizes (n = 9 animals/group) were used to account for inherent

variability of behavioral testing. 2) For histological analysis, group sizes

ranged from n= 3 to 7 animals, as indicated in the manuscript for each

experiment. 3) For in vitro experiments, for cAMP determinations we

conducted three independent experiments derived from independent

primary cultures, each with two technical replicates, while for Calcium

live assays responses were recorded from individual neurons in two

independent experiments. 4) for HPLC determination n = 4 animals

considering the sensitivity of the technique, deemed sufficient given

the method’s sensitivity.

Data exclusion criteria. Data exclusions were performed accord-

ing to the corresponding test of outlier detection as indicated for each

case along themanuscript. Additionally, one animalwasexcluded after

post-mortem evaluation of the injury size (calculated as the area

negative for GFAP staining) because its injury area was 84.7% smaller

than the average.

Independent reproducibility. Functional recovery in the animals

was assessed through a long-term experiment lasting up to 35 days

post-injury, n = 9 rats/group (as described in Fig. 3). Additional short-

term experiments, including WGA and retrograde tracing studies,

corroborated early-stage motor recovery differences (data not shown;

data provided in sourcedata Fig. 3C). Regarding the retrograde tracing

experiment, a total of n = 6 animals per group were included, drawn

from two independent experimental batches, which further supports

the replicability of these results.

Randomization and blindness. In vivo experiments were ran-

domized to assign animals to receive either bPAC or control viral

vectors, minimizing potential confounds such as body weight. To

ensure an even distribution of injury severity, all surgeries were

performed by a single surgeon in a blinded and randomizedmanner.

Post-mortem analysis of the injury area confirmed no significant

differences between the control and bPAC groups, demonstrating

the consistency of the injuries (Fig. 3B). Motor function evaluations

were conducted in a blinded manner by two independent experi-

menters following the established guidelines for BBB motor scale

evaluation.

Ethics approval
The maintenance and use of all animals were in accordance with

guidelines established by the European Communities Council Direc-

tive (86/609/ECC) and the Spanish Royal Decree 53/2013. All experi-

mental procedures were approved by the Animal Care and Use

Committee of the Research Institute Prince Felipe (2021/VSC/

PEA/0032).

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All used raw data generated

in this study have been deposited in the Figshare database under

accession code https://doi.org/10.6084/m9.figshare.28797458 Source

data are provided with this paper.
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