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Spinal cord injury (SCI) is a debilitating condition currently

lacking treatment. Severe SCI causes the loss of most supraspi-

nal inputs and neuronal activity caudal to the injury, which,

coupled with the limited endogenous capacity for spontaneous

regeneration, can lead to complete functional loss even in

anatomically incomplete lesions. We hypothesized that trans-

plantation of mature dorsal root ganglia (DRGs) genetically

modified to express the NaChBac sodium channel could

serve as a therapeutic option for functionally complete SCI.

We found that NaChBac expression increased the intrinsic

excitability of DRG neurons and promoted cell survival and

neurotrophic factor secretion in vitro. Transplantation of

NaChBac-expressing dissociated DRGs improved voluntary

locomotion 7 weeks after injury compared to control groups.

Animals transplanted with NaChBac-expressing DRGs also

possessed higher tubulin-positive neuronal fiber and myelin

preservation, although serotonergic descending fibers re-

mained unaffected. We observed early preservation of the cor-

ticospinal tract 14 days after injury and transplantation, which

was lost 7 weeks after injury. Nevertheless, transplantation of

NaChBac-expressing DRGs increased the neuronal excitatory

input by an increased number of VGLUT2 contacts immedi-

ately caudal to the injury. Our work suggests that the trans-

plantation of NaChBac-expressing dissociated DRGs can

rescue significant motor function, retaining an excitatory

neuronal relay activity immediately caudal to injury.

INTRODUCTION
Severe spinal cord injury (SCI) is a devastating life-altering condition

lacking cure. Multiple concomitant inhibitory factors accumulate after

injury,1,2 but the main long-term obstacles include lack of intrinsic

axonal regeneration3 and loss of adequate activity in spared tissue

in the absence of supraspinal inputs.4 Nevertheless, patients with

incomplete injuries can recover motor function due to spontaneous

neuroplasticity and reactivation of spared dormant connections.5,6

Enhancing spontaneous sprouting, forming relay circuits within spare

axons, and activating dormant circuits after injury constitute strategies

that promote significant functional recovery. In rodents and primates,

spontaneous improved locomotor functionmay derive from increased

sprouting of descending tracts,7–10 including the corticospinal tract

(CST)9,11 and the reticulospinal tract,12 and formation of relay circuits

by propriospinal interneurons.13 These processes can be enhanced by

electrical stimulation,14 direct genetic manipulation of the CST by co-

deletion of PTEN and SOCS3,15 creation of a permissive environment

by chondroitinase release,10 or pharmacological treatments targeting

dormant relays.5 Studies reveal injury-induced synaptic-input alter-

ations in motor neurons caudal to the injury, including a decrease in

excitatory input,16 and neurotransmitter switch in spinal interneurons

resulting in alteration of the excitation/inhibition ratio,17 explaining

relay circuit latency, dysfunction of motor neurons, and limited recov-

ery.16,17 Therefore, enhancing the excitatory input from long descend-

ing projections (supraspinal and propriospinal neurons13) and

reducing the inhibitory input from local interneuron circuits5,18 could

restore activity across the lesion.

Cell therapies,19 particularly neural stem and progenitor cell trans-

plantation,8,20 are considered promising therapy for SCI, aiming to

induce functional recovery by restoring neuronal circuits.21However,

reported disadvantages of neural stem cell transplantation include

limited capacity to integrate within endogenous neuronal circuits,

reduced survival in the harmful injury environment,22 and dimin-

ished ability to generate mature neurons.23
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Although not used extensively for SCI treatment, transplantation of

mature central nervous system (CNS) neurons has successfully

restored lost connections in brain injuries and diseases.24–26 Alterna-

tively, peripheral nervous tissue use has been extensive27 due to its

elevated regenerative capacity. Isolated dorsal root ganglion (DRG)

neurons can survive, extend, and integrate to form new connections

within the spinal cord.28–30 Minimally invasive transplants of post-

natal or adult DRGs into the injured brain prompt the projection of

contralateral long axons and robust integration into the white matter

of the adult rat brain.31 In the adult rat spinal cord, adult DRG neu-

rons survived and extended up to 5 mm when microtransplanted

distal to a primary trauma; but were unable to cross the inhibitory

scar, limiting their ability to contribute to the reactivation of dener-

vated circuits caudal to the lesion.32

Given the activity-dependent nature of neuronal survival and integra-

tion into circuits,33–35 manipulation of neuronal activity has been

exploited for SCI treatment. The ectopic expression of a bacterial so-

dium voltage-gated ionic channel (NaChBac) modulated intrinsic

neuronal activity by decreasing the firing threshold.36 Furthermore,

NaChBac expression decreased apoptosis and increased the survival

of newly formed olfactory neurons37 and cortical interneurons38

and increased neuronal integration into existing circuits.37–39

We hypothesized that transplantation of NaChBac-expressing disso-

ciated DRGs could enhance their inherent integrative and survival

capacities, helping overcome the inhibitory environment to treat

SCI. Indeed, transplantation of NaChBac-expressing dissociated

DRGs rescues significant motor function and retains an excitatory

neuronal relay activity immediately caudal to injury.

RESULTS
NaChBac expression increases the excitability of neonatal rat

DRG neurons

Expression ofNaChBac fused toGFP in rat neonatalDRGneuronswas

located at the cytosolicmembrane (Figure 1A) andmodulatedDRGac-

tivity characterized by intracellular electrophysiological recordings

(Figures 1B–1I). Single-cell patch-clamp recordings of NaChBac-

GFP DRG neurons revealed a slow inward current at�50 mV, absent

in Control-GFP DRG neurons (Figures 1B and 1C). We observed a

modified action potential waveform in NaChBac-GFP DRG neurons

(Figure 1D), resulting in a significantly smaller after-hyperpolarization

(AHP) phase compared to Control-GFP DRG neurons (Figure 1E).

These alterations induced modified action potential firing in

NaChBac-GFP DRG neurons (Figure 1F), a decrease in the rheobase

(Figure 1G), and a significant increase in the firing frequency (in Hz)

(Figure 1H). NaChBac-GFP did not alter the restingmembrane poten-

tial (Figure 1I) or input resistance (Table S1), as noted previously.40,41

Since NaChBac expression elevates spontaneous calcium (Ca2+ cur-

rents in developing cortical neurons,41 we performed real-time imag-

ing of Ca2+ dynamics using Fluo-4AM conjugated with Alexa 488 in

NaChBac-mScarlet or Control-mScarlet DRG neurons. When depo-

larized with KCl, NaChBac-mScarlet neurons displayed higher Ca2+

signaling, which persisted for at least 60 s (Figures 1J–1L). Given

that Ca2+ signaling modulates adenyl cyclases and cAMP genera-

tion,42 we found an increase in cAMP levels detected by chromatog-

raphy in NaChBac-GFP dissociated DRGs compared to Control-GFP

dissociated DRGs (Figure 1M).

These findings provide evidence that NaChBac-GFP expression in

DRG neurons leads to higher intrinsic excitability, which leads to

an increased influx of intracellular Ca2+ and elevated cAMP levels.

NaChBac expression enhances cell survival, pro-survival

signaling in murine neuroblastoma cells, and increased

neurotrophic factor secretion

We evaluated the effect of NaChBac induced expression on cell sur-

vival using the neuroblastoma line Neuro-2A (N2A), given their

wide use to study several neuronal pathways due to their ability to

proliferate and differentiate into neurons.43 Stable expression was

achieved by lentiviral transduction. We found NaChBac-GFP expres-

sion restricted to the cell membrane, but the GFP expression pattern

was uniform and cytoplasmic for Control-GFP (Figure 2A), as shown

in Figure 1A. Cell proliferation analysis revealed that NaChBac-GFP

significantly increased the number of N2A cells after 4 and 5 days in

culture before reaching confluency (Figure 2B). In addition,

NaChBac-GFP expression prevented N2A cell death after exposure

to hypoxia (1% oxygen) for 24 h (Figure 2C).

To study cell survival signaling pathways, we assessed active phos-

phorylation levels (p) of AKT andmTOR proteins40,44 and total levels

Figure 1. NaChBac expression impact on rat neonatal DRG neurons

(A) DRG neurons expressing Control-GFP or NaChBac-GFP 72 h after lentiviral transduction. Scale bar, 10 mm (B) Family of current traces evoked by a 300 ms voltage step

protocol from �80 to 50 mV in 10 mV increments in Control-GFP and NaChBac-GFP DRG neurons. Holding potential, �60 mV. Black trace displays current elicited at

�50 mV. (C) Current density-voltage (J-V) relationships were obtained with the protocol described in (F). **p = 0.0025, Mann-Whitney test. (D) Representative action po-

tentials recorded in Control-GFP and NaChBac-GFP DRG neurons. Action potentials were evoked with a 10 ms depolarizing current pulse. (E) Amplitude of the AHP in

neurons. ***p = 0.0002, Mann-Whitney test. (F) Representative action potential firing evoked by 1 s depolarizing current pulses for Control-GFP and NaChBac-GFP DRG

neurons. (G) Rheobase for eliciting action potential in Control-GFP and NaChBac-GFP DRG neurons. *p = 0.0302, Mann-Whitney test. (H) Action potential firing induced by

increasing 1 s current pulses (0–300 pA), as shown in (F). Mann-Whitney test, *p < 0.005. (I) Resting membrane potential for Control-GFP and NaChBac-GFP DRG neurons.

For electrophysiology experiments, each dot represents a neuron; n = 25–30, 3 independent experiments. (J) Graph showing change in Ca2+ asmeasured by the difference in

fluorescence intensity of Fluo-4AM after adding 100 mM KCl to the culture throughout imaging time frame (60 s). (K) Representative images of Control-mScarlet and

NaChBac-mScarlet DRG neurons at t = 0 s (before the addition of KCl) and t = 5 s after the addition of 100 mM KCl, previously treated with Fluo-4AM (green). Scale bar,

10 mm. (L) Area under the curve of (J). Unpaired t test, ****p < 0.0001, n = 3. (M) cAMP quantification normalized to total protein content in Control-GFP and NaChBac-GFP

dissociated DRGs, n = 4, **p = 0.0056, unpaired Student’s t test. Data presented as mean ± SEM, n = 3 (unless specified).
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Figure 2. NaChBac expression enhances neuroblastoma cell survival signaling and increases secretion of neurotrophic factors in DRG cultures

(A) Representative images of N2A cells expressing Control-GFP (left, green) or NaChBac-GFP (right, green). Cell nuclei were stained with DAPI (blue); scale bar, 10 mm. (B)

Proliferation curve for Control-GFP and NaChBac-GFP N2A cells, absolute number of cells counted; n = 3. **p = 0.0038, day 4; *p = 0.013, day 5, unpaired t test. (C)

Percentage of N2A cell death after 24 h of hypoxia (1% O2); n = 3; **p = 0.0082, unpaired t test. (D–G) Representative western blots (top) and semiquantitative analysis

(bottom) of (D) p-AKT (normalized to total AKT protein levels), **p = 0.001, n = 3; (E) p-mTOR protein (normalized to total mTOR protein levels), *p = 0.01, n = 4; (F) Bcl2 protein

(normalized to actin), *p = 0.01, n = 5; and (G) cleaved caspase 3 (normalized to actin), *p = 0.04, n = 3. Ratio paired t test; two-tailed. (H) Graph showing the increase in the

levels of neurotrophic factors of NaChBac-GFP compared to Control-GFP after quantification of array. Multiple unpaired t test, BDNF ****p < 0.000001; bNGF ***p = 0.0082;

GDNF ****p = 0.000727; GM-CSF ****p < 0.000001; PDGF-AA p = 0.057; IGFBP-5 ****p = 0.000002; VEGF-A ****p = 0.000226. Data presented as mean ± SEM.
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of Bcl2 and caspase 3 proteins.45,46 NaChBac-GFP expression led to

an increase in the active forms of AKT (p-AKT, Figure 2D) and

mTOR (p-mTOR, Figure 2E) and in total levels of the antiapoptotic

Bcl2 protein (Figure 2F). Conversely, NaChBac-GFP expression

reduced the levels of the cleaved caspase 3, a pro-apoptotic marker

(Figure 2G). Our findings reveal that NaChBac expression increases

N2A proliferation, prevents hypoxia-induced cell death, and in-

creases cell-survival-related signaling. Next, we evaluated the mecha-

nism of action of NaChBac expression-induced changes in DRGs.

Since cAMP or Ca2+-dependent signaling can increase the expression

and secretion of pro-survival factors such as brain-derived neurotro-

phic factor (BDNF),47 vascular endothelial growth factor (VEGF),48

or glial-derived neurotrophic factor (GDNF),49 we performed a mul-

tiarray, containing up to 14 different growth factors, using the media

obtained from Control-GFP or NaChBac-GFP mixed DRG cultures.

We found a significant release of BDNF, GDNF, nerve growth factor

(NGF), granulocyte macrophage colony-stimulating factor (GM-

CSF), insulin-like growth factor 1 (IGF-1), platelet-derived growth

factor (PDGF) isoformAA, insulin-like growth factor binding protein

5 (IGFBP5), and VEGF (Figure 2H).

Transplantation of NaChBac-expressing DRG neurons

increases CST preservation in a mouse model of SCI by single

lateral hemisection

NaChBac expression enhanced the survival of newly formedmigrating

neurons with increased integration into existing circuits.39 Hence, we

hypothesized that NaChBac expression could alter the survival and/or

integration of transplanted DRG neurons. DRGs from neonate rats,

P3–P4 (Figure 1A), were transduced with pLL3.7 empty vector

(Control-GFP) or pLL3.7-NaChBac-eGFP (NaChBac-GFP) and

cultured for 5 days prior to transplantation into adult mice immedi-

ately below a lateral hemisection at the eighth thoracic vertebra level

(T8). Despite treatmentwith cytosine arabinoside (AraC) to avoid glial

proliferation, the presence of glia was not completely excluded (Fig-

ure S1A). CST was traced by injecting AAV-Syn-RFP into the motor

cortex 2 weeks before the injury, and transplantation was performed,

as described in Hilton et al.50 Two weeks later, animals were sacrificed

to assess localization, survival, and integration of Control-GFP and

NaChBac-GFP DRG neurons (Figure 3A, experimental design).

Transplanted DRG neurons, characterized by a large soma and long

neurites (Figure S1D), some of which were positive for calcitonin

gene-related peptide (CGRP) expression51,52 (Figure 3B, red), were

found at the injury site (Figures 3B and S1B). However, we did not

observe significant differences in the number of neurons between

mice transplanted with Control-GFP and NaChBac-GFP DRG neu-

rons (Figure 3C); rather, we counted a higher total number of GFP-

positive cells (neurons and glial cells) in NaChBac-GFP mice than

in Control-GFP mice (Figures S1B and S1C).

Transplanted NaChBac-GFP DRG neurons migrated longer dis-

tances from the injection site to rostral locations surrounding the

descending CST than Control-GFP DRG neurons (Figures 3D and

3E, clarified spinal cord images). Previous reports show increased

migratory and integration capacity in developing neurons in the ol-

factory system after NaChBac expression.39 Since endogenous Ca2+

and neuronal activity play essential roles in neuronal migration,53

an increase in the endogenous activity of NaChBac-GFP neurons

may be associated with increased migratory capacity. Transplantation

at earlier time points correlates with a rostral migratory phenotype,

possibly due to the presence of an inhibitory inflammatory environ-

ment at the injury site during the initial stages.54

The CST is the central tract involved in skilled voluntary motor func-

tions.7,55 CST sprouting after injury has been linked to improved

neural activity56,57 and enhanced functional recovery.9,11 Since trans-

planted NaChBac-GFP DRG neurons migrated closer to the injured

CST rostral projection (Figure 3D), we analyzed whether these could

enhance rostral CST sprouting of injured axons. However, this did

not have any effect on CST sprouting after transplantation in

Control-GFP and NaChBac-GFP mice (Figures 3F and 3G). Never-

theless, we found an increase in the amount of red fluorescent protein

(RFP)-expressing CST fibers preserved at the injury site in the

NaChBac-GFP transplanted group (Figure 3H, yellow), measured

as RFP-positive pixels extending up to 750 mm after the injury

epicenter (marked as 0 in Figure 3I), in comparison to Control-

GFP DRG-neuron-transplanted mice (Figure 3J). Of note, we

observed a higher tendency of CST axons to cross DRG-NaChBac

grafts rather than Control-GFP grafts (p = 0.1), suggesting that

NaChBac-GFP DRG cells provide a substrate for CST preservation

(Figures S2A and S2B).

Overall, NaChBac expression in DRGs enhances migratory activity

and contributes partially to preserving the CST projection at the

injury epicenter, without altering the survival of transplanted DRG

neurons 2 weeks after transplantation.

Figure 3. Transplanted NaChBac-expressing DRG neurons display improved migration and CST preservation ability

(A) Experimental timeline depiction. (B) Representative confocal images of Control-DRG (left) or NaChBac-GFP (right) showing DRG neurons (green), fibers and DRG neurons

positive for CGRP (red), and VGLUT1 vesicles (red). All nuclei are stained with DAPI (blue). Scale bars, 100 mm. (C) Neuronal survival measured 2 weeks after transplantation;

n = 4, unpaired Student’ s t test. (D) Clear, Unobstructed Brain Imaging cocktails and Computational analysis (CUBIC)-clarifiedwhole spinal cord-derived images of mice after

Control-GFP and NaChBac-GFP DRG transplantation; gray, GFP; arrow, injury epicenter. Scale bars, 200 mm. White boxes mark amplified images. Scale bars, 50 mm. (E)

Cell migration 2 weeks after transplantation of Control-GFP and NaChBac-GFP DRG neurons; n = 7–8; *p = 0.050, Mann-Whitney test. (F) Representative images of CST

sprouting rostral to the lesion in transplantedmice. Yellow, RFP (traced CST); gray, NeuN (neurons). Scale bar, 100 mm. (G) Quantification of sprouting area normalized to tract

area; n = 7–8, unpaired Student’s t test. (H) Representative RFP-expressing CST fiber (yellow) preservation images after T8 lateral hemisection 2 weeks after transplant. Pink

arrows point uninjured CST fibers; white arrows point injured CST. (I) Quantification of positive RFP-expressing CST pixels (yellow) before and after the injury epicenter (white

line marked in 3H) in Control-GFP and NaChBac-GFP DRG-neuron-transplanted mice. (J) Area under the curve for CST crossing the injury epicenter up to 750 mm, from (I);

n = 8–9; *p = 0.02, unpaired t test. Data presented as mean ± SEM.
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Figure 4. Evaluation of functional recovery 7 weeks after transplantation of NaChBac-expressing DRG neurons

(A) Schematic description of experimental timeline. Mice were traced with AAV-Syn-GFP or -RFP, followed by a double lateral hemisection at T7 and T10 and immediately

transplanted with NaChBac-GFP transplant, Control-GFP transplant, or equivalent medium (non-transplanted). Scale bar 500 mm. (B) BMS graph depicting scores

throughout the experimental time frame in all treatment groups. Two-way ANOVA followed by Tukey’s post hoc test, n = 7–15.Week 6, Control-GFP vs. NaChBac-GFP, **p =

0.004; weeks 6.5 and 7, Control-GFP vs. NaChBac-GFP, ***p = 0.0002; and non-transplanted vs. NaChBac-GFP, #p = 0.03. (C) Graphs depicting the percentage correct

left-hindpaw placement of animals from all treatment groups in the ladder beam test 1 day before sacrifice (left), and the percentage of animals from each treatment group

receiving the scores for the ladder beam test (right). (D) Graphs depicting the percentage of correct right-hindpaw placement of animals from all treatment groups in the ladder

beam test 1 day before sacrifice (left), and the percentage of animals from each treatment group receiving the scores for the ladder beam test (right). Left, one-way ANOVA

followed by Tukey’s post hoc test, *p = 0.03. Right, two-way ANOVA followed by Tukey’s post hoc test, non-transplanted vs. NaChBac-GFP, ###p = 0.0002; Control-GFP vs.

(legend continued on next page)
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Transplanted NaChBac-expressing DRG transplants improve

locomotor function after complete SCI in a double-staggered

hemisection model

We next asked whether transplantation of NaChBac-expressing

dissociated DRGs could improve connectivity, CST preservation,

and functional outcome in a severe, chronic SCI model. For this,

we performed two lateral thoracic hemisections (right, T7, and left,

T10; Figure 4A), ensuring the ablation of all descending pathways af-

ter the T10 lateral hemisection.58 This allows the evaluation of the

pro-regenerative capacity of grafts of DRGs expressing NaChBac-

GFP (NaChBac-GFP) when transplanted between hemisections

compared to dissociated DRGs expressing Control-GFP (Control-

GFP) and non-transplanted animals (non-transplanted).

We traced theCST 1week before injury (and transplantation) in all an-

imals by injecting AAV-Syn-GFP into the right hemisphere andAAV-

Syn-RFP into the left hemisphere of the motor cortex50 (Figure 4A).

Functional evaluation using open-field locomotor assessment using

the Basso mouse scale (BMS) score59 of all three treatment groups

(non-transplanted and Control-GFP and NaChBac-GFP DRG trans-

plants) revealed a steady improvement in the locomotor function of

NaChBac-GFP-DRG-transplanted mice, with significant improve-

ments compared to the Control-GFP-DRG-transplanted and non-

transplantedmice 7 weeks after injury and transplantation (Figure 4B).

We performed a horizontal ladder beam test to evaluate the locomo-

tion of each hindlimb separately.60We did not observe any significant

differences in the percentage of correct paw placement in the left hin-

dlimb (T10 hemisection) between the treatment groups (Figure 4C,

left) nor in the percentage of animals reaching each score point (Fig-

ure 4C, right). However, we did observe a significant increase in the

percentage of correct paw placement in the right hindlimb (T7 hemi-

section) in NaChBac-GFP mice compared to Control-GFP mice (Fig-

ure 4D, left) and in the percentage of mice reaching a score of 3 in the

NaChBac-GFP-DRG-transplanted group compared to both control

groups (Figure 4D, right). When analyzing the percentage of correct

paw placement for the mean of hindlimbs (Figure 4F, left), we found a

significant increase in the percentage of animals reaching score point

3 in NaChBac-GFP mice compared to Control-GFP mice (Figure 4E,

right). Score 3 of the ladder beam corresponds to toe step and reveals

whether mice can support weight and exhibit improved coordina-

tion.60 Finally, although DRG neuron excitability has been related

to nociception, the Von Frey filament test of allodynia revealed that

transplantation does not induce significant differences in the

response-evoking force (g) (Figure 4F).

Overall, mice receiving NaChBac-GFP transplant exhibited improved

locomotor function without altering nociception compared to

Control-GFP and non-transplanted mice.

Transplanted NaChBac-expressing dissociated DRGs enhance

neuronal fiber preservation rostral to the injury site but not CST

or serotonergic tract preservation

To identify the mechanisms behind the functional improvement in

NaChBac-GFP transplantedmice, we performed histological analysis.

We evaluated the injured area (negative for GFAP staining) as previ-

ously described,61 including the T7 and T10 opposite hemisections

(Figure 5A, yellow line delimits the GFAP-negative area). We did

not find significant differences in the total injury area between treat-

ment groups, ensuring the homogeneity of the injuries (Figure 5B). In

addition, we studied the astrocytic reactivity by measuring the GFAP

staining intensity of the astrocytes delimiting the injury border (Fig-

ure S3A, left, dotted lines), but did not observe any differences be-

tween the groups (Figure S3A, right) nor in the fibronectin staining

found within the injury (Figure S3B). Of note, we also studied the ef-

fect of NaChBac expression on the immunological profile of the in-

juries, in both models, after single lateral hemisection (Figure S3D)

and after double-staggered hemisection model (Figure S3C), by

Iba-1 staining, including microglia and infiltrated macrophages,

within the injury site. We found no significant differences in the per-

centage of reactive (circular) Iba-1-positive cells within the groups in

any of the evaluated models (Figures S3C and S3D).

Increased sprouting from descending tracts may improve relay circuit

activity by innervating propriospinal interneurons in double-

staggered hemisection models.5,13 Therefore, we asked whether

NaChBac-GFP transplant could increase the CST preservation or

sprouting between hemisections at the injury site (Figures 5C–5E).

However, like previous CST sprouting analysis (Figure 3), we did

not find differences in the sprouting area of CST axons (Figure 5C).

Mice from all groups displayed complete degeneration after the first

hemisection of descending CST labeled with AAV-hSyn-GFP (Fig-

ure 5D, white arrow). Since CST sprouting rostral to the injury relates

to improved locomotor function,62,63 we studied the CST sprouting

area (collaterals originating from the CST) immediately rostral to

the first hemisection (segments T2 to T7) (Figure 5E).

The serotonergic (5HT) descending tracts can contribute to and

improve voluntary motor activity after SCI.12,64 Therefore, we studied

the preservation of 5HT-positive fibers between hemisections (Fig-

ure 5F, left, white dotted lines indicate rostral and injury area) in

the three experimental groups. However, we did not observe any sig-

nificant differences in the density of 5HT fibers between groups

(Figures 5F and 5G).

We then explored myelin preservation along the injured area by

myelin binding protein (MBP) immunostaining, and we found an

enhanced myelinated area in NaChBac mice compared to control

mice (Figure 5H). Accordingly, we found better preservation of

NaChBac-GFP, ****p < 0.0001. (E) Graphs depicting the percentage of correct placement of both hindpaws of animals from all treatment groups in the ladder beam test 1 day

before sacrifice (left), and the percentage of animals from each treatment group receiving the scores for the ladder beam test (right). Two-way ANOVA followed by Tukey’s

post hoc test, **p = 0.0095. (F) Graphs depicting response-evoking threshold force (g) at which animals retracted their paws. One-way ANOVA followed by Tukey’s post hoc

test. Data presented as mean ± SEM.
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Figure 5. Evaluation of injured area and neuronal fiber preservation after transplantation of NaChBac-expressing DRGs

(A) Representative images of horizontal spinal cord sections for GFAP staining (red) and GFAP-negative injured area identification (delimited in yellow) in all treatment groups.

GFAP, red; DAPI, blue. Scale bar, 500 mm. (B) Quantitation of the GFAP-negative injured area normalized to the total area from (A). One-way ANOVA followed by Tukey’s post

hoc test. (C) Quantification of CST sprouting normalized to tract area by GFP detection from (E). One-way ANOVA followed by Tukey’s post hoc test. (D) Representative

images of GFP (traced CST) rostral to the injury in all treatment groups. White arrows indicate complete degeneration of traced CST. GFP, green. Scale bar, 500 mm. (E)

Representative images of the CST (center, parallel bundles) and sprouting (collaterals) in all treatment groups. GFP, green. Scale bar, 200 mm. (F) Representative images of

(legend continued on next page)
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neuronal fibers in the spinal cord, detected using b-III-tubulin stain-

ing, rostral to the injury (Figures 5I and 5J).

Collectively, we find that NaChBac-GFP transplant improves the

myelin and rostral neuronal fiber preservation without significantly

improving CST sprouting nor 5HT fibers in the chronic stage of SCI.

NaChBac increases the excitatory profile of host neurons within

the relay zone and immediately caudal to the injury

Finally, we studied whether the reported improvement in locomotor

function of NaChBac-GFP-transplanted mice was associated with

altered synaptic inputs of host neurons and their activity.

First, we analyzed the effect of DRG transplants on the neuroprotec-

tion of host neurons following SCI. No significant differences in

endogenous neuronal survival rates between the experimental groups

were found (as measured by NeuN quantification; Figures S2C and

S2D), suggesting that Control-GFP or NaChBac-GFP DRG trans-

plants failed to reduce the neuronal death after SCI.

We next explored whether the transplantation of NaChBac-GFP-

expressing dissociated DRGs could influence neuronal activity

within the relay zone (between hemisections). We studied the excit-

atory and inhibitory profiles of endogenous neurons within the

hemisections and caudal to the injury by quantifying the number

of excitatory vesicular glutamate transporter 1/2 (VGLUT1/2)-

and inhibitory vesicular GABA transmitter (VGAT)-positive con-

tacts in each neuron. VGLUT1 is a marker of pre-synaptic contacts

from the CST and primary afferent fibers, while VGLUT2 is a pre-

synaptic marker in supraspinal (other than CST) and propriospinal

contacts.65,66 VGAT is a transporter for the inhibitory neurotrans-

mitter GABA (g-aminobutyric acid).67 Since the double-staggered

hemisection model disrupts all supraspinal input after the second

hemisection, we considered VGLUT1 expression caudal to the

injury as almost exclusive to primary afferent fibers and VGLUT2

to propriospinal neurons.68 At the injury site, we uncovered an in-

crease in the number of VGLUT2 contacts (Figure 6A) per neuron

in NaChBac mice compared to control groups (Figure 6B). Howev-

er, no significant change in the number of VGAT contacts (Fig-

ure 6C) was detected (Figure 6D). This indicates that NaChBac-ex-

pressing DRG transplant could induce synaptic contacts between

supraspinal (other than CST) and propiospinal neurons, propiospi-

nal and propiospinal neurons, or both.

Caudal to the injury, we also observed increased VGLUT2 contacts

per neuron in the NaChBac-expressing DRG-transplanted group

compared to control groups (Figures 6E and 6F). Similar results

were obtained when analyzing VGLUT1-positive contacts per neuron

in the same region (Figures S4A and S4B). Strikingly, our analysis of

VGAT signal immediately caudal to the injury revealed an expression

profile almost opposite to VGLUT2, showing a significant decrease in

the number of VGAT contacts per neuron in the NaChBac-express-

ing DRG-transplanted group compared to control (Figures 6G

and 6H).

We also measured the VGLUT1/2 signal within the lumbar segments

of the spinal cord. Given the specific distribution of VGLUT1/2 across

the laminae,65 we studied the VGLUT2-positive area in cross sections

at the lumbar enlargement (L1–L6), differentiating between different

spinal cord laminae I–X, as represented in Figure 6I (upper left), but

we did not detect differences between groups (Figure 6J) nor in the

VGLUT1-positive area (Figures S4C and S4D).

Our findings suggest an altered excitation/inhibition balance biased

toward excitation within both the injury relay zone and the immedi-

ately caudal-to-injury region in the NaChBac-expressing DRG-trans-

planted mice. Along with increased neuronal fiber preservation, we

propose that the transplant of NaChBac-expressing DRG neurons

stimulates relay circuit activity, causing reorganization in the host

excitatory/inhibitory input ratio, which is maintained immediately

caudal to the injury and contributes to an improvement in the loco-

motor function after complete SCI.

DISCUSSION
When transplanted within the injured site, rat neonatal DRGs genet-

ically modified to overexpress NaChBac rescued locomotor function

in a severe SCI model. NaChBac dissociated DRGs could promote

early establishment of detour circuits within descending tracts and

propriospinal interneurons, which relay information as seen with a

maintained excitatory input and neuronal activity immediately below

the injury.

NaChBac expression decreases the neuronal activation threshold and

produces long depolarization waves in CNS neurons.36–41 The expres-

sion of NaChBac in DRG neurons increased their intrinsic activity and

prompted a slow activating and inactivating inward current character-

istic of this sodium channel at hyperpolarizing voltages around

�50 mV. In both CNS41 and DRG neurons, NaChBac increases intra-

cellular Ca2+ influx and levels of intracellular cAMP in DRG neurons.

Ca2+ and cAMP intracellular influx influences fundamental physiolog-

ical processes such as cell survival, differentiation,42 and initiation/

propagation of nerve impulses.69,70 Therefore, NaChBac expression

may contribute to accelerated neuron maturation41 or modulate

neuronal plasticity.71,72 In adult neuronal repair, the conditioning

lesion paradigm (a phenomenon where a previous insult to the periph-

eral axon of DRGneurons leads to a switch in the regenerative capacity

preserved 5HT (red) fibers within the SCI in all treatment groups. DAPI, blue; NeuN, green. Scale bars, 500, 100 mm. (G) Quantification of 5HT preservation (serotonergic)

fibers in the lesion site from (F). One-way ANOVA followed by Tukey’s post hoc test. (H) Graphical representation of MBP staining preservation along the injury. One-way

ANOVA followed by Tukey’s post hoc test; #p = 0.01, ****p < 0.0002. (I) Representative images of b-III-tubulin-positive (yellow) preserved fibers rostral to the injury in all

treatment groups. b-III-tubulin, yellow; DAPI, blue. Scale bars, 500, 100 mm. (J) Graphical representation of preserved b-III-tubulin-positive fibers (yellow in I) rostral to, within

the injury site, and caudal to the injury site from (I). One-way ANOVA followed by Tukey’s post hoc test, *p = 0.03. Unless specified, n = 4–7. Data presented as mean ± SEM.
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of the central axon) is mediated by the upregulated expression of

several regeneration-associated genes after increased levels of intracel-

lular Ca2+ and cAMP within DRG neurons.73–76 Since NaChBac

expression increased both Ca2+ and cAMP in DRGs, we hypothesized

that NaChBac could induce a pro-regenerative state of DRG neurons

transplanted within the SCI.

NaChBac prompts neuronal survival by increasing neuronal excit-

ability.37–39 In neuroblastoma cells, NaChBac expression increased

proliferation and promoted cell survival. Bcl-2 regulates Ca2+ homeo-

stasis,77 while Ca2+ influx activates AKT signaling,43 which, in turn,

also modulates the mTOR complex.78 We confirmed an increase in

p-AKT and p-mTOR after NaChBac expression, suggesting the in-

duction of Ca2+-dependent signaling. The mTOR pathway is induced

after PTEN downregulation,79 associated with increased CST regen-

eration and functional recovery after SCI.15,64 Indeed, mTOR

activation represents a relevant pathway for neuronal survival and

regeneration after SCI.80 We postulate that AKT/mTOR axis activa-

tion by NaChBac expression can aid in overcoming inhibitory re-

sponses after transplantation of NaChBac-GFP dissociated DRGs.

Indeed, NaChBac expression induced an increase in the secretion of

neurotrophic factors in dissociated DRGs in vitro, including relevant

neurotrophins such as BDNF, GDNF, and NGF. This suggests that

NaChBac-transplanted cells can contribute to and promote an envi-

ronment that supports neuronal preservation and synaptic plasticity,

which could contribute to further neuronal functional recovery.81

BDNF has been shown to enhance neuronal survival and increase

plasticity of tracts, including the CST.82NGF is known to have a neu-

roprotective effect and, when overexpressed in transplanted neural

stem cells, modulates injury environment and promotes functional

recovery.83 VEGF, which promotes revascularization after SCI, can

also promote functional recovery by preventing secondary degenera-

tion after SCI.84 Similarly, GDNF improves neuronal survival and

axonal regeneration and inhibits secondary damage post-SCI.85

IGF-1 has been shown to exhibit neuroprotective effects by prevent-

ing apoptosis,86 whereas GM-CSF can attenuate glial scar forma-

tion.87 Subcutaneous administration of PDGF-AA has also been

shown to contribute to functional recovery by increased oligodendro-

cyte survival and therefore increased myelination and motor neuron

survival.88

DRG neurons transplanted within the injury site survived for at least

14 days and exhibited long axons; however, we did not observe trans-

planted cells after 2months. A low number of DRG neurons surviving

following xenotransplantation were previously reported by the Silver

laboratory, where adult mouse DRG neurons transplanted in adult

rats displayed a significant decrease in survival 2 weeks after

transplantation.31,32

While increased endogenous neuronal activity induced by NaChBac

expression improved cell survival during development38 and integra-

tion into adult circuits,39 these studies do not involve an injury. We

found a higher number of NaChBac-expressing cells filling the

injured tissue following NaChBac-GFP transplantation compared

to Control-GFP transplantation 14 days after the injury. Several

studies suggest that neuronal activity plays a crucial role in neuron

migration during development89,90; therefore, NaChBac could pro-

vide additional migratory capacity to neurons but not glial cells.

Indeed, upon NaChBac-GFP transplantation, NaChBac DRG neu-

rons migrated away from the injury epicenter in the rostral direction.

These enhanced migratory properties could provide additional bene-

fits by maintaining activity near the degenerating tracts rostral to the

injury. Activity-based stimulation can also improve CST remodeling

after SCI.56,57 Our findings report promising results, with increased

preservation of the injured CST and the formation of a more permis-

sive environment in mice transplanted with NaChBac-expressing

DRG neurons (Figures S2A and S2B). This may occur due to the

migration of neurons near the CST and a permissive environment

formed by the glial cells transplanted alongside DRG neurons from

the dissociated DRG cultures.

The double-staggered lateral hemisection injury model offers a robust

scenario to study spontaneous recovery because spared axons be-

tween the two injured segments can form short detour circuits with

propriospinal interneurons that relay information, while all descend-

ing tracts become severed.5,13,58,91A steady increase in locomotor per-

formance was observed based on the ladder beam assay and BMS

scores of mice transplanted with NaChBac-expressing dissociated

DRGs 2 months after injury. Although NaChBac-expressing dissoci-

ated DRGs enhanced CST sprouting and preservation 2 weeks after

injury, no differences between mice were observed 2 months later.

Figure 6. Excitatory and inhibitory synaptic terminals within injury and immediately caudal to injury after transplantation of NaChBac-expressing DRG

neurons

(A) Representative images illustrating NeuN (magenta) and VGLUT2 (yellow) contact sites with neurons within the injury site in all treatment groups. Scale bar, 10 mm. (B)

Quantification of VGLUT2 contacts per neuron, from (A). One-way ANOVA, Kruskal-Wallis test. Non-transplanted vs. NaChBac-GFP, ####p < 0.0001; Control-GFP vs.

NaChBac-GFP, ****p < 0.0001. (C) Representative images illustrating NeuN (magenta) and VGAT (red) contact sites with neurons within the injury in all treatment groups.

Scale bar, 10 mm. (D) Quantification of VGAT contacts per neuron, from (C). One-way ANOVA, Kruskal-Wallis test. (E) Representative images illustrating NeuN (magenta) and

the VGLUT2 (yellow) contacts with neurons immediately caudal to the SCI in all treatment groups. Scale bar, 10 mm. (F) Quantification of VGLUT2 contacts per neuron

immediately caudal to injury, from (E). One-way ANOVA, Kruskal-Wallis test. Non-transplanted vs. NaChBac-GFP, ####p < 0.0001; Control-GFP vs. NaChBac-GFP,

****p < 0.0001. (G) Representative images illustrating NeuN (magenta) and the VGAT (red) contacts with neurons immediately caudal to the SCI in all treatment groups. Scale

bar, 10 mm. (H) Quantification of VGAT contacts per neuron, from (G). One-way ANOVA, Kruskal-Wallis test. Non-transplanted vs. NaChBac-GFP, ##p = 0.0038; Control-GFP

vs. NaChBac-GFP, ****p < 0.0001. Each dot represents an individual neuron in (B), (D), (F), and (H). Unless specified otherwise, n = 4. (I) Representative images showing the

identified layers of VGLUT2 staining in the lumbar spinal cord in all treatment groups; NeuN, magenta; VGLUT2, yellow; and DAPI, blue. Scale bar, 100 mm. (J) VGLUT2-

positive area relative to total area quantified in the lumbar region of the spinal cord (L1–L6) (n = 4). Two-way ANOVA followed by Tukey’s post hoc test. Data presented as

mean ± SEM.
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This indicates that early remodeling with alternative neuronal con-

nections above CST innervation contributed to later functional recov-

ery. Since we failed to detect differences between treatment groups

upon 5HT fiber staining, we discarded the raphespinal contribution.

Nevertheless, given the significant overall increase in the preservation

of myelin across the injury and of b-III-tubulin fibers rostral to

the injury, we hypothesized that the reticulospinal, rubrospinal,

and/or vestibulospinal tract could contribute to the descending input.

The improved locomotion observed in mice transplanted with

NaChBac-GFP dissociated DRGs could relate to improved overall

myelin and neuronal fiber preservation rostral to the injury and in-

crease in VGLUT2 contacts per neuron. We hypothesized that,

without major descending tracts after SCI, neuronal fibers would

form relay connections with propriospinal interneurons.

During development, pruning of connections is associated with loss

of neuronal activity.92 Interestingly, SCI leads to a loss of supraspinal

inputs4 and remodeling of neurotransmitter phenotype from excit-

atory to inhibitory,17 accompanied by neuronal inactivation leading

to locomotor deficits.16 However, SCI can induce circuit rearrange-

ments by sprouting and/or forming relay circuits to transmit infor-

mation below the injury to maintain neuronal function.9,11–13

Increased neuronal activity contributes to neuroplasticity,93 neuronal

rewiring,94 and functional recovery after SCI.14 These findings high-

light the importance of maintaining neuronal activity caudal to the

injury to support the function beneath the injury and improve the for-

mation of detour circuits after SCI.95 Supraspinal neurons that project

into the spinal cord (except CST) and propriospinal neurons express

VGLUT2.65,66 Since descending inputs are interrupted, the double

hemisection model enables the formation of relay circuits within

the injury site and ensures the exclusivity of VGLUT2 expression to

propriospinal neurons caudal to the injury.68 In contrast, the inhibi-

tory profile can be studied through VGAT expression.67We found no

changes in endogenous neuronal preservation between all treatment

groups; rather, the number of VGLUT2 excitatory contacts received

by each neuron significantly increased following the transplantation

of NaChBac-expressing dissociated DRGs within the relay zone and

immediately caudal to the injury compared to both control groups.

We encountered a similar increase in VGLUT1 excitatory inputs

immediately caudal to the injury in mice transplanted with

NaChBac-expressing DRG neurons compared to both control

groups, arising from preserved primary afferents. Within the relay

zone, it remains unclear whether the increase in VGLUT2 contacts

derives from an increase in supraspinal input, an increase in the relay

activity of propriospinal neurons, or both. Our study revealed the

maintenance of this increase in VGLUT2 contacts immediately

caudal to injury, attributed to propriospinal neurons by virtue of

this model.

Notably, we did not observe changes in VGAT expression within

the relay zone; rather, we discovered a significant decrease in

VGAT expression in NaChBac-GFP mice immediately caudal to

the injury compared to both control groups. Together, this suggests

that NaChBac-GFP increased the activity in the relay zone due to

preserved VGLUT2-positive descending tracts, relay circuit forma-

tion with the propriospinal interneurons, or both, and given the

maintenance of this profile immediately caudal to the injury, our

data suggest a role for short propriospinal neurons in the relay input

immediately caudal to the injury. These data suggest that mice

transplanted with NaChBac-expressing dissociated DRGs maintain

relay activity below the injury. The decrease in VGAT expression

and increase in VGLUT2 expression can ultimately explain func-

tional improvements.

Severe SCI induces rewiring in denervated spinal cord segments,

which can lead to undirected and abnormal plasticity in the lumbar

region of the spinal cord.68 Since we did not observe differences in

VGLUT2 nor VGLUT1 staining in the lumbar region between treat-

ment groups, we hypothesized that mice transplanted with NaChBac-

expressing DRG neurons only maintain a detour circuit activity

immediately caudal to the injury, thereby preventing undirected plas-

ticity in the lumbar region and promoting functional recovery.

Enhancing neuronal activity mimicking NaChBac-mediated excita-

tion, achieved, for instance, by using sodium channel activators

such as veratridine and aconitine, which act by shifting and lowering

the potentials at which the channels open and give rise to longer cur-

rents, would be employed as an alternative therapeutic strategy.96

However, targeted delivery and adequate dosage with a controlled ki-

netics must be considered to prevent potential undesired effects.97

In conclusion, we describe the effect of transplanting dissociated

DRGs with increased intrinsic activity provided by the expression

of NaChBac after SCI. Our findings indicate that NaChBac-express-

ing dissociated DRGs maintain activity from supraspinal inputs and

form detour circuits. Transplantation in a single-hemisection model

leads to early CST preservation, and in a double-hemisection model

shows a significant preservation of VGLUT2-positive descending

inputs due to an increased relay circuit formation with propriospinal

interneurons, maintained immediately below the injury. This rein-

forces the importance of maintaining the excitation/inhibition ratio

immediately caudal to SCI, highlighting its role in enhancing the for-

mation of relay circuits, and conveys the importance of developing

new therapeutic strategies focused on that point.

MATERIALS AND METHODS
Culture of dissociated DRGs

DRGs were isolated from neonate rats at P3–P4, as previously

described.98 Briefly, DRGs were dissected from all medullar segments,

pooled, and collected in cold Hank’s balanced salt solution (HBSS).

Residual spinal roots and nerves attached to the DRGs were removed.

DRGs were digested with collagenase IA (no. C9891, Sigma) for

35 min, followed by 7 min digestion with Tryple (GIBCO cat. no.

12563-011). Digested DRGs were suspended in complete medium

(MM: DMEM F12 + 10% fetal bovine serum [FBS] + 1% penicillin/

streptomycin [P/S] and 2.5 ng/mL NGF [13257-019, Gibco]), me-

chanically dissociated with a 1,000 mL blue pipette tip, and plated

on coverslips or plastic plates coated with poly-L-lysine (no. P2636,

Sigma) 20 mg/mL overnight at 37�C and laminin (no. L2020, Sigma)

www.moleculartherapy.org

Molecular Therapy Vol. 32 No 6 June 2024 1751



10 mg/mL for 3 h at 37�C at various densities, as described later. AraC

(no. C1768, Sigma) (5 mM) was added after 16 h to reduce glial cell

growth. Half the medium volume was refreshed every 3 days.

Stable NaChBac expression

Sequence coding for NaChBac fused to eGFP was obtained from the

NaChBac FRSW plasmid (kindly provided by Dr. Carlos Lois)39 and

cloned into the pLL3.7 lentiviral vector (Addgene, no. 11795). For

lentiviral production, the HEK293T cell line was transfected with

the pLL3.7-NaChBac-eGFP construct or pLL3.7 empty vector

together with amphitropic packing and envelope-containing con-

structs using the calcium phosphate method,99 as described in Sán-

chez-Huertas et al. and Rubinson et al.100,101

DissociatedDRGneurons or the stablemouseneuroblastomaN2Acell

line were transformed to overexpress NaChBac-eGFP (NaChBac-

GFP) or empty vector containing eGFP (Control-GFP) by infecting

the cell cultures 4 h after plating with pLL3.7-NaChBac-eGFP or

pLL3.7 empty vector lentiviral particles at MOI 10. For calcium imag-

ing experiments, dissociated DRG cultures were transformed to over-

express pLL3.7-NaChBac-mScarlet (NaChBac-mScarlet) or pLL3.7-

mScarlet (Control-mScarlet) to distinguish from Fluo-4AM.

N2A cell survival

N2A cells expressing NaChBac-GFP or Control-GFP were plated at a

density of 300,000 cells/well in a six-well plate to create a proliferation

curve. Cells were trypsinized and counted in a Neubauer chamber on

days 2, 3, 4, and 5. Trypan blue (15250061, Thermo Fisher Scientific)

was added to highlight dead cells. For hypoxic stimulation, cells were

placed in a hypoxia chamber set at 1% oxygen for 24 h, trypsinized,

and counted by adding Trypan blue.

Western blotting

Total protein from N2A cells was extracted using lysis buffer con-

taining 1� Protease Inhibitor Cocktail (11836153001, Roche Diag-

nostics), 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40,

and 1 mM orthovanadate. Protein concentrations were determined

using the BCA Protein Assay Kit (no. 23225, Thermo Fisher Scien-

tific). Equal amounts of protein were separated by 10% SDS-PAGE,

transferred to a polyvinylidene fluoride (PVDF) membrane, and

blocked with 5% bovine serum albumin in T-BST buffer (20 mM

Tris-HCl [pH 7.4], 150 mM NaCl with 0.1% Tween 20) for 1 h at

room temperature and incubated at 4�C overnight with the

following primary antibodies: rabbit phospho-mTOR 1:1,000 (no.

2971, Cell Signaling), rabbit mTOR 1:1,000 (no. 2972, Cell

Signaling), mouse Bcl2 1:100 (no. sc-7382, Santa Cruz Biotech-

nology), mouse phospho-AKT 1:1,000 (no. sc-293125, Santa Cruz

Biotechnology), rabbit caspase 3 1:1,000 (no. 9622s, Cell Signaling),

rabbit AKT 1:1,000 (no. 4691s, Cell Signaling), and mouse b-actin

1:10,000 (no. A1978, Sigma).

Signal detection was performed with a chemiluminescence kit (ECL

Plus western blotting detection reagent; GE Healthcare) and bands

were developed using the Uvi-Tech Alliance Q9 chemiluminescence

imaging system. Relative protein expression was quantified using

Uvi-Tec NineAlliance Q9 h software.

Electrophysiology recordings

Small-diameter (<30 mm) DRG neurons were recorded in voltage and

current-clamp modes using an EPC10 amplifier controlled by Patch-

master software (HEKA Elektronik). Experiments were performed in

whole-cell configuration atz22�C. Briefly, patch pipettes made from

borosilicate glass with OD 1.5 mm � ID 1.17 mm (Warner Instru-

ments) were pulled using a Flaming/Brown micropipette puller

P-97 (Sutter Instruments) to have 2–5 MU resistance. Seal resistance

was between 200 MU and 2 GU, and series resistance was compen-

sated for around 80%.

GFP-positive DRG neurons at 72–96 h post-infection were selected

using a fluorescence microscope (Axiovert 200 Inverted Microscope,

Carl Zeiss). Extracellular solution contained 140 mM NaCl, 4 mM

KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 5 mM glucose,

20 mM mannitol (pH 7.4 adjusted with NaOH). The pipette internal

solution contained 144 mM KCl, 2 mM MgCl2, 10 mM HEPES, and

5 mM EGTA (pH 7.2 adjusted with KOH).

Resting membrane potential was determined without current injec-

tion after establishing whole-cell access. One second current depo-

larizing pulses from 0 to 300 pA in 10 pA intervals were applied to

calculate the rheobase and firing frequency. The minimum current

required to evoke the first action potential was considered the cur-

rent rheobase. The action potential parameters were measured in

the action potential fired at the minimum current injected using

10 ms depolarizing pulses from 0 to 300 pA in 10 pA steps. The

action potential’s voltage threshold (Vth) was set when the up-

stroke slope was R10 V/s. The action potential amplitude was

calculated between the resting membrane potential and the action

potential peak.

A series of 300 ms voltage steps from �80 to 60 mV in 10 mV inter-

vals was applied for voltage-clamp recordings (Vh = �60 mV). Data

were acquired at 20 kHz for all the protocols. Only one cell per dish

was recorded.

Calcium live imaging

Four days after seeding at a density of 21,000 cells/cm2 in 24-well

plates with a glass surface (662000-06, Greiner Bio-One) and infect-

ing with either NaChBac-mScarlet or Control-mScarlet, the cultures

were treated with Fluo-4AM (no. F14201, Thermo Fisher) at 3 mM

for 30 min according to the manufacturer’s instructions. A Leica

TSP-SP8 confocal microscope was used, as it includes resonant scan-

ning mirrors for real-time live imaging.102 Recording started around

10–20 s before depolarization by directly adding 100mMKCl into the

well and continued for 60 s.

The change in fluorescence of the cells was determined using LasX

software. Data were screened so that neurons not responding to depo-

larization by KCl were discarded from the analysis.
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cAMP level determination

Four days after infection with NaChBac-GFP or Control-GFP, cAMP

was extracted from cells using the perchloric method.103 The chro-

matographic conditions for cAMP detection were optimized to the

XBridge C18 2.1� 75, 2.5 mm (no. 186005626, BEH Technology,Wa-

ters, USA), based on the work of Wojnicz et al.104 The mobile-phase

composition was component A, 0.1% formic acid in water; compo-

nent B, 100% acetonitrile. The conditions for the chromatographic

run were flow rate 0.4 mL/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. Volume

injected was 25 mL.

Secretome analysis

For secretome analysis, in vitro dissociated DRG cultures were used.

Three days after infection with NaChBac-GFP or Control-GFP, cul-

ture medium was changed to low-serum medium: MEM + 2%

FBS + 1% P/S. Medium was collected 24 h later and stored at

�20�C until use. Array analysis was performed using Rat Growth

Factor Array 1 (no. AAR-GF-1-2, RayBiotech, GA, USA). Briefly, un-

diluted culture mediumwas directly incubated over a membrane well,

followed by washes and antibody incubations, and visualized using

the Uvi-Tech Alliance Q9 chemiluminescence imaging system.

Data were analyzed as per the manufacturer’s instructions (n = 2).

BDNF secretion was used to additionally validate these data by using

an ELISA kit (CC-SEA011Hu, Biogen Científica, Madrid, Spain) for

BDNF in a different set of samples (n = 2). Similar data were obtained

when medium from N2A culture was employed using the same array

and the BDNF ELISA (data not shown).

SCI and DRG transplantation

All in vivo procedures were performed in female C57BL/6 mice (ap-

prox. 20 g, 8 weeks of age) bred at the Animal Experimentation Unit

of the Príncipe Felipe Research Institute (CIPF, Valencia, Spain). The

maintenance and use of all animals followed guidelines established by

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

Spanish Royal Decree 53/2013. All experimental procedures were

approved by the Animal Care and Use Committee of the Research

Institute Prince Felipe (2020/VSC/PEA/0120). The experimental pro-

tocol included humane endpoint criteria when severe signs of distress

were observed. Mice were housed under standard temperature condi-

tions with controlled 12 h light/dark cycles with ad libitum access to

food and water. Animals were managed by professionally trained

staff. Female mice were used for this study due to shorter urinary tract

and decreased infection susceptibility.105

Two models of SCI by hemisection were performed. To induce SCI,

mice were subcutaneously administered 5 mg/kg morphine 30 min

before the surgery, and anesthesia was maintained throughout the

surgery by a continuous flow of 2% isoflurane and oxygen of

1 L/min.

Single T8 hemisection was performed as described in Kathe et al.106

Briefly, a laminectomy was performed to expose T8, and a lateral right

hemisection was performed using a micro scalpel blade (no. 72-2201,

Sharpoint Angiotech). The incision was performed twice to ensure

complete severing. The muscle and skin layers were then separately

sutured using 4/0 monosyn sutures (no. G2022004, Braun). Animals

for the single-hemisection approach were distributed into two groups:

(1) SCI and Control-GPF-expressing dissociated DRG transplant

(Control-GFP) and (2) SCI and NaChBac-eGFP-expressing dissoci-

ated DRG transplant (NaChBac-GFP); n = 8–9 animals/group for his-

tological analysis.

Complete injury was performed by the T7–T10 double unilateral

complete hemisection model as described by Chen et al.5 After T7–

T10 laminectomy, an incision was made using a micro scalpel blade

(no. 72–2201, Sharpoint Angiotech) on the right T7 side and the

left side at T10 level until midline. These incisions were performed

twice to ensure complete severing. Animals for the double-hemisec-

tion approach were placed into three groups: (1) SCI and no cell

transplant (non-transplanted), (2) SCI and Control-GPF dissociated

DRG transplant (Control-GFP), and (3) SCI and NaChBac-eGFP

dissociated DRG transplant (NaChBac-GFP); n = 8–12 animals/

group for locomotion analysis; n = 4–7 for histological analysis.

Transplants were performed immediately after the incision in a single

injection at T8 (150,000 cells in 3 mL volume) using a Hamilton sy-

ringe (no. 80308) coupled to a siliconized sharpened glass capillary

attached to a Nanoliter injector (Harvard Apparatus). Cells were

infused at 2 mL/min and allowed to deposit for 2 min before the capil-

lary was removed.

All animals were subcutaneously administered buprenorphine twice

daily (0.1 mg/kg) for 4 days after surgery and enrofloxacin once a

day for a week after surgery (5 mg/kg). Bladder drainage was per-

formed twice daily until recovery or the experimental endpoint.

The immunosuppressant cyclosporine (once a day, 20 mg/kg) was

administered 1 day before transplantation until endpoint.

Neuroanatomical tracing

Tracing of the hindlimb CST was performed as described by Hilton

et al.50 at coordinates AP �0.50, ML ±1.50, and DV �0.70 from

bregma. In the model of complete SCI by double hemisection,

1.5 mL of pAAV-hSyn-EGFP (no. 50465, Addgene) (titer

3.75 � 1011) was injected into the right hemisphere and 1.5 mL of

pAAV-hSyn-RFP (no. 22907, Addgene) (titer 3.75 � 1011) into the

left hemisphere. In the model of SCI by single hemisection, 1.5 mL

of pAAV-hSyn-RFP was injected into both the right and the left mo-

tor cortex.

Locomotion analysis

Functional outcomes were evaluated by locomotor recovery using

BMS59 twice a week. The horizontal ladder beam test60 was also per-

formed to assess hindlimb coordination. Animals were recorded

crossing a horizontal ladder for at least three rounds.107 After care-

fully considering the videos, we employed a scaling method adapted

from Cummings et al.,60 where score values were assigned to the

terms described instead of names.
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Von Frey test

The Von Frey allodynia test was performed as described, following

the “ascending stimulus” method described in Deuis et al.108 Briefly,

Von Frey filaments in ascending order were applied an equal number

of times (three) for each paw until a withdrawal was recorded and as-

signed as the “mechanical withdrawal threshold” (g). The mean of

each paw was then plotted.

Tissue processing, tissue imaging, and analysis

At experimental endpoints, animals were anesthetized with fentanyl

(0.05 mg/kg) and pentobarbital (100 mg/kg) via intraperitoneal injec-

tion. Tissue fixation was achieved by transcardial perfusion with

0.09% w/v saline, followed by 4% paraformaldehyde in 0.1 M phos-

phate buffer. Spinal cords were dissected, kept in 4% paraformalde-

hyde solution for 4 h, and stored in 0.1M phosphate buffer containing

0.02% sodium azide.

Thoracic segments T2–T12 were obtained and either cryopreserved

in 30% sucrose for inclusion in Tissue-Tek OCT (Sakura Finetek Eu-

rope BV) and stored at�80�C until sectioning or included in paraffin.

Paraffin-embedded tissue was sectioned in longitudinal sections

(8 mm) and collected on gelatin-coated slides in five series. Cryopre-

served tissue in longitudinal or coronal (as specified) 35 mm sections

were collected in six series in wells containing cryoprotectant solution

(25% v/v glycerol, 30% v/v ethylene glycol in 0.1 M phosphate buffer).

Immunohistochemistry

Sections embedded in paraffin were first heated at 65�C for 30 min to

remove excess paraffin, followed by rehydration and deparaffiniza-

tion carried out in the Leica Autostainer. Next, an antigen retrieval

procedure was performed: sections were incubated for 25 min in

Tris-EDTA buffer (10 mM Tris base, 1 mM EDTA solution, 0.05%

Tween 20 [pH 9]) at 97�C.

In the case of cryopreserved tissue, no previous steps were performed.

Sections were then blocked and permeabilized with a solution of 10%

FBS, 5% horse serum, and 0.1% Triton X-100 in PBS for 1 h at room

temperature and incubated with primary antibody solution overnight

in a humid chamber. Primary antibodies were employed using the

following dilutions: rabbit anti-GFAP (1:600, Z0334, DAKO), mouse

anti-b-III-tubulin (1:400, 11-264-c100, EXBIO), chicken anti-GFP

(1:1,000, ab13970, Abcam), guinea pig anti-RFP (1:1,000, 390004,

Synaptic Systems), rabbit anti-serotonin (1:400, S5545, Sigma),

guinea pig anti-VGLUT1 (1:400, 135305, Synaptic Systems), rabbit

anti-VGLUT2 (1:400, 135402, Synaptic Systems), rabbit anti-VGAT

(1:400, 131002, Synaptic Systems) and chicken anti-NeuN (1:600,

ABN91, Merck Millipore), rabbit anti-Iba-1 (1:400, 019-19741,

FUJIFILM Wako Chemicals Europe), rabbit anti-MBP (1:400,

ab69863, Abcam), and mouse anti-fibronectin (1:400, sc-8422,

San Cruz).

Conjugated secondary antibodies Alexa Fluor 488, 555, and 647 were

used against the respective IgG for 1 h at room temperature. Slides

were counterstained with DAPI (1:1,000, no. D9542, Sigma) and

mounted with Mowiol (no. 81381, Sigma).

Images from the histological analysis were acquired from either an

Aperio Versa scanner or Zeiss Apotome, visualized, and analyzed us-

ing a Leica AperioScope and ImageJ.

Quantification of cell number

The total number of cells/neurons (Figure S1C) was counted manually

across an entire series of each animal and then multiplied by the total

volume of the series to estimate the total number of cells in the entire

spinal cord. In some animals, the total number of cells was counted

in clarified spinal cords (clarified following the protocol described by

Tainaka et al.109), imaged using a Zeiss Light Sheet fluorescencemicro-

scope, and visualized using IMARIS software. Each analysis was first

normalized to the mean of its control to compare the analysis.

Rostral migration

Images of (cryopreserved) longitudinal sections were taken using the

Aperio Versa scanner and visualized using AperioScope software. The

lesion and injection center weremanually marked as the site as per the

damage to the tissue, and a horizontal line to the farthest transplanted

cell (GFP positive) in both directions, caudal and rostral, was drawn.

CST passing through the transplant

The transplanted area was traced manually in ImageJ (Figure S2A),

and the area of CST passing through this area was calculated by

applying the same threshold for all sections. Data were normalized

to total transplanted area.

CST preservation after lesion

To calculate the positive pixels in the CST after injury, themidpoint of

every injury (identified by the degradation of the CST and the tissue)

was marked as 0 (no pixel value). Next, the same area and threshold

values were applied to the images. Using Dynamic ROI Profiler in Im-

ageJ, the positive pixels for CST per column of the image were ob-

tained using the following equation X*H/255 = Y, with X being the

data provided by the histogram, H the height of the selected area in

pixels, 255 the maximum positive pixel value, and Y the positive

pixels. These data were then represented as positive pixels/micro-

meter of the image from the midpoint of the injury.

CST sprouting analysis

CST sprouting analysis in the T7–T10 double lateral hemisection

model was analyzed in the following manner: positive area of the de-

scending CST fibers (GFP expressing) transduced by the injection of

the AAV9-Synaptophysin-GFP particles in the right hemisphere of

the motor cortex area was measured and normalized to the traced

tract area. The analysis was carried out in an entire series of animals

throughout the dorsoventral axis from T3 to T6 (rostral to the lesion)

in at least seven paraffin longitudinal slices per animal.

Coronal (cryopreserved) sections immediately rostral to the lesion

site (T3) were analyzed for the single lateral hemisection model.
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The positive area of CST fibers (RFP expressing) was normalized to

the CST traced area.

GFAP-negative area

The injured and scarred area was characterized by the delimiting

border-forming astrocytes.110,111 The extension of the scar was taken

as a GFAP-negative area delimited by the GFAP-positive border and

manually traced using the AperioScope software. Analysis was per-

formed in paraffin longitudinal sections of the T2–T13 zone in at least

six or seven slices throughout the dorsoventral axis of the spinal cord

per animal. Values were normalized to the total tissue area.

GFAP expression analysis

Since GFAP expression is upregulated in reactive astrocytes, to deter-

mine the reactivity in astrocytes, we used GFAP immunoreactivity

and measured the mean intensity of the area expressing GFAP sur-

rounding the injury. Briefly, a border delimiting the injury area was

manually traced (thickness of 100 mm from injury) and the mean in-

tensity of that area was measured in ImageJ. This intensity was then

normalized to GFAP immune-reactivity intensity away from the

injury site. Analysis was performed in paraffin longitudinal sections

of the T2–T13 zone in at least six or seven slices throughout the

dorsoventral axis of the spinal cord per animal.

Inflammatory microglia profile analysis

Iba-1 staining was used to study the inflammatory profile of microglia

based on their morphology.112 ImageJ was used to obtain the circu-

larity of each Iba-1+ cell. According to their circularity, Iba-1+ cells

were then divided into two subtypes: (1) circular Iba-1+, c < 0.25,

or (2) ramified Iba-1+, where c > 0.25. At least six images per section

and three sections per animal were obtained around the injury area

for this analysis.

Neuronal fiber analysis

The global preservation of neuronal fibers was identified by b-III-

tubulin immunostaining rostral and caudal to the injury and within

the injury, while excluding somas in the gray matter. Preservation

of serotonin fibers was evaluated by 5HT immunostaining. Paraffin

longitudinal sections were stained and evaluated in an entire series

for every animal. A positive signal was measured by applying the

same threshold for images taken at the same intensity and exposure

at 1 mm segments for b-III-tubulin or 1.5 mm for 5HT staining in

the rostral region (including T6) and caudal region (including T11)

as well as in the lesion site (T7–T10). Each of these measurements

(in pixels/mm2) was expressed as a percentage of positive area

normalized to the total area analyzed.

Myelin preservation analysis

The global preservation of myelin was analyzed using MBP immuno-

staining, measuring the positive signal, applying the same threshold

for all images, taken at the same intensity and exposure, in a region

of interest starting from 1 mm rostral to the injury epicenter to

1 mm caudal (including segments T6–T11), measured in pixels/

mm2 and expressed as a percentage of positive area normalized to

the total area analyzed. At least five paraffin longitudinal sections

were stained and evaluated in every animal.

Fibronectin expression analysis

Fibronectin staining was employed as a method to analyze fibrotic

scarring within the injury site (segments T7–T10). The presence of

fibronectin was analyzed by measuring fibronectin-positive signal

by applying the same threshold for images taken at the same intensity

and exposure. Each of these measurements (in pixels/mm2) was ex-

pressed as a percentage of positive area normalized to the total area

analyzed. At least five paraffin longitudinal sections were stained

and evaluated in every animal.

NeuN quantification

NeuN staining was employed in and around the lesion site to quantify

the number of neurons in longitudinal (paraffin) sections 1.5 mm

rostral and caudal to the lesion and the lesion site. NeuNs were manu-

ally counted in delimited segments of 1.5 mm spinal cord length. We

termed 1.5 mm immediately rostral to the lesion as Rostral 1 and

1.5 mm farther away as Rostral 2 and the same for Caudal 2 and 1

(Figure S2C). Data were expressed as the number of neurons quanti-

fied in each of these segments.113

Excitability and inhibitory neuronal input analysis

Longitudinal sections of the ventral zone were chosen to analyze con-

tacts per neuron. Images were taken on a Leica TCS SP2 confocal mi-

croscope at a step size of 1mm.VGLUT1/2 andVGAT immunostaining

were used for excitatory and inhibitory input analysis when co-local-

ized with NeuN-positive neurons. At least 15–20 neurons per section

per zone (injury or immediately caudal) were analyzed in at least two

sections per animal, in four animals per group. The values for every

neuron were plotted individually as contacts per neuron.

For lumbar analysis, an entire series of coronal sections was analyzed.

Spinal cords were divided into laminae I–X, as described by Alvarez

et al.65 The same threshold was applied in all sections for

VGLUT1/2-positive areas for every lamina and then normalized to

the total area of each lamina.

Statistical analysis

All statistical analysis was performed using GraphPad Prism software.

The Shapiro-Wilk normality test was performed to ensure the dataset

normality (Gaussian). Outliers were identified using ROUT’s test

(Q = 1%). Comparisons between the two groups were carried out

using the two-tailed t test. The Mann-Whitney test was performed

for datasets that did not follow a normal distribution. One-way

ANOVA was performed to compare more than two groups with sin-

gle variables, followed by Tukey’s post-test for typical datasets.

Kruskal-Wallis one-way ANOVA with Dunn’s post hoc correction

was used for datasets that did not follow a normal distribution.

Two-way ANOVA was performed for repeated measurements with

two variables, followed by Tukey’s post hoc test. The confidence level

for all tests was set as 95%. All bar plots are presented as the

www.moleculartherapy.org

Molecular Therapy Vol. 32 No 6 June 2024 1755



mean ± SEM. The p values are represented as *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001. # and + were used following the

same rule as * for different group comparisons.

Data availability

The raw data required to reproduce these findings will be available

from the corresponding author upon request.
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