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ABSTRACT 

Modulation of neural activity is a promising strategy to influence the growth of axons and improve behavioral 

recovery after damage to the central nervous system. The benefits of neuromodulation likely depend on 

optimization across multiple input parameters. Here we used a chemogenetic approach to achieve continuous, 

long-term elevation of neural activity in murine corticospinal tract (CST) neurons. To specifically target CST 

neurons, AAV2-retro-DIO-hM3Dq-mCherry or matched mCherry control was injected to the cervical spinal cord 

of adult Emx1-Cre transgenic mice. Pilot studies verified efficient transgene expression in CST neurons and 

effective elevation of neural activity as assessed by cFos immunohistochemistry. In subsequent experiments mice 

were administered either DIO-hM3Dq-mCherry or control DIO-mCherry, were pre-trained on a pellet retrieval 

task, and then received unilateral pyramidotomy injury to selectively ablate the right CST. Mice then received 

continual clozapine via drinking water and weekly testing on the pellet retrieval task, followed by cortical 

injection of a viral tracer to assess cross-midline sprouting by the spared CST. After sacrifice at eight weeks post-

injury immunohistochemistry for cFos verified elevated CST activity in hM3Dq-treated animals and 

immunohistochemistry for PKC-gamma verified unilateral ablation of the CST in all animals. Despite the chronic 

elevation of CST activity, however, both groups showed similar levels of cross-midline CST sprouting and similar 

success in the pellet retrieval task. These data indicate that continuous, long-term elevation of activity that is 

targeted specifically to CST neurons does not affect compensatory sprouting or directed forelimb movements.   

 

INTRODUCTION 

 Damage to the central nervous system (CNS) leads to disruption of neural connectivity and loss of 

function. In principle, efforts to restore connectivity and function can focus either on the regeneration of axons 

that were directly damaged by injury or, alternatively, can aim to increase the number and/or efficacy of 

connections made by residual axons that survived the injury. In the case of spinal cord injury, the task of evoking 

regeneration from injured axons, especially long-distance growth, has proven challenging and slow to advance 

(Fawcett, 2020; Zheng and Tuszynski, 2023). At the same time there is growing awareness that even injuries 

classified as clinically complete often leave at least some spared axons within residual tissue that spans the injury 

(Chen et al., 2016; Friedli et al., 2015; Sherwood et al., 1992).  These residual axons carry signals that are 

functionally sub-threshold, but which can be amplified for therapeutic benefit by providing additional stimulation 

to target fields (Angeli et al., 2014; Darrow et al., 2019; Harkema et al., 2011; Moritz et al., 2024; Rowald et al., 

2022). Thus, although long-distance growth from injured axons will likely be needed for full recovery, approaches 

that aim to enhance collateralization and connectivity from spared axons are of high interest for their potential to 

offer tangible, albeit partial, improvements in function in the near term. 

One of the most widely used pre-clinical models to assess new collateral growth from spared axons is 

unilateral pyramidotomy.  This model involves a one-sided transection at the level of medullary pyramid that 

specifically targets the corticospinal tract (CST), an important mediator of sensory modulation and fine motor 
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control (Fink and Cafferty, 2016; Kathe et al., 2014; Lemon, 2008; Starkey et al., 2005). Pyramidotomy deprives 

one side of the spinal cord of input from the CST, a predominantly crossed tract, and thus serves as a platform to 

test the ability of candidate treatments to enhance compensatory cross-midline sprouting and functional recovery 

from the intact CST. In addition to numerous compound and gene-based interventions, a promising means to 

enhanced compensatory CST sprouting is the use of neural activity as a pro-growth stimulus(Jara et al., 2020; 

Martin, 2016). Multiple studies employing electrical or transcranial magnetic stimulation of CST cell bodies in 

sensorimotor cortex have shown enhanced growth and collateralization from their spinal axons (Boato et al., 

2023; Brus-Ramer et al., 2007; Carmel et al., 2013, 2010; Jack et al., 2018). Important questions remain, however, 

regarding the optimal use of neural stimulation. Because electrical and transcranial magnetic techniques broadly 

affect neurons and axons of passage in the stimulation field, they cannot determine the extent to which growth is 

stimulated through direct effects on CST neurons. Thus, it is not clear whether more targeted stimulation might 

be more effective than whole-cortex approaches. In addition, practical considerations typically limit the 

stimulation that each subject can receive, raising the question of whether stimulation that is more continual across 

the day or extended into more chronic time-points after injury might also be more effective. 

The development of chemogenetic approaches, in which neurons are rendered sensitive to otherwise inert 

ligands by forced expression of exogenous, activity-modulating receptors, offers new opportunities to address 

both questions. Elevation of neural activity can be restricted to only a genetically defined subset of cells that 

express the exogenous receptor, while the administration of activating ligands via animal injection or drinking 

water offers a practical means to achieve long term activation across cohorts of animals. Here we used a 

chemogenetic approach to test the effects of continual, chronic elevation of CST activity in a pyramidotomy 

model of unilateral axon damage. Activating Gq-DREADD constructs were targeted broadly and specifically to 

the CST population using an intersectional transgenic/viral approach, and long-term elevation of activity was 

maintained by ligands supplied in drinking water. Immunohistochemistry for cFos confirmed long-term elevation 

of activity in CST neurons after pyramidotomy. Despite this increased activity, however, animals showed no 

evidence for either enhanced or suppressed sprouting into denervated spinal tissue, nor improvements in forelimb 

function as assessed by pellet retrieval. These results establish experimental parameters for specific, long-term 

stimulation of CST neurons and provide an important point of reference for the larger effort to optimize neural 

stimulation therapies. 

 

 

MATERIALS AND METHODS 

Animals 

Experiments used male and female mice aged 7-8 weeks at the start of experiments, obtained by homozygous 

breeding from Emx1-Cre founders (C57/Bl6 background) obtained from Jackson Labs (#005628, 

RRID:IMSR_JAX:005628).  Seventeen animals (eleven females, six males) were used for validation experiments 
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to establish CST targeting and activation. Twenty-five animals (12 male, 13 female) were used for subsequent 

behavioral and histological experiments; all animals were randomly assigned to groups prior to the initiation of 

experiments. Mice were group housed under a 12/12 light/dark cycle (6am on time) with experiments carried out 

during the light phase. Animals had ad libitum access to food except during periods of behavioral testing (see 

below). All experiments were approved by the Institutional Animal Care and Use Safety Committee at Marquette 

University and in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory 

Animals. 

 

Viral delivery 

Viral delivery to the spinal cord followed the procedures of (Beine et al., 2022; Wang et al., 2022). Briefly, mice 

were anesthetized by a mixture of ketamine and xylazine (100 mg/kg and 10 mg/kg, respectively), an incision 

was made to expose the spinal cord between C2 and T2, and mice were mounted on a custom spine stabilization 

device. Viral particles were delivered to C5 spinal cord using a Hamilton syringe fitted with a pulled glass pipette 

at a rate of 0.05 μl/min to coordinates 0.3mm to the left of the midline and 0.8mm depth. After 0.5µl of viral 

particles were dispensed at this location the needle was raised 0.2mm and an additional 0.5µl were dispensed. 

Injected particles were either AAV2-Retro-hSyn-DIO-hM3D(Gq)-mCherry (Addgene #44361, 7.0 x 1012 

GC/mL) or AAV2-Retro-hSyn-DIO-mCherry (Addgene #50459, 7.0 x 1012 GC/mL). After two additional 

minutes to minimize backflow the needle was retracted. 

Viral delivery to the cortex followed procedures of (Kramer et al., 2021; Z. Wang et al., 2015). After 

anesthesia with a ketamine/xylazine cocktail (100mg/kg, 10mg/kg) animals received injections of AAV9-luc-

EGFP into motor cortex through a pulled glass pipette fitted onto a 10μl Hamilton syringe at two locations: 

(relative to Bregma) anterior 0.0mm, left 1.3mm, depth 0.5mm and anterior 0.5mm, left 1.3mm, depth 0.5mm. 

At each site 0.5μl was delivered at a rate of .05μl/min using a Stoelting QSI pump (#53311). Following each 

injection the pipette was left in place for two minutes to minimize back flow. Viruses were designed in house and 

generated from the University of North Carolina Vector Core as previously described (Wang et al., 2018). 

 

Pyramidotomy 

Following the procedures of (Zimei Wang et al., 2015) mice were anesthetized with a mixture of ketamine and 

xylazine (100 mg/kg and 10 mg/kg, respectively). Using a ventral approach the medullary pyramids were exposed 

by removal of the ventrocaudal region of the occipital bone with delicate rongeurs. The dura was punctured, and 

the left pyramid was cut completely using a micro feather scalpel. Mice were given a subcutaneous injection of 

Meloxicam (5 mg/kg) after the procedure. The mice's general health and mobility were monitored daily 

throughout the post-injury survival period. 

 

CNO and Clozapine administration 
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Clozapine N-oxide (Abcam, ab141704) was dissolved in saline to a concentration of 1 mg/ml and injected 

intraperitoneally to a final dose of 5 mg/kg. The mice were collected 6 hours after injection (Wang et al., 2018). 

Clozapine (HB6129; HelloBio) was dissolved in water to a concentration of 1mg/ml (Hilton et al., 2022) and 

provided in the home cage as the sole source of drinking water. Clozapine water was refreshed every two days 

for the duration of its administration.   

 

Pellet retrieval task 

Mice were motivated for the pellet retrieval task by food deprivation. This entailed complete food removal until 

10% of body weight was lost and then daily access to food for a two-hour period with daily monitoring to ensure 

maintenance within 10% to 15% reduction from pre-restriction weight. For the pellet retrieval task animals were 

placed within a plexiglass enclosure with a 1cm slit in the front right corner, which allowed reaches only by the 

right forelimb. Millet food pellets were presented on a 3D-printed tray in which pellets rested on a pillar with 

3mm diameter and 10mm height, located 1cm from the enclosure’s opening. In this configuration any attempt to 

drag the pellet into the enclosure resulted in the pellet falling out of reach; pellets could be retrieved only by 

grasping and lifting over the intervening space. Each pellet was presented for 30 seconds, with 80 total pellets 

offered in initial training sessions and 40 pellets presented in subsequent testing sessions. Task outcomes were 

scored by imaging and analyzing the presentation tray after each run. Pellets that remained on the pillars were 

scored as “missed”, pellets still visible on the tray but off the pillars were “displaced”, and pellets that were 

missing from the tray were “retrieved.” Pellet retrieval was expressed as a percent of total pellets presented and 

contacted pellets was calculated as pellets retrieved plus pellets displaced as a percent of total pellets presented. 

Animals were trained five days a week for two weeks. Tests of CNO or clozapine effects were performed for two 

days in a row with administered ligand, followed by a day of drug washout and no testing, and then two days of 

testing in the absence of ligand. Post-injury testing was conducted each week on two adjacent days and the 

reported scores reflecting the average of the two days.  

 

Tissue Processing and Immunohistochemistry 

Animals were euthanized with CO2 followed by transcardiac perfusion with 4% paraformaldehyde (15710-

Electron Microscopy Sciences) in Phosphate Buffered Saline (PBS, Sigma P4474). The brain and spinal column 

were postfixed overnight in 4% PFA, followed by fine dissection of brain, medulla and cervical spinal cord (a 

6mm segment spanning C1-C6), which were stored in PBS. Cortex, spinal cord, and medullas were embedded in 

12% gelatin (VWR, 71003-404) in PBS and cut via Vibratome (Leica VT1200) to yield 100μm sections. For cFos 

immunohistochemistry cortical sections were blocked in a 10% Normal Goal Serum (NGS, Gibco, 16210064), 

3% Triton-X-100 (Sigma 9002-93-1) and then incubated overnight with anti-cFos antibody (1:400, Cell Signaling 

Technology, 2250, RRID:AB_2247211) in 3% NGS and 0.4% Triton-X. For PKCγ immunohistochemistry 

transverse sections of C3, C4, and C5 spinal cord were similarly blocked and incubated with anti-PKCγ antibody 
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(1:500, Abcam, ab71558, RRID:AB_1281066). Sections were then incubated in goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 (1: 500) (Invitrogen, #A-21244) for 2 h at room 

temperature in 3% NGS and 0.4% Triton-X for two hours, rinsed, and mounted on slides.  

 

Imaging and Data Analysis 

For quantification of cFos signal, fluorescent images in two channels corresponding to mCherry and cFos signal 

were acquired at 20X using a Nikon A1R+ laser scanning confocal microscopy system on a Nikon Ti2-E inverted 

microscope. Using NIS Elements software individual CST cell bodies were manually outlined using signal in the 

mCherry channel to define a region of interest. Mean pixel intensity within this areas of interest was then extracted 

for the cFos channel and background-corrected by subtracting the mean pixel intensity in an adjacent, mCherry-

negative region. Values were collected for at least 60 individual cells in each of two replicate tissue sections from 

all animals. Thresholds for assigning a cell as positive for cFos were calculated as the average background values 

plus three times the standard deviation of all background regions in that section. For quantification of PKCγ signal 

the right and left dorsal columns were manually outlined in 20X fluorescent images and the average pixel intensity 

determined for each. The mean pixel intensity in the right (injured) column was expressed as a percent of the 

value in the left (uninjured) column.  

 

Quantification of axon sprouting 

Using a Nikon A1R+ laser scanning confocal microscopy system on a Nikon Ti2-E inverted microscope 20x 

images were acquired of transverse sections of cervical spinal cord at levels C3, C4, and C5. Virtual lines were 

drawn at 400μm to the left of the midline (uninjured side) and at 200 μm, 400 μm, and 600 μm to the right of 

midline (denervated side), with the width of the line set to 10 μm. The total number of contacts between EGFP+ 

CST axons and each line was manually counted by two independent, blinded observers and then averaged. The 

total number of EGFP+ axons in the medulla was determined by imaging the medullary region at 60X. The 

number of axonal profiles within three sampling regions (squares, 100 μm on each side) was averaged to calculate 

axon density and then multiplied by the total cross-sectional area of the medulla to calculate the total number of 

axons. Axon counts from the spinal cord were divided by the total number of axons detected in the medulla of 

the same animal to yield axon index values.  

 

Statistical analyses 

All surgeries and quantification were performed by blinded personnel. Behavioral outcomes were assessed for 

significance using two-way ANOVA with Sidak’s post-tests to compare groups in the presence and absence of 

DREADD-activating ligands and by repeated measure two-way ANOVA with Tukey’s multiple comparisons to 

determine group differences at multiple time points post-injury. Axon growth was compared by two-way ANOVA 
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with Tukey’s multiple comparisons. Differences in mean cFos intensity were tested for significance using 

ANOVA with post-hoc Dunnett’s. All statistical tests were carried out using Graphpad 10.3.1. 

 

RESULTS 

Establishing experimental parameters from chronic DREADD-mediated activation of CST neurons 

To express activating DREADD receptors (Alexander et al., 2009) selectively in CST neurons we delivered 

AAV2-Retro-hSyn-DIO-hM3D(Gq)-mCherry (hereafter Gq-DREADD) to the cervical spinal cord of adult 

Emx1-Cre mice, with AAV2-Retro-hSyn-DIO-mCherry as control (Fig. 1A). Animals were perfused three weeks 

later, with half of the animals receiving activating CNO ligand by intraperitoneal (IP) injection six hours prior to 

sacrifice. Cortices were then examined for evidence of retrograde transduction (mCherry expression) and neural 

activity (cFos immunohistochemistry). As expected, mCherry signal was readily detectable in layer V cortex in 

all groups, indicating expression of mCherry control or mCherry- hM3D(Gq) protein in CST neurons (Fig. 1B-

D). cFos signal was detected in fewer than five percent of CST neurons in mCherry control animals, regardless 

of CNO injection, and was similarly low in animals treated with Gq-DREADD but which received no activating 

CNO (Fig. 1B, C, G). In contrast, cFos was detected in more than 70% of mCherry+ CST cell bodies in Gq-

DREADD-transduced animals stimulated with CNO (Fig. 1D). Quantification confirmed a large and significant 

increase in average pixel intensity of cFos signal within mCherry+ CST bodies in Gq-DREADD animals 

compared to both mCherry and Gq-DREADD/no CNO controls (p<.001, ANOVA with post-hoc Dunnett’s). 

These data confirm the ability of an AAV2-Retro/transgenic intersectional strategy to selectively increase neural 

activity in CST neurons.  

IP delivery of CNO yields neuronal activation that likely lasts only several hours (Wang et al., 2018). We 

therefore next explored delivery of a DREADD activator in drinking water as a more practical means to achieve 

long-term CST activation. As previously, adult Emx1-Cre mice received AAV2-Retro injection of Cre-dependent 

Gq-DREADD-mCherry or mCherry control to cervical spinal cord. Three weeks later mice were supplied for 

three days with drinking water that contained clozapine, the active metabolite of CNO, and then perfused (Gomez 

et al., 2017).  As in the prior experiment, cFos was detected in just a few percent of CST neurons in mCherry 

control animals but was visible in more than 60% of CST neurons in Gq-DREADD animals (Fig. 1E, F). 

Quantification again confirmed a large and significant increase in cFos signal in CST cell bodies in Gq-DREADD 

animals compared to mCherry control (Fig. 1G). Thus, retrograde transduction of CST neurons with DREADD 

receptors, in conjunction with continual supply of clozapine ligand in drinking water, stably elevates CST activity.  

 

Effect of chronic activation of CST neurons on forelimb recovery after pyramidotomy injury 

 We next asked how elevation of CST neural activity affected forelimb function. As previously, groups of 

adult Emx1-Cre transgenic mice received cervical injection of AAV2-Retro-hSyn-DIO-hM3D(Gq)-mCherry or 

AAV2-Retro-hSyn-DIO-mCherry control. After a week to recover from surgery, mice were pre-trained on a pellet 
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retrieval task in which animals reached through a narrow slit with the right forelimb to attempt retrieval of a food 

reward (Fig. 2A). Food pellets were placed atop 3D-printed pillars located 1cm from the slit. Thus, animals were 

obligated to lift the pellet over the intervening space, favoring grasp of the pellet and preventing scooping or 

dragging solutions. During the initial training period animals were exposed to eighty pellets per session and were 

subsequently tested with forty pellets. The number of pellets successfully moved into the retrieval cage and the 
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number of pellets that were contacted (pellets eaten plus pellets knocked from the pillar were determined for each 

animal and expressed as a percent of total pellets presented.  

  After two weeks of training, both control and Gq-DREADD animals contacted an average of more than 

90% of pellets and reached stable retrieval rates that averaged 30.3% (±3.8% SEM) and 37.3% (±3.3% SEM), 

respectively. To determine how DREADD-mediated activation affected task performance prior to injury, all 
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animals received injections of CNO fifteen minutes prior to testing on the final two days. Average performance 

across CNO-treated days was then compared to the pre-CNO baseline. In control animals CNO injection produced 

no significant effect on retrieval success (30.3% ±3.8% SEM versus 29.3% ±5.7% SEM, p=0.87, paired t-test) or 

pellet contact (92.0% ±2.7% SEM versus 86.3% ±9.3% SEM, p=0.45, paired t-test) (Fig. 2D, E). Thus, neither 

CNO nor the stress of IP injections affected task performance in control animals. In contrast, injection of CNO to 

Gq-DREADD animals resulted in significant reduction in both average retrieval (18.5% ±3.5% SEM vs. 37.3% 

±3.3% SEM baseline, p=.001, paired t-test) and contact (76.3% ±8.2% SEM vs. 97.0±1.5% SEM baseline, 

p=.001, paired t-test) (Fig. 2D, E). These data show that DREADD activation of CST neurons just prior to task 

performance may interfere with fine forelimb function in animals that learned the pellet retrieval task in the 

absence of exogenous CST activation.  

 Animals then received unilateral pyramidotomy injury to sever CST axons that normally innervate the 

right spinal cord. In the first week after injury, when animal’s drinking may have been disrupted, we delivered 

CNO twice daily by IP injection (see Fig. 2A for experimental timeline). Starting one week after injury and 

continuing until six weeks post-injury animals received clozapine via drinking water. Animals were tested weekly 

on the pellet retrieval task to monitor the effects of injury and CST activation on forelimb function. Pyramidotomy 

injury strongly reduced task performance in both control and Gq-DREADD animals, with only 7.3%±4.2% SEM 

and 8.25%±3.4% SEM retrieval rates, respectively, in the week following injury (Fig. 2F). The rate of pellet 

contact also declined after injury to an average of 38.5%±10.9% SEM and 44%±13.7% SEM in control and Gq-

DREADD groups, respectively. Thus, animals mostly lost the ability to grasp and retrieve pellets but retained 

some ability to contact and displace pellets from stands. In the four weeks after injury animals displayed no 

spontaneous recovery of task performance, with both groups averaging fewer than 10% of pellets retrieved in all 

testing periods (p>0.05 versus the first week post-injury, repeated measures 2-way ANOVA with Tukey’s 

multiple comparison) (Fig. 2F, G). Importantly, the Gq-DREADD group performed similarly to controls in both 

pellet retrieval and displacement at all timepoints, indicating that chronic CST activation had neither positive nor 

negative effects on forelimb function (p>.05 Gq-DREADD vs. Control at all timepoints, repeated measures 2-

way ANOVA with Tukey’s multiple comparisons) (Fig. 2F, G). Overall, these data indicate that unilateral 

pyramidotomy injury produced a strong and lasting reduction in the execution of a grasp-dependent retrieval task, 

but that chronic chemogenetic activation of CST neurons had no effect on functional recovery. 

 Six weeks after injury, animals received cortical injections to enable tracing of CST axons (see below) 

and were not tested during a two-week recovery period. DREADD activation was continual through these two 

weeks, first via CNO injections and then with clozapine in drinking water. In weeks seven and eight after injury 

animals were tested on the pellet retrieval task four days per week, with the first two tests each week performed 

in conditions of maintained DREADD activation and the next two tests performed after at least 48 hours of drug 

washout (no injections, no clozapine in drinking water). As in the initial four weeks of testing, Gq-DREADD and 

control groups performed similarly during all sessions, indicating that chronic CST activation did not impact task 
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performance. Interestingly, unlike the pre-injury results, Gq-DREADD animals performed identically in the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.620314doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.620314
http://creativecommons.org/licenses/by-nc-nd/4.0/


presence or absence of activating ligand. Overall, chemogenetic activation of CST neurons had no effect on 

forelimb function in the pellet retrieval task after pyramidotomy injury.  

Finally, to confirm the efficacy of chemogenetic activation in this cohort, prior to perfusion all animals 

were administered clozapine via drinking water for two full days. As previously, cortical sections were prepared 

and subjected to cFos immunohistochemistry. As expected, mCherry signal was abundant in layer V cortex of 

both control and Gq-DREADD treated animals, verifying successful retrograde transduction in all animals (Fig. 

3A, B). In addition, Gq-DREADD animals showed significant elevation of c-Fos signal compared to control when 

quantified either as the average cFos signal intensity in CST (mCherry+) neurons (Fig. 3C) or as the percent of 

CST neurons in each animal with detectable cFos signal (Fig. 3D). These data support the prior validation data 

and confirm within this animal cohort that the 

combined viral / clozapine strategy resulted in 

effective retrograde transduction and chemogenetic 

elevation of CST activity.  

 

Cross-midline CST sprouting after unilateral 

pyramidotomy is unaffected by chronic activation  

We examined spinal tissue from the set of 

behaviorally tested animals (above) to determine 

whether chemogenetic activation affected CST axon 

growth. We first verified completeness of the 

unilateral pyramidotomy injuries using transverse 

sections of cervical spinal cord and 

immunohistochemistry for PKCγ, a protein 

associated with CST axon tracts. In all animals from 

both control and Gq-DREADD groups PKCγ signal 

was prominent in the left dorsal column, the location 

of the intact CST, but abolished in the right dorsal 

column (Fig. 4A, B). Images of spinal cords from 

all animals are available in Supplemental Figure 1. 

Quantification of the relative right/left PKCγ 

intensity showed a similar loss signal in the right 

CST in both groups. These data confirm that both 

control and Gq-DREADD groups received effective 

pyramidotomy injuries. 
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We next measured the 

ramification of CST 

collaterals in cervical spinal 

cord using AAV9-EGFP 

tracer that had been injected to 

the right cortex four weeks 

prior to sacrifice (see Fig. 2C 

for experimental timeline). As 

expected, in transverse 

sections of cervical spinal 

cord EGFP+ CST axons were 

visible as a tight bundle of 

axons in the left (intact) dorsal 

column and as tortuous 

collaterals extending mostly 

into the left grey matter (Fig. 

4D, E). We first tested 

whether DREADD activation 

affected CST ramification in 

the left (intact) grey matter by quantifying intersections between EGFP+ profiles and a virtual line placed 400µm 

to the left of the midline (Fig. 4D, E). To account for potential variability in viral labeling these values were 

normalized to total EGFP+ profiles in the medullary pyramids (axon index). Control and Gq-DREADD animals 

showed similar axon indexes (Fig. 4F; p>.05, t-test), indicating that chronically elevated CST activity did not 

alter collateral density in intact spinal tissue. 

We next assessed cross-midline sprouting of the left CST into right grey matter. Transverse sections of 

C3, C4, and C5 spinal cord were prepared and EGFP+ profiles were quantified at distances of 200µm, 400µm, 

and 600µm to the right of the midline (Fig. 5 A-F). As previously, axon counts were normalized to the number 

of EGFP+ profiles detected in the medullary pyramids (Fig. 5G, H). Quantification of total cross-midline 

sprouting across all cervical levels showed no significant difference between groups at any distance across the 

midline (Fig. 5I). Similarly, comparisons made within each of the three cervical levels also revealed no significant 

differences (Supplemental Figure 1). Images of all spinal sections from all animals are available in 

Supplemental Figure 1. These data show that prolonged chemogenetic activation of CST neurons after unilateral 

pyramidotomy, the completeness of which was confirmed by terminal immunohistochemistry (see Fig. 3, above), 

did not affect cross-midline growth by CST neurons.   
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DISCUSSION 

 This study used genetically targeted DREADD constructs to explore the effects of cell-specific, chronic 

elevation of neural activity on axon sprouting and behavioral outcomes after CNS damage. The approach 

succeeded in specific and widespread activation of CST neurons, as evidenced by elevated cFos expression and 

the observation that acute, first-time DREADD activation altered behavioral outcomes in a CST-depending 

forelimb task. Chronic elevation of CST activity did not, however, increase axon sprouting in the spinal cord or 

promote recovery of pellet retrieval. This outcome adds to a collection of studies that have employed various 

means to manipulate neural activity, and which have observed variable effects on axon growth and recovery. 

These divergent outcomes may provide an opportunity to guide optimization efforts by comparing input 

parameters and efficacy across studies. Below we provide a brief survey of prior reports that provide context for 

the current findings and then examine key treatment parameters that may help explain the differential success. 

 Numerous studies from multiple labs indicate that when stimulation is applied in a non-selective manner 

to whole cortical tissue it generally enhances both CST sprouting in the spinal cord and improves the execution 

of forelimb tasks. Specifically, broad cortical stimulation by electrical or transcranial magnetic approaches have 

shown benefits in various models of rodent injury, including pyramidotomy models like the one used here (Batty 

et al., 2020; Boato et al., 2023; Carmel et al., 2013, 2010; Jack et al., 2018; Yang et al., 2019). Interestingly, 

although effects are positive at the group level, considerable variability is observed between animals. For example, 

even within a single cohort performed by the same experimenters and with presumably consistent procedures, the 

effect of cortical stimulation on total cross-midline growth in pyramidotomy models can range from more than 

ten times the average of unstimulated controls in some animals to no increase in others (Carmel et al., 2013, 

2010). In aggregate, results from electrical and transcranial magnetic studies strongly support the potential for 

positive growth and behavioral effects but also highlight the sensitivity of outcomes to input variables that may 

be difficult to standardize.  

 Results from optogenetic and chemogenetic approaches have also frequently been positive, although not 

universally so. For example, optogenetic stimulation of layer V cortical neurons using a Thy1-ChR2 transgenic 

line increased cross-midline sprouting of CST neurons more than two-fold after spinal hemisection (Wu et al., 

2022), and optogenetic stimulation of virally transduced CST neurons similarly increased total axon length in the 

spinal cord of uninjured animals (Yang and Martin, 2023) and in animals after stroke (Wahl et al., 2017). 

Regarding chemogenetic approaches, prior work found that stimulation of CST neurons increased spinal axon 

growth in uninjured animals (Yang and Martin, 2023) and in animals after stroke (Yang et al., 2024), and elevated 

the number of Vlgut1 puncta, a surrogate for CST axon density, after spinal hemisection (Lin et al., 2023). On 

the other hand, other studies have reported small or no positive effects of opto- or chemogenetic stimulation of 

cortex. For example, in one study optogenetic stimulation of layer V neurons after spinal injury produced only a 

minor sprouting effect within several hundred microns of the injury site and no gains in forelimb function 

(Mesquida-Veny et al., 2022). Similarly, chemogenetic stimulation of CST neurons had no effect on axons density 
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or behavioral recovery after dorsal spinal hemisection (Van Steenbergen et al., 2023), nor on pellet retrieval 

success (Lin et al., 2023). These results are in line with the current demonstration that CST activity was 

definitively elevated without producing any enhancement of axon growth or behavior. Thus, it appears that 

differences in approach with genetic or virally targeted stimulation strategies can lead to highly divergent 

outcomes, highlighting the need to identify and optimize the key input variables.  

 We have considered four non-exclusive explanations for differential success. The first is that cell-specific 

stimulation may be less effective than whole-tissue approaches. In the current study we used an intersectional 

viral approach to achieve activation that was highly selective to CST neurons, a key distinction from electrical 

stimulation paradigms and from non-selective cortical delivery of chemo- or optogenetic constructs. When 

delivered non-specifically, stimulation may spur axon growth in part through cell-extrinsic mechanisms (e.g. 

tissue-level rise in neurotrophins). If so, such benefits would be largely absent in conditions of selective activation 

like those used here. Consistent with this, it is notable that whereas non-selective stimulation techniques have 

yielded nearly universal efficacy across labs, stimulation targeted specifically to CST neurons by intersection 

viral means has yielded mixed reports of both positive (Wahl et al., 2017) and small or neutral effects on axon 

growth and behavior (Lin et al., 2023; Yang et al., 2024). Another illustrative example comes from comparing 

electrical stimulation that was targeted specifically to CST axons in the medullary pyramids versus broadly to 

cortical tissue. The more selective stimulation increased axon growth by approximately 25% (Brus-Ramer et al., 

2007), whereas stimulation delivered broadly to the cortex increased growth more than four-fold (Carmel et al., 

2010).  Importantly, these data come from the same pyramidotomy injury paradigm and from the same lab group. 

This is not to suggest that cell-specific stimulation is necessarily ineffective, as clear examples exist to support 

cell-autonomous effects of stimulation (Wahl et al., 2017; Yang and Martin, 2023). Nevertheless, the lack of 

effect in our paradigm of CST-selective activation adds to an emerging pattern that the effects of cell-type specific 

activation may be generally smaller than whole-tissue stimulation.  

 A second consideration regards the timing of the onset of activation after injury. In one recent report, 

chemogenetic stimulation of CST neurons initiated one day after spinal injury, but not seven days post-injury, not 

only failed to enhance growth but caused a significant reduction compared to control (Van Steenbergen et al., 

2023). In our experiments we also initiated stimulation within a day of injury, and it is interesting to note that 

CST axon counts in stimulated animals showed a trend toward reduction, albeit non-significant (Figure 5). The 

idea that elevated neural activity could have negative effects in the immediate aftermath of injury is reminiscent 

of reports that rehabilitative training can interfere with recovery when initiated too soon after injury (Torres-Espín 

et al., 2018). Thus, our findings are consistent with the notion that neural stimulation may be less effective when 

applied immediately after injury. 

 Third, the lack of effect in our approach may reflect the frequency and/or duration of stimulation. It is 

well established that the efficacy of neuromodulation varies according to the specifics of the stimulation 

parameters (Jara et al., 2020). For example, theta burst stimulation is favored for enhancement of axon growth 
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and behavioral recovery (Yang and Martin, 2023). Interestingly, another study found that high-frequency 

stimulation after spinal injury enhanced axon growth and behavioral recovery but that lower frequency stimulation 

had no behavioral benefit and worsened axonal dieback (Jack et al., 2018). In the present study we verified that 

chemogenetic stimulation led to an increase in overall activity, as verified by cFos expression, but we neither 

controlled more monitored the firing rate. It is therefore possible that the resulting activity was sub-optimal in 

frequency or other firing parameters. Along these same lines, a recent study showed that optogenetic stimulation 

of the cortex using a controlled theta burst paradigm enhanced CST axon growth into the ventral spinal cord but 

that chemogenetic activation did not (Yang and Martin, 2023). Thus, despite the practical advantages of 

chemogenetics for long term elevation of activity, the inability to optimize the firing pattern may lessen the net 

efficacy of this strategy. 

 Finally, a fourth distinguishing feature of our approach is that it broadly affected CST neurons across both 

hemispheres. Previous quantification of Retro-AAV2 transduction efficiency in our hands has indicated transgene 

expression in more than 90% of CST neurons (Wang et al., 2022, 2018), and examination of mCherry expression 

(Figures 1 and 3) suggests a similarly high efficiency in the current experiments. In contrast, prior experiments 

that expressed DREADD constructs in CST neurons relied on focal injection to the cortex (Lin et al., 2023; Wahl 

et al., 2017; Yang et al., 2024). Thus, unlike the current approach that produced an increase in activity in most 

CST neurons, prior experiments selectively activated a localized subset of CST neurons. It is well established that 

differential neural activity can drive the competitive capture of synaptic territory by axon terminals (Friel et al., 

2014; Friel and Martin, 2007); MARTIN et al., 2007). Thus, one speculative explanation for the lack of growth 

enhancement is that the present strategy created conditions in which most CST axons experienced a similar 

increase in activity, rather than creating an activity advantage in selected neurons.  

 To summarize, we conceptualize ongoing efforts to harness neural activity for therapeutic gain after CNS 

injury as an optimization exercise across multiple variables, which include stimulation modality, degree of cellular 

specificity, timing of onset, duration, episodic versus continual delivery, firing frequency, and more. We have 

explored a novel region of the available optimization space by establishing procedures for stimulation that is 

specific to CST neurons, acts broadly across the population, is initiated within a day of injury, and which allows 

long-term, stable elevation of activity. The approach succeeded in its goal of long-term elevation of CST activity, 

as verified by cFos activity, and in this sense provides a technical roadmap. The lack of growth or behavioral 

response with this combination of parameters provides important guidance, albeit negative, for continuing efforts 

to optimize the deployment of neural activity-based treatments for recovery from spinal injury. 
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