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Spinal cord associative plasticity improves 
forelimb sensorimotor function after 
cervical injury

Ajay Pal,1 HongGeun Park,1 Aditya Ramamurthy,1 Ahmet S. Asan,1 Thelma Bethea,1 

Meenu Johnkutty1 and Jason B. Carmel1,2

Associative plasticity occurs when two stimuli converge on a common neural target. Previous efforts to promote as-
sociative plasticity have targeted cortex, with variable and moderate effects. In addition, the targeted circuits are in-
ferred, rather than tested directly. In contrast, we sought to target the strong convergence between motor and 
sensory systems in the spinal cord.
We developed spinal cord associative plasticity, precisely timed pairing of motor cortex and dorsal spinal cord stimu-
lations, to target this interaction. We tested the hypothesis that properly timed paired stimulation would strengthen 
the sensorimotor connections in the spinal cord and improve recovery after spinal cord injury. We tested physiologic-
al effects of paired stimulation, the pathways that mediate it, and its function in a preclinical trial.
Subthreshold spinal cord stimulation strongly augmented motor cortex evoked muscle potentials at the time they were 
paired, but only when they arrived synchronously in the spinal cord. This paired stimulation effect depended on both 
cortical descending motor and spinal cord proprioceptive afferents; selective inactivation of either of these pathways 
fully abrogated the paired stimulation effect. Spinal cord associative plasticity, repetitive pairing of these pathways 
for 5 or 30 min in awake rats, increased spinal excitability for hours after pairing ended. To apply spinal cord associative 
plasticity as therapy, we optimized the parameters to promote strong and long-lasting effects. This effect was just as 
strong in rats with cervical spinal cord injury as in uninjured rats, demonstrating that spared connections after mod-
erate spinal cord injury were sufficient to support plasticity. In a blinded trial, rats received a moderate C4 contusive 
spinal cord injury. Ten days after injury, they were randomized to 30 min of spinal cord associative plasticity each 
day for 10 days or sham stimulation. Rats with spinal cord associative plasticity had significantly improved function 
on the primary outcome measure, a test of dexterity during manipulation of food, at 50 days after spinal cord injury. 
In addition, rats with spinal cord associative plasticity had persistently stronger responses to cortical and spinal stimu-
lation than sham stimulation rats, indicating a spinal locus of plasticity. After spinal cord associative plasticity, rats had 
near normalization of H-reflex modulation. The groups had no difference in the rat grimace scale, a measure of pain.
We conclude that spinal cord associative plasticity strengthens sensorimotor connections within the spinal cord, re-
sulting in partial recovery of reflex modulation and forelimb function after moderate spinal cord injury. Since both mo-
tor cortex and spinal cord stimulation are performed routinely in humans, this approach can be trialled in people with 
spinal cord injury or other disorders that damage sensorimotor connections and impair dexterity.
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Abbreviations: AAV = adeno-associated virus; CNO = clozapine-N-oxide; CST = corticospinal tract; DREADD = 
Designer Receptor Exclusively Activated by Designer Drug; DRG = dorsal root ganglion; IBB = Irvine, Beatties and 
Bresnahan scale; MEP = motor evoked potential; SCAP = spinal cord associative plasticity; SCI = spinal cord injury

Introduction
Integration of sensory feedback with motor commands is required 
for skilled movement. Neuromodulation strategies have been de-
veloped to target sensorimotor integration.1 The most common ap-
plication, paired associative stimulation, repetitively pairs median 
nerve stimulation with motor cortex stimulation timed to increase 
cortical excitability in healthy people2 and improve arm and hand 
function after injury.3,4 Using a similar logic but targeting the spinal 
cord, epidural stimulation has been used to drive activation of 
spinal afferents that can be timed to converge with descending mo-
tor activation. This strategy helped to restore walking after spinal 
cord injury (SCI), but only when spinal stimulation was timed to co-
incide with motor cortex signals arriving in the spinal cord.5–7 Our 
goal was to use associative learning through pairs of electrical stim-
uli to strengthen residual connections after cervical SCI, the most 
common type.8 For people with cervical SCI, recovery of arm and 
hand function is the highest priority.9

Previous trials of paired stimulation targeting the spinal cord 
have targeted the motor system alone. Electrical stimulation of mo-
tor cortex has been paired with peripheral nerve stimulation to 
backfire spinal motor neurons. This motor system stimulation pro-
motes lasting changes in motor evoked potentials (MEPs) and im-
proved grip strength and finger control in people.10–12 Intraspinal 
stimulation in monkeys has been timed with cortical activity so en-
dogenous brain activity and exogenous spinal cord stimulation 
converge.13,14 Repetitive pairing induced a small but significant in-
crease in evoked potentials.

In contrast to paired stimulation targeting cortex or the motor 
system in spinal cord, we targeted sensorimotor interactions in 
spinal cord with paired stimulation of motor cortex and cervical 
spinal cord.15 The convergence of subthreshold spinal cord electric-
al stimulation with a descending cortical volley robustly augmen-
ted the cortical MEPs. When this pairing was performed 
repeatedly, there was an increase in excitability that lasted for at 
least an hour. This plasticity required paired stimulation delivered 
at the proper time, but the exact neural circuits that mediate the 
sensorimotor interactions are not known. Knowing the targets is 
critical to ensure strong and selective engagement and to under-
stand the anatomical basis for spinal cord associative plasticity 
(SCAP). It is also not known whether the sparse connections that 
are spared after SCI are sufficient to support SCAP and recovery of 
function. Together, the experiments in this study were designed 
to improve our understanding of SCAP mechanisms and to test 
its efficacy for the recovery of dexterity after SCI.

Materials and methods
In awake and freely moving rats, we tested SCAP and its efficacy on 
physiology and function in rats with SCI. We used custom spinal 
stimulating electrodes that can be inserted into the thin epidural 
space over the cervical spinal cord, are supple enough to conform 
to the spinal cord and move with the neck.16,17 First, we tested 
the motor cortex and spinal cord stimulation timing with the 

hypothesis that convergence in the spinal cord would produce 
the largest changes in physiology. Second, we tested the necessity 
of corticospinal and segmental afferent connections for paired 
stimulation by selectively inactivating each using chemogenetic 
tools. We then paired motor cortex and spinal cord stimulation re-
peatedly to induce plasticity (SCAP). We optimized the protocol by 
varying the frequency, number and pattern of stimuli in uninjured 
rats. We tested SCAP in rats with SCI. Finally, we performed a ran-
domized, blinded preclinical trial of 10 days of SCAP versus sham 
stimulation to determine the effects on physiology and behaviour 
after a moderate C4 contusion SCI. The primary outcome measure 
was a behavioural test of food manipulation; several physiological, 
behavioural and anatomical measures were secondary.

Timing

In adult Sprague-Dawley female rats, we implanted three sets of 
electrodes: epidural screw electrodes over each motor cortex, 
EMG electrodes in each biceps muscle and spinal epidural electro-
des over the midline of dorsal C5-C6 spinal cord. To determine 
whether subthreshold spinal cord stimulation augments cortical 
MEPs, we compared cortex stimulation only to motor cortex stimu-
lation paired with spinal cord stimulation. We determined the 
threshold for provoking an MEP from motor cortex and from the 
spinal cord. We measured the time from motor cortex stimulation 
to the spinal cord dorsum potential [Fig. 1A(i)]. We then quantified 
the biceps MEP as the area under the curve in response to stimula-
tion at 110% of threshold intensity [Fig. 1A(ii)]. In uninjured rats, 
this was compared against motor cortex stimulation paired with 
spinal cord stimulation at 90% of threshold intensity [Fig. 1A(iii) 
and B]. This experiment quantified the size of the MEP with paired 
stimulation relative to cortex stimulation alone using unpaired 
t-tests with Bonferroni correction. We also tested whether stimu-
lating motor cortex at 90% of threshold with spinal cord stimulation 
also at 90% would provoke an MEP together when neither produced 
a response on their own. The magnitude of the MEP was compared 
to that of motor cortex stimulation at 110% of threshold (Fig. 1C). 
Finally, we tested the effects of paired stimulations in rats, weeks 
after a moderate C4 contusion injury (Fig. 1D, using the same meth-
ods as Fig. 1B but in rats with SCI).

Inactivation

To target the corticospinal tract (CST) selectively, a Cre-dependent 
adeno-associated virus (AAV1) encoding the Designer Receptor 
Exclusively Activated by Designer Drug (DREADD) was injected 
into the motor cortex and another encoding Cre recombinase was 
injected into the cervical spinal cord [Fig. 2A(i)]. Thus, only doubly 
infected neurons express the DREADD [Fig. 2A(ii)], which can be in-
activated by its ligand, clozapine-N-oxide (CNO).18,19 One week 
after AAV injections, animals were trained on the vermicelli hand-
ling task.20,21 After reaching a stable baseline performance, the 
number of forepaw manipulations was measured before, during 
and after inactivation [Fig. 2A(iii)]. One week after the behavioural 
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Figure 1 The immediate effects of pairing depend on timing. [A(i)] Schematic of cervical spinal cord dorsum potential recording. After the onset of three 
pulses of motor cortex stimulation at 110% of motor threshold, the latency of the response was 9.17 ± 0.55 ms (n = 3). (ii) Schematic of baseline testing 
after M1 stimulation at 110% of cortical threshold and EMG recorded from contralateral biceps. (iii) Immediate effect testing. Suprathreshold (110% of 
cortical threshold) stimulation of the motor cortex produces an MEP that is modulated by subthreshold (90% of spinal threshold) spinal cord stimula-
tion. (B) Immediate effects of paired stimulation depend on latency. We tested different latencies between motor cortex and spinal cord stimulation 
from −30 to 30 ms. As indicated by the insets, negative times indicate that spinal cord was stimulated before motor cortex stimulation and positive 
times indicate that spinal cord was stimulated after motor cortex stimulation. Maximum augmentation was found when spinal cord stimulation 
was delivered 10 ms after motor cortex stimulation. MEPs were significantly elevated at the time points indicated, as measured by t-test with 
Bonferroni correction compared to no spinal stimulation baseline, asterisks represent P < 0.05 (n = 9). (C) Immediate effects when both motor cortex 
and spinal cord stimulations were paired with their 90% of threshold intensities. The paired stimulations with latencies between ±30 ms were applied, 
and MEP responses were recorded. This figure shows the percentage increase in the MEPs as a function of latencies. MEP responses started to appear 
with latencies ∼10 ms, and cortical convergence does not seem to cause any MEP response. MEP response becomes visible once the baseline EMG ac-
tivity is doubled (n = 4). (D) We further tested this hypothesis in animals with C4 spinal contusion. A moderate C4 contusion injury was performed in 
two rats, and spinal electrode arrays were inserted over C5–C6. Two weeks later, paired stimulation was performed. In SCI rats when 110% cortical 
stimulation were paired with 90% spinal stimulation, we observed a similar augmentation in MEP as observed in uninjured rats with peak at 10 ms 
latency (134 ± 20%, P = 0.0001). Circles represent individual animals and error bars show SEM.
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test, rats were anaesthetized and effects of inactivation on the im-
mediate effects of paired motor cortex and spinal cord stimulation 
were tested [Fig. 2A(iv)]. The details are in the Supplementary 
material.

The necessity of afferents for the immediate effects of paired 
stimulation was tested using two inactivation strategies. For the 
first strategy, large-diameter dorsal root ganglion (DRG) neurons 
were inactivated [Fig. 2B(i)]. Large DRG neurons mediate touch, pro-
prioception and muscle length/tension.22 The specificity of large- 

diameter DRG neurons was provided by the tropism of the 
AAV5.23 An AAV5-hSyn-hM4D(Gi) was injected into each DRG at 
C5, C6 and C7 on one side of the spinal cord after partial laminec-
tomy [Fig. 2B(ii)]. At the time of virus injection, cortical, EMG and 
spinal electrodes were implanted as described earlier. CNO was ad-
ministered as described in the Supplementary material, and re-
sponses to paired stimulation was measured [Fig. 2B(iii)].

For the second strategy, we targeted the proprioceptive afferents, 
since these mediate the effects of spinal cord stimulation 
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Figure 2 The CST and spinal afferents are necessary for paired stimulation.(A) CST inactivation. (i) AAV1-hSyn-DIO-hM4D(Gi)-mCherry was injected 
into the forelimb area of the left motor cortex and AAV2/retro-pmSyn1-EBFP-Cre was injected into the right side of the C5 and C6 spinal segments. (ii) 
Dual virus transduction drives robust mCherry expression in corticospinal neurons located in motor cortex layer 5 (dotted lines). (iii) CST inactivation 
impairs skilled forepaw use. The number of adjustments of both forepaws was counted while the animal was eating uncooked pasta before and at 30, 
60 and 120 min after CNO injection. Inactivation significantly reduces the paw manipulations in the paw controlled by the inactivated CST (n = 3). (iv) 
CST inactivation abrogates the effect of paired stimulation. One week after the behavioural test, the CST was inactivated by CNO injection. The aug-
mentation of paired stimulation was fully abrogated at 20–60 min in the inactivation side and gradually recovered (n = 3). (B) Large-diameter afferent 
inactivation. (i) An AAV5 encoding the inactivating DREADD was injected into DRG on same site as the targeted side. (ii) DREADD expression in neurons 
(arrowhead), infected with the virus measured 67.9 ± 18.5 µm in diameter, similar to neurons that mediate touch, proprioception and muscle length/ 
tension. (iii) Inactivation abrogates paired stimulation in rats infected with AAV5-DREADD, inactivation side (vermilion line) compared to non- 
inactivated side (grey line, n = 2), 100% suppression at 40 min after CNO injection. (C) Proprioceptor inactivation. (i) A Cre-dependent DREADD was in-
jected into the DRG on the inactivation side of rats expressing Cre under control of parvalbumin, which is expressed selectively by proprioceptors. (ii) 
DREADD in proprioceptive neurons (arrowhead), infected with the virus. (iii) Inactivation abrogates paired stimulation in PV-Cre rats, inactivation side 
(blue-green line) compared to baseline (n = 3); >70% suppression of paired stimulation effect was observed at 40 min after CNO injection. More selective 
inactivation (blue-green line) resulted in 25.8 ± 3.8% suppression of sensory afferents while non-selective (vermilion line; −1.5% ± 10.5%) inactivation 
caused more robust suppression of paired stimulation responses on the targeted side of forelimb after CNO injection. Vehicle (normal saline) injection 
did not change MEPs compared to baseline on the inactivated side (data shown in Supplementary Fig. 1). Error bars show SEM.
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Figure 3 SCAP protocol. [A(i)] Baseline measurements of cortical MEP, spinal MEPs and thresholds before repetitive pairing. Cortical and spinal stimu-
lation at 110% of the cortical and spinal thresholds. MEPs recorded from the biceps. Threshold was determined by adjusting stimulation intensity to 
provoking a short-latency EMG in >50% of trials. (ii) Repetitive paired stimulation, repetitive pairing motor cortex and spinal cord stimulation at 10 ms 
latency for either 5 or 30 min. (iii) Testing the effects of both 5 and 30 min SCAP, cortical, spinal MEPs and thresholds were measured as was done before 
SCAP. [B(i)] The 5-min SCAP protocol (0.5 Hz, 150 pairs). (ii) A 30-min SCAP paradigm (5 Hz, 150 pairs of cortical and spinal stimuli 20 times with 1-min 
gap between bursts, delivering a total of 3000 pairs). [C(i and ii] SCAP causes lasting changes in cortical and spinal cord MEPs in uninjured rats and rats 
with SCI. (i) Cortical MEP augmentation after 5-min SCAP in uninjured awake rats (n = 6) as well as in rats with C4 SCI (n = 2). In both injured and un-
injured groups of rats after 5 min of repetitive pairing, cortical evoked responses were augmented for >1 h and this augmentation persisted even after 
SCI, then returned to the baseline. A similar effect was also observed with the spinal MEP and excitability increased after pairing (data shown in 
Supplementary Fig. 4A). (ii) Cortical MEP augmentation after 30-min SCAP in uninjured awake rats (n = 4) and in SCI rats (n = 7).                                                                                                                                                                                                                                                 

(Continued) 
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[Fig. 2C(i)].24–26 We used a genetic strategy to target DRG neurons that 
express parvalbumin, which are proprioceptors.27,28 In transgenic 
rats that express Cre recombinase under the control of parvalbumin 
promoter PV-Cre rats [LE-Tg(Pvalb-iCre)2Ottc], we injected a 
Cre-dependent DREADD [AAV5-hSyn-DIO-hM4D(Gi)-mCherry]29

into the C5, C6 and C7 DRGs as described previously [Fig. 2C(ii)]. 
Inactivation with CNO and physiology measurement were also iden-
tical [Fig. 2C(iii)].

Repetitive pairing: SCAP

We tested brain and spinal cord responses at baseline and then 
after the period of repetitive pairing [Fig. 3A(i–iii)], as we did in 
Mishra et al.,15 but in awake rats with implanted electrodes. This 
differs from the immediate effects of stimulation [Fig. 1A(iii)], as 
we examined the lasting effects of paired stimulation. Before 
modulation, we measured the stimulation threshold for both motor 
cortex and spinal cord, defined as the stimulation intensity needed 
to produce an MEP in 50% of trials. We then stimulated with 110% of 
threshold to determine cortical and spinal MEPs, which were quan-
tified as the area under the curve. At baseline, cortical and spinal 
MEPs were measured singly and independently [Fig. 3A(i)]. For re-
petitive pairing [Fig. 3A(ii)], motor cortex stimulation was per-
formed at 110% of the threshold for evoking a cortical MEP 
followed 10 ms later by spinal cord stimulation performed at 90% 
of the threshold for generating a spinal MEP. After repetitive pairing 
[Fig. 3A(iii)], the same measures at baseline were taken immediate-
ly after pairing and every 20 min thereafter up to 120 min. We quan-
tified excitability as 1/threshold and expressed it as percentage 
change from baseline.

Optimization

To maximize the efficacy of the SCAP protocol [5-min SCAP, 
Fig 3B(i)], we varied four stimulation parameters: frequency, num-
ber of stimuli, number of trains and time between trains. We kept 
the total stimulation period to 30 min, a period that could be used 
for stimulation in people. In two rats implanted with cortical and 
spinal electrodes, we first varied frequency by delivering 10 stimuli 
at 5, 2, 1, 0.5 and 0.2 Hz and measured the size of the MEPs 
(Supplementary Fig. 3A). For the other parameters, we measured 
the change in cortical MEPs and cortical and spinal excitability. 
Spinal excitability was used since this was less variable than spinal 
MEPs, and out of concern that eliciting spinal MEPs might induce 
plasticity. For these trials, we used 5 Hz pairing and varied the num-
ber of stimuli by comparing 150, 75 and 38 pulses [Supplementary 
Fig. 3B, C and D(i–iii)]. For subsequent trials, we used 150 stimuli, 
which we term a train, and varied the number of trains to either 
10 or 20 [Supplementary Fig. 3B, C and F(i–iii)]. For subsequent trials, 
we used 20 trains and varied the time between trains to either 1 or 
5 min [Supplementary Fig. 3B, C and E(i–iii)].

Cervical spinal cord contusion: SCI

The C4 spinal cord contusion surgery was performed as previously 
described.30 Briefly, the C3 to C5 vertebrae were exposed by skin in-
cision and muscle separation, and laminectomy of C4 was per-
formed. An Infinite Horizon impactor (IH-0400, Precision 
Systems & Instrumentation, LLC), was used to deliver 200 kilo-
dynes of force onto the spinal cord with a 3.5-mm diameter tip. 
The force curve of the impactor was recorded (Fig. 7A). After the 
injury, the spinal electrode array was implanted as described pre-
viously and rats received intense care, as described in the 
Supplementary material.

Preclinical trial

We designed a preclinical efficacy trial; the timeline is shown in 
Fig. 4A. Ten days after SCI, rats were randomized to receive real 
or sham SCAP for 10 days, a period that we have previously 
shown to be therapeutic.30,31 The daily stimulation duration 
(30 min) and the number of sessions (10) were designed to be 
clinically viable. The primary outcome measure was the dexter-
ity [Irvine, Beatties and Bresnahan (IBB) scale32] score, and sec-
ondary outcomes included performance of skilled walking, 
changes in MEPs (immediate effects), thresholds, lasting effects 
of pairing in stimulated rats, H-reflex modulation (a measure of 
hyperreflexia) and a pain measure (Rat Grimace Scale). The study 
was powered based on the effect size we observe of a different 
neuromodulation strategy.30 A priori power analysis suggested 
we need eight rats in each group to achieve a power of 0.8. 
Rats were pseudorandomized into real (Stim) and sham 
(Control) groups with each cohort of up to eight rats having 
rats assigned to each group. Rats were randomized immediately 
after SCI surgery, and experiments were carried out with blinded 
measures.

Behaviour

Food manipulation task

To assess the rat’s ability to manipulate, we used the IBB scale,32,33

as we did previously.30

Horizontal ladder walking task

The horizontal ladder walking task measured paw placement ac-
curacy on irregularly spaced rungs, a task that requires the 
CST.31,34–36

Rat Grimace Scale

The Rat Grimace Scale is used to quantify pain based on rat facial 
characteristics in a way that is commonly used to assess pain in 
people.37

Figure 3 Continued 
In both SCI and intact (uninjured) groups of rats after 30 min of repetitive pairing, cortical evoked responses were augmented for >2 h and this aug-
mentation persisted even after SCI, similarly the spinal MEP and excitability increased for 2 h after pairing (data shown in Supplementary Fig. 4B). 
[D(i)] Average MEP augmentation over 120 min with 5 min SCAP conditions. Only motor cortex (4 ± 7%) or only spinal cord stimulation (8 ± 6%) or pairing 
at an inappropriate latency (100 ms; 2 ± 5%), do not result in elevated MEP responses. (ii) Average MEP augmentation over 120 min with different 30-min 
SCAP conditions. Only motor cortex (1.3 ± 6%) or only spinal cord stimulation (8 ± 4%) or pairing at an inappropriate latency (100 ms; 0.2 ± 3%), do not 
result in elevated MEP responses. Pairing at −20 ms aiming at cortical convergence, does not cause a strong MEP response (18 ± 5%). Circle represents 
individual animals and error bars shows SEM. A one-way ANOVA was done for overall comparison and was highly significant followed by Bonferroni 
correction for multiple comparisons. *P < 0.001, NS = non-significant.
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Figure 4 SCAP promotes motor recovery after SCI and does not affect pain. (A) Experimental timeline: Rats were trained on the food manipulation task 
and then subjected to C4 contusion injury. Rats were randomized to SCAP daily for 10 days (stimulation group) versus sham (no) stimulation (control 
group). Physiology and behaviour testing was done before stimulation and then weekly after stimulation. After 50 days, animals were sacrificed and 
anatomical analysis was done. [B(i)] Schematics showing characteristic features of rat forelimbs during cereal manipulation task, the primary outcome 
measure. Images of a representative stimulation rat were generated from frames of live videos with the image tracing tool of Adobe Illustrator software. 
Score 9 at baseline before SCI: Volar (palm) support, paw adapts to the shape of the cereal. Score 5 after stimulation: Volar support, digit 2 contributes to 
cereal manipulation, other digits extended. Score 3 after injury, before stimulation: Lack of volar support, extended digits and paw does not adapt to the 
shape of the cereal. (ii) Average and individual rat’s IBB scores. At each time point, the IBB score was averaged over four pieces of cereals for cereal 
manipulation trials. Thick red and black line are the average IBB scores for all stimulation group rats and controls respectively. Thin light red and black 
lines indicate individual stimulation and control group rats, respectively. Error bar represents SEM. *Unpaired t-test, P = 0.024, at 49 days after SCI                                                                                                                                                                                                                                                 

(Continued) 
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Physiology

The immediate effects of pairing [Fig. 1A(iii)] as well as thresholds 
were tested before the 30-min SCAP on each day of stimulation 
and every 2 weeks thereafter. The lasting effect of SCAP 
[Fig. 3A(i)] was measured on Day 11 after SCI.

H-reflex testing

To track H-reflex modulation, we measured the H-reflex at base-
line, 1 week after SCI, just after 10 days of stimulation, and every 
2 weeks after stimulation (Fig. 4A). First, we tested responses to in-
creasing stimulus intensities up to twice threshold, which activates 
low threshold afferent fibres. Next, we tested the frequency- 
dependent depression of the H-reflex.38

Anatomy

To determine the severity of SCI, we measured impact force during 
spinal cord contusion. We quantified the volume of spared grey and 
white matter at the injury site. We also quantified spared axons be-
low the lesion in both groups. For CST axon quantification, BDA was 
injected into cortex and histology was performed on sections above 
(C3) and below (C7) the lesion site as in our previous studies.30 For 
sensory axon quantifications, AAV1 was injected in C5-C7 DRG, 
and sensory afferent axons were quantified below the lesion 
segments.

Statistical analyses

All the comparisons between stimulation conditions were done 
with paired/t-tests within group and unpaired t-tests between 
groups with Bonferroni correction for single time points or one-way 
ANOVA with Bonferroni corrections for multiple time points. 
Cohen’s d was used for the effect size. All the statistical analysis 
was performed with SPSS (SPSS Statistics for Windows, v.27; IBM 
Corp., Armonk, NY, USA). We tested the normality of the data using 
the Shapiro-Wilk test. All data are expressed as mean ± SEM.

Data availability

The datasets generated and analysed during the current study are 
available from the corresponding author on reasonable request.

Results
We hypothesized that repetitive pairing of motor cortex and spinal 
cord would augment spinal excitability and improve function in 
rats with SCI through spinal sensory and descending motor conver-
gence in the spinal cord. This hypothesis was tested in steps. First, 
we tested whether convergence of paired stimulation was more ef-
fective in cortex or the spinal cord by altering the timing for paired 
stimulation. Second, we tested whether the connections preserved 

by cervical SCI were sufficient to enable paired stimulation. Third, 
to determine whether the CST and proprioceptors were necessary, 
we selectively inactivated each. Fourth, we optimized the repetitive 
application of paired stimulation (SCAP) protocol. Fifth, we tested 
this optimized protocol in rats with SCI. Finally, we tested whether 
10 days of repetitive SCAP improved physiology and behaviour after 
SCI.

Spinal stimulation augments cortical responses 
when properly timed

We hypothesized that stimulating the spinal cord at the time that 
descending motor potentials arrive would most strongly augment 
cortical MEPs. The latencies shown in Fig. 1A(i) are the averages 
of 20 responses each from three animals, while the waveforms 
are for a representative trial in one animal. Recorded C5–C6 spinal 
cord responses to cortical stimulation in awake rats are shown in 
Fig. 1A(i). After the initiation of a train of three stimuli in the motor 
cortex, the cord dorsum potential arrived at 9.17 ± 0.55 ms (mean ± 
SEM, n = 3). Spinal cord stimulation augmented cortical MEPs at 
multiple time points (Fig. 1B) with a strong peak when the spinal 
cord was stimulated 10 ms after the motor cortex (155 ± 27%, d.f. 
= 13, Cohen’s d = 40.86, P < 0.0001). There were also smaller in-
creases in MEPs when the spinal cord was stimulated 20 ms before 
cortex (17 ± 6%, d.f. = 16, Cohen’s d = 13.50, P = 0.019).

If the effects of motor cortex and spinal cord stimulation are 
synergistic, then subthreshold stimulation at each site may result 
in a suprathreshold response if they are properly timed. To test 
this hypothesis, stimulation intensities for both cortical and spinal 
stimulations were set to 90% of the threshold. Stimulation of the 
spinal cord only and motor cortex only produced no responses. 
Paired subthreshold stimulation generated an MEP with a peak ef-
fect at 10 ms. The response was larger than cortical stimulation 
only at 110% of threshold (66 ± 38% larger) of 110% cortical thresh-
old (P = 0.001; paired t-test). Thus, the synergistic effects of sub-
threshold stimulation were observed only with convergence in 
the spinal cord.

Neural circuits spared by SCI are sufficient to 
mediate the effects of paired stimulation

To determine whether the neural circuits spared by SCI were suffi-
cient to enable paired stimulation, we tested paired stimulation in 
rats with moderate C4 spinal contusion. Just as in Fig. 1A, 110% cor-
tical stimulation was paired with 90% spinal stimulation. 
Augmentation of MEPs was observed with a peak at 10 ms latency 
(Fig. 1D; 134 ± 20%, P = 0.0001, paired t-test). No augmentation was 
observed at any latency in which spinal cord was stimulated before 
cortex. This supports the hypothesis that the spinal cord pathways 
spared by contusion can mediate the effects of sensory-motor con-
vergence in the spinal cord.

Figure 4 Continued 
(n = 7 in both stimulation and control groups). (C) Locomotor behaviour on horizontal ladder shows percentage error that rats made while walking 
across the horizontal ladder over 20–24 trials at each time point, averaged over left and right forelimbs. Thick red and black lines are the average error 
rate for all stimulation group rats and controls, respectively. Thin light red and black lines indicate individual stimulation and control group rats, re-
spectively. There was a decreased trend in percentage error rate in the rats in stimulation groups as compared to controls but was not significantly 
deferent between the groups at the final end point of testing (Day 49, unpaired t-test, P = 0.182, n = 7 in each group). (D) Pain scores quantified pain using 
the rats’ facial characteristics. Thick red and black lines are the average pain scores for all stimulation group rats and controls, respectively. Thin light 
red and black lines indicate individual stimulation and control group rats, respectively. We observed no increase in pain score with 10 days of repetitive 
stimulation, rats in both the groups did not experience pain during the stimulation phase (unpaired t-test, P = 0.646, n = 7 in each group). Error bars show 
SEM.
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Effects of paired stimulations are mediated by 
corticospinal and proprioceptive afferents

To test the hypothesis that descending corticospinal circuits and 
large-diameter afferents are necessary for effects of pairing, we se-
lectively inactivated each with a chemogenetic tool. In rats with in-
jections into motor cortex and spinal cord [Fig. 2A(i)], layer 5 
neurons in the motor cortex were selectively and robustly 
labelled [Fig. 2A(ii)]. These neurons were inactivated by administra-
tion of CNO, the ligand for the inhibitory DREADD. At the time of 
maximum inactivation [30 min; Fig. 2A(iii)] the number of 
manipulations the rat made while eating uncooked pasta with 
the paw targeted for inactivation diminished to 39 ± 7%. The num-
ber of manipulations partially recovered by 120 min, as the CNO 
washed out. Manipulations of the non-targeted paw were not high-
ly affected. We then tested whether this inactivation abrogated the 
effects of paired stimulation [Fig. 2A(iv)]. At baseline, subthreshold 
spinal cord stimulation delivered 10 ms after suprathreshold motor 
cortex stimulation strongly augmented biceps MEPs (>100%). 
Administration of CNO caused the MEP augmentation to be dimin-
ished compared to baseline, and at 30 min (−6.3% ±23%, d.f. = 4, 
Cohen’s d = 5.35, P = 0.003), spinal cord stimulation had no aug-
menting effect on motor cortex MEPs on the inactivated side. The 
effects of pairing recovered by the end of the 120-min testing 
period. On the non-inactivated side, there was a less pronounced 
and more delayed effect of inactivation. Thus, corticospinal neu-
rons are necessary for the effects of paired stimulation.

To determine whether paired stimulation also depends on 
spinal afferents, we inactivated DRG neurons using two methods. 
First, we targeted large-diameter neurons; an AAV5 encoding an in-
activating DREADD was injected into DRGs of C5 and C6 on one side 
[Fig. 2B(i)]. Cells infected with the virus [Fig. 2B(ii)] measured 68 ± 
18 µm in diameter, such as neurons that mediate touch, proprio-
ception and muscle length or tension.22 Before inactivation, the 
pairing of the motor cortex and spinal cord stimulation caused a 
large augmentation of the biceps MEP [>100%; Fig. 2B(iii), red] com-
pared to cortical stimulation only. Thirty minutes after CNO injec-
tion, the paired stimulation effect was abolished (−1.5% ± 10.5%, d.f. 
= 4, Cohen’s d = 2.34, P = 0.013) and largely returned by 120 min. 
There was no significant effect on the side without inactivation.

For the second approach, we selectively targeted the proprio-
ceptors. A Cre-dependent DREADD was injected into the DRGs 
[Fig. 2C(i)] of transgenic rats expressing Cre under control of parval-
bumin, which is expressed selectively by proprioceptors [Fig. 2C(ii)]. 
Inactivation caused a large-scale, but incomplete, abrogation 
of paired stimulation [28.6% ± 3.8%, d.f. = 4, Cohen’s d = 11.81, 
P = 0.017; Fig. 2C(iii), green]. Inactivation also decreases the 
motor cortex excitability (Supplementary Fig. 1A), spinal MEPs 
(Supplementary Fig. 1B) and spinal excitability (Supplementary 
Fig. 1C) in PV-Cre rats. The loss of paired stimulation effect with in-
activation of proprioceptors was less than inactivation of many 
large-diameter DRG neurons (including mechanoreceptors and 
others). Thus, large-diameter sensory afferents, and proprioceptors 
in particular, are necessary for the effects of SCAP.

To ensure that the effects of inactivation were due to loss of 
function of specific circuits, we conducted two control experi-
ments. We tested whether CNO injection itself changed physio-
logical responses. In a blinded test of rats without viral injection, 
CNO had no effect on physiological responses (Supplementary 
Fig. 2A). In addition, administration of saline in rats with DREADD 
injection showed no change in paired stimulation effects on cor-
tical MEPs, cortical excitability, spinal MEPs or spinal excitability 

[Supplementary Fig. 2B(i–iv)]. Thus, neither CNO without DREADD 
administration nor DREADD injection without CNO affected 
physiological responses.

SCAP caused lasting changes in cortical and spinal 
cord evoked responses in awake rats with and 
without SCI

In addition to the immediate effects of paired stimulation, repeat-
edly pairing motor cortex and cervical spinal cord stimulation at 
10 ms latency promotes SCAP. In these experiments, cortical and 
spinal responses were tested before and after a period of SCAP 
(Fig. 3A). SCAP delivered over 5 min [Fig. 3B(i)] nearly doubled the 
size of both the cortical and spinal MEPs [Fig. 3C(i), dark and light 
brown lines], an effect that ebbed over 120 min. These changes 
were of a similar magnitude but much longer duration than we pre-
viously reported; anaesthetized rats had no increase in MEPs after 
60 min.15

We also tested the effects of SCAP in rats with SCI. Following the 
5-min SCAP protocol, rats with SCI also showed lasting increases in 
the size of cortical and spinal MEPs [Fig. 3C(i), dark and light blue 
lines]. Similar effects were also observed with cortical and spinal 
thresholds in intact and SCI rats (Supplementary Fig. 4A). We com-
pared the average effects of paired stimulation delivered at 10 ms 
latency versus several control conditions: motor cortex stimulation 
alone, spinal cord stimulation alone, pairing at 100 ms latency and 
10 ms pairing in intact and SCI rats [Fig. 3D(i)]. The control condi-
tions did not induce plasticity (ANOVA (analysis of variance) with 
Bonferroni correction; P = 0.65). However, both intact and SCI rats 
had significant increased cortical MEPs compared with these con-
trol conditions (ANOVA with Bonferroni correction P < 0.001); there 
was no significant difference between intact rats and rats with SCI 
(Intact = 38% ± 11%; SCI = 18% ± 10%; ANOVA with Bonferroni cor-
rection; P = 0.11). The change in cortical MEP was averaged across 
the 120 min of testing. Thus, the circuits spared by cervical SCI 
were sufficient to enable SCAP.

In anticipation of using SCAP in a preclinical therapeutic trial, 
we optimized the protocol. We kept the duration to a maximum 
of 30 min, a period that is tolerable for clinical neuromodulation.39

We tested four parameters: frequency of pairing, pulse number 
(length of train), time between trains and number of bursts/trains 
(Supplementary Fig. 3). We tested five frequencies to determine 
whether each pair of stimuli would cause inhibition or augmenta-
tion of subsequent stimuli. The 5 and 0.2 Hz frequencies produced 
little change between stimuli, and we selected 5 Hz to minimize the 
total duration of stimulation. We also observed that 1 Hz was 
strongly inhibitory. Using the 5 Hz frequency, we varied the num-
ber of stimuli; 150 stimuli were better than the others tested. We 
tested the time interval between bursts of 150 stimuli at 5 Hz; we se-
lected 1 min to balance effect size and the total duration of stimu-
lation. Finally, we tested the total number of bursts. We observed 
that 20 trains of stimulation had a more durable effect than 10 
trains with a similar overall magnitude. This resulted in the para-
digm pictured in Fig. 3B(ii), which delivers 3000 pairs of stimuli 
over 30 min.

We tested the effects of 30-min SCAP in intact rats and rats with 
SCI. In intact rats, cortical and spinal MEPs were doubled immedi-
ately after 30-min SCAP [Fig. 3C(ii), dark and light blue lines], and 
they were still ∼50% elevated at 120 min. In SCI rats, following the 
30-min SCAP protocol [Fig. 3B(ii)] the size of both the cortical and 
spinal MEPs was increased 100–200% [Fig. 3C(ii), dark and light 
brown lines], and the MEPs were still almost double at 120 min. 
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Similar effects were also observed with cortical and spinal excit-
ability in both intact rats and those with SCI (Supplementary Fig. 
4B). The physiological effects of the 30-min SCAP paradigm are 
more robust than the 5-min SCAP paradigm in both intact and in-
jured animals. Further, we compared the efficacy of 30-min SCAP 
to control conditions (motor cortex alone, spinal cord alone or 
paired with spinal cord stimulation after a 100 ms delay) and con-
vergence in motor cortex. Neither the control conditions nor con-
vergence at cortex increased cortical or spinal MEPs [ANOVA with 
Bonferroni correction; P = 0.20; Fig. 3D(ii)] or changed cortical or 
spinal thresholds (Supplementary Fig. 5). However, both intact 
and SCI rats had a significant increased cortical MEPs after 
30-min SCAP compared with these control conditions [ANOVA 
with Bonferroni correction P < 0.0001; Fig 3D(ii)]. There was no sig-
nificant difference between intact rats and rats with SCI (Intact = 
82% ± 9%; SCI = 121% ± 11%; ANOVA with Bonferroni correction; P 
= 0.15). Finally, the similar magnitude and duration of effects in in-
tact and injured rats suggest that circuits spared by SCI are suffi-
cient to mediate pairing effects.

Repetitive SCAP after SCI improved forelimb 
dexterity without changing affective pain

To determine whether SCAP might be used to restore sensorimotor 
function after SCI, we performed a preclinical efficacy trial (Fig. 4A). 
The prespecified primary outcome measure was the IBB test, a scale 
that measures paw function while eating pieces of cereal [Fig. 4B(i)]. 
Before SCI, all rats performed at the top of the 9-point scale 
[Fig. 4B(ii)]. Twenty-eight days after SCI, the rats in each group 
showed severe impairment (stimulation = 2.46 ± 21; control = 2.38 
± 34), with difficulty holding and manipulating the cereal. By 
50 days after injury, the last time tested, control rats scored 3.76 ± 
0.49 and rats with stimulation scored 5.18 ± 0.25 (50 days; d.f. = 12, 
Cohen’s d = 2.62, P = 0.024) demonstrating better grasp and support 
of the cereal [Fig. 4B(ii)].

Our secondary behavioural outcomes were walking perform-
ance on the horizontal ladder (Fig. 4C) and observed pain (Fig. 4D). 
Rats performed equally before the injury. For walking, by 28 days, 
the first time that rats reliably perform the task, control rats 
made 73 ± 7% errors, while rats with stimulation made 61 ± 5% er-
rors. At the end of the testing period, control rats made 66 ± 8% er-
rors and rats with stimulation made 50 ± 8% errors; this difference 
was not significant (50 days: d.f. = 12, P = 0.18). To test the effects 
of stimulation on pain, we used the Rat Grimace Scale, which 
uses facial features to rate severity on a 3-point scale. All rats exhib-
ited pain after SCI (Fig. 4D), despite being given analgesics, which 
diminished by 10 days and stayed low. There was no difference in 
pain scores between the groups at the end of the trial (50 days: 
d.f. = 9, P = 0.65). Thus, 10 days of SCAP improved dexterity and 
did not worsen pain after SCI.

SCAP caused lasting increases in evoked responses 
and largely restored H-reflex modulation over weeks

We hypothesized that SCAP delivered daily over 10 days in rats 
with SCI would strengthen sensorimotor connections, as measured 
by evoked responses. We measured the immediate effect of paired 
stimulation; how strongly spinal stimulation augmented the cor-
tical MEP as the time they are paired. Since paired MEPs are always 
compared to cortical stimulation alone, this measure is stable and 
reflects the strength of convergent stimuli. In rats with SCI, the im-
mediate effect of pairing was large at 11 days after SCI (Stim = 
162% ± 22%, Control = 153±11%) in both groups before the start of 
stimulation (Fig. 5A). In the stimulation group, cortical MEPs in-
creased over the 10-day period to 259 ± 12%, while the control group 
did not change (168 ± 5.4%). The difference between groups was 
maintained at 50 days after SCI (Stim = 258 ± 21% versus Control = 
169 ± 10%, d.f. = 12, Cohen’s d = 3.10, P = 0.0001). This indicates that 
repetitive pairing over a 10-day period creates a durable change 
in MEPs from paired stimulation.
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Figure 5 Ten days of SCAP produces augmented MEPs for at least 50 days after SCI. (A) The immediate effects were not different before stimulation 
(Day 11) in between the stimulation and control groups, in the stimulation group (n = 7), cortical MEP augmentation increased over the 10-day periods of 
stimulation to 259 ± 12%, while the control group (n = 7) did not change (168 ± 5.4%). The difference between groups was maintained at 50 days after SCI 
(Stim = 258% ± 21% versus Control = 169% ± 10%, d.f. = 12, Cohen’s d = 3.10, P = 0.0001). This indicates that repetitive pairing over a 10-day period creates 
a durable change in physiology. (B) Cortical thresholds before SCI were above 1 mA in both stimulation (vermilion  line) as well as control (black line) 
rats; after SCI there was a 50% drop in the cortical thresholds in both groups of rats, which may be due to hyperreflexia. There was gradual increase in 
cortical threshold after SCI but still below the before SCI value. The vermilion  line indicated the change in cortical thresholds in each session of repeti-
tive paired stimulation (30-min SCAP). After each session of 30 min of SCAP the cortical threshold decreased (vermilion  dots) compared to that of the 
prestimulation value, indicating increased cortical excitability after each session. (C) Spinal thresholds after SCI were low in both stimulation (vermil-
ion  line) as well as control (black line) rats, the spinal threshold was measured only after SCI since spinal electrodes were implanted just after spinal 
contusion. There was a gradual increase in spinal threshold after SCI that we observed with our spinal electrodes due to an increase in impedance post 
implantation. The red line indicates the change in the spinal thresholds in each session of repetitive paired stimulation (30-min SCAP). After each ses-
sion of 30 min of SCAP, the spinal threshold decreases (vermilion  dots) as compared to that of prestimulation value, indicating increase spinal excit-
ability after each session. Error bars show SEM.
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We also measured cortical and spinal thresholds over the study. 
Cortical thresholds before SCI were above 1.2 mA in both stimula-
tion (vermilion line) and control (black line) rats (Fig. 5B). After 
SCI there was ∼50% drop in the cortical thresholds in both groups 
of rats (ANOVA, P < 0.001). After each 30-min SCAP session, the cor-
tical threshold (vermilion dot) was lower than when it began 
(ANOVA, P < 0.001; red line). There was a gradual increase in cortical 
threshold until the end of the study period. Similarly, the spinal 
thresholds (Fig. 5C) immediately after SCI were low in both stimu-
lation (vermilion line) as well as control (black line) rats (electrodes 
were implanted just after SCI). There was a lower threshold in the 
rats with stimulation compared to control rats (ANOVA, P < 0.001, 
vermilion line versus black line). There was a gradual increase in 
spinal threshold over the study period, as we have observed in im-
planted arrays.16

We hypothesized that repetitive stimulation would help restore 
spinal reflex modulation. We tested H-reflex modulation before 
and after SCI (Fig. 6A). H-reflexes were elicited at different intersti-
mulus intervals to modulate responses (Fig. 6B). Before injury in 
both rats with SCAP (Fig. 6C) and controls (Fig. 6D), shorter intervals 
between H-reflexes caused the second response to be diminished 
(blue lines). After SCI, the rate-dependent decrease in the H-reflex 
was diminished (top lines). Ten days of SCAP largely restored rate- 
dependent depression of the H-reflex (Fig. 6C; bright vermilion 
lines). In contrast, control rats had little to no recovery of H-reflex 
modulation (Fig. 6D; grey lines). This effect was still persistent at 
50 days after SCI (control 63 ± 1.5% versus Stim 45 ± 1.7%; d.f. = 12, 
Cohen’s d = 4.33, P = 0.0001). Thus, SCAP largely restored H-reflex 
modulation after SCI.

No difference in SCI and tissue sparing between 
stimulation and control groups

To determine severity of SCI, we quantified the peak force rats re-
ceived during C4 spinal contusion and the tissue preserved at the 
injury site at the end of the trial. The peak force that rats received 
is shown in Fig. 7A. There was no significant difference between 
the stimulation group (203.57 ± 5.81 kilodynes) and the control 
group (209.1 ± 7.13 kilodynes; t-test, P = 0.28). We also compared the 
amount of tissue spared at the site of injury. Representative spinal 
cord sections are shown in Fig. 7B and representative lesion recon-
struction (Fig. 7C, vermilion ). There was no significant difference 

in tissue sparing at the lesion epicentre between the control (3.13 ± 
0.46 mm2) and the stimulation group (2.76 ± 0.53 mm2, independent 
t-test, P = 0.61; Fig. 7D). We concluded that the injuries rats received 
are similar between stimulation and control groups. We quantified 
the length of the spared descending motor and sensory afferent ax-
ons below the lesion in both groups. We did not observe a significant 
difference in total axon length of both descending motor or segmen-
tal sensory afferent axon lengths in between stimulation and control 
groups (Supplementary Fig. 6). We conclude no difference in tissue- 
sparing or anatomical connections between the groups after SCI.

Discussion
Our main hypothesis proved true: repetitive pairing of motor cortex 
and spinal cord stimulation augmented spinal excitability and im-
proved function in rats with SCI through spinal sensory and des-
cending motor convergence. Paired stimulation produces effects 
on three timescales: immediate, hours and weeks. The immediate 
effects (Fig. 1) do not represent plasticity; they operate only at the 
time that subthreshold spinal stimulation augments cortical 
MEPs. For paired stimulation to promote plasticity, it must be re-
peated (SCAP). Our optimized repetitive stimulation protocol pro-
duces robust augmentation that was still 50% greater than 
baseline at 2 h after 30 min of pairing. Thus, some effects are short- 
lived, on the order of hours. However, when SCAP was delivered for 
10 days, both function and physiology were improved as long as 
they were measured, to 50 days. Dexterity improved with no in-
crease in pain (Fig. 4). Physiology changes included stronger MEPs 
with paired stimulation (Fig. 5) and largely restored H-reflex modu-
lation (Fig. 6). These represent two critical functions of the sensori-
motor system, to drive voluntary movement and to modulate 
segmental reflexes.39,40

SCAP depends on sensorimotor convergence in the 
spinal cord

Our model of SCAP as the convergence of descending sensory and 
segmental proprioceptors at the level of the spinal cord is sup-
ported by three lines of evidence. First, there is striking concord-
ance between the time that motor potentials arrive in the spinal 
cord [9.17 ± 0.55 ms; Fig. 1A(i)] and the optimal latency for pairing 
for the immediate effects (10 ms). Second, this immediate effect 
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depends on the CST and proprioceptors, as demonstrated by abro-
gation of the effect with selective inactivation of each of these path-
ways (Fig. 2). Finally, pairing of motor cortex and spinal cord at a 
latency that has no immediate effect (100 ms) also produces no 
plasticity when applied repetitively [Fig. 3D(ii) and Supplementary 
Fig. 5].

We compared the effects of sensorimotor convergence at the le-
vel of the spinal cord with convergence in cortex, and the results 

challenge the most common clinical approach of targeting cortex. 
Paired afferent stimulation, which targets cortex, has been used 
to improve function in people, but the protocol does not work in 
all individuals and the physiological effects are moderate in 
size.3,41 In contrast, convergence in the spinal cord had a much lar-
ger immediate and lasting effect in the rats. Several groups have ap-
plied paired stimulation of the descending (upper) motor system 
and segmental (lower) motor system.12–14,42–45 SCAP differs from 
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these approaches by targeting descending motor and segmental af-
ferents—sensorimotor integration rather than the motor only con-
nections in the spinal cord.

SCAP effective in rats with moderate cervical SCI

SCAP was at least as effective in rats with C4 SCI as uninjured rats, 
indicating that sparse descending motor circuits mediate the plas-
ticity effect, along with the intact sensory system below injury. The 
C4 contusion injury obliterates the grey matter and leaves just a 
thin rim of white matter, like human injury.46,47 Interestingly, we 
observed sparing of <1% of the CST in rats with this injury.30 This 
suggests that other descending motor pathways may be involved, 
as they are in recovery after human SCI.48 Targeting the reticulosp-
inal tract, which is slightly better preserved by experimental SCI in 
rats, results in improvement of motor function, both in rodents23,49

and in humans.11,50

There is a striking concordance of physiological changes in-
duced by SCAP at the cortical and spinal cord levels. This is likely 
explained by changes in responses in the spinal cord, possibly in 
the common target of descending motor and segmental afferent 
connections. These results contribute to our working model that 
convergent inputs to spinal neurons cause the synapses or the cel-
lular targets themselves to undergo lasting change. Synchrony of 
input is critical since paired stimulation with an inappropriate 
time difference between motor cortex and spinal cord stimulation 
was ineffective in producing plasticity.

Conclusion
This study provides important considerations for the application of 
paired stimulation to enhance sensorimotor function in people with 
CNS injury. The interactions between descending motor pathways 
and large-diameter afferents are largely conserved between rats and 
humans,51,52 but the direct connections between motor cortex and 
spinal motoneurons in humans may alter these interactions. In add-
ition, the scale of the two species is very different, and it will be im-
portant to determine the proper timing of paired stimulation in 
people. Finally, it will be important to consider the differences in 
the location of tracts within the spinal cord and the pattern of injury 
to the spinal cord between human injury and experimental SCI in rats.
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