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Physical rehabilitation is essential for enhancing recovery in individuals with spinal cord in-
jury (SCI); however, aside from early surgical intervention and hemodynamic management, 
there are no proven interventions for promoting recovery in the acute phase. In general, 
early rehabilitation is considered beneficial, but optimal parameters and potential contrain-
dications for implementing rehabilitation at very early time points are unclear. Moreover, 
clinical trials to date are limited to studies initiating rehabilitation 2 weeks after injury and 
later. To address these gaps, this article reviews the preclinical literature on physical inter-
ventions initiated within the first 8 days postinjury. Effects of early rehabilitation on molec-
ular and structural nervous system changes, behavioral function, and body systems are con-
sidered. Most studies utilized treadmill or cycle training as the primary intervention. Tread-
mill training initiated within the first 3 days and terminated by 1 week after injury worsened 
autonomic function, inflammation, and locomotor outcomes, while swim training during 
this period increased microvascular dysfunction. In contrast, lower-intensity rehabilitation 
such as reach training, ladder training, or voluntary wheel or ball training showed benefits 
when implemented during the first 3 days. Rehabilitation initiated at 4 days postinjury was 
also associated with enhanced motor recovery. Cycling appears to have the greatest risk-ben-
efit ratio; however, the effects of cycle training in the first 3 days were not investigated. Over-
all, research suggests that lower intensity or voluntary rehabilitation during the hyperacute 
phase is more appropriate until at least 4 days postinjury, at which point higher-intensity 
activity becomes safer and more beneficial for recovery.
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INTRODUCTION

Advances in surgical and medical management of acutely in-
jured individuals, such as decompression within 24 hours and 

hemodynamic management, have decreased mortality and im-
proved neurologic outcomes from spinal cord injury (SCI).1-5 
Additionally, strides in technologic and therapeutic develop-
ment hold great promise for the future of SCI recovery.6-17 De-
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spite this, a cure for disabling sensorimotor deficits caused by 
SCI remains elusive for the nearly 18,000 individuals who expe-
rience SCI each year. While the most obvious effects of SCI are 
physical, the emotional and financial well-being of individuals 
and their families are also impacted. With rehospitalization rates 
as high as 36%,18 the first year costs of living with SCI range from 

$400,000 to more than $1.2 million depending on level and se-
verity.19 Importantly, gains in mobility reduce both rehospital-
ization18 and overall lifetime costs20 and ultimately improve in-
dividuals’ quality of life.21 As such, there is a critical unmet clin-
ical need for acute interventions that can jumpstart recovery of 
functional mobility.

Fig. 1. Effects of acute physical interventions on functional recovery from SCI. Recovery was broken down into 12 areas encom-
passing molecular, structural, systemic, and functional responses to acute physical activity. This figure highlights important take-
aways and indicates whether overall effects on each system were positive, negative, or neutral based on the placement of either a 
check, x, or dash, respectively, in each box. 4E-BP1, eukaryotic translation initiation factor 4E binding protein 1; 5HT, serotoner-
gic axon; AKT, protein kinase B; BDNF, brain-derived neurotrophic factor; BOS, base of support; CST, corticospinal tract; Eif-
4E, eukaryotic translation initiation factor 4E; GABA, gamma-aminobutyric acid; GAD65/67, glutamate decarboxylase 65/67; 
GDNF, glial cell-derived neurotrophic factor; GFAP, glial fibrillary acidic protein; H-Reflex, Hoffmann’s reflex; H/M ratio, H-
wave/M-wave; IBA1, ionized calcium-binding adapter molecule 1; IGF1, insulin-line growth factor 1; IGFBP4/5, insulin-like 
growth factor binding protein 4/5; KCC2, potassium-chloride cotransporter 2; NKCC1, sodium-potassium-chloride cotrans-
porter 1; miR, micro ribonucleic acid; mRNA, messenger ribonucleic acid; mTOR, mechanistic (or mammalian) target of ra-
pamycin; myoD, myogenic differentiation 1; NT3, neurotrophin-3; P-Erk1/2, phosphorylated extracellular signal-regulated ki-
nase 1/2; SCI, spinal cord injury; TGFα, transforming growth factor alpha; TrkB, tropomyosin receptor kinase B; TrkC, tropo-
myosin receptor kinase C.
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Activity-based rehabilitation paradigms use principles of mo-
tor learning and neuroplasticity, such as repetition, specificity, 
and intensity in an effort to minimize compensation and pro-
mote recovery of function after neurologic insult.22-25 To date, 
these rehabilitation approaches have demonstrated significant 
promise for promoting functional recovery after SCI and will 
likely be vital adjuncts to pharmacological, cellular, or techno-
logical interventions in the future.6-17,26,27 However, despite the 
fact that rehabilitation may be required to guide neuroplasticity 
and harness the beneficial effects of novel therapeutics, standard-
ized physical therapy regimens are rarely included when study-
ing pharmacological interventions.6,28-32 Moreover, despite in-
tensive rehabilitation, recovery from SCI is often incomplete.33-35 
As such, additional understanding of the neurobiology of SCI 
and recovery, both natural and training-induced, is essential to 
maximize outcomes.

The timeliness of physical intervention may improve function-
al outcomes after SCI, but our understanding of this effect is in-
complete, and results are mixed. Indeed, while some studies in-
dicate a positive effect of early physical intervention36-38 others 
suggest that early intervention has no effect on recovery or that 
delayed rehabilitation may be more beneficial.39,40 More con-
cerning, early rehabilitation may be detrimental in certain cir-
cumstances.41-43 Clinical trials on acute physical intervention in 
SCI to date initiate rehabilitation between 2 weeks and 6 months 
postinjury, bypassing what may be a critical window of recovery 
very early after SCI.44,45 To improve understanding of the risks 
and benefits of very early physical interventions for SCI, we re-
viewed the preclinical literature on physical interventions deliv-
ered within the first 8 days postinjury (Fig. 1).

SUMMARY OF INJURY MODELS AND 
TRAINING PARAMETERS

To date, the preclinical literature on acute rehabilitation in-
cludes studies on rats (n= 46) and mice (n= 6). The most com-
monly used SCI model is contusion (n= 29), followed by tran-
section (n= 13), and then hemisection (n= 10). Studies using 
the contusion injury model most often included a moderate 
impact at mid- to low-thoracic levels and treadmill training as 
the primary intervention. Of the studies that used transection 
or hemisection, the majority chose mid- to low-thoracic inju-
ries with bicycle training as the primary intervention. Addition-
al training paradigms included environmental enrichment, lad-
der stepping, reach training, swim training, exercise ball train-
ing, and forced or voluntary wheel running.

Substantial variability exists regarding training dose. Most 
studies implemented rehabilitation 5 to 7 days per week. Fre-
quency ranged from 1 to 3 bouts of training per day. Duration 
varied based on intervention type. Treadmill training was deliv-
ered between 10 and 40 minutes per day. Bicycle training was 
most frequently prescribed in two, 30-minute bouts with a 
10-minute break between bouts. Other dosages of bicycle train-
ing included 10 or 15 minutes per day. Swim training occurred 
in either 2 bouts of 3 minutes or 4 bouts of 6 minutes per day. 
Wheel running was prescribed either forced for 20 minutes per 
day or voluntary, ad libitum access. Reach training typically oc-
curred for 10 minutes per day. For the purpose of this review, 
we consider voluntary interventions or those performed at a 
self-selected pace, such as ad libitum wheel running, ball train-
ing, reach training, etc. to be “low intensity,” while forced inter-
ventions where animals are allowed to rest only at prescribed 
intervals, like treadmill, cycling, and swim training, are consid-
ered “high intensity.”	

EFFECTS OF EARLY REHABILITATION 
ON SCI PATHOPHYSIOLOGY

1. Lesion Pathology, Cell Death, and Apoptosis
To promote functional recovery after SCI, interventions must 

either limit tissue damage, enhance plasticity of spared or dam-
aged axons, or improve the ability of neuroplastic axons to find 
appropriate targets. Given that early rehabilitation can alter the 
spinal microenvironment remote from the injury,46 it is feasible 
that rehabilitation can modify secondary injury cascades to in-
fluence tissue damage at the injury site. Although most studies 
show little effect of early rehabilitation on lesion parameters, such 
as tissue damage or white matter sparing,47-54 at least 2 studies 
suggest potential benefit.36,55 Indeed, exercise ball training initi-
ated 1 day postinjury preserved tissue caudal to the injury,56 
and both cycle training and treadmill locomotion reduced le-
sion volume when initiated 8 days postinjury.57 Early rehabilita-
tion may also have favorable effects on lesion pathology when 
combined with neuroprotective agents, such as polypyrole/io-
dine mesoparticles.58

Rehabilitation also has the potential to improve cell survival 
via caspase inhibition and neuroprotection.59 Acute passive cy-
cling reduced injury-induced caspase-7 and caspase-9, but not 
caspase-3 mRNA in the lumbar cord of rats with SCI.59,60 Sur-
prisingly, caspase mRNA was unaffected by either SCI or acute 
rehabilitation in the lumbar intermediate laminae and motor 
neurons.60 At the protein level, acute cycling reduced both 32- 
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and 40-kD isoforms of caspase-7, the only lumbar caspase in-
creased by injury.59,60 In large dorsal root ganglia (DRG) neu-
rons, acute rehabilitation decreased injury-induced increases in 
caspase-3, -7, and -9. When continued long-term after SCI, cy-
cling decreased injury-induced caspase-3 mRNA in the whole 
cord but increased caspase-3 in motor neurons and both cas-
pase-3 and -9 in large DRG neurons.60 Given the role of caspas-
es in synaptic plasticity,61 it is possible that late caspase increases 
serve a nonapoptotic role in response to continued rehabilita-
tion; however, this effect should be further investigated. Overall, 
it appears that in most instances acute rehabilitation, especially 
over the short term, decreases caspase expression and may en-
hance neuroprotective effects during SCI recovery.

Cycling may also selectively influence microRNAs (miRs) in-
volved in apoptosis. For example, miR21, miR16a, and miR217 
all decrease caspase expression via inhibition of pro-apoptotic 
phosphatase and tensin homolog, thus reducing apoptosis.62 
Passive cycling increased miR21 expression in the lumbar cord 
of rats with SCI but had no effect on miR16a or miR217 follow-
ing 10 days of training.62 By 31-day postinjury, no differences 
were observed for any miRs studied regardless of training sug-
gesting a transient effect early after SCI.62 Conversely, both early 
and late cycling reduced the injury-dependent increase of mi-
R199a-3p expression, thereby blocking inhibition of the prosur-
vival mechanistic (or mammalian) target of rapamycin (mTOR) 
kinase important for cell survival and proliferation.62

The effects of rehabilitation on apoptotic pathways suggests 
that passive cycling is a viable intervention for mitigating as-
pects of SCI-induced apoptosis early after SCI, despite lesion 
size and tissue sparing being largely unaffected. Although not 
directly investigated, rehabilitation effects on mTOR may also 
reduce necroptosis after SCI.62,63 Additional research is needed 
to investigate the role of other rehabilitation interventions on 
mediators of apoptosis and necroptosis following injury.

2. Plasticity, Sprouting, and Regeneration
Physical interventions rely on repetitive activation of the ner-

vous system to produce effects; therefore, these interventions 
may have more efficacy for promoting and guiding plasticity 
than preserving or limiting damage. Several studies investigated 
early rehabilitation effects on corticospinal tract (CST) sprout-
ing and regeneration given its role in skilled motor functions, 
but results are, again, mixed.64 In mice, running wheel exercise 
specifically enhanced the number of CST collaterals in the tho-
racic lesion site early after SCI.49 In the cervical cord, early reha-
bilitation-induced CST sprouting increases were maintained 

through chronic time points.49 In rats, overground locomotor 
training beginning at 7 days postinjury and using a robotic weight-
support system increased CST sprouting and cortico-reticulo-
spinal bridge formation when combined with an electrochemi-
cal prosthesis and treadmill training.65,66 Two studies assessing 
CST axon sprouting and length after early reach training also 
show conflicting results.50,53 Despite both using rats, similar in-
jury models, and interventions, one study showed significant 
improvement in CST axon length rostral to the lesion50 while 
the other showed no effect of rehabilitation.53 Immunohisto-
chemistry from another study revealed that following SCI, tread-
mill trained rats had greater axonal arborization and fiber elon-
gation than sedentary animals.64 Similar results were found 
where assisted stepping increased fiber density but not elonga-
tion in the CST of rats with SCI.67

While CST axons are important for skilled movement, sero-
tonergic axons of the raphespinal tract are essential to locomo-
tor function due to their influence on lumbar central pattern 
generator networks.49 To date, only one study has investigated 
serotonergic axon plasticity after early rehabilitation in mice 
with SCI. In this study, voluntary wheel running did not affect 
lumbar serotonergic fiber density, but early intervention in-
creased serotonergic contacts on motor neurons in the lumbar 
cord.49 By the experiment’s conclusion, both trained and SCI+ 
sedentary mice exhibited similar lumbar serotonergic reorgani-
zation and recovery of rhythmic stepping.49 While the authors 
suggest rhythmic stepping can be gained without rehabilitation 
in incomplete SCI, it is unclear whether the early training-de-
pendent serotonergic fiber reorganization can be exploited by 
continued rehabilitation to enhance recovery.

Rehabilitation can also modify plasticity of sensory afferents. 
Indeed, 3 studies histologically quantified calcitonin gene-relat-
ed peptide (CGRP)-positive fibers in rats due to their role in 
pain transmission.68-70 Long-term reduction in CGRP-positive 
fiber area and length occurred following treadmill training in 
one study68 while another study showed no overall effect of 
training on CRGP fiber density.69 Passive hindlimb cycling also 
appears to play a role in reducing CGRP-positive fiber density 
compared to untrained control rats.70

Specific acute post-SCI rehabilitation effects on motor neu-
rons remain understudied.71 While dendritic withdrawal oc-
curred in rats following SCI, acute treadmill training modified 
these effects by either preventing withdrawal or enhancing ex-
tension.71 Effects occurred primarily in neurons controlling the 
soleus and to a lesser degree the tibialis anterior muscle.71 There 
was no training effect on motor neuron soma size.71
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Perineuronal nets (PNN) are embedded in the extracellular 
matrix surrounding neurons and facilitate plasticity and matu-
rity of synaptic circuitry.72 Density of PNNs is greatest in the 
lumbar region and is both location- and activity-dependent.73 
Both wheel running and treadmill training reversed SCI-in-
duced decreases in lumbar PNNs, but wheel running was most 
effective in rats.73 Above the injury, rehabilitation reduced PNNs 
in gracilis and cuneate nuclei compared to SCI+sedentary mice.73 
Interestingly, treadmill training beginning at 7 days postinjury 
in rats did not alter PNNs when combined with epidural and 
pharmacologic stimulation.74 These findings suggest that reha-
bilitation differentially modulates PNN expression above and 
below the injury site to potentially allow greater plasticity in de-
scending systems rostral to the injury while stabilizing lumbar 
networks susceptible to maladaptive changes and hyperexcit-
ability.

At the synaptic level, treadmill training significantly increased 
synaptophysin, a synaptic vesicle glycoprotein used to quantify 
synapses, compared to SCI+sedentary rats.71 Another study in 
mice found similar results where treadmill training prevents 
loss or restores synaptic numbers distal to the lesion.75 The same 
effect occurred with postsynaptic density protein 95.75

In summary, several preclinical studies demonstrate wide-
spread positive changes in neuron/fiber density and axon growth 
with rehabilitation. Importantly, no negative effects occurred 
for structural or neuroanatomical parameters following reha-
bilitation. These findings support rehabilitation in the first week 
postinjury as a viable approach to enhance structural plasticity.

3. Neurotransmitter Expression
Neurotransmitters are essential to efficient and effective neu-

ral network function. The major inhibitory neurotransmitter, 
gamma-amminobutyric acid (GABA), regulates synaptic excit-
ability and is also affected by rehabilitation.76 Magnetic stimula-
tion, treadmill training, and combined treatment significantly 
increased the number of GABAb-positive cells compared to 
SCI+sedentary rats.76 Histologic evidence also suggests that bike 
and treadmill training may upregulate GABAb and sprouting 
of dopamine beta-hydroxylase fibers in the ventral horn com-
pared to SCI+sedentary rats.57

The inhibitory action of GABA is dependent on the intracel-
lular chloride concentration which is heavily influenced by both 
potassium-chloride cotransporter 2 (KCC2) and sodium-po-
tassium-chloride cotransporter-1 (NKCC1).77 Cycling mitigates 
SCI-induced decreases in lumbar KCC2 following spinal tran-
section in rats.77 Enriched environment and wheel running in-

creased KCC2 expression compared to SCI+sedentary mice 
while treadmill training did not.73 Other sources suggest posi-
tive effects of treadmill training where trained rats showed in-
creases in pKCC2/KCC2 ratio and a higher ratio of pKCC2/
KCC2 compared to SCI+sedentary rats at all time points.68 Mod-
erate positive correlations occurred between pKCC2 levels and 
spasticity, tactile allodynia, and thermal hyperalgesia, and a 
weak positive correlation occurred between pKCC2 levels and 
open field locomotion.68 Cycling also mitigated SCI-induced 
NKCC1 increases in the rat lumbar cord and maintained 
KCC2/NKCC1 ratio in the lumbar cord at baseline levels, while 
SCI+sedentary rats show decreases in this ratio.77

Additional enzymes that affect GABA neurotransmission are 
glutamic acid decarboxylase (GAD)-65 and -67.76 Spinal cord 
magnetic stimulation (TMSsc) and treadmill training both sig-
nificantly increased GAD-67 expression in rats with SCI, but 
combined TMSsc and treadmill showed the greatest increase 
compared to individual treatment conditions.76 Similar results 
occurred in another study where treadmill trained rats had sig-
nificantly higher GAD-65 and GAD-67 expression compared 
to all other treatment groups and did not differ from the unin-
jured group.78

Cycling, treadmill training, and treadmill plus magnetic stim-
ulation all enhance neurotransmitter expression following SCI. 
Due to the necessary role that neurotransmitters play in regu-
lating the efficiency and effectiveness of neural function, imple-
menting rehabilitation during the acute phase of SCI recovery 
is an appropriate method for enhancing neural communication 
and facilitating recovery postinjury.

4. Intracellular Signaling Pathways
Rehabilitation may also affect functional outcomes through 

modulation of intracellular signaling pathways. For example, 
the phosphorylated form of Erk1/2 kinase, p-Erk1/2, influences 
neurite outgrowth, survival, and differentiation in both the cen-
tral and peripheral nervous system and is increased by treadmill 
training in healthy animals.64 Recent research also suggests that 
p-Erk1/2 may enhance regenerative responses in damaged CST 
axons following treadmill rehabilitation in rats.64 Indeed, 1 or 2 
weeks of treadmill training increased p-Erk1/2 levels signifi-
cantly beyond injury-induced levels at the injury site and in the 
motor cortex compared to sedentary rats.64

The mTOR pathway influences intracellular signaling and 
regulates protein synthesis, cell growth, and proliferation.62 Sim-
ilar to p-Erk1/2, mTOR expression following SCI is affected by 
rehabilitation.62 Cycling significantly increased lumbar mTOR 
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levels in rats following 10- and 31-day bouts of rehabilitation.62 
Expression of upstream mTOR positive mediators, including 
transforming growth factor alpha and phosphoinositide 3 kinase 
in the lumbar cord was significantly increased following cycling.62 
Additionally, positive downstream effectors, such as S6K1 and 
S6, were not affected by SCI but still increased following reha-
bilitation intervention,62 while downstream inhibitory effector, 
eukaryotic initiation factor 4E but not eukaryotic translation 
initiation factor 4E binding protein 1 was decreased by short-
term rehabilitation.62

In summary, there is clear evidence of positive intracellular 
signaling changes in response to rehabilitation early after SCI. 
Rehabilitation during acute recovery upregulates expression of 
cell signaling molecules that promote neurite growth, survival, 
and differentiation as well as protein synthesis, cell growth, and 
cell proliferation. Each of these molecular changes has the poten-
tial to enhance functional outcomes and should be targeted by 
prescribing treadmill or bicycle training during acute recovery.

5. �Neurotrophic Factors, Growth Factors, and Their 
 Receptors
Neurotrophic and growth factors enhance survival, mainte-

nance, and synaptic strength and regulate processing of sensory 
and motor stimuli.48,79 Rehabilitation is a noninvasive means of 
increasing these factors, thereby mitigating neuropathic pain 
and other potential deficits.48

Brain-derived neurotrophic factor (BDNF) is a multifunc-
tional protein with wide-ranging effects, including acting as a 
chemo-attractant for regenerating axons.60 Running wheel ex-
ercise increased BDNF in the ipsilateral hemicord at all time 
points compared to uninjured and SCI+sedentary rats.80 Passive 
cycling also increased BDNF in the spinal cord, motor neurons, 
and intermediate grey matter, but not the DRGs of rats that re-
ceived short- and long-term rehabilitation compared to unin-
jured and SCI+sedentary rats.60 Treadmill, swimming, and stand-
ing all increased BDNF levels compared to SCI+sedentary rats; 
however, only treadmill training maintained soleus BDNF levels 
comparable to uninjured animals. All other groups showed lev-
els below baseline.51 Wheel training produced mixed results for 
BDNF protein expression where some groups’ expression sur-
passed controls while others showed no significant results.80,81 
Treadmill training enhanced BDNF protein levels;68,78,79 however, 
combining treadmill with magnetic stimulation showed the great-
est increases.76 In contrast, cycle training increased BDNF pro-
tein expression in several studies, but only some studies showed 
long-term benefit.60,77,79,82,83

Tropomyosin receptor kinase B (TrkB), the BDNF receptor, 
regulates its ability to function.68 In rats, 10 days of passive cy-
cling increased TrkB mRNA expression in the whole cord, spe-
cifically in motor neurons. These effects were not observed af-
ter 31 days of training.60 There was no training effect in the in-
termediate grey matter or large DRG neurons.60 Treadmill and 
passive cycle training significantly increased TrkB protein ex-
pression in rats with SCI in several additional studies as well,60,68,77,78 
while bike training had no effect.82 Interestingly, early rehabili-
tation did not affect TrkB signaling effector phospholipase C-
gamma or the TrkB docking site, Shc.68 Wheel running in rats 
with SCI normalized injury-induced decreases in cyclic AMP 
response element binding protein (CREB) mRNA and protein, 
which mediates downstream expression of TrkB, although no 
effects on phosphorylated CREB expression were found at the 
conclusion of the study.80 Treadmill trained rats had higher lev-
els of CREB in the dorsal horn compared to SCI+sedentary and 
TrkB-blocked rats.78

Synapsin I is downstream of BDNF and influences neurotrans-
mitter release, axonal elongation, and synaptic maintenance.80 
Voluntary wheel running increased synapsin I mRNA compared 
to SCI+sedentary rats.80 Swimming and standing showed greater 
benefit in the lumbar cord than treadmill training.51 Standing 
trained rats also showed significant improvement versus SCI+ 
sedentary rats while swimming showed nonsignificant improve-
ment.51 In the soleus muscle, synapsin I was also significantly 
increased by standing training compared to SCI+sedentary, 
treadmill, and swimming groups.51

Glial cell-derived neurotrophic factor (GDNF) modifies neu-
ral circuitry by enhancing strength and promoting synapse de-
velopment.60 Cycle-trained rats showed increased GDNF mRNA 
in the whole spinal cord, motor neurons, and intermediate grey 
matter compared to uninjured and SCI+sedentary rats; however, 
no differences occurred in large DRG neurons for any group.60 
Protein levels also significantly increased following wheel and 
step training compared to SCI+sedentary groups.48,79 Short- and 
long-term passive cycling increased whole cord RET expression, 
a cell signaling receptor for GDNF.60 Passive cycling also increa
sed another GDNF receptor, GFRα1, in large DRG neurons but 
not in the whole cord or motor neurons following SCI.60

Neurotrophin-3 (NT-3) is another factor that mediates syn-
aptic transmission and regeneration.80 Associated with sensory 
neuron survival and function, NT-3 deficits can lead to sensory 
neuron loss and subsequent gait dysfunction.80 Voluntary wheel 
running in rats with SCI restored injury-induced NT-3 mRNA 
levels after hemisection.80 Further, passive cycling for 10 days 
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increased NT-3 mRNA in the whole spinal cord, motor neurons, 
and intermediate grey matter while a 31-day regimen showed 
no significant effects.60 No rehabilitation effects were seen in 
large DRG neurons with either paradigm.60 Treadmill and swim-
ming rehabilitation significantly increased NT-3 mRNA in the 
lumbar cord compared to control, but only treadmill training 
showed significant increases compared to sedentary rats.51 So-
leus NT-3 mRNA was significantly increased following treadmill, 
swimming, and standing training compared to SCI+sedentary 
rats; however, treadmill training was the only approach that sig-
nificantly increased levels beyond uninjured values.51 Protein 
levels were increased by passive cycling and stepping but not 
wheel running exercise.60,79,80

Tropomyosin receptor kinase C (TrkC), the receptor for NT-
3, showed increased protein expression in the whole cord of rats 
who received passive cycling intervention compared to SCI+ 
sedentary rats after SCI.60 No differences were found for TrkC 
mRNA expression in the whole cord, motor neurons, or large 
DRG neurons following injury or rehabilitation.60

Similar to those above, neurotrophin-4 (NT-4) functions as a 
chemo-attractant for regenerating axons while strengthening 
and enhancing synapse formation.60 Step training significantly 
increased NT-4 mRNA and protein in rats with spinal cord 
transection.79 Passive cycling also significantly increased NT-4 
protein expression in transected rats.60 Whole cord expression 
of NT-4 mRNA was not affected by passive cycling; however, 
NT-4/5 mRNA expression was increased in motor neurons and 
intermediate grey matter but not large DRG neurons following 
transection.60

Growth associated protein 43 (GAP-43) is expressed in grow-
ing axon terminals and influences growth, neurotransmitter re-
lease, learning, and memory.80 Following SCI, GAP-43 expres-
sion is often decreased, but rehabilitation may reverse these ef-
fects.80 Indeed, training-induced normalization occurred fol-
lowing wheel running in rats with SCI.80 Reach training signifi-
cantly increased GAP-43 expression contralesional to the pre-
ferred paw compared to injured, untrained rats and ipsilesional 
to the preferred paw.50 Bike training did not affect GAP-43 expres-
sion in rats;82 however histologic evidence suggests that passive 
cycling increased the percentage of GAP-43 positive processes 
in the lesion area.83

In summary, various training paradigms including wheel, 
step, treadmill, cycling, and swimming training have the poten-
tial to induce molecular changes in spinal trophic and growth 
factor expression following SCI. Differential results suggest that 
early rehabilitation largely upregulates neurotrophic and growth 

factor expression which in turn has the potential to enhance 
synapse formation, survival, and strength. Factor expression in 
DRG neurons is largely unchanged by rehabilitation, potentially 
due to inherently high intrinsic capacity for growth and repair.84 
Utilizing rehabilitation as a means of enhancing neuroplasticity 
through synaptic changes may be another viable target for pro-
moting functional recovery in this population.

6. Inflammation
Inflammation can both positively and negatively influence 

recovery following injury.85-89 As a crude marker for microglial 
and macrophage activation state, ionized calcium-binding adapt-
er molecule 1 (IBA1) is often used to assess inflammatory response 
following SCI.73 Enriched environment and voluntary wheel 
running initiated 1 week postinjury significantly increased 
IBA1 expression at L5 compared to uninjured, while treadmill 
trained and SCI+sedentary groups showed no difference from 
control in mice with thoracic contusion.73 No difference in lum-
bar IBA1 expression occurred for any group.73 The same study 
showed that wheel running and treadmill training significantly 
decreased microglial/macrophage isolectin B4 (IB4) expression 
while enriched environment and sedentary mice showed no 
difference from control.73 Wheel running initiated at 5 days post
injury that continued for 4 weeks did not influence C7–8 dorsal 
horn IBA1 expression in rats with cervical contusion injuries.47 
Treadmill training beginning 2 days postinjury shifted the lum-
bar microenvironment toward a more proinflammatory state 
by increasing mRNA of inflammatory and trafficking genes while 
decreasing proreparative genes of infiltrating macrophages in 
the mouse lumbar cord. This occured without influencing the 
total number of infiltrating cells in the spinal cord or DRG.46,47

Similar to IBA1, glial fibrillary acidic protein (GFAP) is a 
classic marker used to assess astrocyte reactivity.73 In rats, pas-
sive cycling at 5 days postinjury increased GFAP levels after 
both 10 and 31 days.60 Enriched environment was also shown 
to enhance GFAP levels at L6 compared to uninjured, SCI+ 
sedentary, and wheel trained mice in a separate study; however, 
L5 GFAP levels were significantly higher in all treatment groups 
compared to control.73

Currently, it appears that intense rehabilitation initiated too 
early can negatively impact inflammation during SCI recovery. 
Further research is needed to conclude whether changes in mi-
croglia, macrophage, or astrocyte responses confer the negative 
impacts of hyperacute treadmill training or if other cell types 
are involved. These results would help better understand the 
risks and rewards of implementing rehabilitation during the 
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hyperacute phase of recovery.

7. Muscle Tissue
Muscle is essential for functional capacity and an important 

source of metabolic support that undergoes tremendous change 
after SCI.90 Early treadmill training increased cross-sectional 
area in the soleus muscle compared to untrained animals.75,91,92 
Although not statistically significant, 5 days of treadmill train-
ing showed a trend toward attenuation of mixed I+IIa fibers 
and prevented the appearance of type IIa+IIx fibers compared 
to SCI+sedentary rats.91 Fatigue analysis showed significantly 
lower fatigue levels in the treadmill trained rats compared to 
the SCI+sedentary group.91 Despite changes in cross-sectional 
area and fatigue, no significant difference was found for twitch 
force or peak tension in the soleus muscle between uninjured, 
SCI+treadmill, or SCI+sedentary rats.91

Muscle growth and regeneration are affected by myogenic reg-
ulatory factors influenced by rehabilitation.92 Although protein 
levels remained unchanged, myogenic differentiation 1 mRNA 
was significantly increased in SCI+sedentary rats at 14 days postin-
jury while trained rats showed significant increases in expression 
at 8 and 14 days postinjury compared to uninjured.92 Treadmill 
training significantly increased myogenin mRNA and protein 
levels compared to uninjured rats92 and those with SCI alone.93 
Expression of myogenic factor 5 mRNA was not influenced by 
treadmill training in rats with contusion SCI; however, protein 
expression was significantly increased.92 Embryonic myosin 
demonstrates a muscle-specific response to early rehabilitation 
after SCI. In the soleus, treadmill training significantly increased 
embryonic myosin compared to SCI+sedentary and uninjured 
treadmill trained rats.93 In contrast, embryonic myosin in the 
tibialis anterior of SCI rats was significantly greater compared 
to the tibialis anterior of all other groups.93

Insulin-like growth factor 1 (IGF1) also alters muscle mass 
and repair.92 Overexpression of IGF1 promotes hypertrophy, 
and under expression can cause muscle fiber abnormalities.92 
At 14 days postinjury, SCI+sedentary rats had significantly higher 
IGF1 expression compared to control rats, while treadmill trained 
SCI rats showed significantly higher expression compared to 
uninjured and SCI+sedentary rats.92 Similar results were found 
for IGF1 peptide.92 Additionally, higher IGF1 peptide concen-
tration was found in the rat soleus muscle compared to tibialis 
anterior for uninjured, uninjured+treadmill, and SCI+treadmill 
groups.93 Treadmill trained rats had significantly higher IGF1 
peptide in the soleus than all other groups.93 Receptor expres-
sion was also increased in trained rats compared to uninjured 

and SCI+sedentary rats following 14 days of training.92 By 8 
and 14 days postinjury, treadmill trained rats showed a 10-fold 
increase in IGF1B mRNA compared to uninjured and SCI+ 
sedentary rats while SCI+sedentary rats showed a significant 
increase in mechano-growth factor mRNA, an IGF isoform, 
compared to uninjured only at 14 days postinjury.92

A family of IGF binding proteins (IGFBP) influence IGF1 
activity.92 This family includes 7 different binding proteins, but 
only IGFBP4 and IGFBP5 affect muscle fiber changes.92 Tread-
mill trained rats showed higher levels of IGFBP4 after 8 and 14 
days compared to uninjured and SCI+sedentary rats; however, 
IGFBP5 was significantly higher only after 14 days of treadmill 
training.92

Rehabilitation enhances muscular adaptation and strength in 
rodents with SCI. Specifically, data supports the use of treadmill 
training within the first 8 days postinjury to enhance muscle 
regulatory factors, increase cross-sectional area, and decrease 
fatigue. Using acute treadmill training to target muscle fiber 
adaptation can facilitate functional recovery by mitigating SCI-
induced strength deficits.

EFFECTS OF EARLY REHABILITATION 
ON CLINICAL OUTCOMES

1. Gross Motor Function
Earlier admittance to acute care facilities and earlier time to 

rehabilitation following SCI has the potential to improve pa-
tients’ functional ability for tasks including, but not limited to, 
standing, bathing, grooming, and balance but does not affect 
scores on the Walking Index for Spinal Cord Injury.38,94,95 Simi-
lar results were found in rats where early rehabilitation involv-
ing reach, wheel, and treadmill training showed improvements 
in motor function based on Forelimb Movement Score, Fore-
limb Locomotor Score, and Motor Function Score.53,64,81 Impor-
tantly, task-specific reach training resulted in significant reach-
ing improvement but significantly worsened performance on 
ladder tasks in the same group of rats, highlighting the poten-
tial for interference with skill learning.50

Regarding hindlimb motor function, treadmill training yields 
an overwhelmingly positive response on open field locomotor 
scores at early and late time points after injury.36,52,57,58,64,68,69,71,73,75,91 
Treadmill trained rats also showed significant reduction in mus-
cle coactivation in ankle flexor and extensors and spasticity com-
pared to SCI+sedentary rats.68 Only 2 studies showed no signif-
icant difference in open field locomotor performance after early 
treadmill training.41,55 In fact, Hansen et al.41 observed a signifi-
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cant positive effect of early treadmill training in mice, but only 
when inflammation was controlled. Use of exercise balls for ac-
tivity following SCI showed significant improvement in open 
field locomotor scores compared to delayed training in rats; 
however, performance in all groups plateau roughly 2 weeks 
postinjury.56 Passive hindlimb cycling, swimming, wheel running, 
and enriched housing had no effect on open field locomotor 
scores in mice or rats following SCI.36,81,96,97

Stepping analysis revealed that rats trained on a horizontal 
ladder task immediately after injury had significantly greater 
stepping ability after 1 week of training compared to those who 
received delayed training.54 Additionally, a strong positive cor-
relation was found between damage in the thoracic dorsal and 
dorsolateral funiculi at T8 and initial error rate for stepping in 
early and delayed training groups.54 Ladder task performance 
significantly improved when flat running wheels were used for 
mice instead of traditional, runged wheels and for rats with lat-
eral funiculus and dorsal funiculus lesions but not entire dorso-
lateral quadrant lesions.36,53 Early and late voluntary wheel train-
ing elicited significant improvement in Rotarod performance 
and decreased the number of foot falls on a ladder task compared 
to baseline in mice with dorsal hemisection.49 Wheel trained 
mice also covered significantly greater distances on a running 
wheel assessment compared to treadmill trained mice.73 Hindlimb 
or locomotor-type rehabilitation did not affect grip strength in 
rats with SCI.81

The current body of literature suggests that the effects of early 
rehabilitation on gross motor recovery following SCI are largely 
positive with only one study reporting unwanted outcomes as-
sociated with rehabilitation. Negative outcomes in this study 
may be attributed to the use of high-intensity rehabilitation ini-
tiated 2 days postinjury, at which point the injury may be too 
dynamic for subjects to tolerate this level of exertion unless in-
flammation is controlled.41 In contrast, treadmill, wheel, and 
cycle training initiated later during the acute phase following 
SCI are highly effective and should be used to promote gross 
motor recovery.

2. �Fine Motor Performance and Kinematic Analysis of 
 Function
Evidence from footprint analysis of treadmill trained mice 

showed improvement in hindlimb alternation and stride length; 
however, smearing of hindlimb pawprints at push-off and ab-
sent heel contact were also noted.75 In contrast, enriched hous-
ing, wheel running, and treadmill training had no effect on max-
imal foot contact or footprint score following SCI in rats.55,97 Ki-

nematic analysis of mouse joint angles and limb movement showed 
that treadmill training improved hip and ankle joint movement 
with decreased variability in foot posture.75 Treadmill training 
also decreased the angle of rotation in the feet following contu-
sion injury in rats.57 Combined treadmill and TMSsc in rats 
mitigated SCI-induced increases in wrist but not ankle lift off 
angle compared to control and TMSsc only groups.76 Cycling 
and treadmill training in rats showed improvement in base of 
support, while running wheel and enriched housing had no ef-
fect.57,97 Wheel running, enriched housing, and treadmill train-
ing also had no effect on thoracolumbar height, maximal leg 
extension, or yield during stance following SCI in rats.55,97 Reach 
training showed improvement on reaching tasks without chang-
ing reaching style.50,53

Treadmill training provides the most benefit regarding chang-
es in fine motor performance and kinematics in animals with 
acute SCI, while enriched housing and wheel running are large-
ly ineffective. To promote recovery of fine motor skills following 
SCI, treadmill training or task-specific reach training should be 
the first-choice intervention; however, careful consideration of 
dosage timing and intensity is still needed to maintain safety 
and maximize benefit.

3. Sensory Function
Hutchinson et al.51 found that treadmill, swimming, and stand-

ing training all significantly increased time to peak flexion with-
drawal following noxious pinch stimulus to the rat hind paw; 
however, only treadmill trained rats showed significant improve-
ment in mechanical sensitivity following contusion injury.51 
Treadmill training also improved mechanosensory thresholds 
in rats receiving more severe contusion injury in 2 of 3 models 
that investigated these effects.68,71,78 Rats trained with exercise 
balls immediately following injury showed significantly higher 
tactile withdrawal thresholds compared to those that received 
delayed training.56 Importantly, delayed training did not reverse 
allodynia once it had developed.56 Five weeks of wheel running 
initiated at 5 days postinjury decreased prevalence of at-level 
allodynia from 42% to 6% in rats with SCI.48 Moreover, rats that 
received rehabilitation throughout the remainder of the study 
did not develop allodynia in the ipsilateral or contralateral fore-
paw.48

Early treadmill training effects on thermal withdrawal thresh-
olds after SCI show mixed results. Some studies in rats show 
significant improvement in withdrawal threshold in response 
to thermal stimuli,68,78 while others show no effect of rehabilita-
tion.48,56,71 Although there was variation in training paradigm 
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and injury models, both studies that found positive effects on 
thermal withdrawal threshold utilized body weight-supported 
treadmill training.68,78 Running wheel exercise also restored ther-
mal withdrawal latencies to baseline levels in mice, while en-
riched housing had no significant effect.73

Various paradigms including treadmill, swim, stand, wheel, 
and exercise ball training enhance at least one aspect of sensory 
function following SCI. Despite this, treadmill and wheel train-
ing are the most effective for promoting recovery of sensory 
processing and should be prioritized when choosing interven-
tions. Effects of rehabilitation on thermal processing are not as 
clear, but treadmill and wheel training show benefit in several 
studies and should be prioritized over enriched environment.

4. Reflex Function
Following SCI, supraspinal control is diminished while affer-

ent feedback becomes augmented.79 These changes lead to de-
creased spinal reflex modulation and can cause hyperreflexia, 
spasticity, and inappropriate timing of movement.79 To investi-
gate reflex changes following SCI, numerous studies have assessed 
H-reflex modulation and Hmax:Mmax ratio changes, a relative in-
dicator of motoneuronal excitability.79

Frequency-dependent H-reflex depression was enhanced in 
bike and step-trained rats after 30 days of training.79 No differ-
ences were found for Hmax:Mmax ratio in response to increasing 
stimulus intensity beyond the motor threshold; however, slope 
of the recruitment curve was significantly higher in step-trained 
rats compared to bike-trained and untrained groups.79 A subse-
quent study by the same group showed that spinal excitability 
in SCI+sedentary rats had significantly increased Hmax:Mmax ra-
tios in the first 2 weeks following injury that plateaued around 
28 days postinjury.77 Implementing early cycle training restored 
spinal excitability at 14 and 28 days postinjury by increasing fre-
quency-dependent modulation of the H-reflex.77 Rehabilitation 
also significantly reduced Hmax:Mmax ratio by 28 days postinju-
ry.77 Additional research in rats also supports the idea that fre-
quency-dependent depression is improved with bicycle and 
treadmill training.57,73

Wheel training in mice showed significant decreases in Hmax: 
Mmax ratio over time while other treatment groups did not.73 
Additionally, the percentage of rate-dependent depression as a 
function of frequency showed that wheel trained animals did 
not differ significantly from control animals while sedentary, 
enriched housing, and treadmill trained groups all showed sig-
nificantly higher values when the experiment concluded.73

The current body of research suggests that various training 

paradigms, including treadmill, bike, and wheel training, miti-
gate SCI-induced decreases in H-reflex modulation and simul-
taneously reverse increases in the Hmax:Mmax ratio following in-
jury. These findings show only positive effects of early rehabili-
tation on spinal excitability and reflex recovery after injury and 
should be utilized readily in future studies.

5. Autonomic Function
The effects of SCI extend beyond somatic functions to in-

clude numerous autonomic and systemic changes.98-100 Early re-
habilitation has the potential to enhance protective effects on 
cardiac indices at early time points following SCI in rats, but 
only if rehabilitation is continued over time.101 Rehabilitation 
initiated at later time points can still elicit positive effects, but 
subsequently increases time to recovery.101 In rats, resting heart 
rate and heart rate responses to colorectal distension-induced 
autonomic dysreflexia are largely unaffected by treadmill train-
ing and passive hindlimb cycling following SCI while changes 
in systolic blood pressure (SBP), mean arterial pressure (MAP), 
and the severity and frequency of autonomic dysreflexia show 
varied results between studies.69,70,101 Indeed, one study found 
that treadmill trained animals had increased MAP during train-
ing and significantly decreased MAP following training69 while 
another showed that MAP was unaffected by passive cycling 
initiated early or late after injury.101 Treadmill trained rats also 
had larger MAP responses during periods of autonomic dysre-
flexia compared to SCI+sedentary rats.69 Delayed passive hindlimb 
cycling increased the pressor response to colorectal distention 
at 5 but not 9 weeks postinjury and decreased the incidence of 
autonomic dysreflexia by the study’s conclusion.101 Additionally, 
West et al.70 found that passive hindlimb cycling reduced the 
SBP response to colorectal distention while Popok et al.101 showed 
no difference between groups at any time point for pressor re-
sponse during autonomic dysreflexia, or maximal SBP reached. 
Early initiated treadmill training has little to no effect on vascu-
lar conductance following rat spinal cord transection69 while 
swim training initiated at 3 days postinjury increased microvas-
cular dysfunction.102

Changes to the urinary system in response to early interven-
tion show that locked and unlocked flat surface running wheel 
groups were not different in the number of days to micturition, 
while the rung wheel group showed longer time to micturition 
compared to uninjured and SCI+sedentary mice.36 A trend be-
tween higher open field locomotor scores and earlier micturi-
tion was described, but significance and correlational values 
were not included.36
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Data show that treadmill training initiated within the first  
3 days after injury negatively impacts cardiovascular function 
while bicycle training initiated later in the acute phase of recov-
ery has only positive effects. Continued research is needed to 
determine effects of bicycle training within the first 3 to 4 days 
after injury to ascertain whether cycle training is genuinely more 
beneficial than treadmill training during this period. Treadmill 
training should be avoided within the first 4 days of injury to 
protect cardiovascular function; however, other high-intensity 
interventions such as bicycle and swim training should also be 
utilized with caution.

EFFECT OF EARLY TRAINING 
PARAMETERS ON OUTCOMES

Four of the 9 studies that initiated rehabilitation within the 
first 3 days found negative effects regarding autonomic dysre-
flexia, inflammation, microvascular dysfunction, and long-
term locomotor outcomes.41,46,69,102 Additionally, 3 of the studies 
that showed negative effects used treadmill training in their re-
habilitation paradigm.41,46,69 Two of these studies implemented 
body weight-supported treadmill training with manual paw 
placement in two, 10-minute bouts separated by 20-minute rest 
periods for roughly 1 week following injury in moderately con-
tused mice and showed worsened locomotor function.41,46 The 
other used 10 minutes of treadmill training per day, 5 days per 
week for 6 weeks which worsened autonomic dysreflexia but 
improved open field locomotion in rats with transection injury.69 
The fourth and final study implemented swim training 3 days 
after SCI in rats and showed worsened microvascular dysfunc-
tion.102

A single study that implemented treadmill training between 
2 and 4 days postinjury showed positive effects on function us-
ing three, 10-minute bouts of treadmill training with a 5-min-
ute break in between bouts at 5 days per week for 12 weeks in 
rats with microballoon compression injuries.52 Results of this 
study showed improved open field locomotion at 2 weeks that 
plateaued at 7 weeks but remained higher compared to seden-
tary animals.52 Another study implemented 15 minutes of daily 
treadmill training beginning 4 days postinjury and showed 
slightly larger exploratory behavior but no additional benefit on 
locomotor outcome.55 Other studies that started rehabilitation 
in the first 3 days without negative effects used ladder stepping, 
exercise balls, and voluntary wheel training.49,54,56

Continuing rehabilitation beyond the first week postinjury 
may overcome the negative effects of treadmill training within 

the first 3 days.52,69 Both the studies of Hansen et al.41 and Nor-
den et al.46 implicate enhanced inflammation as a potential 
cause for negative outcomes from early rehabilitation. Although 
Multon et al.52 and Laird et al.69 did not investigate inflammatory 
changes, they saw locomotor improvement after 6 and 12 weeks 
of continuous training, respectively. It is important to note that 
Laird and colleagues saw significant, nonfunctional gains in lo-
comotor performance which may be related, in part, to the ad-
ministration of nonsteroidal anti-inflammatory drugs during 
recovery.69

In summary, effects of rehabilitation during the hyperacute 
phase of SCI are largely dependent on injury and rehabilitation 
paradigms. It appears that lower-intensity or self-paced rehabil-
itation, such as reach or ladder training, in shorter, more fre-
quent bouts elicits better outcomes when implemented between 
0- and 3-day postinjury. These benefits may be attributed to 
less inflammation resulting from lower rehabilitation intensity, 
but additional research is needed to confirm this. Higher-inten-
sity rehabilitation is more beneficial when started after 4 days of 
recovery and can be dosed in longer bouts with less frequent 

Fig. 2. Rehabilitation timing and parameters for hyperacute 
SCI recovery. Recommendations for rehabilitation training 
parameters in the hyperacute (0- to 3-day postinjury) and 
acute (4- to 8-day postinjury) phases of recovery are present-
ed. Due to the differences in biological response and risk at 
each time point, different parameters for training type, dos-
age, and intensity are recommended.
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rest breaks. Despite differences in dosage and intensity, rehabili-
tation initiated during the hyperacute phase should continue 
past the 1 week recovery mark to ensure that all short- and long-
term effects are recognized (Fig. 2).

CONCLUSION

Treadmill training is the most studied rehabilitation approach 
in the first week post-SCI and shows the greatest effect on loco-
motor outcomes. Independent of training parameters, cycle train-
ing shows the least risk of adverse effects and is the topic of an 
ongoing clinical trial.103 However, no studies implemented cycle 
training within the first 3 days after injury and is a major gap in 
the literature. Early physical activity is most beneficial for syn-
aptic plasticity, structural plasticity, neurotransmitter/neuro-
trophic/growth factor expression; least effective for tissue spar-
ing; and potentially detrimental if too intense too soon under 
uncontrolled inflammation.

To promote positive outcomes during acute SCI recovery, low-
intensity or self-limiting rehabilitation such as reach training or 
voluntary wheel or ball exercise should be utilized for the first  
3 days postinjury. Activity dosage during this period should in-
clude short, frequent bouts of rehabilitation with rest breaks, 
and the duration should extend long-term to maximize benefit. 
Higher-intensity rehabilitation including treadmill, bike, and 
enriched environment can be implemented safely from 4 days 
postinjury onward. Rehabilitation at this point can be dosed in 
longer bouts with less frequent rest breaks but should also ex-
tend beyond the first week of recovery (Fig. 2). It is important 
to recognize that these data and recommendations are limited 
by the discrepancy between animal and human biological and 
recovery timelines. Comparative biological studies are warranted 
to identify cross-species timelines for effective translation of these 
findings to humans.

While we have a general idea which interventions and dosag-
es are safe and effective in acute SCI, data in the hyperacute phase 
are scarce. As such, future research should focus on identifying 
which interventions are safe and most effective during the hy-
peracute phase; how to best manipulate the hyperacute window 
to allow greater intensity intervention; multisystem effects of 
spinal cord stimulation or bicycle training during the first 3 days 
postinjury; whether interventions other than passive cycling can 
reduce post-SCI apoptosis; and the effect of acute rehabilitation 
on nonmyeloid cell function. Given the tremendous beneficial 
effects of physical rehabilitation in the acute phase, particular 
emphasis should be placed on combining emerging therapeu-

tics, particularly those targeting regenerative or inflammatory 
responses, with acute rehabilitation.

Lastly, substantial variability in injury models, rehabilitation 
paradigms, and chosen outcomes makes systematic review of 
the literature, drawing definitive conclusions, and thus making 
recommendations challenging. Some degree of standardization 
within the field may speed knowledge development and clinical 
translation. As such, increased focus on clinically relevant inju-
ry models, such as contusion, is warranted. It is also prudent for 
basic and clinical scientist in SCI research to collaborate in de-
veloping, standardizing, and validating a translational battery of 
measures spanning behavioral, electrophysiological, and imag-
ing modalities to assess outcomes across species. It is our hope 
that this work and recommendations can be used to guide fu-
ture systematic reviews of the literature and facilitate these dis-
cussions. Investigating these effects along with implications for 
the areas mentioned previously would greatly benefit our ability 
to understand and prescribe effective rehabilitation during this 
delicate stage to enhance long-term recovery.

NOTES

Conflict of Interest:  The authors have nothing to disclose.
Funding/Support: This work was funded in part by a Re-

search Incubator Award from the Duke Institute for Brain Sci-
ences (TDF, MMA, DTL, HW).

Author Contribution: Conceptualization: NEL, DTL, MMA, 
TDF; Data curation: NEL, TQT, BRC, NZ, EJM, HW, DTL, MMA, 
TDF; Formal analysis: NEL, TQT, BRC, NZ, TDF; Funding ac-
quisition: TDF; Methodology: NEL, DTL, TDF; Project admin-
istration: TDF; Visualization: NEL, TQT, TDF; Writing - origi-
nal draft: NEL, TQT, BRC, NZ, EJM, HW, DTL, MMA, TDF; 
Writing - review & editing: NEL, TQT, BRC, NZ, EJM, HW, 
DTL, MMA, TDF

ORCID
Nicholle E. Lewis: 0000-0002-4292-7897
Troy Q. Tabarestani: 0000-0003-1485-3605
Brianna R. Cellini: 0000-0002-5857-8732
Nina Zhang: 0000-0002-1821-2744
Eric J. Marrotte: 0000-0001-7930-4258
Haichen Wang: 0000-0001-7926-9835
Daniel T. Laskowitz: 0000-0003-3430-8815
Muhammad M. Abd-El-Barr: 0000-0001-7151-2861
Timothy D. Faw: 0000-0001-7794-0074
 



Acute Physical Interventions for SCILewis NE, et al.

https://doi.org/10.14245/ns.2244476.238 � www.e-neurospine.org   683

REFERENCES

1.	Ahuja CS, Badhiwala JH, Fehlings MG. “Time is spine”: the 
importance of early intervention for traumatic spinal cord 
injury. Spinal Cord 2020;58:1037-9.

2.	Ramakonar H, Fehlings MG. ‘Time is Spine’: new evidence 
supports decompression within 24 h for acute spinal cord 
injury. Spinal Cord 2021;59:933-4.

3.	Kwon BK. Optimizing hemodynamic support of acute spinal 
cord injury based on injury mechanism. Annual rept. 30 Sep 
2014-29 Sep 2015. Fort Belvoir (VA): Defense Technical In-
formation Center; 2015.

4.	Squair JW, Bélanger LM, Tsang A, et al. Empirical targets for 
acute hemodynamic management of individuals with spinal 
cord injury. Neurology 2019;93:e1205-11.

5.	Gadot R, Smith DN, Prablek M, et al. Established and emerg-
ing therapies in acute spinal cord injury. Neurospine 2022; 
19:283-96.

6.	Garcia-Alias G, Barkhuysen S, Buckle M, et al. Chondroiti-
nase ABC treatment opens a window of opportunity for task-
specific rehabilitation. Nat Neurosci 2009;12:1145-51.

7.	Wang D, Ichiyama RM, Zhao R, et al. Chondroitinase com-
bined with rehabilitation promotes recovery of forelimb func-
tion in rats with chronic spinal cord injury. J Neurosci 2011; 
31:9332-44.

8.	Bunge MB, Wood PM. Realizing the maximum potential of 
Schwann cells to promote recovery from spinal cord injury. 
Handb Clin Neurol 2012;109:523-40.

9.	Angeli CA, Edgerton VR, Gerasimenko YP, et al. Altering 
spinal cord excitability enables voluntary movements after 
chronic complete paralysis in humans. Brain 2014;137:1394-
409.

10.	Shinozaki M, Iwanami A, Fujiyoshi K, et al. Combined treat-
ment with chondroitinase ABC and treadmill rehabilitation 
for chronic severe spinal cord injury in adult rats. Neurosci 
Res 2016;113:37-47.

11.	Friedenberg DA, Schwemmer MA, Landgraf AJ, et al. Neu-
roprosthetic-enabled control of graded arm muscle contrac-
tion in a paralyzed human. Sci Rep 2017;7:8386.

12.	Lebedev MA, Nicolelis MA. Brain-machine interfaces: from 
basic science to neuroprostheses and neurorehabilitation. 
Physiol Rev 2017;97:767-837.

13.	Angeli CA, Boakye M, Morton RA, et al. Recovery of over-
ground walking after chronic motor complete spinal cord 
injury. N Engl J Med 2018;379:1244-50.

14.	Gill ML, Grahn PJ, Calvert JS, et al. Neuromodulation of 

lumbosacral spinal networks enables independent stepping 
after complete paraplegia. Nat Med 2018;24:1677-82.

15.	Wagner FB, Mignardot JB, Le Goff-Mignardot CG, et al. Tar-
geted neurotechnology restores walking in humans with spi-
nal cord injury. Nature 2018;563:65-71.

16.	Rosenzweig ES, Brock JH, Lu P, et al. Restorative effects of 
human neural stem cell grafts on the primate spinal cord. 
Nat Med 2018;24:484-90.

17.	Rosenzweig ES, Salegio EA, Liang JJ, et al. Chondroitinase 
improves anatomical and functional outcomes after primate 
spinal cord injury. Nat Neurosci 2019;22:1269-75.

18.	DeJong G, Tian W, Hsieh CH, et al. Rehospitalization in the 
first year of traumatic spinal cord injury after discharge from 
medical rehabilitation. Arch Phys Med Rehabil 2013;94(4 
Suppl 2):S87-97.

19.	National Spinal Cord Injury Statistical Center. Spinal cord 
injury facts and figures at a glance. Birmingham (AL): Na-
tional Spinal Cord Injury Statistical Center; 2022.

20.	Morrison SA, Lorenz D, Eskay CP, et al. Longitudinal recov-
ery and reduced costs after 120 sessions of locomotor train-
ing for motor incomplete spinal cord injury. Arch Phys Med 
Rehabil 2018;99:555-62.

21.	Goulet J, Richard-Denis A, Thompson C, et al. Relationships 
between specific functional abilities and health-related qual-
ity of life in chronic traumatic spinal cord injury. Am J Phys 
Med Rehabil 2019;98:14-9.

22.	Kleim JA, Jones TA. Principles of experience-dependent neu-
ral plasticity: implications for rehabilitation after brain dam-
age. J Speech Lang Hear Res 2008;51:S225-39.

23.	Behrman AL, Bowden MG, Nair PM. Neuroplasticity after 
spinal cord injury and training: an emerging paradigm shift 
in rehabilitation and walking recovery. Physical Therapy 
2006;86:1406-25.

24.	Sadowsky CL, McDonald JW. Activity-based restorative ther-
apies: concepts and applications in spinal cord injury-related 
neurorehabilitation. Dev Disabil Res Rev 2009;15:112-6.

25.	Field-Fote EC. Spinal cord injury rehabilitation. Philadelphia 
(PA): FA Davis; 2009.

26.	Fouad K, Tetzlaff W. Rehabilitative training and plasticity 
following spinal cord injury. Exp Neurol 2012;235:91-9.

27.	Peev N, Komarov A, Osorio-Fonseca E, et al. Rehabilitation 
of spinal cord injury: WFNS Spine Committee Recommen-
dations. Neurospine 2020;17:820-32.

28.	Beauparlant J, van den Brand R, Barraud Q, et al. Undirected 
compensatory plasticity contributes to neuronal dysfunction 
after severe spinal cord injury. Brain 2013;136(Pt 11):3347-61.



Acute Physical Interventions for SCILewis NE, et al.

https://doi.org/10.14245/ns.2244476.238684  www.e-neurospine.org

29. Takeoka A, Vollenweider I, Courtine G, et al. Muscle spin-
dle feedback directs locomotor recovery and circuit reorga-
nization after spinal cord injury. Cell 2014;159:1626-39.

30.	Ichiyama R, Maier IC, Schnell L, et al. Nogo-A antibody treat-
ment and locomotor training after an incomplete spinal cord 
injury result in improved locomotor recovery. Neuroscience 
Meeting Planner. San Diego (CA): Society for Neuroscience; 
2007.

31.	Maier IC, Ichiyama RM, Courtine G, et al. Differential effects 
of anti-Nogo-A antibody treatment and treadmill training 
in rats with incomplete spinal cord injury. Brain 2009;132: 
1426-40.

32.	Torres-Espin A, Forero J, Fenrich KK, et al. Eliciting inflam-
mation enables successful rehabilitative training in chronic 
spinal cord injury. Brain 2018;141:1946-62.

33.	Buehner JJ, Forrest GF, Schmidt-Read M, et al. Relationship 
between ASIA examination and functional outcomes in the 
NeuroRecovery Network locomotor training program. Arch 
Phys Med Rehabil 2012;93:1530-40.

34.	Quel de Oliveira C, Refshauge K, Middleton J, et al. Effects 
of activity-based therapy interventions on mobility, indepen-
dence, and quality of life for people with spinal cord injuries: 
a systematic review and meta-analysis. J Neurotrauma 2017; 
34:1726-43.

35.	Mehrholz J, Kugler J, Pohl M. Locomotor training for walk-
ing after spinal cord injury. Cochrane Database Syst Rev 
2012;11:CD006676.

36.	Engesser-Cesar C, Anderson AJ, Basso DM, et al. Voluntary 
wheel running improves recovery from a moderate spinal 
cord injury. J Neurotrauma 2005;22:157-71.

37.	Heng C, de Leon RD. Treadmill training enhances the re-
covery of normal stepping patterns in spinal cord contused 
rats. Exp Neurol 2009;216:139-47.

38.	Scivoletto G, Morganti B, Molinari M. Early versus delayed 
inpatient spinal cord injury rehabilitation: an Italian study. 
Arch Phys Med Rehabil 2005;86:512-6.

39.	Krajacic A, Ghosh M, Puentes R, et al. Advantages of delay-
ing the onset of rehabilitative reaching training in rats with 
incomplete spinal cord injury. Eur J Neurosci 2009;29:641-51.

40.	Dupont-Versteegden EE, Houlé JD, Dennis RA, et al. Exer-
cise-induced gene expression in soleus muscle is dependent 
on time after spinal cord injury in rats. Muscle Nerve 2004; 
29:73-81.

41.	Hansen CN, Fisher LC, Deibert RJ, et al. Elevated MMP-9 in 
the lumbar cord early after thoracic spinal cord injury impedes 
motor relearning in mice. J Neurosci 2013;33:13101-11.

42.	Griesbach GS, Gomez-Pinilla F, Hovda DA. The upregula-
tion of plasticity-related proteins following TBI is disrupted 
with acute voluntary exercise. Brain Rese 2004;1016:154-62.

43.	Langhorne P, Wu O, Rodgers H, et al. A Very Early Rehabil-
itation Trial after stroke (AVERT): a Phase III, multicentre, 
randomised controlled trial. Health Technol Assess 2017;21: 
1-120.

44.	Fehlings MG, Tetreault LA, Aarabi B, et al. A clinical practice 
guideline for the management of patients with acute spinal 
cord injury: recommendations on the type and timing of re-
habilitation. Global Spine J 2017;7:231S-238S.

45.	Burns AS, Marino RJ, Kalsi-Ryan S, et al. Type and timing 
of rehabilitation following acute and subacute spinal cord 
injury: a systematic review. Global Spine J 2017;7(3 Suppl): 
175S-194S.

46.	Norden DM, Faw TD, McKim DB, et al. Bone marrow-de-
rived monocytes drive the inflammatory microenvironment 
in local and remote regions after thoracic spinal cord injury. 
J Neurotrauma 2019;36:937-49.

47.	Chhaya SJ, Quiros-Molina D, Tamashiro-Orrego AD, et al. 
Exercise-induced changes to the macrophage response in the 
dorsal root ganglia prevent neuropathic pain after spinal cord 
injury. J Neurotrauma 2019;36:877-90.

48.	Detloff MR, Smith EJ, Quiros Molina D, et al. Acute exercise 
prevents the development of neuropathic pain and the sprout-
ing of non-peptidergic (GDNF- and artemin-responsive) c-
fibers after spinal cord injury. Exp Neurol 2014;255:38-48.

49.	Loy K, Schmalz A, Hoche T, et al. Enhanced voluntary exer-
cise improves functional recovery following spinal cord in-
jury by impacting the local neuroglial injury response and 
supporting the rewiring of supraspinal circuits. J Neurotrau-
ma 2018;35:2904-15.

50.	Girgis J, Merrett D, Kirkland S, et al. Reaching training in 
rats with spinal cord injury promotes plasticity and task spe-
cific recovery. Brain 2007;130:2993-3003.

51.	Hutchinson KJ, Gomez-Pinilla F, Crowe MJ, et al. Three ex-
ercise paradigms differentially improve sensory recovery af-
ter spinal cord contusion in rats. Brain 2004;127:1403-14.

52.	Multon S, Franzen R, Poirrier AL, et al. The effect of tread-
mill training on motor recovery after a partial spinal cord 
compression-injury in the adult rat. J Neurotrauma 2003;20: 
699-706.

53.	Krajacic A, Weishaupt N, Girgis J, et al. Training-induced 
plasticity in rats with cervical spinal cord injury: effects and 
side effects. Behav Brain Res 2010;214:323-31.

54.	Norrie BA, Nevett-Duchcherer JM, Gorassini MA. Reduced 



Acute Physical Interventions for SCILewis NE, et al.

https://doi.org/10.14245/ns.2244476.238 � www.e-neurospine.org   685

functional recovery by delaying motor training after spinal 
cord injury. J Neurophysiol 2005;94:255-64.

55.	Fouad K, Metz GA, Merkler D, et al. Treadmill training in 
incomplete spinal cord injured rats. Behav Brain Res 2000; 
115:107-13.

56.	Brown AK, Woller SA, Moreno G, et al. Exercise therapy and 
recovery after SCI: evidence that shows early intervention 
improves recovery of function. Spinal Cord 2011;49:623-8.

57.	Bose PK, Hou J, Parmer R, et al. Altered patterns of reflex 
excitability, balance, and locomotion following spinal cord 
injury and locomotor training. Front Physiol 2012;3:258.

58.	Alvarez-Mejia L, Morales J, Cruz GJ, et al. Functional recov-
ery in spinal cord injured rats using polypyrrole/iodine im-
plants and treadmill training. J Mater Sci Mater Med 2015; 
26:209.

59.	Liu G, Keeler BE, Zhukareva V, et al. Cycling exercise affects 
the expression of apoptosis-associated microRNAs after spi-
nal cord injury in rats. Exp Neurol 2010;226:200-6.

60.	Keeler BE, Liu G, Siegfried RN, et al. Acute and prolonged 
hindlimb exercise elicits different gene expression in moto-
neurons than sensory neurons after spinal cord injury. Brain 
Res 2012;1438:8-21.

61.	Li Z, Sheng M. Caspases in synaptic plasticity. Mol Brain 
2012;5:15.

62.	Liu G, Detloff MR, Miller KN, et al. Exercise modulates mi-
croRNAs that affect the PTEN/mTOR pathway in rats after 
spinal cord injury. Exp Neurol 2012;233:447-56.

63.	Fiani B, Kondilis A, Soula M, et al. Novel methods of necrop-
tosis inhibition for spinal cord injury using translational re-
search to limit secondary injury and enhance endogenous 
repair and regeneration. Neurospine 2021;18:261-70.

64.	Oh MJ, Seo TB, Kwon KB, et al. Axonal outgrowth and Erk1/2 
activation by training after spinal cord injury in rats. J Neu-
rotrauma 2009;26:2071-82.

65.	van den Brand R, Heutschi J, Barraud Q, et al. Restoring vol-
untary control of locomotion after paralyzing spinal cord 
injury. Science 2012;336:1182-5.

66.	Asboth L, Friedli L, Beauparlant J, et al. Cortico–reticulo–spi-
nal circuit reorganization enables functional recovery after 
severe spinal cord contusion. Nat Neurosci 2018;21:576-88.

67.	Endo T, Ajiki T, Inoue H, et al. Early exercise in spinal cord 
injured rats induces allodynia through TrkB signaling. Bio-
chem Biophys Res Commun 2009;381:339-44.

68.	Tashiro S, Shinozaki M, Mukaino M, et al. BDNF induced 
by treadmill training contributes to the suppression of spas-
ticity and allodynia after spinal cord injury via upregulation 

of KCC2. Neurorehabil Neural Repair 2015;29:677-89.
69.	Laird AS, Carrive P, Waite PM. Effect of treadmill training 

on autonomic dysreflexia in spinal cord--injured rats. Neu-
rorehabil Neural Repair 2009;23:910-20.

70.	West CR, Crawford MA, Laher I, et al. Passive hind-limb 
cycling reduces the severity of autonomic dysreflexia after 
experimental spinal cord injury. Neurorehabil Neural Repair 
2016;30:317-27.

71.	Wang H, Liu NK, Zhang YP, et al. Treadmill training induced 
lumbar motoneuron dendritic plasticity and behavior re-
covery in adult rats after a thoracic contusive spinal cord in-
jury. Exp Neurol 2015;271:368-78.

72.	Wang D, Fawcett J. The perineuronal net and the control of 
CNS plasticity. Cell Tissue Res 2012;349:147-60.

73.	Sánchez-Ventura J, Giménez-Llort L, Penas C, et al. Volun-
tary wheel running preserves lumbar perineuronal nets, en-
hances motor functions and prevents hyperreflexia after spi-
nal cord injury. Exp Neurol 2021;336:113533.

74.	Al’joboori YD, Edgerton VR, Ichiyama RM. Effects of reha-
bilitation on perineural nets and synaptic plasticity following 
spinal cord transection. Brain Sci 2020;10:824.

75.	Goldshmit Y, Lythgo N, Galea MP, et al. Treadmill training 
after spinal cord hemisection in mice promotes axonal sprout-
ing and synapse formation and improves motor recovery. J 
Neurotrauma 2008;25:449-65.

76.	Hou J, Nelson R, Nissim N, et al. Effect of combined tread-
mill training and magnetic stimulation on spasticity and gait 
impairments after cervical spinal cord injury. J Neurotrauma 
2014;31:1088-106.

77.	Côté MP, Gandhi S, Zambrotta M, et al. Exercise modulates 
chloride homeostasis after spinal cord injury. J Neurosci 2014; 
34:8976-87.

78.	Li X, Wang Q, Ding J, et al. Exercise training modulates glu-
tamic acid decarboxylase-65/67 expression through TrkB 
signaling to ameliorate neuropathic pain in rats with spinal 
cord injury. Mol Pain 2020;16:1744806920924511.

79.	Côté MP, Azzam GA, Lemay MA, et al. Activity-dependent 
increase in neurotrophic factors is associated with an en-
hanced modulation of spinal reflexes after spinal cord injury. 
J Neurotrauma 2011;28:299-309.

80.	Ying Z, Roy RR, Edgerton VR, et al. Exercise restores levels 
of neurotrophins and synaptic plasticity following spinal 
cord injury. Exp Neurol 2005;193:411-9.

81.	Sandrow-Feinberg HR, Izzi J, Shumsky JS, et al. Forced ex-
ercise as a rehabilitation strategy after unilateral cervical spi-
nal cord contusion injury. J Neurotrauma 2009;26:721-31.



Acute Physical Interventions for SCILewis NE, et al.

https://doi.org/10.14245/ns.2244476.238686  www.e-neurospine.org

82.	Graziano A, Foffani G, Knudsen EB, et al. Passive exercise 
of the hind limbs after complete thoracic transection of the 
spinal cord promotes cortical reorganization. PLoS One 
2013;8:e54350.

83.	Sun T, Ye C, Wu J, et al. Treadmill step training promotes 
spinal cord neural plasticity after incomplete spinal cord in-
jury. Neural Regen Res 2013;8:2540-7.

84.	Huebner EA, Strittmatter SM. Axon regeneration in the pe-
ripheral and central nervous systems. Results Probl Cell Dif-
fer 2009;48:339-51.

85.	Donnelly DJ, Popovich PG. Inflammation and its role in 
neuroprotection, axonal regeneration and functional recov-
ery after spinal cord injury. Exp Neurol 2008;209:378-88.

86.	Goldstein EZ, Church JS, Hesp ZC, et al. A silver lining of 
neuroinflammation: Beneficial effects on myelination. Exp 
Neurol 2016;283:550-9.

87.	Rust R, Kaiser J. Insights into the dual role of inflammation 
after spinal cord injury. J Neurosci 2017;37:4658-60.

88.	Bethea JR. Spinal cord injury-induced inflammation: a dual-
edged sword. Prog Brain Res 2000;128:33-42.

89.	Gensel JC, Zhang B. Macrophage activation and its role in 
repair and pathology after spinal cord injury. Brain Res 2015; 
1619:1-11.

90.	Shields RK, Dudley-Javoroski S. Musculoskeletal plasticity 
after acute spinal cord injury: effects of long-term neuromus-
cular electrical stimulation training. J Neurophysiol 2006;95: 
2380-90.

91.	Stevens JE, Liu M, Bose P, et al. Changes in soleus muscle 
function and fiber morphology with one week of locomotor 
training in spinal cord contusion injured rats. J Neurotrauma 
2006;23:1671-81.

92.	Liu M, Stevens-Lapsley JE, Jayaraman A, et al. Impact of 
treadmill locomotor training on skeletal muscle IGF1 and 
myogenic regulatory factors in spinal cord injured rats. Eur 
J Appl Physiol 2010;109:709-20.

93.	Jayaraman A, Liu M, Ye F, et al. Regenerative responses in 
slow- and fast-twitch muscles following moderate contusion 
spinal cord injury and locomotor training. Eur J Appl Physi-
ol 2013;113:191-200.

94.	Yarkony GM, Roth EJ, Heinemann AW, et al. Benefits of re-
habilitation for traumatic spinal cord injury. Multivariate 
analysis in 711 patients. Arch Neurol 1987;44:93-6.

95.	Marino RJ, Scivoletto G, Patrick M, et al. Walking index for 
spinal cord injury version 2 (WISCI-II) with repeatability of 
the 10-m walk time: Inter- and intrarater reliabilities. Am J 
Phys Med Rehabil 2010;89:7-15.

96.	Harman KA, DeVeau KM, Squair JW, et al. Effects of early 
exercise training on the severity of autonomic dysreflexia 
following incomplete spinal cord injury in rodents. Physiol 
Rep 2021;9:e14969.

97.	Van Meeteren NLU, Eggers R, Lankhorst AJ, et al. Locomo-
tor recovery after spinal cord contusion injury in rats is im-
proved by spontaneous exercise. J Neurotrauma 2003;20: 
1029-37.

98.	Schwab JM, Zhang Y, Kopp MA, et al. The paradox of chron-
ic neuroinflammation, systemic immune suppression, auto-
immunity after traumatic chronic spinal cord injury. Exp 
Neurol 2014;258:121-9.

99.	Du J, Zayed AA, Kigerl KA, et al. Spinal cord injury changes 
the structure and functional potential of gut bacterial and 
viral communities. mSystems 2021;6:e01356-20.

100.	Goodus MT, McTigue DM. Hepatic dysfunction after spinal 
cord injury: a vicious cycle of central and peripheral pathol-
ogy? Exp Neurol 2020;325:113160.

101.	Popok DW, West CR, McCracken L, et al. Effects of early 
and delayed initiation of exercise training on cardiac and 
haemodynamic function after spinal cord injury. Exp Physi-
ol 2017;102:154-63.

102.	Smith RR, Brown EH, Shum-Siu A, et al. Swim training ini-
tiated acutely after spinal cord injury is ineffective and in-
duces extravasation in and around the epicenter. J Neurotrau-
ma 2009;26:1017-27.

103.	Mac-Thiong JM, Richard-Denis A, Petit Y, et al. Protocol 
for rapid onset of mobilisation in patients with traumatic 
spinal cord injury (PROMPT-SCI) study: a single-arm proof-
of-concept trial of early in-bed leg cycling following acute 
traumatic spinal cord injury. BMJ Open 2021;11:e049884.


