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Significance

 Movements become impaired 
after stroke or spinal cord injury 
due to weakening of connections 
between the cortex and spinal 
circuits. Neuromodulation using 
electrical stimulation drives axon 
sprouting and strengthens 
corticospinal connections for 
repair. We use repetitive and 
patterned stimulation to 
investigate molecular mechanisms 
for structural and LTP-like 
plasticity and identify 
neuromodulation biomarkers for 
durable plasticity. mTOR signaling 
activation and PTEN deactivation 
are biomarkers for axon sprouting 
and Stat3 activation, for LTP-like 
plasticity induced by 
neuromodulation. Spinal injury 
did not affect sprouting signaling, 
whereas signaling for LTP-like 
plasticity was neuromodulation 
protocol-dependent. Our findings 
reveal differential molecular 
biomarkers for predicting 
structural and physiological 
plasticity after neuromodulation 
and show that neuromodulation 
activates growth-promoting 
signaling, similar to what was 
achieved by manipulating gene 
expression.
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Electrical motor cortex stimulation can produce corticospinal system plasticity and 
enhance motor function after injury. We investigate molecular mechanisms of structural 
and physiological plasticity following electrical neuromodulation, focusing on identify-
ing molecular predictors, or biomarkers, for durable plasticity. We used two neuromod-
ulation protocols, repetitive multipulse stimulation (rMPS) and patterned intermittent 
theta burst stimulation (iTBS), incorporating different stimulation durations and 
follow-up periods. We compared neuromodulation efficacy in promoting corticospinal 
tract (CST) sprouting, motor cortex muscle evoked potential (MEP) LTP-like plasticity, 
and their associated molecular underpinnings. Only iTBS produced CST sprouting after 
short-term neuromodulation (1 d of stimulation; 9-d survival for sprouting expression); 
both iTBS and rMPS produced sprouting with long-term (10-d) neuromodulation. 
Significant mTOR signaling activation and phosphatase and tensin homolog (PTEN) 
protein deactivation predicted axon growth across all neuromodulation conditions that 
produced significant sprouting. Both neuromodulation protocols, regardless of duration, 
were effective in producing MEP enhancement. However, persistent LTP-like enhance-
ment of MEPs at 30 d was only produced by long-term iTBS. Statistical modeling 
suggests that Stat3 signaling is the key mediator of MEP enhancement. Cervical spinal 
cord injury (SCI) alone did not affect baseline molecular signaling. Whereas iTBS and 
rMPS after SCI produced strong mTOR activation and PTEN deactivation, only iTBS 
produced Stat3 activation. Our findings support differential molecular biomarkers for 
neuromodulation-dependent structural and physiological plasticity and show that motor 
cortex epidural neuromodulation produces molecular changes in neurons that support 
axonal growth after SCI. iTBS may be more suitable for repair after SCI because it 
promotes molecular signaling for both CST growth and MEP plasticity.

axon sprouting | LTP | motor cortex | spinal cord

 With the goal of reestablishing lost functional connections between the motor cortex and 
muscle after injury, it is well established that a variety of motor cortex neuromodulation 
approaches can be used to induce corticospinal motor system plasticity ( 1       – 5 ). Human studies 
have used performance and physiological outcome measures to assess plasticity. Muscle 
responses evoked by transcranial magnetic stimulation of the motor cortex (i.e., motor 
evoked potentials, MEPs) are a common target for neuromodulation efficacy, as they capture 
the capacity to modulate the strength of connections to motoneurons and muscles ( 6 ). 
Studies have leveraged neuromodulation to produce short-term MEP enhancement ( 1 , 
 7     – 10 ). The potential for using neuromodulation for long-term modification of corticomotor 
connectivity, necessary for durable recovery, is not well explored. We have previously shown 
that motor cortex neuromodulation using electrical stimulation in animals can produce 
significant corticospinal tract (CST) axon sprouting during development and maturity and, 
in turn, improvement in motor function after injury ( 11     – 14 ).

 Our prior studies leveraged activity-dependent processes to promote CST axon out­
growth, based upon the importance of such mechanisms in establishment of CST con­
nections during development ( 15 ). Using repetitive multipulse stimulation (rMPS), we 
showed that 10 d of daily rMPS promotes CST sprouting ( 12 ). This repetitive stimulation 
protocol can reactivate developmentally down-regulated signaling pathways for axon 
growth in neurons, especially mammalian target of rapamycin (mTOR) ( 16 ). rMPS also 
deactivates phosphatase and tensin homolog (PTEN), a negative regulator of mTOR 
signaling. Genetic deletion of PTEN promotes CST axon outgrowth ( 17 ,  18 ). Intriguingly, 
these findings suggest that motor cortex neuromodulation can replicate features of the 
upregulation of axon growth mechanisms shown by genetic manipulation, pointing to 
previously unrecognized clinical benefits for motor cortex neuromodulation. Intermittent 
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theta burst stimulation (iTBS), a patterned motor cortex electrical 
stimulation protocol known to promote long-term potentiation 
(LTP) in the hippocampus, motor cortex, and other brain regions 
( 19 ), also produces CST sprouting ( 8 ). Motor cortex neuromod­
ulation thus meets an important need to repair key voluntary 
motor control circuits after injury in animal models. However, 
there remains a significant gap in the understanding of the molec­
ular underpinnings of neuromodulation-driven plasticity and 
repair and how this knowledge can help shape development of 
therapeutic neuromodulation protocols.

 In this study, we target the motor cortex with epidural electrical 
neuromodulation in rats to engage mechanisms for axon growth 
in CST neurons and promote physiological (MEP) plasticity. We 
investigate molecular mechanisms for structural and physiological 
plasticity from the perspective of identifying markers for neuro­
modulatory protocols capable of predicting durable plasticity after 
cervical contusion spinal cord injury (SCI). Our goals are to identify 
molecular markers of CST growth and MEP enhancement induced 
by neuromodulation and to determine whether those markers 
express after cervical SCI. We determine neuromodulation protocols 
(rMPS and iTBS, for different stimulation and survival periods) in 
which CST axon growth and MEP plasticity are or are not pro­
duced, together or separately. Among those conditions, we show 
that mTOR signaling activation and PTEN protein deactivation 
are key molecular biomarkers for neuromodulation-dependent CST 
sprouting and that signal transducer and activator of transcription3 
(Stat3) gene activation is the key biomarker for MEP enhancement. 
Comparison of naive and cervical SCI cohorts shows that CST 
growth signaling is preserved after injury but that preservation of 
MEP plasticity signaling is dependent on the neuromodulation 
protocol. Our findings support differential molecular biomarkers 
for structural and functional plasticity in intact and spinal injured 
animals and suggest that motor cortex neuromodulation can be 
used to mirror genetic manipulation for functional repair. 

Results

Experimental Design. We examined the differential effects of rMPS 
and iTBS on CST sprouting, enhancement of MEP recruitment, 
and underlying molecular signaling in naive rats. Separate animal 
cohorts were subjected to short-term (single session) or long-term 
(10 daily sessions) motor cortex neuromodulation protocols (Fig. 1 
and SI Appendix, Table S1; short-term and long-term are abbreviated 
ST and LT in figures and tables). Note, the short-term CST groups, 
1M10 and 1T10, received 1 d of stimulation, followed by survival 
of nine additional days without stimulation. Our prior studies show 
that this is sufficient time to allow for CST sprouting to be expressed 
(e.g., ref. 12). For both cohorts, experiments were terminated after 
completion of the period of neuromodulation and follow-up testing 
without neuromodulation for the purpose of studying the persistence 
of CST, MEP, and molecular changes. A separate cohort of rats was 
subjected to midline cervical (C4) SCI to determine the effects of 
neuromodulation on molecular signaling after CST axotomy.

iTBS and rMPS Enhance CST Sprouting, But Only iTBS Produces 
Sprouting with Short-Term Stimulation. We first determined the 
differential capacities for rMPS and iTBS to induce sprouting using 
short-term motor cortex neuromodulation, examined at 9 d after 
stimulation ended to provide adequate survival time for sprouting 
(12). SI Appendix, Fig. S1 shows the method used for CST axon 
length measurement. rMPS was not different from shams (Fig. 2A). 
Representative examples of CST labeling are shown in SI Appendix, 
Fig. S2. In contrast to rMPS, short-term iTBS produced significant 
CST sprouting compared with baseline (Fig.  2A, 1T10). For 

long-term neuromodulation, rMPS was transformed into a growth-
promoting protocol when stimulation was applied daily for 10 
consecutive days (Fig.  2B; 10M10). Long-term iTBS at 10-d 
survival (10T10) produced similar results as short-term iTBS. CST 
sprouting was maintained at the 30-d late follow-up with long-term 
rMPS and iTBS (Fig. 2B, 10M30; 10T30). These findings show 
differential axon growth potential for the two neuromodulation 
protocols and further show that neuromodulation duration is not 
the sole determinant of the capacity for CST axon growth and 
maintenance. These data form a basis for subsequent comparison 
with MEP enhancement and molecular signaling changes.

CST Axonal Sprouting Is Not a Determinant of Motor Cortex 
MEP Plasticity. We next determined the association between CST 
sprouting and MEP enhancement (see SI  Appendix, Fig.  S3 for 
sample MEP EMG raster plot). For short-term neuromodulation, 
MEP enhancement was assessed for each animal at baseline, the day 
after a single neuromodulation session (1M1 and 1T1), and 9 d 
later (1M10 and 1T10). Representative examples of MEPs recorded 
before and after short-term rMPS and iTBS show enhancement 
after neuromodulation and loss of enhancement when retested on 
day 10 (Fig. 3 A and B). Long-term rMPS, produced similar MEP 
enhancement when tested after cessation of neuromodulation on 
day 10, but when retested on day 30, responses returned to baseline 
(Fig. 3C). By contrast, MEPs are enhanced after long-term iTBS and 
this enhancement persists on day 30 (Fig. 3D).

 We quantified these findings by constructing recruitment curves 
[area under the MEP response curve (AUC);  Fig. 4 ]. For short-term 
stimulation, rMPS and iTBS both produced a significant increase 
in MEP recruitment slope and significant increases in individual 
MEP response measurements at 1.2 to 1.6 of threshold for ST rMPS 
and 1.3 to 1.6 of threshold for ST iTBS, the day after 

Fig. 1.   Experimental timeline. Experimental timeline showing events of motor 
cortex stimulation and subsequent experiments and follow-up period. Dark 
gray bars represent daily stimulation. (A) Short-term stimulation groups: 
Subgroups are subjected to western blotting (WB), electrophysiology, or 
CST sprouting experiments. (B) For long-term stimulation groups, the rats 
either received 10 d of daily stimulation followed by MEP examination and 
termination of the experiment or followed by 20 additional days without 
stimulation. (C) Spinal cord injured group, which is subjected to WB only.
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neuromodulation. However, recruitment slope returned to baseline 
on day 10 for both stimulation protocols ( Fig. 4 A  and B  ).        

 For long-term neuromodulation, we tested MEP recruitment 
at baseline, after 10 d of neuromodulation (nominally delayed 
for threshold and response stability; see Materials and Method ), 
and on day 30. For rMPS, individual MEP responses were sig­
nificantly greater at 1.3 to 1.6 of threshold and the recruitment 
slope was significantly increased after neuromodulation but 
returned to baseline on day 30 ( Fig. 4C  ). Despite significant 
CST sprouting at the 30-d time point ( Fig. 2 ), there was no 
MEP enhancement at this time point. For iTBS, MEP recruit­
ment measurements show significant increases at 1.5 and 1.6 of 
threshold and increased recruitment slope at the 10-d follow-up 
(10T10). Importantly, at 30-d follow-up MEP values and 

recruitment slope remained significantly increased ( Fig. 4D  ). 
Long-term iTBS produced CST sprouting at both time points 
( Fig. 2 ). These findings show remarkable persistence of MEP 
enhancement after iTBS and that CST sprouting is neither nec­
essary nor sufficient for MEP enhancement.  

Neuromodulation Produces Distinctive Molecular Changes. 
To understand differential molecular mechanisms underlying 
CST sprouting and MEP enhancement in animals receiving 
rMPS versus iTBS, we performed western blotting (WB) for 
mTOR, PTEN, and Jak/Stat signaling after short- and long-term 
treatments. mTOR signaling was assayed by the ratio of the levels 
of the ribosomal protein S6 phosphorylated at S235/S236 residues 
(pS6), which indicates active mTOR signaling (20, 21), and total 

Fig. 2.   CST sprouting after MPS and iTBS (see Fig. 1 for experimental group abbreviations). (A) Quantification of CST sprouting contralateral CST axons following 
short-term stimulation. The asterisk denotes significant differences from the sham. *P = 0.033 (Control vs. 1T10); One-way ANOVA with Dunnett’s multiple 
comparisons test. Sham, n = 4; 1M10, n = 5; 1T10, n = 3. (B) As A but following long-term stimulation. Asterisks denote significant differences from the sham. 
Post hoc tests revealed the following: *P = 0.039 (sham vs. 10M10); *P = 0.0204 (sham vs. 10M30); *P = 0.0257 (sham vs. 10T10); *P = 0.0007 (sham vs. 10T30). 
One-way ANOVA with Dunnett’s multiple comparisons test. Sham, n = 4; 10M10, n = 6; 10M30, n = 5; 10T10, n = 6 and 10T30, n = 4.

Fig. 3.   MEP enhancement after short-term and long-term motor cortex neuromodulation. Average MEP tracings of all frames delivered (n = 20) from 
electrophysiological experiments conducted in four representative animals (conditions indicated for each) at threshold (1.0), 1.2 T, 1.4 T, and 1.6 T (indicated 
for part A, control; light gray to black). The three short gaps in the beginning of the recordings correspond to the stimulus artifacts, which have been blanked. 
Calibrations: Time: A–D, 10 ms; amplitude: A, 125 µV; B, 145 µV; C, 100 µV; D, 128 µV.
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S6. To determine changes in PTEN signaling, we examined the 
ratio of the levels of PTEN phosphorylated at the S380 residue 
(pPTEN), which is an inactive form of PTEN (22, 23), and total 
PTEN. For Jak/Stat, we measured the ratio of the levels of Stat3 
phosphorylated at the Y705 residue, indicating active Jak/Stat 
signaling [pStat3; (24)], and total Stat3.

 We first examined protein expression changes after short-term 
neuromodulation. For pS6 ( Fig. 5A  ), representative western blots 
(A1) and quantification (A2) show a strong and significant increase 
after neuromodulation ends (1M1) but a return to baseline by 
day 10 (1M10), the follow-up period used for CST sprouting 
assessment. By contrast, iTBS shows increased levels after neuro­
modulation ends (1T1) and maintenance at day 10 (1T10). There 
was no change in total S6 for either protocol ( Fig. 5 , A 3). For 

pPTEN ( Fig. 5B  ), there were no significant changes with 
short-term rMPS ( Fig. 5 , B 1 and B 2). By contrast, for short-term 
iTBS there was a significant elevation in pPTEN levels on day 1 
(i.e., PTEN deactivation), with maintenance of a significant ele­
vation at day 10. For both protocols, there were no changes in 
total PTEN ( Fig. 5 , B 3). Finally, ST-rMPS and ST-iTBS both 
produced the same pattern of pStat3 changes ( Fig. 5C  ): significant 
elevation following 1 d of neuromodulation and not significantly 
different from baseline at 10 d ( Fig. 5 , C 1 and C 2). There was no 
change in total Stat3 ( Fig. 5 , C 3).        

 For long-term neuromodulation ( Fig. 6 A –C  ), we replicated 
earlier western blot findings for rMPS at a 10-d survival ( 16 ) for 
within-study comparison with iTBS and for testing long-term 
persistence of both protocols at day 30. For both pS6 and pPTEN 
( Fig. 6 A  and B  ), there were strong and significant elevations at 
10 d and 30 d (10M10, 10M30; 10T10, 10T30) for both rMPS 
and iTBS ( Fig. 6 , A 1, A 2, B 1, and B 2). For pStat3 ( Fig. 6C  ), 
although protein levels are elevated at day 10 for both stimulation 
protocols, at the 30-d time point, the values are not different from 
baseline after rMPS but significantly elevated for iTBS ( Fig. 6 , 
﻿C 1 and C 2). Total protein levels were not changed for pS6 (A 3), 
pPTEN (B 3), or pStat3 (C 3). These findings provide support for 
distinctive effects of neuromodulation for all three molecules and 
raise an intriguing dissociation between Jak/Stat signaling with 
that of mTOR and PTEN, which is addressed next.          

Molecular Markers of CST Axon Growth and MEP Enhancement. 
We next examined the protein expression patterns associated 
with CST sprouting and MEP plasticity to determine predictive 
molecular markers for the capacity of different neuromodulation 
protocols to produce CST sprouting and MEP enhancement. 
The western blot analyses reveal the pattern of changes in pS6, 
pPTEN, and pStat3 levels (i.e., mTOR, PTEN, and Jak/Stat 
signaling changes, respectively) across the different stimulation 
conditions (summarized in Fig. 7A). iTBS produced significant 
CST axonal sprouting and significant enhancement of pS6 and 
pPTEN for all conditions tested. rMPS produced CST sprouting 
for all but the short-term protocol (1M10), where neither pS6 
nor pPTEN were elevated. Individual animal results reveal a 
strong correlation between pS6 and pPTEN across all conditions 
tested (R2 = 0.45; P < 0.0001; n = 37; Fig.  7B). Data points 
from groups that showed significant CST sprouting are localized 
within the upper right quadrant of the plot, showing elevated 
protein levels (Fig.  7B; highlighted in red). All animals from 
these groups are enclosed in this region of the plot; excluded are 
animals from the neuromodulation group not showing significant 
outgrowth (1M10) and they clustered with sham animals (lower 
left quadrant). pS6 and pPTEN are both predictors of CST 
growth, and the underlying molecular changes reveal absolute 
threshold values for pS6 (0.786) and for pPTEN (0.64; dotted 
lines in Fig. 7B). The strong association between pS6 and pPTEN 
expression and CST outgrowth is illustrated graphically (Fig. 7C), 
where protein levels are rank-ordered according to their expression 
values and color coded according to whether or not each animal 
was part of a group that showed significant CST sprouting (blue) 
or not (gray).

 Whereas pStat3 was elevated for many CST growth conditions, 
it was not elevated after 1T10 and 10M30, which are two condi­
tions producing significant CST sprouting with iTBS and rMPS, 
respectively ( Fig. 7A  ). Rank ordering of pStat3 protein levels 
( Fig. 7C  ) shows the lack of a threshold predicting growth, as we 
showed for pS6 and pPTEN. However, logistic regression revealed 
a statistically significant association between pStat3 protein levels 
and whether an animal was in a group that showed CST sprouting 

Fig. 4.   Enhancement of MEP recruitment after short-term and long-
term motor cortex neuromodulation. MEP responses were quantified by 
measurement of the AUC of the averaged rectified ECR muscle response. (A) 
Short-term MPS. Control data consist of MEPs that were recorded before rMPS, 
24 h after rMPS (1M1), and 9 d after rMPS (1M10). Linear regression line (solid) 
and CI (broken lines) are shown. Plus (+) signs show significant differences in 
slope of linear regression lines calculated via one-way ANOVA with Tukey’s 
multiple comparison test. +P = 0.0001 for slopes of MEP enhancement at 
control vs. 1M1 and for 1M1 vs. 1M10. Slopes of control vs. 1M10 were not 
significantly different; P = 1.0. Asterisks represent significant differences in the 
AUC measured at each input current (i.e., 1.2× the threshold current, which is 
abbreviated as 1.2 and 1.0, respectively), determined using two-way ANOVA 
with Tukey’s multiple comparison test. ****P < 0.0001 (Control vs. 1M1 at 1.6 
T); ***P = 0.0004 (Control vs. 1M1 at 1.5 T and 1.4 T); **P = 0.0096 (Control 
vs. 1M1 at 1.3 T); and *P = 0.0376 (Control vs. 1M1 at 1.2 T). N = 3. (B) As for 
part A, but for short-term iTBS. +P = 0.001 for slopes of MEP enhancement at 
control vs. 1T2; and +P = 0.0032 for 1T1 vs. 1T10. The slopes of control vs. 1T10 
were not significantly different; P = 1.0. Two-way ANOVA of AUC comparisons: 
****P < 0.0001 (Control vs. 1T1 at 1.6 T); **P = 0.0053 (Control vs. 1T1 at 1.5 
T); **P = 0.0035 (Control vs. 1T1 at 1.4 T); *P = 0.026 (Control vs. 1T1 at 1.3 T). 
Significant differences were observed between 1T1 vs. 1T10 at 1.6 T, 1.5 T, and 
1.4 T. ***P = 0.002, **P = 0.006, and **P = 0.0034, respectively. N = 4. (C) As 
above, but MEP enhancement in response to long-term MPS. MEP responses 
were recorded before motor cortex neuromodulation, 3 d after (10M10 
and 10T10), and 30 d after neuromodulation started (10M30 and 10T30).  
+P = 0.01 for Slopes of MEP enhancement at control vs. 10M10 and +P = 0.0093 for 
10M10 vs. 10M30. Slopes of control vs. 10M30 were not significantly different; 
P = 0.97. Black asterisks represent significant differences in the AUC measured 
for each input current, determined using two-way ANOVA with Tukey’s multiple 
comparison test. **P = 0.0073 (Control vs. 10M10 at 1.6 T); *P = 0.0106 (Control 
vs. 10M10 at 1.5 T); **P = 0.008 (Control vs. 10M10 1.4 T); *P = 0.0355 (Control 
vs. 10M10 at 1.3 T). Similar significant differences were observed between 
10M10 vs. 10M30 at 1.6 T, 1.5 T, 1.4 T, and 1.3 T: **P < 0.0001, ****P = 0.0054, 
*P = 0.011, **P = 0.0081, and *P = 0.034, respectively. N = 5. (D) As part C, but 
for long-term iTBS. +P = 0.0076 for slopes of MEP enhancement at control vs. 
10T10; and +P = 0.0202 for Control vs. 10T30. Slopes of 10T10 and 10T30 were 
not significantly different; P = 0.99. Two-way ANOVA of AUC comparisons:  
*P = 0.0138 (Control vs. 10T10 at 1.6 T); *P = 0.0258 (Control vs. 10T10 at 1.5 
T). Significant differences were observed between Control vs. 10T30 at 1.6 T 
and 1.5 T; *P = 0.0399 and *P = 0.0273, respectively. N = 4.
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[t(35) = 2.698, P  = 0.007, logistic model]. To summarize, iTBS 
and expression of pPTEN and pS6 were individual predictors of 
CST sprouting. As such, we cannot uniquely attribute their con­
tribution, as we will do next for the MEP outcomes in a mediation 
analysis. The absence of pStat3 elevation after 1T10 suggests a 
neuromodulation protocol dependence.

 For MEP plasticity, modulation of molecular signaling has a 
distinctive pattern from that of CST sprouting ( Fig. 7A  ). Neither 
rMPS nor iTBS produced MEP plasticity for all stimulation con­
ditions. rMPS did not produce MEP enhancement for the 1M10 
and 10M30 conditions; iTBS did not produce MEP enhancement 
for the 1T10 condition. These dissociations revealed that neuro­
modulation protocols producing significant MEP enhancement 
also produce significant increases in pStat3 levels ( Fig. 7A  ). When 
pStat3 is at baseline after neuromodulation, there is no MEP 
enhancement, and when significantly elevated, there is significant 
MEP enhancement. By contrast, the association between MEP 
plasticity and pS6 and pPTEN is inconsistent, both for short- and 
long-term conditions.

 Rank-ordered protein values show the range over which MEP 
plasticity occurred for individual animals across the different 
groups ( Fig. 7D  ; red bars, MEP plasticity animal groups; gray 
bars, no MEP plasticity). There were no absolute thresholds for 
any of the molecules for predicting MEP enhancement. We per­
formed a mediation analysis to determine the effect of rMPS and 
TBS on MEP either directly or mediated by the three proteins 
(pPTEN, pStat3, and pS6;  Fig. 7E  ). For the purpose of the model, 
we treated the three predictor proteins as independent measures. 
We recognize that, at least for pS6 and pPTEN, there may be 

interactions (e.g., PTEN is an upstream regulator of mTOR; see 
﻿Discussion ). The effect of pStat3 on MEP plasticity was significant 
[t(40) = 7.39, P  = 0.0094] and trending for pS6 [t(40) = 3.04, P  
= 0.066], but the effect of pPTEN on MEP was not significant 
[t(40) = −1.32, P  = 0.187;  Fig. 7 E  , Right  side straight solid lines; 
﻿SI Appendix, Supplemental material 1  presents Matlab code; 
﻿SI Appendix, Supplemental material 2  presents model results]. 
Importantly, there was no evidence for a direct effect of either 
rMPS or iTBS on MEP (P  = 0.80 and P  = 0.28;  Fig. 7E  , dotted 
curved lines), indicating that neuromodulation drive of MEP 
plasticity is entirely through the molecular mediators. In contrast, 
all three protein markers were significantly affected by rMPS and 
iTBS ( Fig. 7 E  , Left  side straight solid lines; SI Appendix, 
Supplemental material ). The coefficients of the model suggest that 
the odds of observing MEP plasticity increase by a factor of 142 
with the application of rMPS and by a factor of 107 with iTBS. 
For both types of stimulation, the odds of observing MEP 
enhancement are dominated by the mediation through pStat3 
(SI Appendix, Table S2 ). Together this suggests that pStat3 is the 
dominant mediator of the neuromodulation on MEP with either 
stimulation protocol, with a possible smaller role for pS6, while 
pPTEN likely plays no role.  

Neuromodulation Growth and Plasticity Biomarkers after 
Bilateral Cervical Contusion Are Similar to Naive Animals. 
Growth- and plasticity-promoting motor cortex neuromodulation 
protocols are most relevant for strengthening CS system 
connections after injury to promote recovery of motor function. 
We next determined whether the expected signaling changes with 

Fig. 5.   Protein expression after short-term neuromodulation. (A) pS6 protein expression. (A1) Western blot images of cortical lysates probed with antisera against 
phospho-S6, total S6, and GAPDH. (A2) Mean intensities of pS6 expression, following short-term stimulation, presented as ratios of pS6 to total S6. Asterisks 
denote significant difference ***P = 0.0005 (Sham vs. 1M1); ***P = 0.0003 (Sham vs. 1T1); **P = 0.007 (Sham vs. 1T10); **P = 0.0023 (1M1 vs. 1M10). One-way 
ANOVA with Tukey’s multiple comparisons test. Sham, n = 4; 1M1, n = 5; 1M10, n = 5; 1T1 = 4; 1T10, n = 7. (A3) Mean intensities of total S6 expression, presented 
as ratios of total S6 to GAPDH. One-way ANOVA with Tukey’s multiple comparisons test shows no significant difference between groups. (B) pPTEN protein 
expression. (B1) Western blots probed with antisera against phospho-PTEN, total PTEN, and GAPDH. (B2) Mean intensities of pPTEN expression, following short-
term stimulation, presented as ratios of pPTEN to total PTEN. Asterisks denote significant difference **P = 0.0064 (Sham vs. 1T10); ***P = 0.0005 (Sham vs. 1T10). 
Sham, n = 4; 1M1, n = 6; 1M10, n = 6; 1T1 = 4; 1T10, n = 9. (B3) Mean intensities of total PTEN expression, presented as ratios of total PTEN to GAPDH. One-way 
ANOVA with Tukey’s multiple comparisons test shows no significant difference between groups. (C) pStat3 protein expression. (C1) Western blot probed with 
antisera against phospho-Stat3, total Stat3, and GAPDH. (C2) Mean intensities of pStat3 expression, following short-term stimulation, presented as ratios of pStat3 
to total Stat3. Asterisks denote significant difference ***P = 0.0003 (Sham vs. 1M1); **P = 0.0019 (Sham vs. 1T1); *P = 0.0151 (1M1 vs. 1M10); *P = 0.047 (1T1 vs. 
1T10). One-way ANOVA with Tukey’s multiple comparisons test. Sham, n = 4; 1M1, n = 6; 1M10, n = 6; 1T1, n = 4; 1T10, n = 7. (C3) Mean intensities of total Stat3 
expression, presented as ratios of total Stat3 to GAPDH. One-way ANOVA with Tukey’s multiple comparisons test shows no significant difference between groups.

http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
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rMPS and iTBS in naive animals also occurred after a midline 
cervical contusion (SI Appendix, Fig. S5), which axotomizes the 
main (dorsal) CST in this injury model (14). For this experiment, 
we used 10M10 and 10T10, and evaluated molecular changes 
after the end of the final neuromodulation session. Cervical 
contusion SCI did not change baseline pS6, pPTEN, or pStat3 
values, as shown in the representative western blots and associated 
quantification (Fig. 8 A–C; sham versus SCI). After injury, rMPS 
and iTBS both produced significant pS6 and pPTEN increases 
(SCI 10M10; SCI 10T10), similar to naive rats. By contrast, only 
iTBS produced a significant increase in pStat3 (Fig. 8, C1 and 
C2). These findings suggest that motor cortex neuromodulation 
up-regulates mTOR and down-regulates PTEN activity, both key 
components of CST growth signaling. Furthermore, since only 
iTBS additionally up-regulated pStat3, only this protocol could 
recruit both CST growth and MEP plasticity after SCI.

Discussion

 Motor cortex neuromodulation leverages activity-dependent pro­
cesses to enhance motor-cortex-to-muscle connections, to pro­
mote motor function and repair after injury ( 13 ,  14 ,  25 ,  26 ). 
Whereas most studies are agnostic to the extent to which neuro­
modulation targets structural or physiological plasticity, this is one 
of our study’s prime objectives. Using two different motor cortex 
neuromodulation protocols (repetitive rMPS and patterned 
iTBS), together with different stimulation and follow-up dura­
tions, we determined the molecular signaling underpinning neu­
romodulation drive of CST axon sprouting and MEP enhancement. 

For CST growth signaling, we found that the presence of signifi­
cant activation of mTOR signaling (pS6) and deactivation of 
PTEN protein (pPTEN) predicted axon growth across all neuro­
modulation conditions that produced significant CST sprouting. 
Although Jak/Stat signaling (pStat3) was not enhanced for some 
conditions, logistic regression revealed that it was significantly 
associated with CST growth protocols. For MEP enhancement, 
mediation analysis revealed that Jak/Stat (Stat3) signaling played 
a greater role than mTOR, with little or no role for PTEN. Our 
findings support distinct molecular predictors, or biomarkers, for 
structural and physiological plasticity. In doing so, our animal 
study sets efficacy expectations for developing neuromodulation 
to achieve structural and physiological plasticity of the corticos­
pinal motor system. 

Differential Neuromodulation Strategies for Promoting Struc­
tural and Functional Plasticity. mTOR activation, combined with 
PTEN protein deactivation, is central to the CST neuromodulation 
growth program. Our earlier study shows mTOR activation in 
motor cortex neurons after neuromodulation (16). Further, 
neuromodulation also up-regulates Stat3 neuronal and non-
neuronal signaling (SI Appendix, Fig. S4). Intriguingly, there also 
is upregulation of mTOR and Stat3 signaling in non-neuronal 
cells, presumably glia, in the motor cortex after neuromodulation 
(16) (SI Appendix, Fig. S4). This was examined using immuno­
histochemistry for Survivin, a transcriptional target for Stat3 
signaling (SI  Appendix, Fig.  S4). Comparison across the four 
treatment groups revealed differential protein activation patterns 
with rMPS and iTBS. Short-term rMPS failed to phosphorylate 

Fig. 6.   Protein expression after long-term neuromodulation. (A) pS6 protein expression. (A1) Western blot images of cortical lysates probed with antisera against 
phospho-S6, total S6, and GAPDH. (A2) Mean intensities of pS6 expression, following long-term stimulation, presented as ratios of pS6 to total S6. Asterisks 
denote significant difference **P = 0.0048 (Sham vs. 10M10); *P = 0.0456 (Sham vs. 10M30); *P = 0.0149 (Sham vs. 10T10); *P = 0.0404 (Sham vs. 10T30). One-way 
ANOVA with Tukey’s multiple comparisons test. Sham, n = 4; 10M10, n = 5; 10M30, n = 4; 10T10, n = 5; 10T30, n = 4. (A3) Mean intensities of total S6 expression, 
presented as ratios of total S6 to GAPDH. One-way ANOVA with Tukey’s multiple comparisons test shows no significant difference between groups. (B) pPTEN 
protein expression. (B1) Western blot images of cortical lysates probed with antisera against phospho-PTEN, total PTEN, and GAPDH. (B2) Mean intensities of 
pPTEN expression, following long-term stimulation, presented as ratios of pPTEN to total PTEN. Asterisks denote significant difference **P = 0.0136 (Sham vs. 
10M10); *P = 0.0465 (Sham vs. 10M30). *P = 0.0423 (Sham vs. 10T10); **P = 0.0027 (Sham vs. 10T30). Sham, n = 4; 10M10, n = 5; 10M30, n = 5; 10T10, n = 4; 10T30, 
n = 7. (B3) Mean intensities of total PTEN expression, presented as ratios of total PTEN to GAPDH. One-way ANOVA with Tukey’s multiple comparisons test shows 
no significant difference between groups. (C) pStat3 protein expression. (C1) Western blot images of cortical lysates probed with antisera against phospho-Stat3, 
total Stat3, and GAPDH. (C2) Mean intensities of pStat3 expression, following long-term stimulation, presented as ratios of pStat3 to total Stat3. Asterisks denote 
significant difference ***P = 0.0003 (Sham vs. 10M10); *P = 0.0489 (Sham vs. 10T10); *P = 0.0151 (Sham vs. 10T30); **P = 0.0058 (10M10 vs. 10M30). One-way 
ANOVA with Tukey’s multiple comparisons test. Control group, n = 4; 10M10, n = 5; 10M30, n = 5; 10T10, n = 4; 10T30, n = 4. (C3) Mean intensities of total Stat3 
expression, presented as ratios of total Stat3 to GAPDH. One-way ANOVA with Tukey’s multiple comparisons test shows no significant difference between groups.

http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
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PTEN and produced transient pS6 elevation; this did not result 
in CST growth. It is possible that sprouting could not be initiated 
due to insufficiencies in growth signaling. Evidence for such 
noncanonical activation of mTOR signaling independent of 
PTEN deactivation includes protein complexes, such as Tuberous 
Sclerosis Complex, upstream of mTOR and can activate mTOR 
signaling in response to neurotrophins without altering PTEN 
levels (27, 28). Since short-term MPS did not produce CST 
sprouting, we did not pursue the significance and mechanisms of 
potential noncanonical mTOR regulation further. Neurotrophin 
signaling has been shown for neuromodulation protocols that 
produce motor cortex plasticity and excitability changes (e.g., 
direct current stimulation), resulting in significant changes in 
brain-derived neurotrophic factor (BDNF/trkB signaling and 
diminished neuromodulation efficacy with expression of the BDNF 
val66Met polymorphism (29, 30). Additionally, numerous long 
noncoding RNAs and microRNAs have been documented that 
regulate mTOR signaling by directly interacting with mTORC1 
(reviewed in ref. 31). Future experiments are needed to determine 
the role of BDNF/trkB signaling in neuromodulation efficacy, 
as well as other mechanisms, and their interactions with mTOR 
signaling. Short-term iTBS effectively phosphorylated PTEN and 
produced persistent pS6 elevation, resulting in significant CST 
outgrowth. Thus, the short-term protocols distinguished mTOR 
and PTEN changes, in a neuromodulation-dependent way. Both 
long-term rMPS and iTBS were associated with effective mTOR 
activation and PTEN deactivation and, in turn, CST growth. 
These findings are consistent with our earlier finding that the 
mTOR blocker rapamycin prevented CST sprouting when 
administered during the period of neuromodulation [rMPS;(16)].

 Jak/Stat activation (pStat3) in retinal ganglion cells and CST 
neurons is associated with axon regeneration/outgrowth ( 32     – 35 ). 
This has been demonstrated after injury by persistent Stat3 acti­
vation ( 32 ) and deletion of its antagonist/repressor SOCS3 ( 33 ). 
Further, codeletion of PTEN with SOCS3 produces greater optic 
nerve and CST axon outgrowth than SOCS3 alone ( 34 ,  35 ). 
Using logistic regression, we show a statistically significant asso­
ciation between pStat3 protein levels and whether an animal was 
in a group that showed CST sprouting (10M10, 10T10, 10T30). 
Despite strong associations with axon growth, we found dissoci­
ation between pStat3 activation and CST outgrowth for two con­
ditions (10M30; 1T10), suggesting that neuromodulation recruits 
additional mechanisms that are not dependent on Stat3 for pro­
ducing outgrowth. One mechanism may be through supporting 
axon maintenance by activity-dependent synaptogenesis. 
Pharmacological blockade of Stat3 phosphorylation prevents CST 
activity-dependent synaptogenesis without affecting CST axon 
growth [by rMPS; ( 16 )]. This is consistent with the present study 
that pStat3 is the principal mediator of MEP plasticity and with 
studies demonstrating a role for pStat3 in long-term synaptic plas­
ticity ( 36 ). Neuromodulation may recruit mTOR-Jak/Stat inter­
actions to support axon growth, as shown by our mediation assay, 
and suggested by the ability of SOCS3 deletion to restore 
injury-dependent loss of mTOR activity ( 33 ).  

iTBS Activates Both mTOR and Jak/Stat Signaling after SCI. 
Bilateral SCI, which axotomizes most CST axons in the spinal cord 
(37), did not prevent expression of the molecular markers of CST 
growth (i.e., elevated mTOR signaling and pPTEN protein). This 
is consistent with our prior SCI study (14), which showed robust 
CST sprouting rostral to a cervical contusion injury with iTBS. In 
maturity, immunostaining of retrogradely identified axotomized 
CST neurons shows a decline in mTOR signaling after pyramidal 
tract lesion (18). By contrast, we found that pS6 baseline levels 

Fig. 7.   Molecular marker analyses for CST sprouting and MEP enhancement. (A) 
Summary of CST and MEP enhancement results and their association with pS6, 
pPTEN, and pStat3 expression levels in the various experimental conditions. (B) 
Scatter plot of pS6 and pPTEN expression levels for CST assessment conditions. The 
red-highlighted quadrant represents experimental conditions in which significant 
CST outgrowth was identified. (C) Protein expression and CST sprouting. Graphs 
showing experimentally determined protein expression levels (bar length), rank-
ordered. Blue bars indicate conditions where significant CST outgrowth was 
observed; gray bars, without significant CST outgrowth. Note pS6 and pPTEN, but not 
pStat3, thresholds for identifying CST plasticity groups. (D) Protein expression and 
MEP plasticity. Similar to part C, but for MEP plasticity. Red bars indicate conditions 
where significant MEP enhancement was observed; gray bars, without significant 
MEP enhancement. (E) MEP mediation analysis model showing effectiveness of 
MPS and iTBS in promoting MEP enhancement directly (curved dashed lines; both 
not significant) and in promoting significant MEP enhancement via pS6, pPTEN, 
and pStat3 expression, as mediators. The model also shows contributions of rMPS 
and iTBS in promoting significant molecular changes (Left side, solid lines). Solid 
lines indicate significant effects; dotted lines, lack of significance. Numerical values 
indicate b coefficients (SI Appendix, Supplemental Material 2).

http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
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and response to neuromodulation remained intact after cervical 
contusion injury, which axotomizes most CST axons in the spinal 
cord (37). Maintenance of baseline pS6 level may reflect preserved 
targeting of CST synapses to the rostral cervical spinal cord with a 
C4 SCI. The capacity for pS6 upregulation after neuromodulation 
is similar to induced mTOR upregulation in the pyramidal tract 
model with PTEN gene deletion (18). Whereas mTOR is activated 
in layer five pyramidal neurons with high-frequency stimulation 
in intact animals [e.g., pS6 upregulation; (16, 38)], activation of 
other cell classes that have not been axotomized by motor cortex 
neuromodulation, including glia, cannot be ruled out. Although 
both iTBS and rMPS were capable of activating mTOR signaling 
and deactivating PTEN protein after SCI, only iTBS was also 
capable of activating Jak/Stat. Intriguingly, this difference is not 
likely to be due to an activity “dose,” as the number of simulation 
pulses delivered with rMPS is 50× greater than with iTBS (151,200 
versus 3,000 stimulus pulses per session). Instead, it likely reflects 
differences in the temporal structure of the two protocols. This 
suggests that only iTBS can recruit both growth signaling and MEP 
plasticity after injury. This may have a beneficial impact on recovery.

Motor Cortex Neuromodulation Mimics Genetic Manipulation 
for Augmenting mTOR Signaling. That molecular signaling 
pathways can be harnessed through motor cortex neuromodulation 
in adult animals is significant for activity-dependent reshaping of 
corticospinal circuits after injury. Whereas limited lesion-dependent 
CST sprouting can occur in maturity after injury (12, 39), the 
capacity to produce significant CST axon growth in maturity 

has only been shown by genetic manipulations (17, 34, 40). For 
example, PTEN gene ablation produces CST axon growth through 
a spinal lesion (17) and substantially augments injury-dependent 
CST sprouting of the intact tract after unilateral pyramidotomy 
(41). Selective pharmacological suppression of PTEN in mice after 
dorsal hemisection stimulated growth of descending serotonergic 
fibers and limited CST growth in the caudal spinal cord (40). 
Our finding that motor cortex neuromodulation activates mTOR 
signaling and deactivates PTEN protein function, leading to 
CST sprouting, suggests that neuromodulation shares common 
mechanisms with genetic manipulation in promoting aspects of 
CST axon outgrowth. However, there is an important distinction. 
PTEN is a tumor-suppressor gene (reviewed in ref. 42), and can 
have negative consequences with ablation or inhibition, limiting 
clinical translation of PTEN gene manipulation in humans. 
Neuromodulation, on the other hand, can replicate aspects of 
growth-promoting signaling like genetic manipulation but without 
affecting PTEN gene expression or producing CST soma structural 
changes (16). Instead, neuromodulation promotes growth through 
posttranslational modification—a dynamic process that shifts 
the equilibrium between activated, nonphosphorylated, PTEN 
protein and its deactivated, phosphorylated, version. This is kinase 
dependent and reversible; it likely places the body at a lower risk 
of negative consequences.

Motor Cortex Neuromodulation Achieves Parallel Structural and 
Physiological Plasticity for Motor Recovery. MEP enhancement 
and CST outgrowth produced by motor cortex neuromodulation 

Fig. 8.   Protein expression after SCI. (A) pS6 protein expression. (A1) Western blot images of cortical lysates probed with antisera against phospho-S6, total S6, 
and GAPDH. (A2) Mean intensities of pS6 expression, presented as ratios of pS6 to total S6. Asterisks denote significant difference **P = 0.0023 (Sham vs. SCI 
10M10); *P = 0.0141 (Sham vs. SCI 10T10); ***P = 0.0006 (SCI vs. SCI 10M10); **P = 0.0037 (SCI vs. SCI 10T10). One-way ANOVA with Tukey’s multiple comparisons 
test. Sham group, n = 4; SCI, n = 5; SCI 10M10, n = 5; SCI 10T10, n = 5. (A3) Mean intensities of total S6 expression, presented as ratios of total S6 to GAPDH. One-
way ANOVA with Tukey’s multiple comparisons test shows no significant difference between groups. (B) pPTEN protein expression. (B1) Western blots probed 
with antisera against phospho-PTEN, total PTEN, and GAPDH. (B2) Mean intensities of pPTEN expression, presented as ratios of pPTEN to total PTEN. Asterisks 
denote significant difference ***P = 0.0002 (Sham vs. SCI 10M10); ****P = 0.0004 (Sham vs. SCI 10T10); ****P = 0.0001 (SCI vs. SCI 10M10); ***P = 0.0001 (SCI 
vs. SCI 10T10). One-way ANOVA with Tukey’s multiple comparisons test. Sham, n = 4; SCI, n = 5; SCI 10M10, n = 6; SCI 10T10, n = 5. (B3) Mean intensities of 
total PTEN expression, presented as ratios of total PTEN to GAPDH. One-way ANOVA with Tukey’s multiple comparisons test shows no significant difference 
between groups. (C) pStat3 protein expression. (C1) Western blot probed with antisera against phospho-Stat3, total Stat3, and GAPDH. (C2) Mean intensities of 
pStat3 expression, presented as ratios of pStat3 to total Stat3. Asterisks denote significant difference **P = 0.84 (Sham vs. SCI 10M10); ***P = 0.0007 (SCI vs. 
SCI 10T10); **P = 0.005 (SCI 10M10 vs. SCI 10T10). One-way ANOVA with Tukey’s multiple comparisons test. Sham, n = 4; SCI, n = 5; SCI 10M10, n = 5; SCI 10T10,  
n = 5. (C3) Mean intensities of total Stat3 expression, presented as ratios of total Stat3 to GAPDH. One-way ANOVA with Tukey’s multiple comparisons test shows 
no significant difference between groups.
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are not necessarily causally linked. The presence of robust CST 
sprouting after short-term iTBS at day 10 is not associated with 
MEP enhancement. Whereas long-term protocols were effective 
in MEP enhancement, only iTBS was capable of producing 
persistent enhancement at the 30-d time point. Furthermore, we 
show that pStat3 elevation is the key mediator of MEP plasticity. 
Blockade of pStat3 phosphorylation during rMPS, which does 
not impair CST sprouting (16), is consistent with uncoupling 
of pStat3 activation and CST sprouting. A key question raised 
by these findings is under what circumstances neuromodulation 
recruits both mTOR and Jak/Stat signaling for sprouting and 
MEP plasticity? There is a potential interplay between structural 
and physiological plasticity that seems to be critical for achieving 
CST functional repair, which needs to be examined.

 Repeated bouts of daily neuromodulation are capable of driving 
structural plasticity at 10 d, with persistent activation of mTOR 
signaling and deactivation of PTEN protein by phosphorylation. 
Activated axon terminals may become stronger and, whether in 
the spinal cord or through brainstem pathways ( 43 ), evoke larger 
MEPs. The lack of persistent MEP enhancement with rMPS 
(1M10, 10M30) may portend vulnerability to pruning of con­
nections that are recently sprouted. Maintenance of Stat3 phos­
phorylation may prevent forgetting the “muscle memory” 
associated with the stronger connectivity produced by neuromod­
ulation. Coexpression of differential molecular programs for axon 
growth and MEP plasticity suggest the presence of parallel 
neuromodulation-dependent mechanisms, and stress use of neu­
romodulation protocols optimized to ensure maintenance of phys­
iological plasticity to support axon growth.  

Biomarkers and Biological Targets for Activity-Dependent 
Functional Repair. Most neuromodulation strategies to promote 
function after injury target relevant anatomical structures and use 
stimulation intensities that favor activation of particular neuronal 
classes, such as large-diameter afferent fibers with spinal epidural 
stimulation, or cortical neuron dendrites with transcranial 
direct current stimulation. The intended outcome is increased 
neuronal excitability in the targeted anatomical structure, which is 
hypothesized to facilitate generation and transmission of stronger 
control signals after injury (44). However, a broad range of neural 
activity-dependent processes are, in principle, potential targets for 
activity-based neuromodulation.

 We focused on activity-dependent CST axonal outgrowth and 
synaptogenesis as targets for neuromodulation in adult animal 
models, based on the potent effects that manipulating motor cor­
tex activity has on establishment of CST connections during 
development ( 11 ). Those findings directed us to explore mTOR, 
PTEN, and Jak/Stat as targets for neuromodulation since the same 
pathways have been manipulated genetically to drive CST out­
growth after SCI ( 18 ,  45   – 47 ). Not surprisingly, the stimulation 
parameters for effective neuromodulation are bewilderingly com­
plex. Complexity is compounded by a wide array of potential 
outcome measures that are technically challenging and time con­
suming to quantify. Signaling pathways or genetic expression 
changes can be assayed after a period of neuromodulation more 
efficiently than CST outgrowth and MEP plasticity or other mor­
phological measures ( 26 ,  48 ). We were surprised to observe such 
clarity in pS6 and pPTEN levels predicting neuromodulation- 
dependent CST growth. The presence of absolute threshold values 
precluded using mediation analysis. The molecular underpinnings 
of MEP plasticity, although robust, are probabilistic and depend­
ent on multiple factors, such as neurotransmitter regulatory mech­
anisms ( 36 ). Mediation analysis showed that the direct effects of 
rMPS and iTBS on MEP plasticity were not significant, indicating 

that the outcome (MEP response enhancement) is produced via 
the molecular mediators. The analysis shows pStat3 is the key 
marker for MEP plasticity. Whereas the absolute levels of the 
biochemical markers may not directly compare across studies, our 
finding shows a molecular prediction of system-level outcomes.   

Materials and Method

Animals and General Surgical Protocols. All experiments were 
conducted in accordance with the NIH Guidelines for the Care and 
Use of Laboratory Animals. All animal protocols were approved 
by the City University of New York Advanced Science Research 
Center Institutional Animal Care and Use Committee (IACUC). 
Adult female Sprague Dawley rats (250 and 300 g) were housed 
under a 12-h light/dark cycle in the institutional vivarium and 
provided with unrestricted access to food and water. SI Appendix, 
Table  S1 lists animal groups, numbers, stimulation type and 
duration, and poststimulation follow-up periods. Surgeries were 
performed under general anesthesia using isoflurane (3.5% for 
induction and 1.5% for maintenance in 0.9L/min oxygen). 
Buprenorphine (0.01 mg/kg) was administered after surgery to 
alleviate pain. Anesthesia levels, heart rate, respiration rate, and 
temperature were continuously monitored during surgery. Rats 
were kept on a heating pad to maintain body temperature at 37.5 
°C during surgery, and postsurgery until ambulatory.

Anterograde CST Tracer Injection. Rats were anesthetized and 
placed in a stereotaxic frame. Following craniotomy to expose 
the forelimb area of the primary motor cortex, seven pressure 
injections (300 ηL/each) of biotinylated dextran amine (BDA; 
10,000 MW; Molecular Probes; 10% in 0.1 M phosphate buffered 
saline were made at a depth of 1.5 mm each). Tracer injections 
were made in the following anteroposterior (AP) and mediolateral 
(ML) coordinates within the forelimb area of the motor cortex (49, 
50) relative to bregma (with minor adjustments for the locations 
of blood vessels): AP 0.5 m, ML 2 mm; AP 0.5 mm, ML 2.8 
mm; AP 0.5 mm, ML 3.9 mm; AP 1.5 mm, ML 3.5 mm; AP 
1.5 mm, ML 2.5 mm; AP 2.0 mm, ML 2.5 mm; AP 2.2 mm, 
ML 3.5 mm. Tracer was injected using a micropump (WPI) at an 
injection rate of 3 ηL/s.

Motor Cortex Electrode Implantation. A stainless steel bipolar 
stimulating electrode (Plastics One) was placed on the dura over 
the forelimb motor cortex (12). The electrode wires were bent into 
an “L” shape with the bottom of the “L” deinsulated. We placed 
the angle of the L-shaped electrodes approximately 2 mm anterior 
and 3.5 mm lateral to bregma, with the exposed contact extending 
rostrally over the forelimb M1. The electrode was positioned so 
that the deinsulated portion contacted the dura. The electrode 
was covered with dental acrylic cement, which was secured using 
bone screws (Plastics One).

C4 Spinal Contusion Injury. A laminectomy was performed and a 
C4 200 kdyn midline contusion (14). was made using an Infinite 
Horizon spinal impactor. After surgery, animals were returned to a 
holding cage that was placed up a heating pad and observed until 
ambulatory. An antibiotic (Baytril; 5 mg/kg) was administered.

rMPS and iTBS. Electrical rMPS consisted of trains of repetitive 
stimuli (0.2 ms duration, 333 Hz, 45 ms bursts, every 2 s), 
delivered 6 h/d (12). Electrical iTBS consists of a burst of three 
pulses (interstimulus interval: 50 ms), repeated 10 times, for 
2 s followed by 8 s without stimulation; this was repeated 20 
times, for a total of 600 pulses (13). This single iTBS block was 

http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
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repeated five times with 2 min between blocks, for a total time of 
approximately 30 min. Stimulus intensity for rMPS and iTBS was 
determined using brief pulse trains (330 Hz; 45 ms duration, 14 
pulses). For rMPS, threshold current was adjusted to the minimal 
value needed to evoke a contralateral forelimb movement for 
approximately 50% of the stimuli presented, which was typically 
between 1 to 2 mA. At motor threshold, stimulation did not 
evoke an ipsilateral forelimb movement or movements of either 
hind limb. For iTBS, current intensity was chosen as 75% of 
motor threshold. In separate animal cohorts, rMPS and iTBS were 
administered for 1 d (short-term) or 10 d (long-term). Animals 
were awake during stimulation.

Western Blot Analyses. For western blotting, experiments were 
terminated (100 mg/kg Euthasol; Vedco, Missouri, USA) within 
30 min after stimulation or after a predetermined delay period 
(Fig. 1 and SI Appendix, Table S1) and the brain was removed. 
The motor cortices were dissected and placed into ice-cold Hank’s 
balanced salt solution (Invitrogen). The forelimb M1 region was 
placed in a microtube and homogenized promptly in neuronal 
protein extraction reagent buffer (Invitrogen), supplemented with 
a protease-inhibiting cocktail and ethylenediaminetetraacetic 
acid (Invitrogen). Bradford protein analysis was used to measure 
protein concentration; approximately 50 μg of protein was 
subjected to sodium dodecyl sulfate acrylamide-bisacrylamide 
gel electrophoreses along with a protein ladder (Crystalgen 
#65-0671) for size comparison. Following electrophoresis, the 
protein bands were transferred to polyvinylidene difluoride 
membrane (Millipore #IPVH08130) and probed against the 
primary antibodies (SI  Appendix, Supplemental Material 3). 
An electrochemiluminescent system (Cell Signaling Technology 
#6883P3) was used to develop the western blots. It should be 
noted that in western blot experiments, pStat3 protein bands often 
appear as close doublets. These are splice variants alpha (top) and 
beta (bottom) isoforms (51). They are treated as a single band for 
densitometry analyses.

Tracer Histochemistry. Animals were deeply anesthetized with 
100 mg/kg of Euthasol (Vedco, Missouri, USA) and transcardially 
perfused with saline, followed by 4% paraformaldehyde. Tissue 
was postfixed in 4% paraformaldehyde for 1 to 2 h and transferred 
to 20% sucrose (overnight at 4 °C). Frozen sections were cut 
transversely at 40 μm thickness using a sliding microtome. 
BDA was visualized with 1% avidin–biotin complex reagent 
(ABC kit; Vector Laboratories), followed by the chromogen 
diaminobenzidine (Sigma).

Contralateral Spinal CST Sprouting assay. Neurolucida (MBF 
Bioscience, Williston, VT) was used to measure axon length at 
100× magnification with oil immersion in a region of interest in 
the contralateral intermediate zone (200 × 200 mm2; 400 mm 
lateral to central canal) at spinal C7 and C8 levels. Axon lengths 
were measured in three to five transverse sections for each animal 
by laboratory personnel blinded to the animal group. To correct 
measurements for tracer efficacy, contralateral BDA-labeled CST 
axons within the dorsal column were counted at 100× magnification 
with oil immersion (Optical Fractionator counting protocol, Stereo 
Investigator software; MBF Bioscience, VT). For stereological 
counting, section thickness (cut at 40 µm) was estimated to be 35 µm 
after accounting for tissue shrinkage. The total axon length for each 
section was corrected for tracer efficacy by dividing measured axon 
length/average number of BDA-labeled CST axons in the dorsal 
column in three to five sections of the same animal (26).

MEP Enhancement. Electromyographic (EMG) recordings were 
conducted in sedated animals (ketamine, 70 mg/kg; xylazine, 10 
mg/kg) in response to motor cortex simulation using the implanted 
epidural electrode, to produce MEPs (13). Wire electrodes were 
inserted percutaneously into the extensor carpi radialis muscle 
and recruitment curves were generated using triple biphasic 
pulses (0.2 ms) delivered every 3 s between threshold (1.0) and 
1.6-times threshold current in random order. To compare results 
across assessments on different days, stimulation was performed in 
relation to threshold current value. Current thresholds (the lowest 
current that produced an EMG response in 50% of trials) were 
determined at the start of each session. EMGs were acquired with a 
differential AC amplifier system (A-M Systems), at a gain of 1,000 
and bandpass filtered between 10-5K Hz. A commercial data 
acquisition system (Power 1401, SPIKE2 software; Cambridge 
Electronic Design Ltd.) was used at a sampling rate of 5,000 
Hz. Raw EMG signals were rectified before processing. The AUC 
for the EMG was quantified between the onset and the end of 
the response (SI Appendix, Fig. S3). The value of baseline EMG, 
corresponding to the duration of the response measured over 
100 ms before the first stimulus, was subtracted from the value 
of the evoked response. The EMG AUC was averaged based on 
a minimum of 25 frames (500 ms duration) per test to ensure 
accuracy and reliability of the measurements.

 During initial pilot experiments, we observed that MEP thresh­
olds were elevated immediately after chronic rMPS or iTBS and 
for up 3 d. To ensure stable current thresholds and evoked 
responses, we delayed performing MEP recruitment experiment 
for 3 d after the last rMPS or iTBS neuromodulation session. This 
period is indicated in the Results section as the acute poststimu­
lation period.  

Mediation Analysis. To assess the importance of proteins pS6, 
pPTEN, and pStat3 in achieving the plasticity outcomes—CST 
axon sprouting and MEP enhancement—we performed a model-
based statistical analysis. The model (Fig.  7E) assumes that pS6, 
pPTEN, and pStat3 are each potential mediators of the effects of 
rMPS and iTBS as causes of the plasticity outcome, in addition 
to possible direct effects (i.e., direct action of rMPS and iTBS on 
outcomes, without mediation by any of the proteins). Mediation 
analysis consists of running two models: The first model captures the 
effect of the causes on the mediators, and the second model captures 
the effects of all variables on the outcome including direct effects 
(52). Therefore, we first estimated the effect of rMPS and iTBS on 
each of the three proteins using linear regression. For pStat3:

pSTAT3 ∼ b1,rmps ∗ rMPS + b1,tbs ∗TBS + b1,0.

 This was performed similarly for pS6 and pPTEN. Then we 
estimated the effect of pS6, pPTEN, and pStat3 on MEP, with 
iTBS and rMPS as control variables using logistic regression 
because the MEP outcome here were binary (MEPs were enhanced 
or not enhanced):

  

logit(MEP)∼b2,PMS ∗ rMPS+b2,tiTBS ∗ iTBS+b2,pS6 ∗pS6

+b2,pStat3 ∗pStat3+b2,pPTEN ∗pPTEN+b2,0.

   
 We performed a similar analysis for CST outgrowth as binary 

outcomes (CST axon length was enhanced or not enhanced). Both 
linear and logistic regressions were implemented using the fitglm 
function in MATLAB with linear and logit link functions, 
respectively.

http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408508121#supplementary-materials
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 The parameters b1  and b2  of the linear and logistic regressions mod­
els, respectively, can be combined to determine the odds ratio of the 
outcomes. Odds ratio quantifies the odds that an outcome will occur 
(vs. not occur) given a particular treatment. For instance, an odds ratio 
of three for TBS onto MEP means that a treatment with TBS will 
increase the likelihood of observing an enhanced MEP by a factor of 
three (a 200% increase). The odds ratio can be computed from b1  and 
b2  as follows: the odds ratio of the direct effects is exp(b2 ) and for the 
indirect effect they are exp(b1 *b2 ), and the total effect on odds ratio 
is the product of both, exp(b2 +b1 *b2 ) (SI Appendix, Table S2 ).  

Statistics and General Data Analyses. All anatomical and EMG 
response measurements were performed by laboratory staff blinded 
to treatment condition. Statistical analyses were performed 
using Prism 8 (GraphPad Software), Excel (Microsoft), R (4.3.0 
- 2023), and Matlab. The differences between experimental 
groups were determined using one of the following statistical 
tests: Mann–Whitney t test, one-way or two-way ANOVA with 
either Tukey’s post hoc, Dunnett’s or Sidak’s multiple comparison 
tests and Fisher’s exact test. We used the web-based calculator, 

powerandsamplesize.com, to conduct power analyses for the WB 
experiments.

Data, Materials, and Software Availability. Study data values were deposited 
at the Open Data Commons for Spinal Cord Injury (ODC-SCI; RRID:SCR_016673) 
(53). The ODC-SCI is a secure, cloud-based repository platform designed to share 
research data (54). All other data are included in the article and/or SI Appendix.
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