
Supplementary Notes 

Electrical Stimulation Optimization 

Previous in vitro stimulation of NPCs showed changes in VEGFA 1.  Using VEGFA as a gene of 

interest, we electrically stimulated the cells across various voltages (±200mV, 400mV, or 800mV 

square wave) and frequencies (100 and 200Hz) and monitored the response of VEGFA 

(Supplementary Fig. 2a).  Given that the largest change in VEGFA expression was observed with 

electrical stimulation of ±800mV at 100Hz, we used these stimulation parameters for our in vitro 

and in vivo stimulation paradigms.  Under these parameters, cell viability was assessed with 

Alamar Blue and Live/Dead staining (Supplementary Fig. 2b-d). These viability assays 

demonstrated that cell viability did not significantly change with electrical stimulation.  

Stroke Size Evaluation 

The stroke size was evaluated at 6 weeks post-stroke. Given that interventions were performed 1-

week post-stroke, any potential neuroprotective effects that reduce stroke size were highly 

unlikely.  Consistent with this, no significant difference in stroke sizes were observed between any 

of the groups in our experiments (Supplementary Figs. 6 and 17). 

Stroke and Peri-infarct Cell Analysis 

To assess further influences of the combined electrical stimulation and stem cell therapies, we 

evaluated cell type in the peri-infarct and stroke regions. At the 6-week post-stroke time point, no 

change in the number of neurons or glia in the stroke or peri-infarct regions were observed 

(Supplementary Fig. 10).  

  



 

 

 

 

Supplementary Fig. 1 Conductive-Polymer stem cell system. a, Schematic fabrication of 

implantable conductive polymer-stem cell system (PPY – polypyrrole scaffold). b, Photograph of 

cannula system. c, Photograph of animal with cannula in place. 



 
 

 

 

 

Supplementary Fig. 2 Optimization of electrical stimulation parameters on NPCs. a, NPCs 

expressed significantly higher VEGFA in the 800mV/100Hz and 200Hz stimulations for 1 hr. *** 

indicates statistical significance compared to control (P<0.001, data shown as mean±SEM, n=4). 

b, Cell metabolic viability assay measured via Alamar Blue showing no difference in cell survival 

between stimulated and unstimulated cells at 800mV with 100 Hz frequency for 1 hr (data shown 

as mean±SEM, n=4). c, Representative images of fluorescently-labeled cells stained using a 

live/dead assay kit. Green (calcein AM) and red (ethidium homodimer-1) indicate viable and dead 

cells, respectively. Scale bar indicates 100 µm. d, Quantification of the percentage of live cells 

from live/dead assay (in fig. 2c) showing no significant difference in living cells after electrical 

stimulation (800mV at 100Hz for 1 hr, data shown as mean±SEM (n=4). a, b, d. Analyzed using 

a one-way ANOVA, followed by Tukey’s HSD post hoc test with ** P<0.01, *** P<0.001 and 

**** P<0.0001. 



 

Supplementary Fig. 3 Impact of electrical stimulation on NPC biology. a, NPCs proliferated 

significantly when electrically stimulated compared to un-stimulated groups for at least 7-days. * 

indicates a statistically significant difference with p-value <0.05 when analyzed using an unpaired 

two-tailed t-test. Data shown as mean±SEM, n=4. b, Representative images of fluorescently-

labeled cells stained for mature mitotic markers – Nestin and Pax6, and glial marker – GFAP. Blue 

represents nucleus. Scale bar indicates 100 µm. (Data shown as mean±SEM, n=4) c, Quantification 

of percentage area under fluorescence per cell from histology (in fig. 2b) showing no significant 

difference in Nestin and Pax6 after electrical stimulation (800mV at 100Hz for 1 hr, data shown 

as mean±SEM, n=4). There were no countable number of cells that stained for GFAP. Analyzed 

using an unpaired t-test with a two-tailed p-value > 0.05. 



 

 

Supplementary Fig. 4 Conductive-Polymer stem cell system improves functional stroke 

recovery. Vibrissae-forepaw (WP) behavioral testing for individual weeks. NPCStim group exhibits 

improved recovery starting at as early as 1-week post stimulation (2-weeks post-stroke) compared 

to control. Analyzed using log-transform two-way repeated measures ANOVA followed by 

Dunnett’s multiple comparisons test, * p< 0.05, ** p < 0.01, *** p<0.001, **** p<0.0001, data 

shown as mean±SEM, n=10 per group. 

 

   



 
 

Supplementary Fig. 5 Total neurological score (NS) testing. Neurological score (NS) 

behavioral testing for individual weeks. NPCStim group exhibits improved recovery starting at as 

early as 1-week post stimulation (2-weeks post-stroke) compared to control. Analyzed using 

Kruskal-Wallis followed by Dunn’s multiple comparisons test, * p< 0.05, ** p < 0.01, *** 

p<0.001, **** p<0.0001, data shown as mean±SEM, n=10 per group) 



 
Supplementary Fig. 6 Infarct size. Percentage calculation of infarct size for Sham, Polymer, 

PolymerStim, NPC, and NPCStim animal groups. There were no statistically significant differences 

between any group. Analyzed using a one-way ANOVA, followed by Tukey’s HSD post hoc test, 

data shown as mean±SEM, n=4 per group. 

 

  



 

Supplementary Fig. 7 Neural stem cell characterizations. a, The human neural stem cells stain 

well for human nuclear stain (HuNu) in vitro. b, Representative images of brain slices stained for 

HuNu (red), BrdU (green) and DAPI (blue). Scale bar indicates 100 µm. c, Cell count analysis for 

HuNu+BrdU+ cells in the peri-infarct region of the brain slices showing that around 1% of BrdU+ 

cells stained for HuNu+. Analyzed using an unpaired t-test with a two-tailed p-value > 0.05, data 

shown as average ±SEM, n=16 images/4 rats. 



 
 

Supplementary Fig. 8 Cell count analysis of co-labeled post-stroke brain slices. Cell counts of 

Nestin+/S100B+/BrdU+ cells in the peri-infarct (PI) tissue. There were no statistically significant 

differences between any group. Analyzed using a one-way ANOVA, followed by Tukey’s HSD 

post hoc test, data shown as average ±SEM, n=16 images/4 rats. 

   



 

 

Supplementary Fig. 9 Cell count analysis of co-labeled post-stroke brain slices. a, Cell counts 

of NeuN+/BrdU+; b, PECAM+BrdU+; and c, GFAP+/BrdU+ cells in the subventricular (SVZ), 

middle (MD), and peri-infarct (PI) tissue. Analyzed using a one-way ANOVA, followed by 

Tukey’s HSD post hoc test with * <0.05, ** P<0.01, and *** P<0.001, data shown as average 

±SEM, n=16 images/4 rats.  

 

  



 

 

Supplementary Fig. 10 Quantification of neuronal and glial staining at 6 weeks post-stroke.  

Quantification of area of a, TUJ1 and b, GFAP staining in brain tissue at the infarct and peri-

infarct region at the 6-week time point (a.u. = arbitrary units; data shown as mean±SEM, n=4, 

analyzed using a one-way ANOVA, followed by Tukey’s HSD post hoc test). 



  



 

 

 

Supplementary Fig. 11 Transcriptome Analysis. a, Unsupervised principal component analysis 

(PCA) of unstimulated (blue, NPC) and electrically stimulated (red, NPCStim) neural progenitor 

cells showing separation of groups.  b, Unsupervised hierarchical clustering of unstimulated and 

electrically stimulated NPCs.  



 

 

 
 

Supplementary Fig. 12 Transcriptome verification with qRT-PCR. qRT-PCR data indicated 

that electrical stimulation augmented the expression of SNCB, NRN1, TNNT1, PDE4C, PPFIA4, 

and TMEM45A in NPCs. PLOD2 and FGF11 did not demonstrate augmentation with electrical 

stimulation. These genes were verified from transcriptome analyses. ** and * indicate statistical 

significances compared to control and cells with no electrical stimulation (NPC). Analyzed using 

a one-way ANOVA, followed by Tukey’s HSD post hoc test with ** P<0.01 and * P<0.05, data 

shown as mean±SEM, n=4.  



 

Supplementary Fig. 13 STC2 lentiviral downregulation and upregulation in NPCs in vitro. 

a, qRT-PCR data indicated that STC2 expression after knock-down treatment is minimal and 

electrical stimulation did not accelerate STC2 expression in NPCs. b, ELISA indicated that NPCs 

after STC2 knock-down did not produce STC2, however, the cells after STC2UP(lentiviral 

upregulation of STC2) produced significant amount of STC2 compared to other groups. NPCs 

receiving a scramble lentivirus show that electrical stimulation upregulates STC2 levels. c, 

Representative in-cell western images of human NPCs in different treatment conditions showing 

increased STC2 expression in ScrambleKD+Stim and STC2UP groups. The color from blue to green 

to red represents increase in intensity of STC2 levels, whose absolute values are quantified in d. 

d, Quantification of in-cell western images of each group, demonstrating STC2KD reduces STC2 

expression.  a,b,d ** P<0.01, **** P<0.0001, analyzed using a one-way ANOVA, followed by 

Tukey’s HSD post hoc test, data presented as mean ±SEM, n=4 for a, b; n=5 for c, d.  



 

Supplementary Fig. 14 STC2 is an integral component of combined NPC and electrical 

stimulation functional stroke recovery. Vibrissae-forepaw (WP) behavioral testing for 

individual weeks. a - indicates statistically significant difference compared to Sham control, b – 

indicates significant difference compared to STC2KD+Stim, and c – indicates significant difference 

from STC2KD. Analyzed using Kruskal-Wallis followed by post hoc pairwise Mann-Whitney tests 

with Benjamini-Hochberg correction to control the false discovery rate at the 0.05 level; a, b, c = 

P<0.05; aa, bb, cc = P<0.01, and aaa, ccc = P<0.001 respectively, data shown as mean±SEM, n=10 

per group.  



 

Supplementary Fig. 15 Total neurological score (NS) testing. Neurological score (NS) 

behavioral testing for individual weeks. ScrambleKD+Stim, NPCStim and STC2UPexhibited greater 

recovery beginning at 4 weeks post-stroke compared to other groups. Analyzed using Kruskal-

Wallis followed by post hoc pairwise Mann-Whitney tests with Benjamini-Hochberg correction to 

control the false discovery rate at the 0.05 level; * p< 0.05, ** p < 0.01, *** p<0.001, data shown 

as mean±SEM, n=10 per group. 

  



 

Supplementary Fig. 16 Cell count analysis of post-stroke brain slices.  BrdU+ cells in the MD 

region (between subventricular zone and peri-infarct) for various experimental groups. Analyzed 

using one-way ANOVA followed by Tukey’s HSD post hoc test for multiple comparisons, **** 

indicates p<0.0001, data shown as mean±SEM, n=8 images/4 rats. 
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Supplementary Fig. 17 Final infarct size. Percentage calculation of infarct size for STC2KD, 

STC2KD+Stim, ScrambleKD, ScrambleKD+Stim, and STC2UP. There were no statistically significant 

differences between any group. Analyzed using one-way ANOVA followed by Tukey’s HSD post 

hoc test for multiple comparisons, data shown as mean±SEM, n=4. 

  



 

Supplementary Fig. 18 Intraventricular delivery of trypan blue solution via mini-osmotic 

pump. a, Top and side view of rat brain administered with trypan blue solution after stroke. b, 

Bright field images of brain slices with arrows showing the tear due to needle injected from mini-

osmotic pump and trypan blue (blue) distributed from the contra-lateral ventricles towards the 

subventricular and peri-infarct region.  

  



 

 

Supplementary Fig. 19 Intraventricular STC2 delivery improves functional stroke recovery. 

Vibrissae-forepaw (WP) behavioral testing for individual weeks. There was a statistically 

significant difference between WP Scores of the STC2 group versus both the Sham and Saline 

group starting at week 4 post-stroke. Analyzed using log-transform two-way repeated measures 

ANOVA followed by Dunnett’s multiple comparisons test, * p< 0.05, ** p < 0.01, *** p<0.001, 

data shown as mean±SEM, n=10 per group.  



 
 

Supplementary Fig. 20 Total neurological score (NS) testing. Neurological score (NS) 

behavioral testing for individual weeks. There was a statistically significant difference in NS 

Scores between the STC2 group versus both the Sham and Saline group at 5-weeks post-stroke. 

Analyzed using Kruskal-Wallis followed by Dunn’s multiple comparisons test, * p< 0.05, data 

shown as mean±SEM, n=10 per group. 

 

 

  



 

 

Supplementary Fig. 21 Cell count analysis of co-labeled post-stroke brain slices. a, Cell counts 

of Pax6+BrdU+; b, Nestin+BrdU+ cells in the peri-infarct (PI) tissue. There were no statistically 

significant differences between any group. Analyzed using a one-way ANOVA, followed by 

Tukey’s HSD post hoc test, data shown as mean±SEM, n=16 images/4 rats. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 22 Behavioral assessment scores of the ipsilateral limb (non-effected 

limb). The vibrissae-forepaw behavioral assay was evaluated for the potential confound of testing 

effect via longitudinal assessments of the limb ipsilateral to the stroke as a non-effected control. 

There was no significant difference between WP Scores in any group at any timepoint. Analyzed 

using Kruskal-Wallis with Dunn’s multiple comparisons test, data shown as mean±SEM, n=10 for 

each group respectively.  



Supplementary Table 1. Ingenuity pathway analysis molecules 

  
Top Analysis-Ready Molecules  Expression Value 

(LogFC) 

Upregulated CA9 9.661 

 PDE4C 8.106 

 PPFIA4 7.997 

 AHNAK2 7.728 

 SNCB 7.577 

 ARFGEF3 7.539 

 HSF4 7.391 

 NRN1 7.178 

 SMIM24 7.070 

 STC2 6.905 

   

Downregulated TM4SF18 -3.484 

 F13A1 -3.297 

 KCNJ6 -2.983 

 HES5 -2.706 

 SFXN2 -2.564 

 ACAT2 -2.529 

 SLITRK1 -2.450 

 KLF15 -2425 

 MYB -2.403 

 RRM2 -2.305 



Supplementary Table 2. Top 15 hallmark pathways (blue highlight indicates STC2 is leading 

edge) 

   



Supplementary Table 3. Upregulated genes due to electrical stimulation 

  RNA Seq qRT-PCR 

Gene Log FC 
Adjusted  

p-value 
Significance 

Mean Diff. 

between fold 

change 

(∆∆CT) 

NPCstim and 

NPC 

Adjusted  

p-value 
Significance 

STC2 6.9 0.00001 **** 12.5  0.003 ** 

SNCB 7.6 0.00003 **** 0.9 0.034 * 

NRN1 7.2 0.00034 *** 7.3 0.006 ** 

TNNT1 4.0 0.00004 **** 0.1 0.797 ns 

PLOD2 5.7 0.00000 **** 0.8 0.081 ns 

PDE4C 8.1 0.00005 **** 6.1 0.055 ns 

PPFIA4 8.0 0.00013 *** 13.1 0.013 * 

TMEM45A 5.0 0.00011 *** 0.6 0.087 ns 

FGF11 4.7 0.00033 *** 0.6 0.681 ns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 4. 

Modified Neurological Severity Score Points 

Motor  

Postural Reflux 

2 symmetric touchdown (normal) 

1 asymmetric touchdown   + resistant to pushing 

0 asymmetric touchdown + no resistance to pushing 

2 

Raising rat from the base of tail 3 

    3 Both paws touching surface simultaneously 

    2 One paw touches the surface before the other 

    1 Flexion of forelimb but unable to touch 

    0 Unable to touch any limb (forelimb or hindlimb) 

  

Walking     

3 Normal  

    2 Difficulty walk straight 

    1 Circling in the direction of the paretic side 

    0 Falling to paretic side 

Sensory 

    2 Proprioceptive test (pressing paw against table edge to stimulate muscles) 

    1 Placing test (responds to visual and tactile stimuli) 

 Beam Test 

    6 Balances with steady posture and crosses beam without any paw slip 

    5 Grasps side of beam without slipping 

    4 Hugs the beam and one limb slips from the beam 

    3 Hugs the beam and two limbs fall down from the beam  

    2 Attempts to balance on the beam but falls off (>40s) 

    1 Attempts to balance on the beam but falls off (>60s) 

 

 

 

 

3 
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    0 Falls off without attempt to stay on (<20s)  

Maximum Points 16 
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