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Abstract

Exogenous human neural progenitor cells (hNPCs) are promising stroke therapeutics, but optimal 

delivery conditions and exact recovery mechanisms remain elusive. To further elucidate repair 

processes and improve stroke outcomes, we developed an electrically conductive, polymer scaffold 

for hNPC delivery. Electrical stimulation of hNPCs alters their transcriptome including changes to 

the VEGF-A pathway and genes involved in cell survival, inflammatory response, and synaptic 

remodeling. In our experiments, exogenous hNPCs were electrically stimulated (electrically 

preconditioned) via the scaffold 1 day prior to implantation. After in vitro stimulation, hNPCs on 

the scaffold are transplanted intracranially in a distal middle cerebral artery occlusion rat model. 

Electrically preconditioned hNPCs improved functional outcomes compared to unstimulated 

hNPCs or hNPCs where VEGF-A was blocked during in vitro electrical preconditioning. The 

ability to manipulate hNPCs via a conductive scaffold creates a new approach to optimize stem 

cell-based therapy and determine which factors (such as VEGF-A) are essential for stroke 

recovery.
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1. Introduction

Stroke remains a leading cause of morbidity and long-term disability [1]. While acute stroke 

treatments exist within a narrow time window, no approved medical therapies for stroke 

recovery are available [2,3]. Stem cells have emerged as a potential stroke therapeutic. 

Human neural progenitor cells (hNPCs) are a type of stem cell derived from embryonic cells 

to have a neural fate [4,5]. The critical mechanisms of action and optimal delivery methods 

of stem cells required for efficacy remain incompletely understood. The current thinking is 

that exogenous hNPCs likely improve functional outcomes through neurotrophic effects of 

secreted factors that increase synapse formation, angiogenesis, dendritic branching and new 

axonal projections, as well as modulating the immune system [6–9]. However, the precise 

molecular details remain to be elucidated.

Biomaterials offer a unique method to interact with stem cells and manipulate their 

properties. Biopolymers have provided protection for stem cells implanted into the harsh 

stroke milieu and increased survival [10,11]. Because previously studied polymers are not 

responsive to external stimuli (eg electrical stimulation), the environment is controlled by 

inherent properties of the polymer alone. Conductive polymers, on the other hand, provide a 

platform to interact with stem cells through electrical stimulation [12]. Unlike inert polymer 

scaffolds, conductive scaffolds allow for manipulation of the stem cells after seeding of cells 

on the scaffold. Electrical fields influence differentiation, ion channel density, and neurite 

outgrowth of stem cells and other cell types [13–15]. The effect of this stimulation on 

subsequent stem cell performance remains unexplored.

To allow for greater control and understanding of the optimal conditions for stem cell-

enhanced stroke recovery, we have derived a scaffold made of the conductive polymer, 

polypyrrole (PPy), which has advantageous mechanical and conductive properties for neural 

implantation [16]. The conductive scaffold allows for in vitro electrical stimulation and 

subsequent implantation of hNPCs onto the peri-infarct cortex while on the scaffold. For this 

study, we electrically preconditioned hNPCs on the scaffold with a short period of electrical 

stimulation prior to implantation onto the cortical surface. Subsequently, the conductive 

scaffold carrying the hNPCs is removed from the cell chamber system and implanted 

intracranially using a minimally invasive method of simply placing the scaffold on the brain 

surface of stroke-injured rats. Using RNA sequencing (RNAseq) analysis we investigated 

changes in gene expression in the hNPCs induced by electrical stimulation and examined 

how the host rat brain responded to the stimulated hNPCs, to explore the molecular 

pathways of hNPC-induced post-stroke recovery. Furthermore, our results show that these 

electrically preconditioned hNPCs, with this novel transplantation paradigm, improve post-

stroke neurologic function.

2. Materials and methods

2.1. Fabrication of the conductive scaffold system

PPy (Sigma-Aldrich, St. Louis, MO) was electroplated onto indium tin oxide (ITO) slides 

(Delta Technologies, Loveland, CO) as described previously [16]. After removal from the 

ITO, the conductive scaffold was clamped between pieces of polydimethylsiloxane (PDMS; 
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Sylgard, Dow, Auburn, MI) with a chamber slide forming cell chambers (Lab-Tek, Thermo 

Fisher, Waltham, MA; Fig. 1A). Wires were attached to the conductive scaffold outside of 

the chambers. For implantation, the cell chambers and PDMS were unclamped and separated 

from the conductive scaffold. Wires were also removed from the conductive scaffold prior to 

implantation. The dimensions of the implanted scaffolds were approximately 1 × 3 × 0.25 

mm.

2.2. In vitro hNPC electrical stimulation

All stem cell procedures were approved by Stanford’s Stem Cell Research Oversight 

committee. As previously described [17], hNPCs, passages 17–22, were used in these 

experiments and kept in DMEM-F12 media with 2% B27 and 1% N2 supplements along 

with LIF (10 µg/ml), EGF (20 µg/ml), and βFGF (10 ng/ml, all Invitrogen, Waltham, MA 

except for EGF and LIF from Millipore, Darmstadt, Germany). Briefly, the hNPCs were 

originally derived from the H9 human embryonic stem cell line (WiCell Research Institute). 

These cells were differentiated into hNPCs using serum free medium containing EGF, bFGF, 

and LIF. Cells were harvested from spheres that formed over multiple passages and upon 

passage 5–6 spheres were dissociated into a single cell suspension using trypsin-EDTA to 

form monolayers. In our previous work, these cells were further characterized to show that if 

the mitogenic factors were withheld, the hNPCs could differentiate into neurons, astrocytes, 

and oligodendrocytes (immunostaining at 10 days: Tuj1 62.5 ± 2.8%, Nestin 36.6 ± 2.7%, 

GFAP 1.9 ± 0.3%, and galactocerebrocide for oligodendrocytes 7.1 ± 0.4%) [17]. hNPCs 

were plated onto the PPy scaffold on Day 1 (125,000 cells/cm2). On Day 2, media was 

changed for both electrically preconditioned and non-stimulated cell groups. Electrically 

preconditioned cells received a +1 V to −1 V square wave at 1 kHz for 1 h. The current was 

delivered through the PPy scaffold with wires attached to either side of the PPy scaffold 

outside of the cell chamber. For the bevacizumab (Avastin®, Genentech, San Francisco, CA) 

groups, bevacizumab was added to the media (0.5 mg/ml) 1 h before stimulation with the 

media changed on Day 2. The animals did not receive any bevacizumab. On Day 3, cells and 

supernatant were collected for analysis, or the PPy scaffold with or without hNPCs was 

washed with phosphate buffered saline (PBS) and implanted. The PPy scaffold-alone control 

samples were treated the same as the stimulated implants. For analysis of the duration of 

VEGF-A upregulation, cells were sampled on Day 5 and Day 7 for qPCR analysis.

2.3. In vitro immunostaining

In vitro immunostaining was performed on Day 3. Cell survival was determined by a Live/

Dead kit (Life Technologies, Waltham, MA). Four random, representative 0.34 mm × 0.45 

mm areas were analyzed, and alive and dead cells on the conductive scaffold were counted 

by a blinded-individual with results averaged across the four areas (cells/mm2).

Cell differentiation was assessed with nestin, neuronal, glial, and oligodendrocyte markers. 

Primary antibodies were anti-Nestin (1:1000, Cat. ABD69, Millipore), anti βIII-tubulin 

(1:500, Neuromics, Edina, MN), anti-glial antifibrillary protein GFAP (1:500, Abcam, 

Cambridge, United Kingdom), and Anti-NG2 (1:500, Invitrogen). Secondary antibodies 

were from Life Technologies and DAPI (1:1000, Sigma-Aldrich). Four random, 
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representative 0.34 mm × 0.45 mm areas were analyzed, and a blinded individual counted 

total cell, glial cell, and neural cell markers.

2.4. RNA – seq

In vitro preconditioned and unstimulated hNPC cDNA was isolated 24 h following electrical 

stimulation as described above (n = 4 per group). Peri-infarct rat cortical tissue that was 

implanted with preconditioned or unstimulated cells (n = 4 per group) was excised on ice 3 

weeks after stroke and treated with RNAlater (Ambion, Thermo Fisher). RNA was extracted 

with the RNeasy Mini Plus kit (Qiagen, Hilden, Germany) after homogenization in Trizol 

(Life Technologies). cDNA was then synthesized as above and purity was verified by the 

Agilent BioAnalyzer system. A library was created and Illumina RNA sequencing was 

performed with paired runs by blinded individuals at the Stanford Functional Genomics 

Facility as described previously [18].

Reads were preprocessed with Trimmomatic (ver. 0.32) with FastQC (v0.11.2) for quality 

control. RNA-Seq data were processed with the Tophat/Cufflink pipeline as previously 

described [19]. Reads were mapped to whole genome using TopHat 2 (ver 2.0.1) with 

Bowtie2 indexes built from human (hg19) or rat (rn5). Gene annotations were constructed 

using GTF files downloaded from iGenomes with mean inner distances for each sample 

calculated using BBMap. Cufflink tools (ver. 2.2.1) were used to assemble and complete 

final statistical analysis.

2.5. RNA extraction and qPCR

For in vitro experiments, RNA extraction from hNPCs was performed using a Qiagen 

RNeasy Plus Micro Kit. The iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) 

accomplished first-strand cDNA synthesis. The CFX96 Real-Time PCR detection system 

(Bio-Rad) was used to perform quantitative real-time PCR (qPCR). Taq polymerase and 

Taqman primers (Life Technologies) for Class I Beta-Tubulin (TUBB, Hs03929064), 

VEGF-A (Hs00900055), MMP-9 (Hs00234579), THBS1 (Hs00962908), TGFβ-1 

(Hs00998133), and VEGF-B (Hs00173634) formed the qPCR reaction mixtures. The Delta-

Delta CT method was utilized for qPCR analysis with the TUBB housekeeping gene and 

hNPCs grown on a glass chamber slide for 3 days as references.

2.6. ELISA VEGF-A and western blot analysis

Supernatant was collected from the hNPCs in vitro, on Day 3 after plating. A human VEGF-

A ELISA kit (Thermo Fisher) was used to assess VEGF-A concentrations according to 

manufacturer instructions. Samples were performed in duplicate with n = 4 for each group. 

Western blot analysis was performed on stroked animals in the unstimulated and electrically 

preconditioned groups at Day 21 after stroke with anti-VEGF-A (1:500, AB46154, Abcam) 

as described previously [20].

2.7. dMCA occlusion and cell implantation

All animal procedures were approved by Stanford University’s Administrative Panel on 

Laboratory Animal Care. Adult, male T-cell deficient nude rats (NIH-RNU 230 ± 30 g) [21] 

underwent distal middle cerebral artery (dMCA) occlusion model with occlusion of both 
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common carotid arteries lasting 30 min as described previously [22]. Rats were anesthetized 

with isoflurane with buprenorphine administered subcutaneously for analgesia. Ampicillin 

was in cage water 1 day prior to surgery (1 mg/ml) and for 7 days after transplantation.

One week after stroke, animals were randomized by vibrissae-whisker paw score, and 

implantation surgeries performed by a blinded individual. A craniectomy was drilled above 

the left cortex, and the dura opened. Conductive scaffolds (Day 3 after hNPC plating) from 

the in vitro system were implanted onto the rat cortex primarily on the penumbral cortex 

medial to the lesion (with approximately 5 × 104 cells in hNPC groups). Surgicel (Ethicon, 

Somerville, NJ) was placed over the implant to prevent movement with skin closure.

2.8. Stroke volume and slice immunohistochemistry

Rats were perfused and 40 µm coronal slices were sectioned. Primary antibodies were 

incubated overnight at 4 °C as described previously [22]: anti-β-dystroglycan (1:100, 

Abcam), anti-GFAP (1:500, Abcam), anti-βIII-tubulin (1:500, Neuromics). Secondary 

antibodies were added as above. Images were analyzed on a Zeiss optical microscope with 

Axiovision software.

In vivo survival of hNPCs was assessed 2 weeks post-implantation (3 weeks post-stroke). 

hNPCs were identified on the conductive scaffold after removal from the cortical surface by 

staining for human nuclei (1:250, Abcam). Four random, representative 0.34 mm × 0.45 mm 

areas were analyzed, and cells were counted by a blinded individual with results being 

averaged (cells/mm2). To assess for hNPCs in the rat tissue, serial slices were taken 400 µm 

apart from the genu of the corpus collosum to the splenium. Human nuclei staining and 

counting were performed by a blinded observer.

Stroke volume was assessed using cresyl violet staining 5 weeks after stroke as described 

previously [22]. Serial slices were taken 400 µm apart from the genu of the corpus collosum 

to the splenium. Areas were calculated using the following equation 

. Assessments were performed by a blinded 

individual.

2.9. Vessel density and bifurcation measurements

Blood vessels were labeled at 2 and 4 weeks after implantation with anti-β-dystroglycan 

antibodies as above [6]. Two representative peri-infarct areas (0.34 mm × 0.45 mm) were 

selected from each ipsilateral slice at 400-µm intervals from the genu of the corpus collosum 

to its splenium (resulting in generally 14–16 slices per animal). One of the areas evaluated is 

located in the peri-infarct area near the scaffold ~0.3 mm from the ventral surface, and the 

second is located more medially in the center of the peri-infarct area near the center of the 

stroke arc. These were selected at the same point in each slice by a blinded individual. 

ImageJ software was used by a blinded individual to calculate average vessel density and 

count bifurcation points. A bifurcation was defined as a division where subsequent vessels 

were smaller.
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2.10. Behavior analysis

Animals were divided into matched groups based on pretransplant behavior testing (n = 12 

per group) and behavior testing was performed by blinded individuals. Functional recovery 

was assessed using the modified neurologic severity scale (NSS) [23,24] (Supplementary 

Table 1) and the vibrissae-forepaw test [25]. Animals were trained on 3 separate days prior 

to recording their baseline behavior. After baseline, the animals underwent dMCA occlusion 

and were tested 1 week after stroke prior to implantation. Animals without a significant 

deficit (significant deficit = vibrissae-forepaw score prior to implantation at <30% of 

baseline) were removed.

2.11. Statistical analysis

Data was tested for normality and standard deviations using a normal quantile plot to 

determine the appropriate test (parametric vs non-parametric). Statistical evaluation was 

performed in Excel or with genomic software, and one-way ANOVA or a Kruskal-Wallis 

test followed by Mann-Whitney or student t - test was utilized to determine significance at P 
< 0.05. All tests were two-tailed unless performed as a confirmatory test. For RNA-Seq 

pathway analysis, a false discovery analysis was used to correct for multiple variables. Data 

are presented as mean ± SE.

3. Results

3.1. In vitro electrical stimulation of hNPCs via an electrically conductive scaffold system

We fabricated a unique, detachable conductive scaffold system for electrical stimulation of 

hNPCs (Fig. 1A). Because the components of the in vitro system are held together with 

reversible clamps, the conductive scaffold containing the seeded cells can be separated from 

the PDMS and cell chambers after in vitro stimulation for implantation. Initial studies 

showed that hNPCs could be effectively plated on our conductive scaffold system and 

stimulated with no change in cell survival at 1 day after stimulation (Fig. 1B and 

Supplementary Fig. 1A – B).

3.2. RNA expression changes in electrically preconditioned hNPCs

To understand the pathways changed by electrical stimulation, we evaluated how gene 

expression differed between unstimulated and electrically preconditioned hNPC groups 

using high throughput RNA-Seq. Looking at changes in the hNPCs, the in vitro experiments 

showed 1217 hNPC genes that were significantly altered by electrical preconditioning. 

Ingenuity pathway analysis (IPA) showed the most significant pathways changed included 

those with effects on cell cycle/proliferation, survival, gene expression, as well as 

cardiovascular development that includes angiogenesis (Table 1). Go term analysis also 

demonstrated modifications in multiple important angiogenesis, cell survival and 

proliferation pathways (Supplementary Table 2). To further identify important candidate 

genes, we analyzed genes that are the upstream regulators of pathways that were the most 

significantly modified between the two conditions. Three of the most significantly changed 

upstream regulators are key components of VEGF pathways that are important for 

angiogenesis, cell proliferation and plasticity (Fig. 2A, VEGF, VEGF-A, and HIF-1α [an 
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important regulator of VEGF]). We next looked at the genes that were present in all of the 

top 10 IPA pathways and were one of the most significant altered upstream regulators, and 5 

genes were identified (VEGF-A, TGFβ-1, HGF, RB1, and AGT). Further examination of 

angiogenesis pathways found VEGF-A, as well as multiple genes that interact with the 

VEGF pathway, to be altered (Supplementary Table 3).

Because of the VEGF-A pathway’s predominance in the analysis of the RNA-Seq data, 

VEGF-A was examined to illustrate the ability to identify important recovery mechanisms 

with our electrically conductive scaffold. Genes that were significantly altered in the VEGF-

A pathway between the preconditioned and unstimulated hNPCs were determined (Fig. 2B). 

Currently, the main effect of stem cells is thought to be mediated through secreted factors, 

and to investigate this, VEGF-A and other secreted members of the pathway such as MMP-9 

and THBS1 were chosen.

3.3. Electrical preconditioning alters hNPCs VEGF-A expression

To verify the role of VEGF-A in the improved efficacy of electrically preconditioned 

hNPCs, quantitative real-time qPCR was used to evaluate gene expression. VEGF-A 

expression in these cells was significantly increased compared to unstimulated cells on the 

conductive scaffold (Fig. 2C). Consistent with this, increased levels of VEGF-A protein 

were detected in the conditioned media from electrically preconditioned cells compared to 

that from unstimulated cells on the conductive scaffold (Fig. 2D). Moreover, the presence of 

bevacizumab (a human monoclonal antibody that blocks VEGF-A) during electrical 

preconditioning blocked the increase in VEGF-A gene expression (Fig. 2C) and secreted 

protein levels in the in vitro assay. Previous studies have shown a similar decrease in VEGF-

A expression in the presence of bevacizumab and a mild stress [26]. The change in VEGF-A 

expression was transient with expression levels returning to baseline levels by Day 5 after 

preconditioning (Supplementary Fig. 2). Gene expression of other members of the VEGF 
family, such as VEGF-B, were not significantly altered by exposure to bevacizumab during 

electrical preconditioning (Supplementary Fig. 3).

MMP-9 gene expression, a protein in the VEGF-A pathway and involved in extracellular 

matrix remodeling and angiogenesis, was also augmented by electrical preconditioning (Fig. 

2E). THBS1 gene expression, another secreted member of the VEGF-A pathway, was not 

significantly changed. Additionally, transforming growth factor β-1 (TGFβ-1), while 

significantly changed between the electrically preconditioned and unstimulated hNPCs in 

the RNA-Seq data, did not show a significant difference with qPCR. VEGF-B gene 

expression, another member of the VEGF family, was not significantly changed with 

electrical preconditioning by qPCR or RNA-Seq analysis.

3.4. Electrically preconditioned hNPCs enhance stroke recovery

To determine how electrically stimulating hNPCs affects their ability to enhance stroke 

recovery, hNPCs on the conductive scaffold were electrically stimulated in vitro 
(preconditioned group) and 24 h later transplanted into stroke-injured rats (7 days post 

stroke) by placing the conductive scaffold containing the hNPCs on top of the cortical 

surface (Fig. 3A–C). The electrical connection was removed from the conductive scaffold 
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prior to implantation to prevent in vivo stimulation. Other experimental groups included 

animals that received the conductive scaffold with unstimulated hNPCs (unstimulated) and 

the conductive scaffold alone without hNPCs (polymer). Animals that received electrically 

preconditioned hNPCs (cells receiving in vitro electrical stimulation prior to implantation) 

experienced earlier and sustained improved recovery compared to the unstimulated group 

and the conductive scaffold alone control group as assessed by the Neurologic Severity Scale 

(NSS) (Fig. 3D). Utilizing the vibrissae-forepaw model, which primarily tests the 

sensorimotor/proprioceptive pathways, the electrically preconditioned group had earlier 

recovery, with the first significant difference observed at 3 weeks post-stroke (Fig. 3E). As 

expected, the unstimulated hNPC group also outperformed the polymer alone group but to a 

lesser extent than the preconditioned group in both the NSS and the vibrissae-forepaw test.

3.5. VEGF-A inhibition during electrical preconditioning reverses functional improvement

Because the RNA-Seq data showed VEGF-A to be an important factor changed with 

electrical preconditioning in our in vitro studies, we investigated whether treatment with 

bevacizumab during electrical preconditioning would prevent enhanced recovery. 

Bevacizumab was only applied to the cells during the in vitro time period, and the animals 

did not receive bevacizumab directly. Because VEGF-A was blocked only during the in vitro 
electrical preconditioning time period, we targeted the role of VEGF-A on the 

preconditioning effect and not subsequent VEGF-A expression of the cells in vivo after 

transplantation. Animals that received hNPCs with VEGF-A inhibition with or without 

electrical preconditioning lost the preconditioning effect and had the same recovery profile 

as the unstimulated hNPCs (Fig. 3D and E).

3.6. Electrical preconditioning increases peri-infarct vasculature in a VEGF-dependent 
manner

Because VEGF-A is significant in angiogenesis and has been linked to blood vessel density 

post-ischemia [27], peri-infarct vasculature was evaluated at two peri-infarct areas. One area 

was in close proximity to the conductive scaffold location at the cortical surface in the peri-

infarct area, and the second was located in peri-infarct tissue more medially (Fig. 4A). 

Animals that received electrically preconditioned hNPCs had increased blood vessel density 

and numbers of vessel bifurcations in both regions compared to control groups (Fig. 4B–H). 

The vessel density changes were the same for both the area near the implant and the area in 

the middle of the peri-infarct area. This suggests that VEGF-A can act on medial areas of 

tissue that are further away from the cortical surface. By 5 weeks after stroke, the 

vasculature changes had normalized across all conditions as was seen in previous work 

(Supplementary Fig. 4) [6].

To further test the importance of the VEGF-A pathway on the electrical preconditioning 

effect, bevacizumab was applied to hNPCs during the in vitro electrical stimulation period 

(i.e. during the preconditioning step as mentioned above). hNPCs exposed to bevacizumab 

during the in vitro electrical preconditioning period did not increase blood vessel density or 

bifurcations following transplantation (Fig. 4E–H).
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Multiple variables were evaluated to determine their effects on recovery. To insure that 

stroke volume was not a complicating factor, infarct size was measured and found to be 

similar between groups at 5 weeks after the stroke (Supplementary Fig. 5A–B). This was as 

expected given that the primary effect of the hNPCs delivered at 1 week post-stroke would 

be due to protection from secreted factors and not replacement of cells. Exposure to 

bevacizumab did not alter in vitro survival of hNPCs (Supplementary Fig. 6). Additionally, 

in vivo survival of the hNPCs on the conductive scaffolds themselves at 2 weeks did not 

change between different conditions (Supplementary Fig. 7). Although the main mechanism 

of recovery was thought to be the result of secreted factors, we evaluated for hNPCs in the 

parenchyma at 2 weeks post-transplantation (the time point where behavior was first 

significantly different) to determine ifhost integration of hNPCs could account for the effects 

we had seen. However, there was no appreciable survival of hNPCs observed in the brain 

parenchyma with immunofluorescent staining of hNPCs in the rat cortical tissue in any of 

the conditions. Because the stimulation period was brief, the electrical preconditioning did 

not change hNPC differentiation at the time of implantation. The cells remained largely 

undifferentiated with similar numbers of glial, neuronal, and oligodendrocyte precursors 

seen in both the electrically preconditioned and unstimulated groups as expected 

(Supplementary Fig. 8). The presence of bevacizumab also did not alter hNPC 

differentiation.

3.7. Electrical preconditioning alters rat cortical tissue

To determine the downstream effects of the electrically preconditioned cells on the rat 

cortex, the gene expression profiles of peri-infarct cortical tissue from rats who received 

electrically preconditioned hNPCs versus those with unstimulated hNPCs were also 

sequenced. The rat cortical tissue that received electrically preconditioned hNPCs had 528 

genes whose expression significantly changed compared to rats that were implanted with 

unstimulated cells (Fig. 5A). These were fewer changes than observed in the hNPCs 

themselves where 1217 genes differed significantly (as described above). No human genes 

were observed in the rat cortical tissue analysis, indicating all of gene changes reflected 

alterations of the endogenous rat cortical tissue. Interestingly, the IPA pathways (Table 2) 

and Go term analysis (Supplementary Table 4) showed pathways involved with motor 

control and cortical remodeling were upregulated in the preconditioned group compared to 

animals receiving unstimulated cells, which one might expect when dealing with stroke 

recovery. None of the most significant pathways were related to cancer as seen in the hNPC 

pathways. Pathways important in cellular and synapse development and response to stimuli 

were modified in the rat cortex by the electrically preconditioned hNPCs. Of those genes 

that significantly changed, 42 genes were overlapping between the hNPCs and rat cortical 

tissue, indicating that common pathways in the hNPCs and downstream in the host cells are 

affected by electrical preconditioning (Supplementary Table 5).

VEGF-A was one of the genes significantly modified in both the hNPCs and rat cortex. 

Western analysis of the host rat cortex also verified an increase in rat VEGF-A in the 

animals that received electrically preconditioned hNPCs (Supplementary Fig. 9). 

Additionally, electrically preconditioned hNPCs altered 51 genes involved in angiogenesis in 

the host rat cortex, emphasizing the importance of angiogenesis in stem cell-enhanced stroke 
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recovery (Supplementary Table 6). Multiple genes downstream of VEGF-A were changed in 

the rat cortical tissue that received electrically preconditioned hNPCs, suggesting the 

importance of this mechanism in improved recovery (Fig. 5B).

4. Discussion

The ability to manipulate hNPCs seeded on a conductive scaffold provides a new platform to 

optimize hNPCs for stroke therapeutics as well as an innovative method to delineate critical 

pathways for stroke recovery. Electrically preconditioned hNPCs improved functional 

recovery after stroke. Numerous pathways were involved in hNPC-enhanced stroke 

recovery, and RNA-Seq results indicated that angiogenesis, cell proliferation and survival 

are integral processes in augmented repair. In our experiments, we demonstrated that 

electrical preconditioning changes gene expression in hNPCs, including those in the VEGF-

A pathway, which is essential for enhanced recovery. The electrically preconditioned 

implanted hNPCs also modified the host rat cortex through secreted factors, causing changes 

to the endogenous vasculature and to gene expression involved in the VEGF-A pathway, 

motor functions, and cortical remodeling. If VEGF-A was blocked during in vitro electrical 

preconditioning, the functional and vasculature changes were lost.

Multiple pathways were changed with electrical preconditioning of the hNPCs as evidenced 

from the RNA-Seq and qPCR results. VEGF-A and MMP-9 are secreted factors that were 

modified with electrical preconditioning and have been shown to be important regulators of 

angiogenesis, cell survival, and stroke recovery [28–30]. Additionally, MMP-9 increases 

active VEGF during angiogenesis [31]. VEGF-A is known to be critical for stem cell-

mediated stroke recovery [6], and prior studies indicate that overexpression of VEGF in 

hNPCs improves recovery [32,33]. Exogenous VEGF-A can increase endogenous VEGF-A 

production as well as its upstream regulator HIF-1α [34,35]. We believe this is the primary 

mechanism by which the VEGF-A pathways and vasculature are increased in the in vivo rat 

cortical tissue seen in our experiments, leading to improved recovery. Previously, it has been 

described that the vasculature changes driven by VEGF result in blood vessels with 

increased permeability [36]. Further studies of the observed vasculature changes could 

evaluate integrity of the vessels or determine if the increased vasculature has additional 

benefits for the behavioral improvement of the animals. Additional effects of VEGF-A after 

stroke would also be interesting to explore in future studies, including its role in the immune 

response and blood brain barrier regulation [37,38].

With our in vitro system, we can seed the hNPCs onto the conductive scaffold, stimulate the 

cells and then implant the conductive scaffold into the post-stroke environment. The novel 

transplantation method of placing the conductive polymer on the cortical surface would 

theoretically reduce injury associated with traditional intracranial transplantation methods 

requiring injection of cells into the brain parenchyma. Reduced transplantation injury could 

allow for easier clinical translation. Prior conductive scaffold systems, which allowed for in 
vitro stimulation of cells, were not able to form stand-alone conductive scaffolds suitable for 

in vivo implantation and cell delivery [12]. Our system’s flexibility enables one to directly 

test the effect of electrical stimulation on the hNPCs without additional steps that might alter 

the cells (ie trypsinization). The conductive properties of PPy create the opportunity to 
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manipulate the cells after seeding on the conductive scaffold, which is not possible in 

previously described transplanted inert scaffolds. Additionally, as seen with inert polymer 

systems, the conductive scaffold provides protection from the harsh stroke environment, 

allowing a reduced number of cells to improve stroke recovery (300,000 hNPCs in previous 

methods [6] compared to 50,000 cells on the conductive scaffold). Reducing the number of 

stem cells needed to improve recovery could advance clinical translation given the 

limitations of a cell-based therapy dependent on a stable cell line, and the anticipated high 

demand for the treatment over many years.

Prior studies utilizing ischemia to precondition stem cells for stroke treatment have shown 

enhanced angiogenesis and neurogenesis with changes in the HIF-1α pathway, including 

VEGF and other trophic factors [39]. In our model, we suggest that the in vitro electrical 

preconditioning increases cytokine production; priming the hNPCs to improve function after 

stroke. Our preconditioning alters hNPC gene expression and factor release, thus improving 

the cells therapeutic potential. Similar to ischemia preconditioning studies, we found 

increased angiogenesis and regulation of the VEGF-A and HIF-1α pathways with electrical 

stimulation.

Electrically preconditioned cells improve the rate of recovery as well as enhance long-term 

function. Interestingly, in the vibrissae-forepaw test, which examines a more localized, 

sensorimotor pathway, the electrical preconditioning of cells led to a quicker recovery 

consistent with the concept that preconditioning optimizes cells to produce trophic factors 

more efficiently. With the NSS, a functional test incorporating multiple neuronal circuits, the 

rats with electrically preconditioned cells again improved more rapidly but continued to 

perform better throughout our testing, indicating a long-lasting effect of in vitro electrical 

preconditioning.

These studies support the theory that transplanted stem cells work through secreted factors 

that are able to act upon remote targets. Other possible mechanisms of recovery were not 

found in our model, with all groups having similar stroke volumes, hNPC survival, and 

differentiation at the time of transplantation. While alternative stem cell types such as 

mesenchymal stem cells also are known to work through secreted factors, hNPCs were 

thought to be more prepared to adapt to the neural environment given their differentiation to 

a neural fate [40].

We demonstrated that increased secreted VEGF-A by electrically preconditioned hNPCs is 

one pathway that enhances recovery. Vasculature changes occurred in the peri-infarct area 

near the implant as well as in tissue further from the scaffold. As the PPy scaffold was 

placed upon the cortical surface to reduce parenchymal injury and no hNPCs were observed 

within the parenchymal tissue, secreted factors produced by the stem cells likely are 

responsible for the improved stroke recovery. The fact that vessel changes were equivalent in 

areas both near and more distal to the hNPCs indicates that the secreted factors can effect 

tissue remote from the cells themselves. This allows for easier clinical translatability than 

direct implantation of isolated hNPCs into the peri-infarct area. Given the limitation of the 

small size of our rodent model, further studies are needed to determine if the larger distances 

in the human brain might reduce this effect.
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The RNA-Seq experiments and western analysis demonstrate the downstream effects of 

electrically preconditioned hNPCs on the host cortex. While electrical preconditioning alters 

many hNPC genes involved in cellular division, survival and turnover; in the rat cortex that 

has received electrically preconditioned cells we do not see similar changes. In contrast, 

expression changes in the host cortex center on genes associated with neural movement 

circuits and cortical remapping as well as immune system changes. The VEGF-A pathway is 

also activated in rat cortical tissue, providing further evidence of its importance in recovery. 

As expected, multiple genes downstream of VEGF-A are modulated in the rat cortex by the 

electrical preconditioned hNPCs as seen in Fig. 5B, demonstrating the ability to modify the 

host response to ischemia through the use of electrically preconditioned hNPCs.

In the future, the electrical connections attached to the conductive scaffold during in vitro 
stimulation could be kept connected to the implanted scaffold. This would enable, via a 

cannula system, the conductive scaffold to be stimulated in vivo. This provides the ability to 

manipulate the implanted cells and cortex through continued electrical stimulation. 

Incorporating drugs or bioactive molecules into the conductive scaffold as shown previously 

[41] provides further control of the hNPCs and post-stroke environment. A biodegradable 

form of PPy could be used to limit the impact of a permanent scaffold remaining in the 

brain, which could help translate these findings to clinical applications. Additionally, 

because improvements in recovery rely on secreted factors, a cell-free system using 

biodegradable polymers for controlled release could theoretically be used to deliver the key 

factors [42].

Overall, electrically preconditioned hNPCs on a conductive polymer scaffold enhance stroke 

recovery. Multiple mechanisms are important for functional improvement after stroke with 

angiogenesis playing a crucial role in the improvement observed from electrical 

preconditioning. Our conductive scaffold allows us to manipulate hNPCs to optimize 

recovery and evaluate the important mechanisms for functional improvement, which has not 

been possible with prior non-polymeric or inert polymer implantation methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. In vitro PPy hNPC scaffold system for electrical stimulation
(A) Conductive scaffold system with hNPCs plating (PDMS, polydimethylsiloxane). (B) 

Live/dead assay results showing average number of living and dead cells (error bars show 

SE, n = 4, two-tailed Student t-test).
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Fig. 2. Gene expression changes with electrical preconditioning
(A) Genes with the most significant downstream pathway changes in hNPCs (* indicates 

gene in VEGF pathway) (B) Schematic of significantly altered genes in the VEGF-A 

pathway and their location (P < 0.05 between stimulated and unstimulated groups after 

multiple comparison correction). (C) Fold change in gene expression of VEGF-A in hNPCs 

(* indicates difference P < 0.05 between electrically preconditioned and all other groups, 

error bars show SE, n = 4, two-tailed Mann-Whitney U test). (D) Concentration of VEGF-A 

secreted by hNPCs into supernatant (* indicates P < 0.05 from unstimulated, error bars show 

SE, n = 4, two-tailed Mann-Whitney U test). (E) Fold change in gene expression in hNPCs 
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(** indicates P < .01 from unstimulated, error bars show SE, n = 4, two-tailed Mann-

Whitney U test).
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Fig. 3. Electrically preconditioned hNPC enhanced stroke recovery
(A) Experimental timeline with training occurring three times in the week prior to stroke and 

behavioral testing indicated by arrows. (B) 2,3,5-Triphenyltetrazolium chloride staining 

showing typical dMCA occlusion stroke (arrow indicates ischemic region in white, scale bar 

– 5 mm). (C) Conductive PPy scaffold implanted on cortical surface. (Ro – rostral; R – right; 

L – left; C – caudal, red bar indicates sagittal suture, scale bar – 1 mm). (D) Difference in 

Neurological Severity Scale (NSS) from post-stroke baseline. (E) Vibrissae-forepaw 

behavioral testing. (for (d) Kruskal-Wallis analysis of all groups showed 3 weeks post-stroke 

H = 12.72, P = 0.013, 4 weeks H = 18.38, P = 0.001, and 5 weeks H = 23.70, P < 0.0001 and 

(e) Kruskal-Wallis analysis showed at 2 weeks post-stroke H = 20.33, P = 0.0004, 3 weeks H 

= 26.47, P < 0.0001,4 weeks H = 28.00, P < 0.0001, and 5 weeks H = 28.48, P ≤ 0.0001, 

post-hoc two-tailed Mann-Whitney U test shows * indicates P < 0.05 between group and 

polymer alone, ** indicates P < 0.01 between group and polymer alone, *** indicates P < 

0.001 between group and polymer alone, # indicates P < 0.05 between group and 

unstimulated group, ## indicates P < 0.01 between group and unstimulated group, † 

indicates P < 0.05 between group and both bevacizumab groups, †† indicates P < 0.01 

between group and both bevacizumab groups, ††† indicates P < 0.001 between group and 

both bevacizumab groups, & indicates P < 0.05 between group and stimulated bevacizumab 

group, error bars are SE, n = 12). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 4. Vasculature changes after stroke
(A) Schematic with areas for quantitative measurement indicated by rectangles. (B–F) 

Immunofluorescent β-dystroglycan staining of blood vessels (scale bar is 50 µm). (G) 

Quantitative measurements of percentage of blood vessel area (Kruskal-Wallis analysis 

showed H = 10.53, P = 0.015 with * indicate P < 0.05 between preconditioned cells and all 

other groups, n = 3, error bars show SE, two-tailed Mann-Whitney U test). (H) Quantitative 

measurements of blood vessel bifurcations (Kruskal-Wallis analysis showed H = 8.45, P = 

0.040, * indicates P < 0.05 between preconditioned cells and all other groups, error bars 

show SE, n = 3, two-tailed Mann-Whitney U test).
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Fig. 5. Electrically preconditioned induced gene changes in rat cortex
(A) Venn diagram of gene expression changes in hNPCs (light gray) after electrical 

preconditioning and peri-infarct rat cortical tissue after hNPC transplantation (darker gray, P 

< 0.05 between stimulated and unstimulated groups after multiple comparison correction). 

(B) Significantly changed genes downstream of VEGF-A in the rat cortical tissue after 

transplantation and their locations.
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Table 1

IPA results for the most significantly altered hNPC genes.

Disease and Functions Range of p-values # Molecules

Cancer 5.9E-32 – 3.95E-06 1065

Organismal Survival 1.33E-31 – 1.06E-09 366

Gene Expression 2.38E-27 – 5.02E-11 340

Cellular Growth and Proliferation 2.3E-25 – 3.62E-06 477

Cardiovascular System Development and Function 5.81E-25 – 1.89E-06 229
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Table 2

IPA results for the most significantly altered rat cortical genes.

Disease and Functions Range of p-values # Molecules

Neurological Disease 2.33E-17 – 3.62E-03 169

Hereditary Disorder 1.07E-16 – 3.55E-03 77

Psychological Disorders 1.07E-16 – 3.34E-03 13

Skeletal and Muscular Disorders 4.85E-08 – 2.96E-03 116

Cellular Development 4.85E-08 – 3.04E-03 145
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