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Abstract

The therapeutic benefits of deep brain stimulation (DBS), a neurosurgical treatment for certain 

movement disorders and other neurologic conditions, are well documented, but DBS mechanisms 

remain largely unexplained. DBS is thought to modulate pathological neural activity. However, 

although astrocytes, the most numerous cell type in the brain, play a significant role in 

neurotransmission, chemical homeostasis and synaptic plasticity, their role in DBS has not 

been fully examined. To investigate astrocytic function in DBS, we applied DBS-like high 

frequency electrical stimulation for 24 hours to human astrocytes in vitro and analyzed single 

cell transcriptome mRNA profile. We found that DBS-like high frequency stimulation negatively 

impacts astrocyte metabolism and promotes the release of matricellular proteins, including 

IGFBP3, GREM1, IGFBP5, THBS1, and PAPPA. Our results suggest that astrocytes are involved 

in the long-term modulation of perineuronal environments and that they may influence persistent 

cell-to-cell interaction and help maintain neuromodulation over time.

Introduction

The therapeutic success of deep brain stimulation (DBS) for movement disorders has led 

to its consideration for a rapidly expanding set of neurologic and psychiatric conditions. 

This increased application makes it all the more critical that the molecular mechanisms 

underlying its therapeutic action be identified and characterized. Most such research has 

understandably focused on its effects on neurons because DBS was initially thought to 

silence pathologically hyperactive neurons at the site of stimulation (Benabid et al., 1987). 
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Recent studies solidify the theory that DBS directly inhibits neuronal elements close to 

the stimulation site and elicits axonal activation and neurotransmitter release (Uc and 

Follett, 2007; Johnson et al., 2008; Shon et al., 2010). Moreover, mathematical models 

suggest that due to the disparate excitability of neural elements, both soma inhibition and 

axonal activation can be expected at the DBS electrode site (McIntyre and Grill, 1998). 

Together these studies suggest that DBS modulates a dynamic nervous system in which 

synaptic transmission and plasticity occur, although the exact mechanisms are not yet fully 

understood.

Neuronal theories fail to take into account the potential influence of astrocytes, which 

outnumber neurons and are actively involved in neuronal signaling through neuro-glia 

communication (Perea and Araque, 2005; Halassa and Haydon, 2010). Astrocytes make 

important contributions to neurotransmission, chemical homeostasis, synaptic plasticity, 

and cerebral circulation (Takano et al., 2006; Bekar et al., 2008; Tawfik et al., 2010). 

Interestingly, astrocytes also respond to DBS-like high-frequency stimulation (HFS) by 

altering important regulators of neuronal network activity and inducing release of glutamate, 

ATP, and adenosine (Pascual et al., 2005; Bekar et al., 2008; Chang et al., 2009; Tawfik et 

al., 2010). While little attention has been paid to their neuromodulatory impact, these results 

suggest novel roles for astrocytes in mediating therapeutic effect of DBS.

Here, using single cell RNA-sequencing (scRNA-seq) technology, we analyzed molecular 

mechanisms of HFS on human astrocytes. Similar to clinical DBS, long-term HFS changes 

astrocytic gene expression profiles extensively, and those changes are particularly prominent 

in extracellular components, which can modulate network activity and refine neuronal 

circuits. These findings have a significant impact on understanding the mechanisms of action 

underlying the therapeutic effects of DBS.

Experimental procedures

Cell culture and Electrical stimulation

Primary human astrocytes were purchased from Life Technologies (Ref. # K1884, Lot # 

180839), and maintained on Geltrex-coated T-25 flask in DMEM supplemented with 10% 

FBS and N2 supplement (Thermo Fisher Scientific Inc). For electrical stimulation, cells 

were plated on poly-L-lysine (Sigma-Aldrich, P4707, 0.01% solution) coated 6-well plate. 

At 70–80% cell confluence, high frequency stimulation (HFS) (100 Hz, 100 μsec pulse 

width, 2.0–2.5V) was applied for 24 hours through a pair of platinum wires (Fig. 1A and B). 

The impedance between the wires was 171.4 +/− 38.1 Ω (90.4–216 Ω) in growth media.

Single cell whole mRNA sequencing and Data analysis

After stimulation, cells were loaded onto the Fluidigm C1 HT chip (Fluidigm Corporation, 

CA) at a concentration of 500 cells/μl, stained with Live/Dead cell viability/cytotoxicity kit 

(Thermo Fisher Scientific, MA), and imaged by phase contrast and fluorescence microscopy 

to assess the number and the viability of cells per capture site. After captured in the 

Fluidigm C1 system, a full length of double stranded cDNA was generated using SMARTer 

Ultra Low RNA kit for Illumina (Takara Bio, CA), and cDNA was diluted to 250 pg and 
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constructed libraries using the Illumina Nextera XT DNA Sample Preparation kit (Illumina, 

CA). Libraries were quantified by a High Sensitivity DNA analysis kit (Agilent, CA) and 

Qubit dsDNA BR Assay kits (Thermo Fisher Scientific, MA). All 251 libraries were pooled 

and sequenced 100 bp paired-end on Illumina HiSeq 2500 Rapid Run. Additional analysis 

recommendations from Illumina include using only read 2 (R2) reads from paired-end 

FASTQ files for downstream alignment and expression analysis and trimming the polyA 

stretch from the 3’ end of the R2 reads. After preprocessing the R2 reads based on these 

recommendations, analysis was performed using the Mayo MAPRSeq RNA-Seq analysis 

workflow (v2.0.0). As a part of this workflow, FASTQC (v0.10.1) was used to perform 

quality control of the R2 reads. Post quality control, the Tophat (v2.0.12) aligner was used 

to perform alignment of reads to the hg19 build of the human reference genome. FASTQ 

formatted raw files for each sample were mapped and aligned in reference to hg19. After 

alignment, the BAM files were sorted and reformatted using Samtools (v0.1.18). The final 

BAM files were used as input for Subread’s featureCounts (v1.4.4) for counting reads 

mapping to genes and exons, as defined by Ensembl annotations. The BAM files were 

also used as input for RSeQC (v2.3.2) for generating various plots and files for further 

quantification and visualization. In total, 137 cells in stimulated group and 114 cells in 

control group were captured.

After converting to RPKM values, tertiary analysis was performed using Singlular package 

(Fluidigm, CA). Fourteen cells in the stimulated group and seventeen cells in the control 

group were excluded in the outlier analysis step. On average, approximately 500,000 

reads were generated for each cell with an average of 80% reads mapped to the 

genome. Gene detection rates averaged 4,800 genes (count >2) and total detected genes 

(count >2) were 9439. To show the separation of cell population by HFS, unsupervised 

hierarchical clustering was performed using the 100 most variant genes by ANOVA analysis. 

Differentially expressed genes were identified using the log2 transformed RPKM values 

between two groups. We considered genes to have significant expression changes if the fold 

change was ≥ ±2 and P < 0.05 as determined by ANOVA (Supplement data 1). To further 

understand the biological meaning of the data set, Gene Set Enrichment Analysis (GSEA, 

Broad Institute) was carried out using 6483 genes (log2 mean value > 1) by permutation 

test 1,000 times with gene sets. Catalog C5 Gene Ontology, Hallmarks, Naba, and Reactome 

gene sets in Molecular Signatures Database v5.2 (MsigDB) were used to find the most 

significant pathway (false discovery rate (FDR) q-val <0.05) within data set (Supplement 

data 2).

Quantitative RT-PCR (qRT-PCR)

To validate single cell RNA-Seq Data, qRT-PCR was performed. Cells were prepared with 

the same protocol used for single cell RNA-Seq experiment (Fig. 1A) or after additional 24 

hours incubation. Total RNA was isolated using the RNeasy Mini Kit (QIAGEN, Germany) 

and cDNA was generated using SuperScript III Reverse Transcriptase (Thermo Fisher 

Scientific, MA) according to the manufacturer’s protocol. PCR reaction was performed 

using a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, CA) with SYBR 

Green Master Mix (Bio-Rad, CA). RNA was initially denatured for 5 min followed by 40 
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cycles of denaturing at 95°C for 15 sec, and annealing/elongation at 60°C for 1 min. The 

primer sequences for validation of putative target genes are listed in the Supplement data 3.

Results

To characterize the role of astrocytes in DBS in the context of molecular effects, we applied 

HFS for 24 hours onto cultured human astrocytes and performed scRNA-Seq, which allows 

one to characterize and study sub-populations of cells and dissect the differences among the 

heterogeneity of cell populations. To identify characteristics of cells based on transcriptome 

profiling, we performed an unsupervised hierarchical clustering approach using the 100 

most variable genes between stimulated and unstimulated conditions. We found that the 

cells separated out into three clusters, which included: C1: Noise cluster (cells with high 

expression of cell cycle genes); C2: Stimulated state cluster (stimulated cells); and C3: 

Normal state cluster (control (unstimulated) cells) (Fig.1.C). About 20% of cells in both 

the control and stimulated conditions (total of 46 cells: 22 out of 97 cells in the control 

condition and 24 out of 123 cells in the stimulated condition) showed high expression of 

genes involved in cell cycles reflecting the in vitro culture condition (Supplement data 4).

One of the major sources of biological noise is the cell cycle, during which a cell increases 

in size, replicates its DNA, and splits into daughter cells (Barron and Li, 2016). For this 

reason, all cells in the C1 Noise cluster were excluded from analysis. We found that HFS 

was able to shift the cell population from C3 (Normal state) to C2 (Stimulated state). As 

a result, 52 cells in C2 and 59 cells in C3 were selected as a stimulated cell subset and 

a non-stimulated control cell subset, respectively, for further analysis. That is, only 42% 

of the stimulated cells were found in the C2 cluster, which highlights the benefit of single 

cell analysis. Had we used the conventional bulk-tissue based RNA-Seq approach, their 

expression changes could have been diluted or quelled.

Additionally, we applied principal component analysis (PCA) to confirm the accuracy of our 

selection criteria by including all expressed genes (> 2 reads). The PCA plot showed a clear 

separation between subsets of stimulated and control cells (Fig1.D). We next identified 190 

genes that were the most differentially expressed between two subsets (fold change > ±2, 

Supplement data 1). Among them, 97 genes, including many extracelluar matrix-associated 

protein genes, such as IGFBP3, GREM1, CTGF, STC2, SERPINE1, B4GALT1, TGM2, 

IGFBP5, THBS, PAPPA were up-regulated, while 93 genes were downregulated; most of 

the downregulated genes were related to energy metabolism and included COX5B, ATP5C1, 

ETFB, and TIMM8B.

We next applied gene set enrichment analysis (GSEA) to explore HFS-induced physiological 

changes. According to the GSEA, the extracellular matrix protein gene set (matrisome) was 

significantly enriched and positively correlated with the stimulated subset (FDR < 0.000, 

NES, 2.4), while citric acid (TCA) cycle and respiratory electron transport gene sets were 

significantly enriched and negatively correlated with the control subset (FDR < 0.000, NES, 

−3.4) (Fig. 2). In addition, GO terms for molecular functions were significantly enriched 

in cell adhesion molecule binding. For biological processes, the enriched GO terms were 

extracellular matrix structure organization, and for the cellular component, the enriched 
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GO terms were cell surface and endoplasmic reticulum rumen. Importantly, most enriched 

gene sets in down-regulated genes were associated with cellular metabolic functions of 

endoplasmic reticulum (ER), mitochondria, and ribosome biogenesis (Table 1 & Supplement 

data 2). However, the reactive astrocyte associated gene sets, including reactive oxygen 

species (ROS) generation and pro-inflammatory cytokines, were not activated by HFS.

We further verified the single cell RNA-Seq data using qRT-PCR independently. Seven up-

regulated genes were selected based on their known involvement in neuro-glia interactions 

and the altered expression of these genes was confirmed. The single cell RNA-Seq results 

were consistently reproduced in the bulk cell population using qRT-PCR (Fig1.E).

Discussion

In this study, we investigated the effects of DBS-like HFS on cultured human astrocytes 

using single-cell mRNA-Seq analysis. Our results suggest that DBS-like HFS downregulates 

astrocytic metabolism while promoting the secretion of matricellular proteins at the 

individual level of cells. Our approach overcame the inherent heterogeneity challenges 

which can arise due to differences in the response kinetics of individual cells to the same 

stimulation. Single cell RNA-Seq allowed us to isolate the subpopulation of interest and to 

investigate mechanisms explaining differences between subpopulations. We identified and 

validated that the most substantial changes among significantly upregulated genes were for 

proteins found in extracellular components, especially matricellular proteins (e.g.,IGFBP3, 

GREM1, CTGF, STC2, SERPINE1, B4GALT1, TGM2, IGFBP5, THBS1, PAPPA ).

It is known that matricellular proteins can be secreted into the perineuronal net and 

modulate neural networks by interacting with cell-surface receptors, proteases, hormones, 

and other bioeffector molecules (Bornstein, 2009). For example, IGFBP3, IGFBP5, THBS1, 

and PAPPA are related to the IGF1 pathway (Nam et al., 2000; Laursen et al., 2001), 

GREM1 is involved in the BMP pathway (Brazil et al., 2015), and CTGF is related to 

Wnt, BMP and TGF-β pathways (Abreu et al., 2002; Luo et al., 2004). In addition, STC2 

(Zhang et al., 2000; Ito et al., 2004) and TGM2 (Cho et al., 2010; Basso et al., 2012) 

have been found to attenuate neuronal cell death, and a study on skeletal muscle showed 

that electrical stimulation can have an immediate and acute negative impact on cellular 

metabolism, impairing cell viability and even inducing cell death (Thelen et al., 1997). This 

result suggests a novel astrocyte-mediated mechanism in the therapeutic effects of DBS. In 

contrast, reactive astrocyte associated gene sets, including reactive oxygen species (ROS) 

generation and pro-inflammatory cytokines were not activated by HFS.

Previous investigations of DBS mechanisms have focused either on local neuronal activity 

changes around the DBS electrode or on its global effects on neuronal networks through 

synaptic transmission. These studies aimed to characterize the acute effect of DBS on 

neurons because electrical stimulation of a neuron with a uniformly excitable membrane 

can have direct effects on neuronal activity. There is little doubt that DBS acts on neurons 

to attenuate clinical symptoms. For example, DBS targeting neurons of the subthalamic 

nucleus can have an immediate effect on tremor and certain motor symptoms of Parkinson’s 

disease. However, for disorders such as dystonia, drug-resistant depression, or obsessive 
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compulsive disorder, DBS can take weeks to months to effect symptom relief. These long-

term DBS effects are equally important and call for investigation of the role of other cell 

types, such as astrocytes, that have non-excitable membranes.

Our findings identified important astrocytic involvement in DBS mechanisms and 

established single cell RNA-Seq as a valid approach for studying DBS-induced astrocytic 

changes. One limitation of our study was that our use of human cells necessitated the use of 

an in vitro culture system. The next immediate step would be to perform these same tests in 

an in vivo animal model of HFS.

Overall, our results suggest that DBS-like HFS induces minimal negative changes in cellular 

metabolism and that this conditional change promotes astrocytes to secret multiple types of 

matricellular proteins into the perineuronal net. The astrocyte-secreted matricellular proteins 

may influence environmental and cellular signaling efficiency through extracellular matrix 

formation by modulating synapse development, changing the binding affinity of neuronal 

receptors, and inducing neuronal plasticity. This observation warrants further investigation 

into the role of astrocytes as a powerful contributor in the sustained therapeutic effect 

brought about by DBS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Identification of the effect of HFS on cultured human astrocytes using single cell RNA-Seq 

and verification of the single cell analysis using qRT-PCR. (A) Experimental design. Culture 

media was changed one day before the stimulation. HFS (100 Hz, 100 μsec pulse width, 

1.5–2.5 V) was applied for 24 hrs. (B) Schematic of the stimulation device. A pair of 

platinum wires were placed in parallel through the entire chamber of a 6-well plate. The 

wire was coated with silicon, and only the part across the wall was exposed. The bare 

wire nearly touched the bottom of the culture plate and the media fully covered the wire. 
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(C) Heatmap of expression (Global Z-score) obtained by unsupervised two dimensional 

hierarchical clustering analysis using the most significant 100 genes. According to the gene 

expression profile, three clusters were identified. In C1, cells from both stimulated and 

control groups were evenly distributed. Cells in C2 and C3 were mainly from the stimulated 

and the control groups, respectively. (D) Principal component analysis (PCA) plot using 

all expressed genes of 111 cells (52 stimulated cells identified in C2 and 59 control cells 

identified in C3). PCA confirmed that gene expression profiling modulated by stimulation 

is strong enough to divide cells into two groups (stimulated vs. control). (E) qPCR assay to 

verify the data obtained by scRNA-Seq. Nine candidate genes were identified and confirmed 

by qPCR assay independently (***, p<0.001. **, p<0.01, *, p<0.05). Abbreviaions: 

GREM1, gremlin1; IGFBP, insulin like growth factor binding protein; CYR61, cysteine 

rich angiogenic inducer 61 (has been identified as CTGF-2 and also IGFBP10); STC2, 

stanniocalcin2; CTGF, connective tissue growth factor (has been identified as IGFBP8); 

TGFB2, Transforming growth factor beta 2; PAPPA, pregnancy-associated plasma protein 

A; THBS1, thrombospondin1.
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Figure 2. 
The representative enrichment plots for the gene sets of both stimulated and control groups 

by GSEA. (A) Matrisom gene set was significantly enriched positively in the stimulated 

group. (B) TCA cycle and respiratory electron transport gene set was significantly enriched 

negatively in the control group. Top of enrichment plot, the running enrichment score for the 

gene set as the analysis walks down the ranked list. Middle of enrichment plot, the location 

of genes from the each gene set within the ranked list. Bottom of enrichment plot, plot of 
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the ranked list of 6483 genes. Y axis, value of the ranking metric; X axis, the rank for 6483 

genes. NES, Normalized enrichment score. FDR, false discovery rate.
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Table. 1.

Most significantly enriched gene sets using GO gene set In the human astrocytes by HFS.

Enriched gene sets Response in the 
stimulated cells NES NOM p-value FDR q-value

GO_CELL_SURFACE Up 2.27 0 0.002

GO_ENDOPLASMIC_RETICULUM_LUMEN Up 2.2 0 0

GO_EXTRACELLULAR_STRUCTURE_ORGANIZATION Up 2.7 0 0.001

GO_CELL_ADHESION_MOLECULE_BINDING Up 2.4 0 0

GO_MULTI_ORGANISM_METABOLIC_PROCESS Down −3.75 0 0

GO_INNER_MITOCHONDRIAL_MEMBRANE_PROTEIN_COMPLEX Down −3.19 0 0

GO_RIBOSOME_BIOGENESIS Down −3.22 0 0

GO_TRANSLATIONAL_INITIATION Down −3.68 0 0

NES: normalized enrichment score; NOM p-val: nominal p value; FDR: false discovery rate
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