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Figure 1. DBS alters the expression of many genes, including numerous transcriptional regulators in wild-type mice. (A) Schematic showing electrode

placement for DBS. DG: dentate gyrus; FF: fimbria-fornix. (B) Timeline of implantation and tissue collection used for these studies. Signal check: single

pulse induced evoked responses in the DBS pathway as recorded in the hippocampus were verified 1–2 days prior to acute DBS. (C) Heatmap showing

protein-coding genes whose expression change at least 2-fold (with FDR < 0.05) following DBS in wild-type mice (WT). Sham columns are indicated by

teal bar. DBS columns are indicated by the pink bar. (D) Gene ontology (GO) analysis of genes that are upregulated at least at least 2-fold (with

FDR < 0.05) following DBS. (E) RT-qPCR validation of DBS upregulated genes in a new cohort of WT mice (n = 4 sham and 4 DBS mice; significance

determined using an unpaired, two-tailed t-test; error bars: SEM; ***p<0.001; ****p<0.0001). (F) Numbers of genes found to be significantly altered in

expression following DBS in different dentate gyrus cell types (p<0.01). NSCs: Neural stem cells; NPCs: Neural progenitor cells. Figure 1—figure

supplement 1 shows preliminary RT-qPCR experiment data used to pick the optimal duration for acute stimulation, and it shows the overlap of DBS-

upregulated genes with prior activity-dependent datasets. Figure 1—figure supplement 2 shows the stable RNA expression level of genes used as

housekeeping genes in RT-qPCR experiments. Source data for all quantified gene expression data in WT sham and DBS samples is provided in

Figure 1—source data 1. Figure 1—source data 2 provides the GO data used in Figure 1D. The complete PSEA results are available in Figure 1—

source data 3.
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Figure 1—figure supplement 1. Determining stimulation duration for acute DBS and overlap of DBS-induced genes with previously reported activity-

dependent genes. (A) RT-qPCR evaluation of the expression of 3 activity-dependent genes in DG tissue from WT mice following 45 min of DBS with a

20 min post-stimulation recovery period (n = 4 DBS, three sham; error bars: SEM; unpaired, two-tailed t-test; *p<0.05; **p<0.01; normalized to GAPDH).

(B) Overlap of genes previously reported to be activity-dependent with those genes found to be significantly upregulated (FDR < 0.05, fold-change >2)

by forniceal DBS in WT mice.

DOI: https://doi.org/10.7554/eLife.34031.004
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Figure 1—figure supplement 2. Selection of housekeeping genes for RT-qPCR based on stability of gene

expression across genotypes and treatments. These three housekeeping genes were used for normalization in RT-

qPCR experiments. They were chosen because of their stable expression between genotypes (WT and Mecp2-KO

mice) and between sham and DBS treated animals.

DOI: https://doi.org/10.7554/eLife.34031.005
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Figure 2. DBS revealed hundreds of activity-dependent splicing changes in genes that would be overlooked by differential gene analysis. (A) Overlap

between genes that are differentially expressed with DBS (fold-change >20%; FDR < 0.05) and genes with differential isoform expression following DBS

in WT mice (Fold-change >30%; FDR < 0.05). (B) Gene ontology (GO) analysis of genes showing differential isoform expression but not an overall

change in gene expression following DBS. (C) Representative RNA-sequencing tracks from WT sham (black; max: 1500 reads) and WT DBS (red; max:

1500 reads) mice showing the expression of the Kif1b gene, along with annotated Kif1b isoforms (shown in blue). The shortest isoform is differentially

expressed post-DBS, and the green box indicates the unique region of the shortest isoform where RT-qPCR primers were located to check transcript

levels in a new cohort. (D) RT-qPCR validation of DBS upregulated isoforms in a new cohort of WT mice (n = 4 sham, 4 DBS mice; significance

determined using an unpaired, two-tailed t-test; error bars: SEM; **p<0.01; ***p<0.001). Source data for RNA isoforms quantification can be found in

Figure 2—source data 1. The complete list of GO terms and scores for genes with differentially expressed isoforms that are not differentially

expressed at the whole gene level can be found in Figure 2—source data 2.

DOI: https://doi.org/10.7554/eLife.34031.009

Pohodich et al. eLife 2018;7:e34031. DOI: https://doi.org/10.7554/eLife.34031 5 of 13

Research article Neuroscience

https://doi.org/10.7554/eLife.34031.009
https://doi.org/10.7554/eLife.34031


Figure 3. DBS induces Jun-associated transcriptional programs. (A) Transcription factors found to be increased in

WT dentate gyrus neurons following DBS as quantified by Mass spectrometry. P-values were calculated using an

unpaired, two-tailed t-test. (B) Network analysis results showing the direct and downstream targets of the three

transcription factors whose protein levels are altered following DBS. The identified targets are genes that are

either significant DEG’s (Differentially expressed genes; FDR < 0.05,>2 fold expression change) or DEI’s

(Differentially expressed isoforms; FDR < 0.05,>2 fold expression change). Node size indicates the number of

targeted genes. Node color indicates the log-fold change in expression of that gene, with blue indicating

downregulated genes, and red indicating upregulated genes. Label colors indicate the category of gene: Black:

the gene is both DEG and DEI, Purple: DEG only, Green: DEI only. The detailed mass spectrometry results from

WT sham and DBS mice can be found in Figure 3—source data 1.

DOI: https://doi.org/10.7554/eLife.34031.012
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Figure 4. DBS-induced transcription and splicing changes show unique methylation patterns. (A) Running average plot of mCG methylation levels on

DBS upregulated genes (shown in red; FDR < 0.05,>2 fold increase in expression), DBS downregulated genes (shown in blue; FDR < 0.05,>2 fold

decrease in expression), and in genes whose expression is unchanged by DBS (shown in black). The left panel shows the mCG methylation of these

genes observed in sham samples. The right panel shows the mCG methylation of these categories of genes observed in DBS samples. (B) Genomic

locations of differentially methylated regions (DMRs) with a greater than 50% change in methylation following DBS. Locations evaluated: intergenic,

introns, exons, and promoters. The percentage of DMRs falling into each location type was divided by the percentage of the genome comprised of

that location type to generate a fold enrichment score for DMR locations relative to the genomic distribution. Dashed line at y = 1 indicates the

genomic values. *p<0.05, **p<0.01. (C) Fosl2 mCG methylation and RNA-sequencing tracks from representative WT sham (shown in black) and WT DBS

(shown in red) samples. The annotated gene is shown in blue, and the mCG level in the promoter region is highlighted in the yellow boxes. Figure 4—

figure supplement 1 shows mCH distribution at promoters and gene bodies in DBS-regulated genes, and it also shows genomic localization of DMRs

with a greater than 50% change in methylation following DBS. The DMR source data, including p-values, percent change and genomic localization is

provided in Figure 4—source data 1.

DOI: https://doi.org/10.7554/eLife.34031.014
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Figure 4—figure supplement 1. mCH levels do not show distinct signatures on DBS up- or downregulated genes. (A) Quantification of mCH levels on

promoters and gene bodies of genes that are upregulated by DBS (shown in red; FDR < 0.05, fold-change >2), downregulated by DBS (shown in blue;

FDR < 0.05, greater than two decrease), or genes that are unchanged by DBS (shown in black). (B) Genomic locations of differentially methylated

regions (DMRs) with a greater than 50% change in methylation following DBS. Locations evaluated: intergenic, introns, exons, and promoters, and the

percentage of the genome that each location comprises is shown in black.

DOI: https://doi.org/10.7554/eLife.34031.015
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Figure 5. DBS rescues expression of genes important for neurological function that are low in Mecp2-null mice. (A) Differentially expressed genes and

isoforms in KO sham samples (FDR < 0.05,>20% fold-change) as compared to WT samples. (B) Evaluation of the effect of DBS on genes with decreased

expression in KO sham samples. Gray: genes with unchanged expression following DBS in KO mice (FDR > 0.05). Dark blue: genes with a small but

significant increase following DBS in KO mice (FDR < 0.05; Fold-change <20%). Light blue: genes rescued to at least WT baseline levels (FDR < 0.05,

Fold-change >20%). (C) Gene ontology analysis of the genes rescued back to WT baseline levels in KO mice. (D) Heat map showing the expression

levels of the top 100 protein coding genes with the highest increase in expression in WT mice, and the comparison in expression of these genes

between WT and KO samples. (E) RT-qPCR validation of DBS upregulated isoforms in a new cohort of WT mice (n = 4 sham, 4 DBS mice; significance

determined using an unpaired, two-tailed t-test; error bars: SEM; *p<0.05; **p<0.01). All quantified gene expression changes along with comparisons

between WT and KO samples at baseline and following DBS can be found in Figure 5—source data 1. Isoform expression data from WT and KO mice

can be found in Figure 5—source data 2. GO data for genes with rescued expression following DBS in KO mice can be found in Figure 5—source

data 3.

DOI: https://doi.org/10.7554/eLife.34031.017

Pohodich et al. eLife 2018;7:e34031. DOI: https://doi.org/10.7554/eLife.34031 9 of 13

Research article Neuroscience

https://doi.org/10.7554/eLife.34031.017
https://doi.org/10.7554/eLife.34031


Figure 6. Forniceal DBS induces similar acute gene expression changes in Mecp2-heterozygous (Het) mice and reveals a trend for sustained gene

expression rescue following chronic DBS. (A) and (B) RT-qPCR data from 8.5-week-old female samples following acute DBS (45 min of DBS; n = 4 WT

sham, 4 WT DBS, 4 Het sham, and 6 Het DBS; significance determined using an two-way ANOVA with Holm-Sidak multiple comparisons test; error

bars: SEM; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). (C) Heat map of RNA-Sequencing data from 13.5-week-old WT and Het female chronic

forniceal DBS samples showing a subset of the protein coding genes that are downregulated by at least 20% (padj <0.05) in Het sham samples. Genes

with an asterisk (*) are those that are significantly increased (fold-change >15%; FDR < 0.05) in the Het samples that received chronic DBS. All

quantified gene expression data from chronic DBS and sham treated female mice can be found in Figure 6—source data 1. Figure 6—figure

supplement 1 shows a heat map of all genes that are either down- or upregulated at least 20% (FDR < 0.05) in Het sham mice.

DOI: https://doi.org/10.7554/eLife.34031.021
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Figure 6—figure supplement 1. Heat map showing expression levels of protein coding genes that are significantly altered in Mecp2-heterozygous

mice. RNA-Sequencing data from chronic forniceal DBS or sham treated WT and Het mice showing the level of expression of genes that are either

downregulated by at least 20% (FDR < 0.05) in the Het sham mice or upregulated by at least 20% (FDR < 0.05) in the Het sham mice. Unsupervised

clustering of the samples shows that 3 of the Het DBS samples cluster with the WT samples.

DOI: https://doi.org/10.7554/eLife.34031.022
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Figure 7. Forniceal DBS enhances the expression of genes relevant to other neuropsychiatric conditions. (A) Pie charts showing the overlap of DBS

upregulated genes with genes found to be decreased in expression in the hippocampus of individuals with or mouse models of neuropsychiatric

disorders. Gray: genes that are low in the indicated sample that are unchanged by DBS in WT mice (FDR > 0.05). Purple: genes with increased

expression following DBS in WT mice (FDR < 0.05,>25% fold-change). The significance of the overlap between DBS and these datasets was determined

using the Fisher exact test, yielding the following values: Ptchd1-KO vs. DBS: p=3.10E-25; Rsk2-KO vs. DBS: p=7.5E-6; MDD vs. DBS: p=4.3E-20. (B)

Comparison of genes upregulated by DBS and genes upregulated by either fluoxetine or running. The significance of the overlap between DBS and

these datasets was determined using the Fisher exact test, yielding the following values: fluoxetine vs. DBS: p=1.45E-67; running vs. DBS: p=3.7E-20.

Comparison of genes upregulated by DBS and genes upregulated by either fluoxetine or running. Purple: genes that are increased by the indicated

treatment and by DBS in WT mice (FDR < 0.05,>25% fold-change). Gray: genes increased by fluoxetine or running that are not increased by DBS in WT

mice. Figure 7—figure supplement 1 compares the genes that overlap with DBS (indicated by the purple slice in the pie chart) from each of the

disorders shown in Figure 7A.

DOI: https://doi.org/10.7554/eLife.34031.024

Pohodich et al. eLife 2018;7:e34031. DOI: https://doi.org/10.7554/eLife.34031 12 of 13

Research article Neuroscience

https://doi.org/10.7554/eLife.34031.024
https://doi.org/10.7554/eLife.34031


Figure 7—figure supplement 1. Overlap between the DBS dataset and neurologic disorders. Overlap of genes downregulated in intellectual disability

models and human major depressive disorder (MDD) with those genes found to be significantly upregulated (FDR < 0.05, fold-change >25%) by

forniceal DBS in WT mice.

DOI: https://doi.org/10.7554/eLife.34031.025
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