
Physiological Reports. 2022;10:e15176.	 ﻿	    |  1 of 14
https://doi.org/10.14814/phy2.15176

wileyonlinelibrary.com/journal/phy2

Received: 13 October 2021  |  Revised: 31 December 2021  |  Accepted: 4 January 2022

DOI: 10.14814/phy2.15176  

O R I G I N A L  A R T I C L E

RNA sequencing on muscle biopsy from a 5-week bed 
rest study reveals the effect of exercise and potential 
interactions with dorsal root ganglion neurons

Amelia J. McFarland1  |   Pradipta R. Ray1  |   Salman Bhai2,3  |   Benjamin D. Levine2,3  |   
Theodore J. Price1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited.
© 2022 The Authors. Physiological Reports published by Wiley Periodicals LLC on behalf of The Physiological Society and the American Physiological Societyv

1School of Behavioral and Brain 
Sciences and Center for Advanced Pain 
Studies, University of Texas at Dallas, 
Dallas, Texas, USA
2Institute for Exercise and 
Environmental Medicine, Texas Health 
Presbyterian Hospital Dallas, Dallas, 
Texas, USA
3University of Texas Southwestern 
Medical Center at Dallas, Dallas, Texas, 
USA

Correspondence
Theodore J. Price, 800 W Campbell Rd, 
Mailcode BSB14.102, Richardson, TX 
75080, USA.
Email: theodore.price@utdallas.edu

Benjamin D. Levine, 7232 Greenville 
Ave., Suite 435, Dallas, TX 75231, USA.
Email: benjaminlevine@texashealth.
org

Funding information
National Institute of Neurological 
Disorders and Stroke, Grant/Award 
Number: 0525077Y, NCC 9–58 and 
NS065926; Clinical Translational 
Research Center, Grant/Award 
Number: RR-00804

Abstract
Sedentary lifestyle, chronic disease, or microgravity can cause muscle decondi-
tioning that then has an impact on other physiological systems. An example is 
the nervous system, which is adversely affected by decreased physical activity 
resulting in increased incidence of neurological problems such as chronic pain. 
We sought to better understand how this might occur by conducting RNA se-
quencing experiments on muscle biopsies from human volunteers in a 5-week 
bed-rest study with an exercise intervention arm. We also used a computational 
method for examining ligand–receptor interactions between muscle and human 
dorsal root ganglion (DRG) neurons, the latter of which play a key role in noci-
ception and are generators of signals responsible for chronic pain. We identified 
1352 differentially expressed genes (DEGs) in bed rest subjects without an exer-
cise intervention but only 132 DEGs in subjects with the intervention. Among 591 
upregulated muscle genes in the no intervention arm, 26 of these were ligands 
that have receptors that are expressed by human DRG neurons. We detected a 
specific splice variant of one of these ligands, placental growth factor (PGF), in 
deconditioned muscle that binds to neuropilin 1, a receptor that is highly ex-
pressed in DRG neurons and known to promote neuropathic pain. We conclude 
that exercise intervention protects muscle from deconditioning transcriptomic 
changes, and prevents changes in the expression of ligands that might sensitize 
DRG neurons, or act on other cell types throughout the body. Our work creates a 
set of actionable hypotheses to better understand how deconditioned muscle may 
influence the function of sensory neurons that innervate the entire body.

K E Y W O R D S

dorsal root ganglion, exercise, muscle biopsy, muscle deconditioning, RNA sequencing

www.wileyonlinelibrary.com/journal/phy2
mailto:﻿
mailto:﻿
https://orcid.org/0000-0002-6971-6221
http://creativecommons.org/licenses/by/4.0/
mailto:theodore.price@utdallas.edu
mailto:benjaminlevine@texashealth.org
mailto:benjaminlevine@texashealth.org


2 of 14  |      MCFARLAND et al.

1   |   INTRODUCTION

Skeletal muscle is highly adaptive and undergoes cellu-
lar physiology and phenotype changes as well as tran-
scriptomic reprogramming, in particular in response 
to extended reductions in physical activity (Booth et al.; 
Patterson et al., 2018). Accordingly, in situations whereby 
mechanical stimuli and load are significantly reduced – 
such as prolonged bed rest or immobilization, exposure 
to microgravity environments, or a highly sedentary life-
style –  deconditioning responses are observed (Baldwin, 
1996; Booth et al., 2017; Brocca et al., 2012). Inactivity 
and reduced physical activity have been associated with 
an array of maladaptive responses, with sedentary time 
considered an important, independent contributor to the 
development of metabolic and cardiovascular disease, as 
well as all-cause mortality (Dempsey et al., 2016; Gabriel 
& Zierath, 2019; Wilmot et al., 2012). On the other hand, 
exercise has clear health benefits, which include cardio-
vascular and metabolic systems and extend to neurolog-
ical outcomes, such as pain relief (Sluka et al., 2018) and 
protection from the development of chronic pain (Grace 
et al., 2016; Leung et al., 2016).

Following reductions in loading, skeletal muscle ex-
periences loss of mass and fiber size, muscle fibers shift 
toward a fast phenotype, myofibril content decreases, 
reduced synthesis of muscle protein occurs, and mus-
cle protein is degraded by proteasomal and autophagy 
mechanisms (Adams et al., 2003; DeMartino & Ordway, 
1998; Gallagher et al., 2005; Haddad et al., 2005; Hastings 
et al., 2012; Krainski et al., 2014b; Phillips & McGlory, 
2014). Previous studies have demonstrated that exer-
cise countermeasures, such as rowing ergometry and 
resistive strength exercises, which were used here, are 
capable of preserving cardiac and skeletal muscle mass 
and limit cardiovascular deconditioning associated with 
prolonged bed rest (Hastings et al., 2012; Krainski et al., 
2014b). Indeed, the integrated cardiovascular benefits 
associated with rowing ergometry mean that it has been 
suggested as a strategy to counter severe deconditioning 
scenarios, such as prolonged spaceflight (Hastings et al., 
2012; Krainski et al., 2014b), or chronic diseases such 
as the Postural Orthostatic Tachycardia Syndrome (Fu 
et al., 2010).

While the vast majority of studies in this field to date 
have focused on functional and/or structural changes 
associated with bed rest or limb immobilization, gene 
expression profiling tools have also permitted explora-
tion of the transcriptional changes which accompany 
muscle deconditioning, and how exercise may lessen or 
counteract these (Pillon et al., 2020). Microarray tech-
nology has been used in both acute limb immobilization 

as well as acute and chronic bed rest studies to explore 
associated transcriptional changes (Abadi et al., 2009; 
Chopard et al., 2009; Fernandez-Gonzalo et al., 2020; 
Lammers et al., 2012; Urso et al., 2006), while RNA-
sequencing/RNA-seq, which allows for a deeper inves-
tigation of the transcriptome compared to microarray 
analysis (Stark et al., 2019), has only been employed 
in short term bed rest studies (≤14  days; Mahmassani 
et al., 2019b, 2021). Despite the link between physical 
inactivity and onset of musculoskeletal complications 
and systemic symptoms, knowledge of the mechanisms 
that underlie this link is not well understood. Moreover, 
it is not clear whether deconditioned muscle may con-
tribute to disease mechanisms beyond the cardiovas-
cular or musculoskeletal systems, for instance through 
an action on neurological systems (Booth et al., 2017), 
which could contribute to the somatic hypervigilance 
that is present in deconditioning syndromes (Cutsforth-
Gregory & Sandroni, 2019). We have recently developed 
computational methods that allow for detailed exam-
ination of pharmacological interactions between any 
tissue and human dorsal root ganglion (DRG) neurons 
(Wangzhou et al., 2021). These neurons play a critical 
role in pain signaling and tactile and thermal sensation, 
and signals derived from muscle may interact with these 
neurons to mediate neurological effects of exercise or 
deconditioning. Other cell types may be influenced by 
signals from muscle and the framework we establish in 
this study could be used to interrogate interactions with 
any number of cell types ranging from motor neurons 
to immune cells.

The purpose of the present study was to use RNA se-
quencing to gain mechanistic insight into transcriptional 
changes which occur following muscle deconditioning in 
long-lasting bed rest. We analyzed muscle biopsy samples 
from healthy individuals which had been previously col-
lected as part of a 5-week head-down-tilt bed rest inves-
tigation (Krainski et al., 2014b). Using a discovery-based 
approach, we performed bulk RNA-seq on muscle sam-
ples and sought to identify genes, pathways and processes 
which were differentially expressed between individuals 
who underwent complete bed rest, and those who per-
formed a high-intensity exercise routine during their bed 
rest. Additionally, we evaluated the potential impact of 
transcriptional changes in muscle on DRG neurons using 
a genome-wide ligand-receptor pair database curated for 
pharmacological interactions relevant to neuro-immune 
systems (Wangzhou et al., 2021). This work represents the 
longest duration of human physical inactivity analyzed 
via RNA sequencing technology and integrates this new 
knowledge into the context of potential impacts on DRG 
neurons.
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2   |   METHODS

2.1  |  Subjects

Skeletal muscle biopsies were collected at the Institute for 
Exercise and Environmental Medicine under approved IRB 
protocol STU 102010-070. Methods and subject characteris-
tics for this study have been previously described (Krainski 
et al., 2014b) shown in Table 1 and in Supplementary Data, 
Sheet 1. The samples were collected as part of the (Krainski 
et al., 2014a) study. Subjects were healthy, nonsmoking, 
adults aged 20–54 years. Subjects were randomly assigned 
to one of two groups: bed rest only (BR-CON; n = 9, 1 fe-
male), or bed rest with exercise countermeasure (BR-EX; 
n = 16, 2 female). All subjects underwent −6-degree head 

down tilt bed rest for 35 consecutive days. BR-EX subjects 
received an exercise countermeasure consisting of rowing 
ergometer training on 6 days/week and biweekly resistance 
training for the duration of the bed rest period. Details of 
the exercise countermeasure, effects on muscle mass and 
performance and other metrics are all available (Krainski 
et al., 2014a). A needle muscle biopsy of 300 mg tissue on 
average was obtained from the mid-belly of the right (pre) 
and left (post) vastus lateralis muscle before and after the 
5-week bed rest period (Krainski et al., 2014b). Part of each 
biopsy was used for a previously published study (Krainski 
et al., 2014b); at least 50 mg per sample remained for use in 
the present study. The samples were frozen upon collection 
and stored at −80°C until used for RNA sequencing for this 
study.

T A B L E  1   Sample sheet for all biopsies from subjects included in this study

Subject information Sample information

Unambiguously mapped, 
genic reads in library 
(mapped by STAR)

Subject ID Intervention Sex
RNAseq 
pair

Sample 
ID

Biopsy 
timepoint Age at biopsy # of reads

1A Exercise M Pair 1 1A-Pre Baseline 23 23,289,414

1A Exercise M Pair 1 1A-Post Post-intervention 23 23,883,966

1B Control M Pair 1 1B-Pre Baseline 20 21,895,002

1B Control M Pair 1 1B-Post Post-intervention 20 20,919,752

2A Control M Pair 2 2A-Pre Baseline 25 35,617,009

2A Control M Pair 2 2A-Post Post-intervention 25 27,810,248

2B Exercise M Pair 2 2B-Pre Baseline 25 18,426,179

2B Exercise M Pair 2 2B-Post Post-intervention 25 22,924,575

3A Exercise M Pair 3 3A-Pre Baseline 49 23,871,098

3A Exercise M Pair 3 3A-Post Post-intervention 49 21,301,068

3B Control M Pair 3 3B-Pre Baseline 47 19,411,521

3B Control M Pair 3 3B-Post Post-intervention 47 15,177,645

4A Exercise M Pair 4 4A-Pre Baseline 42 24,836,248

4A Exercise M Pair 4 4A-Post Post-intervention 42 15,915,890

4B Control M Pair 4 4B-Pre Baseline 42 23,797,512

4B Control M Pair 4 4B-Post Post-intervention 42 28,789,912

5A Control M Pair 5 5A-Pre Baseline 19 30,485,501

5A Control M Pair 5 5A-Post Post-intervention 20 33,347,242

5B Exercise M Pair 5 5B-Pre Baseline 20 24,210,713

5B Exercise M Pair 5 5B-Post Post-intervention 20 25,566,254

6A Control F Trio female 6A-Pre Baseline 22 82,276,318

6A Control F Trio female 6A-Post Post-intervention 22 92,316,046

6B1 Exercise F Trio female 6B1-Pre Baseline 22 80,517,453

6B1 Exercise F Trio female 6B1-Post Post-intervention 23 82,080,568

6B2 Exercise F Trio female 6B2-Pre Baseline 21 88,505,426

6B2 Exercise F Trio female 6B2-Post Post-intervention 21 74,928,206

Shaded cells show sample pairing.
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2.2  |  Library generation and sequencing

Based on available muscle following initial ultrastructural 
and histochemical analysis (Krainski et al., 2014a) biopsy 
samples from 13  subjects underwent RNA sequencing, 
consisting of all three female samples (1 BR-CON, 2 BR-
EX), and ten male samples (5 BR-CON, 5 BR-EX; matched 
for age and exercise tolerance at baseline). Researchers 
performing sequencing and subsequent analyses were 
informed of subject pair matches and whether samples 
were from baseline or post-intervention, but were blinded 
to intervention received by individual subjects (i.e. the re-
searchers did not know whether subjects were sedentary 
or exercised during bed rest until the first round of analy-
sis was complete). Following RNA extraction (RNeasy 
Plus Universal Mini Kit, Qiagen), RNA yield was quanti-
fied using a Nanodrop system (ThermoFisher Scientific), 
and RNA quality was assessed by fragment analyzer 
(Advanced Analytical Technologies). Stranded mRNA li-
brary preparation and sequencing were completed at the 
University of Texas at Dallas (UT Dallas), TX, USA. 76-
bp, single-end sequencing of RNA-seq libraries was per-
formed on the Illumina Hi-Seq sequencing platform. The 
samples were run in a blinded fashion.

2.3  |  Mapping and quantification of 
RNA-seq data

RNA-seq read files (fastq files) were checked for quality 
by FastQC (Babraham Bioinformatics) and read trimming 
was done based on Phred score and per-base nucleotide 
content, with trimmed, 60  bp reads from the 13–72  bp 
positions being used for downstream analysis. Trimmed 
reads were mapped to the reference transcriptome 
GENCODE v27 (Frankish et al., 2019), and its underlying 
reference genome GRCh38.p10 retaining only uniquely 
mapped reads by using the STAR (v2.7.3a) aligner (Dobin 
et al., 2013) with the following command line mapping 
parameters:
STAR --runThreadN 20 --runMode align-
Reads --genomeLoad NoSharedMemory --out-
MultimapperOrder Random --outSAMtype 
BAM SortedByCoordinate --outSAMattri-
butes All --outSAMattrIHstart 0 --out-
SAMprimaryFlag AllBestScore --outBAM-
compression -1 --outBAMsortingThreadN 20 
--outFilterType BySJout --outFilterMulti-
mapNmax 10 --outFilterMismatchNoverReadL-
max 0.06 --twopassMode Basic --quant-
Mode GeneCounts --alignSJoverhangMin 5 
--alignSJDBoverhangMin 3 --alignIntron-
Max 1000000 --alignMatesGapMax 1000000 

--outFilterIntronMotifs RemoveNoncanonical 
--outSAMstrandField intronMotif --out-
FilterScoreMinOverLread 0.3 --outFilter-
MatchNminOverLread 0.3 --readFilesCommand 
zcat --alignSoftClipAtReferenceEnds No 
--alignEndsType EndToEnd

Relative abundance per sample (in Transcripts per 
Million or TPM) was calculated from the mapped reads 
using Stringtie (Pertea et al., 2015). Genes were filtered 
to only retain protein-coding genes and TPMs were re-
normalized per sample to a million based only on the set 
of coding genes A fold-change ratio (post-intervention/
baseline) was calculated for each coding gene in every 
subject (Supplementary Data, Sheet 2). Data is available 
for download through GEO, accession number GSE18​
6045.

2.4  |  Blinded analysis

The set of subjects was initially partitioned into pairs of 
subjects with matching sex and comparable ages (Table 
1). For each subject pair, exactly one was BR-CON, while 
the other was BR-EX. Blinded researchers were told which 
sample belonged to which pair, but which member of the 
pair received which intervention was not revealed to re-
searchers. The female samples were not included as part 
of the blinded analysis.

Hierarchical clustering of baseline and post-
intervention samples was performed separately using 
TPMs of all protein-coding genes, using (1 − Pearson's 
correlation coefficient) as the distance metric (Figure 
1a,b). Multiple strategies were utilized to identify po-
tential genes of interest from the blinded analysis of 
the dataset. First, genes with the potential for differ-
ential regulation in the control and exercise groups 
were identified. This was achieved through identifying 
genes within each subject pair where one subject had 
a post-intervention/baseline absolute log2 fold-change 
of ≥0.585 (corresponding to a fold change of ≥1.5 or 
≤0.66), while the other subject had either no change 
(fold change between 0.66 and 1.5) or a fold change 
trend in the opposing direction. Genes that consistently 
appeared in the list for each subject pair were identi-
fied by intersecting the gene lists for all 5 subject pairs 
(Supplementary Data, Sheet 3). Additionally, genes with 
the potential for differential expression between base-
line and post-intervention samples, irrespective of the 
intervention, were also identified. Lastly, genes with the 
potential for dysregulation due to bed rest were iden-
tified. This was achieved through calculating the rela-
tive variance (ratio of variance to mean) of TPMs values 
across sample pairs; the top 500 genes with the highest 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186045
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186045
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relative variance identified for each sample pair. Genes 
common to the top 500 highest relative variance genes 
in all sample pairs were also identified (Supplementary 
Data, Sheet 4). The relative variance and fold change 
gene lists generated through the blinded analysis were 
then compared, and genes that appeared in both lists 
were used to create a final gene set (Supplementary 
Data, Sheet 5).

To predict the intervention groupings for the male 
subjects, hierarchical cluster analysis of the TPMs for 
the fold-change gene list (Supplementary Data, Sheet 
3; Figure 1c) in baseline and post-intervention sam-
ples together were used and were also contrasted with 
previously described hierarchical cluster analysis of 
protein-coding gene TPMs post-intervention (Figure 
1b). Post-intervention samples for four subject pairs 
(pairs 1–4) were segregated into two clusters (Figure 1c), 
suggesting which subjects may have received the same 
intervention, Post-intervention samples for the fifth 
pair (pair 5) were outliers in the clustering, and 5A and 
5B were manually assigned to the two groups based on 
gene expression trends. Based on the predicted subject 
groupings, which group may have received which inter-
vention was also predicted through comparison of this 
intersected gene set to previous bed rest datasets (Brocca 
et al., 2012; Mahmassani et al., 2019a).

Coding of subjects and samples (Table 1) was kept at 
the Levine lab while sequencing analysis was done in the 
Price lab. The Levine lab revealed the coding only after 
blinded data analysis from the Price lab was completed.

2.5  |  Unblinded differential 
expression analysis

After completion of the blinded analysis, research-
ers were unblinded to the interventions of each subject. 
Differentially expressed genes reported in the formal anal-
ysis in this report were identified using the R/Bioconductor 
package DEseq2, a well-established differential expression 
analysis tool that models read counts using a negative bi-
nomial distribution, and models dispersion as a function of 
the expression level (Love et al., 2014). Data were analyzed 
using a nested design to identify group-specific condition 
effects for BR-EX and BR-CON subjects post-intervention 
versus baseline. Pairing was done for within-subject pre- 
and post-biopsies to control for volunteer-specific genomic 
landscape differences as well as medical or other lifestyle 
differences that cannot be controlled in a small sample 
size, such as in this study. Protein-coding genes with a 
TPM > 0.1, and an adjusted p-value of <0.05 were used to 
identify differentially expressed gene sets for each condi-
tion (Supplementary Data, Sheets 6 and 7). p-value adjust-
ment in DEseq2 is based on controlling the false discovery 
rate to <=0.05 using the Benjamini–Hochberg correction, 
using the p.adjust function in limma/R (Wettenhall & 
Smyth, 2004). Gene set enrichment analysis on the differ-
entially expressed gene (DEG) sets was performed using 
the Enrichr framework (Kuleshov et al., 2016). DEGs 
with potential for effects on DRG neurons were identi-
fied using a genome-wide ligand–receptor pair database 
curated for pharmacological interactions. An interactome 

F I G U R E  1   Dendrogram based on hierarchical clustering of TPMs from male subjects (n = 10) with predicted groupings in blue and 
green. (a) All protein-coding genes from paired subjects at baseline. (b) All protein-coding genes from paired subjects post-intervention. (c) 
Protein-coding genes meeting fold-change criteria (as identified from the blinded analysis) from paired subjects both at baseline and post-
intervention. The distance (calculated as 1 – Pearson's correlation coefficient between the vectors of coding gene TPMs in two samples) fitted 
to an ultrametric tree is shown on the x-axis
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was generated through intersecting the list of DEGs and 
their expression levels with a ligand–receptor pair list as 
previously described (Wangzhou et al., 2021).

2.6  |  Identification of splice variants in 
PGF gene

Alternative splicing analysis was only performed for the 
exon retention/skipping event in PGF that caused gain/
loss of heparin-binding functionality in the encoded pep-
tide respectively. Uniquely mapped bridge reads on the 
correct strand were counted using IGV (Thorvaldsdottir 
et al., 2013) for the relevant exon–exon junctions. Reads 
that overlapped the relevant exon that was identified this 
way were pooled for control and exercised subjects sepa-
rately, and normalized to calculate the relative abundance 
of the alternatively spliced exon in question (in Reads 
per Kilobase per Million mapped reads). The number 
of mapped reads that were used for the normalization 
was the number of unambiguously mapped, genic reads 
that were mapped by the STAR aligner (Dobin et al., 
2013) (relevant transcript and exon ids are provided in 
Supplementary Data, Sheet 1).

3   |   RESULTS

3.1  |  Blinded analysis of bed rest RNA 
sequencing data

Of 58,763 total genes in the reference genome, we de-
tected 36,072  genes in our samples. All samples yielded 
high-quality raw sequence data. After filtering for protein-
coding genes only, 17,730 unique genes remained.

Hierarchical cluster analysis of all male baseline 
samples showed high homology across all samples, and 
between some pairs (Figure 1a). Post-intervention, sev-
eral non-paired subjects were seen to cluster together 
(Figure 1b), including subjects 4A and 5B, subjects 3B 
and 4B, subjects 1A and 2B, and subjects 2A and 1B. 
Through the use of our differential fold-change algo-
rithm, where subjects within a pair demonstrated incon-
sistent or divergent gene expression post-intervention, 
we identified 263  genes that were consistently dissim-
ilar between all subject pairs (Supplementary Data, 
Sheet 3). Additionally, we identified genes that were 
consistently trending in the same direction after bed 
rest irrespective of intervention (Supplementary Data, 
Sheet 3). Calculation of relative TPM variance across 
all subject pairs identified 141  genes which were con-
sistently in the top 500 highest relative variance genes 
(Supplementary Data, Sheet 4). There were 17  genes 

that appeared consistently on all blinded analysis gene 
lists (Supplementary Data, Sheet 5).

Hierarchical cluster analysis of gene lists generated 
through fold change and relative variance computations 
similarly suggested high homology between most sam-
ples, particularly paired subjects, at baseline; however, 
post-intervention samples were observed to cluster pri-
marily in non-paired groupings, consistent with previous 
hierarchical cluster analysis of all gene data. Based on the 
consistency of these post-intervention non-pair group-
ings, it was predicted that subjects 1B, 2A, 3B, 4B, and 5A 
belonged to one group, while subjects 1A, 2B, 3A, 4A, and 
5B belonged to the other group. The pattern of expression 
for the 12 genes consistently expressed in all gene lists of 
interest were then reviewed for the two groups. Based on 
expression trends in previous bed rest studies (in particu-
lar, XIRP1, TNFRSF12A, and HSPB1; Brocca et al., 2012; 
Mahmassani et al., 2019a), it was hypothesized that the 
control (bed rest only) group consisted of subjects 1A, 2B, 
3A, 4A, and 5B, and that the intervention (bed rest plus 
exercise) group consisted of subjects 1B, 2A, 3B, 4B, and 
5A. Following completion of the blinded analysis, inves-
tigators were unblinded to the subject grouping and in-
tervention. The blinded analysis correctly predicted the 
grouping for all ten subjects, but incorrectly predicted the 
intervention received.

3.2  |  Unblinded differential expression 
analysis of RNA sequencing data

Following unblinding of subject intervention, DESeq2 
was used to determine which genes were differentially ex-
pressed between control and intervention groups for the 
male and female subjects. DESeq2 analysis found 1352 dif-
ferentially expressed genes (DEGs) in subjects in the BR-
CON group (591 up-, 761 downregulated post-intervention 
vs. baseline, p  <  0.05; see Supplementary Data, Sheet 6). 
In BR-EX subjects only 132 DEGs were identified (69 up-, 
63 downregulated post-intervention vs. baseline, p < 0.05; 
see Supplementary Data, Sheet 7). Of the DEGs identified, 
36 genes were consistent between the two groups; all other 
genes were differentially expressed in the BR-CON group 
were not significantly altered in subjects who received the 
exercise countermeasure. Twenty-two DEGs had consist-
ent differential expression patterns in both BR-CON and 
BR-EX groups (16 upregulated in both groups and six 
downregulated in both groups), and an additional 14 genes 
had opposing trends between the groups (i.e., were upreg-
ulated in one group and downregulated in the other). Of 
those genes which were differentially expressed in both BR-
CON and BR-EX groups, LBP and LRRC52 were both in the 
top 10 downregulated genes when ranked by magnitude of 
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fold change (Table 2), while KIT was found to be a top 10 
upregulated gene for both groups.

3.3  |  Functional implications for gene 
expression change

The potential functional implications of gene expression 
changes were then explored through performing enrich-
ment analysis on the DEGs from each group. In BR-CON, 
key upregulated pathways identified by functional enrich-
ment analysis included interferon-mediated signaling 
pathways, transcriptional regulation pathways, and anti-
gen processing. Key pathways enriched by downregulated 
DEGs in BR-CON related to mitochondrial respiration 
and electron transport (Table 3). In contrast, pathways 
enriched by downregulated DEGs in BR-EX included 
transcriptional regulation pathways, cytokine-mediated 
signaling, and fatty acid oxidation regulation; pathways 
enriched by upregulated DEGs included multiple path-
ways relating to endothelial cell development, prolifera-
tion, and regulation (Table 4).

3.4  |  Ligand-receptor interactome 
between bed rest DEGs and human dorsal 
root ganglia neurons

To assess the potential impact of transcriptional changes 
in muscle from bed rest subjects on the peripheral nerv-
ous system, we used a genome-wide ligand-receptor 
pair database curated for pharmacological interactions 
relevant to neuro-immune systems (Wangzhou et al., 
2021). This interactome permits analysis of a given 
gene list, and identifies those genes which are capable 
of ligand-receptor interactions because the ligands have 
at least one known receptor expressed by human dorsal 
root ganglia neurons. Upregulated DEGs from BR-CON 
and BR-EX were analyzed via the interactome. Of the 
591  genes upregulated post-intervention in BR-CON, 
26 genes were found to have known receptors in human 
DRG (Table 5), including PGF, IL18, CCL2, EFNA1, 
CCN1, and CXCL2. In the BR-EX group, there were 
seven upregulated genes post-intervention with known 
DRG receptors (Table 6). We looked more closely at PGF 
isoforms that encode peptides with heparin-binding 

T A B L E  2   Top 10 genes upregulated and downregulated by 35 days of bed rest in BR-EX and BR-CON subjects

Bed rest only (BR-CON) Bed rest plus exercise countermeasure (BR-EX)

Gene Log2FC Adj. p value Gene Log2FC Adj. p value

Upregulated genes

PDK4 3.331 1.329E-02 PDP1 1.363 4.318E-06

CXCL9 2.692 7.099E-08 GABBR2 1.333 2.621E-02

ANGPTL4 2.481 3.569E-02 KIT 1.150 1.010E-02

OTUD1 2.473 6.427E-05 FAM71F2 0.941 3.530E-02

GAL3ST1 2.218 2.901E-06 SV2B 0.863 4.767E-04

KIT 2.102 4.760E-07 KIF25 0.822 7.898E-03

PDE11A 1.955 1.927E-06 HERC6 0.793 2.344E-02

ATF3 1.861 1.417E-02 GJA1 0.787 7.898E-03

NPTX1 1.692 7.736E-03 NDNF 0.783 3.833E-03

AMPD3 1.576 2.410E-02 C1QTNF9 0.747 4.767E-04

Downregulated genes

NMRK2 −4.595 2.048E-39 NR4A3 −4.220 9.356E-05

CA14 −3.856 3.073E-17 LBP −3.000 7.419E-05

IGFN1 −3.076 6.943E-05 LRRC52 −2.160 5.665E-04

LRRC52 −2.953 4.358E-05 OTUD1 −1.768 1.487E-02

SLC26A9 −2.186 3.087E-05 CHAC1 −1.655 8.287E-03

OLIG1 −2.006 4.791E-02 XIRP1 −1.537 1.641E-04

ETNPPL −1.990 5.207E-08 ABRA −1.494 1.340E-02

MTFP1 −1.931 1.137E-03 CCN1 −1.386 2.344E-02

NEFM −1.862 3.001E-02 CCDC197 −1.378 3.836E-02

LBP −1.855 1.812E-02 NME9 −1.357 4.105E-02

Note: Genes are ordered by log2 of mean fold change value from baseline to post-intervention (Log2FC).
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functionality because these interact with neuropilin-1 
and neuropilin-2 (Dewerchin & Carmeliet, 2014), recep-
tors that are highly expressed by DRG neurons (Moutal 
et al., 2020; Tavares-Ferreira et al., 2021). We found 
that these PGF isoforms were robustly detected sug-
gesting potential to interact with nociceptor expressed 
neuropilin receptors (Reads per Million mapped reads 
or RPM > 0.5 in 22 out of 26  samples, Supplementary 
Data, Sheet 1).

4   |   DISCUSSION

The analysis described above yields several key conclu-
sions. Muscle biopsy RNA sequencing shows that 5 weeks 

of bed rest causes a large transcriptional change in mus-
cle that is mostly prevented by an exercise intervention. 
The response in deconditioned muscle mostly involves 
the downregulation of gene expression for regulators of 
virtually all aspects the mitochondrial activity, an effect 
that was completely reversed by exercise intervention. 
This transcriptional change in sedentary muscle also pro-
duces a set of ligands in muscle tissue that may interact 
with receptors on peripheral sensory neurons that provide 
sensory and nociceptive information from muscle and/or 
other tissues that could be exposed to factors released from 
muscle. This muscle to DRG neuron signaling may play 
an underappreciated role in the physiological sequalae 
that emerge from muscle deconditioning (Figure 2). Our 
data generate a testable set of hypotheses for mediators 

T A B L E  3   Top GO biological pathways enriched by 35 days of 
bed rest in BR-CON subjects

Term

Upregulated in bed rest only (BR-CON)

Cellular response to interferon-gamma (GO: 0071346)

Interferon-gamma-mediated signaling pathway (GO: 0060333)

Regulation of transcription, DNA-templated (GO: 0006355)

Regulation of transcription by RNA polymerase II (GO: 
0006357)

Antigen processing and presentation of endogenous peptide 
antigen (GO: 0002483)

Negative regulation of transcription, DNA-templated (GO: 
0045892)

Positive regulation of transcription, DNA-templated (GO: 
0045893)

Antigen processing and presentation of exogenous peptide 
antigen via MHC class I, TAP-independent (GO: 0002480)

Cellular response to type I interferon (GO: 0071357)

Type I interferon signaling pathway (GO: 0060337)

Downregulated in bed rest only (BR-CON)

Mitochondrial ATP synthesis coupled electron transport (GO: 
0042775)

Aerobic electron transport chain (GO: 0019646)

Mitochondrial respiratory chain complex assembly (GO: 
0033108)

Mitochondrial respiratory chain complex I assembly (GO: 
0032981)

NADH dehydrogenase complex assembly (GO: 0010257)

Mitochondrial electron transport, NADH to ubiquinone (GO: 
0006120)

Cellular respiration (GO: 0045333)

Inner mitochondrial membrane organization (GO: 0007007)

Mitochondrial translation (GO: 0032543)

Mitochondrial translational termination (GO: 0070126)

T A B L E  4   Top GO biological pathways enriched by 35 days of 
bed rest with an exercise countermeasure in BR-EX subjects

Term

Upregulated in bed rest with exercise countermeasure (BR-EX)

Regulation of blood vessel endothelial cell proliferation involved 
in sprouting angiogenesis (GO: 1903587)

Positive regulation of blood vessel endothelial cell proliferation 
involved in sprouting angiogenesis (GO: 1903589)

Maintenance of blood-brain barrier (GO: 0035633)

Regulation of cell migration (GO: 0030334)

Regulation of stem cell proliferation (GO: 0072091)

Endothelial cell development (GO: 0001885)

Negative regulation of blood coagulation, intrinsic pathway 
(GO: 2000267)

Regulation of blood coagulation, intrinsic pathway (GO: 
2000266)

Establishment of endothelial barrier (GO: 0061028)

Positive regulation of endothelial cell proliferation (GO: 
0001938)

Downregulated in bed rest with exercise countermeasure (BR-EX)

Cellular protein modification process (GO: 0006464)

Positive regulation of transcription by RNA polymerase II (GO: 
0045944)

Regulation of type B pancreatic cell proliferation (GO: 0061469)

Positive regulation of transcription, DNA-templated (GO: 
0045893)

Regulation of cardiac muscle cell apoptotic process (GO: 
0010665)

Positive regulation of fatty acid oxidation (GO: 0046321)

Cytokine-mediated signaling pathway (GO: 0019221)

Negative regulation of autophagosome assembly (GO: 1902902)

Regulation of transcription by RNA polymerase II (GO: 
0006357)

Positive regulation of DNA-binding transcription factor activity 
(GO: 0051091)
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that may come from deconditioned muscle to sensitize no-
ciceptors and increase pain susceptibility.

The findings presented here provide a new perspec-
tive on the transcriptional response to bed rest and how 
this is altered by an exercise intervention. Consistent with 
other biochemical and physiological measures, exercise 
during bed rest minimized changes in the muscle tran-
scriptional response. These changes included normaliza-
tion of gene expression linked to muscle mitochondrial 
activity, almost entirely downregulated in the no exercise 
group, and downregulation of genes that are likely in-
volved in inflammation and signaling to the peripheral 
nervous system, which were upregulated in the no exer-
cise group. Many of the genes that were upregulated in 
muscle samples without exercise intervention have been 
reported in previous studies (Abadi et al., 2009; Chopard 
et al., 2009; Fernandez-Gonzalo et al., 2020; Lammers 
et al., 2012; Urso et al., 2006), but this study used a longer 

T A B L E  5   Interactome summary of upregulated BR-CON 
ligands to human dorsal root ganglia receptors

BR-CON 
upregulated 
ligand

DESeq2 
adjusted p 
value Known DRG receptor(s)

ADM 8.418E-05 RAMP2, CALCRL

ANGPTL2 1.452E-03 TIE1

ANGPTL4 3.569E-02 TIE1

APOD 2.332E-02 LEPR

B2M 2.990E-04 HLA-F, TFRC, LILRB2, 
CD3D, LILRB1, CD247, 
HFE, CD3G, KLRD1, 
KLRC1

CALM1 2.502E-03 PTPRA, TRPV1, SCN10A, 
GRM4, KCNQ1, 
GRM7, FAS, PDE1C, 
PPAPDC2, INSR, 
PDE1A, PDE1B, EGFR, 
TRPC3, KCNN4, SELL, 
KCNQ5, ABCA1, 
KCNQ3, MYLK, 
CACNA1C, VIPR1, 
CRHR1, SCN4A, 
ADCY8, ADCYAP1R1, 
HMMR, OPRM1, AQP6, 
MYLK2, MIP

CCL2 2.725E-03 DARC, CCR10, CCR1, 
CCR2, CCR5

CCN1 4.402E-03 ITGB2, CAV1, ITGB5, 
ITGAV, ITGA5, 
ITGAM, ITGB3

CDH15 4.944E-02 ARVCF, SRPK3

CX3CL1 2.428E-02 CX3CR1

CXCL16 1.383E-02 CXCR6

CXCL2 4.427E-02 CXCR2

CXCL9 7.099E-08 CXCR3

EFNA1 1.843E-02 EPHB6, EPHA8, EPHA2, 
EPHA5, EPHA6, 
EPHB1, EPHA3, 
EPHA4, EPHA1, 
EPHA7

FARP2 4.197E-03 PLXNA3, PLXNA2, 
PLXNA1, PLXNA4

HLA-A 1.071E-02 APLP2, ERBB2, LILRB2, 
CD3D, LILRB1, CD3G

HLA-B 4.012E-04 CANX, LILRB2, CD3D, 
LILRB1, CD3G, KLRD1

HLA-C 6.795E-04 NOTCH4, DDR1, LILRB2, 
CD3D, LILRB1, CD3G

HLA-E 1.010E-02 SLC16A4, KLRD1, KLRC1

ICAM2 6.004E-03 ITGB2, ITGAM, ITGAL

(Continues)

BR-CON 
upregulated 
ligand

DESeq2 
adjusted p 
value Known DRG receptor(s)

IL18 3.165E-03 CD48, IL18R1, IL1RL2, 
IL18RAP

LTF 4.986E-02 LRP1, LRP11, TFRC, 
GPR162

PGF 2.408E-02 NRP2, NRP1, FLT1

TYMP 1.958E-02 UPP1, TK2, NT5M, UMPS, 
TK1, UPRT, DPYD, 
CDA

VEGFD 3.021E-04 KDR, ITGA9, FLT4

WNT4 4.884E-02 FZD2, FZD6

T A B L E  5   (Continued)

T A B L E  6   Interactome summary of upregulated BR-EX ligands 
to human dorsal root ganglia receptors

BR-EX 
upregulated 
ligand

DESeq2 
adjusted p 
value

Known DRG 
receptor(s)

A2M 4.903E-02 LRP1

ACE 3.833E-03 BDKRB2

CXCL12 6.281E-03 ITGB1, SDC4, CD4, 
CXCR4, CXCR3

DLL4 2.937E-02 NOTCH4, NOTCH1, 
NOTCH2, NOTCH3

F8 7.898E-03 LRP1, LDLR, ASGR2

JAM2 1.585E-03 ITGB1, ITGB2, JAM3, 
TJP1, ITGAM, F11R, 
ITGA4

PCDH12 7.898E-03 PCDH17
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bed rest interval, and RNA sequencing provides a broader 
picture of how gene expression is altered over this time 
period. A shortcoming is the use of bulk RNA sequenc-
ing rather than a single cell approach that could provide 
more insight into cellular phenotype (Stark et al., 2019). 
We decided on a bulk RNA sequencing approach for sev-
eral reasons. First, the samples were collected years prior 
and stored at −80°C so cellular integrity may have been 
compromised in samples. Second, protocols for nuclei iso-
lation are not optimized for samples that have been fro-
zen for years. Finally, we reasoned that a bulk sequencing 
approach would give us a fuller picture of transcriptional 
changes that could be informative for the design of future 
prospective studies.

We focused our ligand–receptor interaction on muscle 
to sensory neuron communication because of the link be-
tween exercise and pain. A consistent observation in clin-
ical and preclinical pain studies is that exercise is one of 
the most successful interventions for chronic pain (Lesnak 
& Sluka, 2020; Merkle et al., 2020; Sluka et al., 2018). One 

potential explanation for this effect is the production of 
myokines from exercise that act on sensory neurons to de-
crease their excitability (Sharma et al., 2010). Another is 
that lack of exercise, the primary cause of muscle decon-
ditioning, could produce factors from muscle tissue that 
promote pain through an action on DRG sensory neurons. 
Our hypothesis-generating analysis provides a framework 
for testing this latter idea in mechanistic studies. We found 
a number of ligands, including chemokines (CXCL2 and 
CXCL9), interleukins (IL18), and growth factors (PGF) 
that were strongly upregulated in the BR-CON group that 
have cognate receptors that are expressed by human sen-
sory neurons, including nociceptors that play a key role 
in detecting pain and are sensitized in chronic pain states 
(Figure 2). IL-18 has been associated with pain promotion 
in animal models (Verri et al., 2007) and in cancer pain pa-
tients (Heitzer et al., 2012). IL-18 receptors are expressed 
in human DRG but IL-18 may also act indirectly through 
endothelin receptors (Verri et al., 2004), which are robustly 
expressed by human nociceptors (Tavares-Ferreira et al., 

F I G U R E  2   Summary of main findings. (1) Experimental design and top-level findings from RNA sequencing analysis. (2) Pre-existing 
human DRG sequencing data and a ligand–receptor interactome (3) enabled looking at ligand–receptor interactions between deconditioned 
muscle and DRG neurons. (4) Key muscle ligands with increased expression in deconditioned muscle (in red) matched to receptors that are 
expressed by human DRG nociceptors (in blue). Made with Biore​nder.com

http://Biorender.com
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2021). Placental growth factor (PGF) is a vascular endo-
thelial growth factor (VEGF) family growth factor that can 
act via neuropilin receptor (NRP1 and NRP2 genes) com-
plexes (Dewerchin & Carmeliet, 2014). NRP1 was recently 
shown to play an important role in promotion of neuro-
pathic pain in rats (Moutal et al., 2020) and is also highly 
expressed by human nociceptors (Tavares-Ferreira et al., 
2021), suggesting a potential novel role of PGF in pain 
signaling via this receptor. Finally, while interferon γ was 
not directly detected as an upregulated gene, downstream 
interferon γ signaling was the most enriched GO term de-
tected in the BR-CON group. Muscle deconditioning may 
promote increased interferon γ expression in other cells 
types that can then act on human nociceptors which ex-
press interferon γ receptors (Tavares-Ferreira et al., 2021). 
Importantly, interferon γ has been positively associated 
with several clinical pain conditions (Kamieniak et al., 
2020; Parkitny et al., 2013). These ligand-receptor interac-
tome findings lay a foundation for future hypothesis-based 
work using human DRG neurons (Renthal et al., 2021) to 
better understand how deconditioned muscle may signal 
to the peripheral nervous system.

The ligands that were increased in deconditioned mus-
cle may act on other cell types, in addition to DRG neu-
rons, which were the focus of our study. The increasing 
availability of RNA sequencing datasets for human organs 
(Mele et al., 2015) and single cells (Consortium & Quake, 
2021) can allow other investigators to use our dataset and 
interactome framework (Wangzhou et al., 2021; or other 
frameworks; Efremova et al., 2020) to interrogate ligand-
receptor interactions between deconditioned muscle and 
other cell types. As an example, we looked at two of the 
ligand-receptor interactions noted in our deconditioned 
muscle –  DRG neuron interactome using data from the 
GTEx Consortium (Mele et al., 2015), the Tabula Sapiens 
Consortium (Consortium & Quake, 2021), and a recent 
preprint with single nucleus RNA sequencing of human 
spinal cord, including motor neurons (Zhang et al., 2021), 
and a complementary spatial RNA sequencing dataset 
on human spinal cord (Maniatis et al., 2019). For PGF-
NRP1, NRP1 is widely expressed in peripheral tissues 
(Mele et al., 2015), and among immune cells is enriched in 
macrophages and mesenchymal stem cells (Consortium 
& Quake, 2021). The receptor is also expressed by motor 
neurons (Maniatis et al., 2019; Zhang et al., 2021), there-
fore this PGF-NRP1 interaction may influence motor neu-
ron, macrophage, and mesenchymal stem cell function, in 
addition to DRG neurons. For IL18-IL18R1, IL18R1 is also 
widely expressed in human organs (Mele et al., 2015), but 
enriched in a different immune cell population, neutro-
phils (Consortium & Quake, 2021). The receptor mRNA 
is not detected in human motor neurons (Maniatis et al., 
2019; Zhang et al., 2021). As tools and datasets continue 

to proliferate to enable these types of analyses, it will be 
interesting to generate more comprehensive views of how 
ligands from deconditioned muscle may influence broad 
physiological systems rather than focusing on individual 
cell types.

There are several additional limitations to the study 
that deserve mention. First, we have not been able to val-
idate the release of factors from muscle cells using blood 
or biopsy samples. Our work here sets the stage for such 
studies in the future. Second, we have focused on effects 
on peripheral neurons, but some of these factors could po-
tentially also have an effect on CNS neurons if they are 
able to cross the blood-brain barrier. Another possibility 
is interactions with peripheral immune cells which could 
then have an effect on either the peripheral or central 
nervous system (Grace et al., 2021). This can be an area 
of future focus, where immune cell samples could poten-
tially be isolated from the same subjects having muscle 
biopsy. Of course, we can also not discount the important 
effect that exercise has on the brain and how this may also 
influence pain outcomes (Lesnak & Sluka, 2020). Third, 
we did not do an interactome analysis on downregulated 
genes. We did not do this because most of these genes 
were involved in intracellular mitochondrial signaling 
and because the impact of downregulated ligands on re-
ceptors is not immediately obvious. We note that we did 
not observe downregulation of pain resolution factors 
like IL-10 or IL-4 in our deconditioned muscle samples. 
Downregulation of these ligands could remove endog-
enous tone that would be expected to inhibit nociceptor 
sensitization (Durante et al., 2021; Eijkelkamp et al., 2016; 
Milligan et al., 2005). Finally, we did not validate results 
with an alternative method like quantitative polymerase 
chain reaction (qPCR); however, the utility of such vali-
dation methods for RNA-sequencing experiments such as 
those done here have been called into question (Coenye, 
2021).

The data and analyses described here are a useful re-
source for understanding how muscle responds to long-
lasting inactivity. As noted in our results, we were able 
to accurately classify groups based on their transcrip-
tional response, but we incorrectly called the exercise 
intervention group prior to unblinding. This mistake 
was made based on our a priori assumption that anti-
inflammatory myokines would be produced by exer-
cised muscle. Instead, we discovered that deconditioned 
muscle produces a broad set of secreted molecules, in-
cluding a mix of inflammatory and anti-inflammatory 
mediators, which are likely to have a broad impact on 
many cell types in the body. Therefore, our unbiased 
approach reveals new insight into the potential impact 
that deconditioned muscle may have on the physiology 
of many organ systems. While our analysis has focused 
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on DRG neurons, our data can be mined for additional 
contexts. Our results with a relatively small sample 
size suggest that future prospective studies can utilize 
single-cell approaches to build substantially on the find-
ings described here.
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