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Abstract

Exercise preserves neuromuscular function in ageing through unknown mechanisms. Skeletal muscle
fibroblasts (FIB) and stem cells (MuSC) are abundant in skeletal muscle and reside close to
neuromuscular junctions, but their relative roles in motor neuron maintenance remain undescribed.
Using direct co-cultures of embryonic rat motor neurons with either human MuSC or FIB, RNA
sequencing revealed profound differential regulation of the motor neuron transcriptome, with FIB
generally favoring neuron growth and cell migration and MuSC favoring production of ribosomes
and translational machinery. Conditioned medium from FIB was superior to MuSC in preserving
motor neurons and increasing their maturity. Lastly, we established the importance of donor age and
exercise status and found an age-related distortion of motor neuron and muscle cell interaction that
was fully mitigated by lifelong physical activity. In conclusion, we show that human muscle FIB and
MuSC synergistically stimulate the growth and viability of motor neurons, which is further amplified
by regular exercise.
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Introduction

The number of alpha motor neurons in the spinal cord declines with age (1, 2), leading to muscle
fiber denervation (3), that if not resolved, causes irreversible loss of muscle fibers (4, 5). Lost muscle
fibers are replaced by fibrotic tissue (6), driven by activation of the mesenchymal fibroblast cells (7,
8). Muscle fibroblasts (FIB) reside between muscle fibers, constitute ~10-15% of all nuclei in
muscle (9), and are necessary for efficient recovery following muscle injury (10, 11). Upon
denervation, fibroblasts are stimulated to proliferate, especially in junctional regions (12), and it has
long been speculated that they might facilitate nerve outgrowth by producing adhesive molecules,
such as Neural-Cell-Adhesion-Molecule and Fibronectin (8), remodel the extracellular matrix (13),
or secrete neurotrophic factors (14). Moreover, depletion of PDGFRa+ positive cells, a marker of the
mesenchymal fibro-adipogenic progenitor cell, that gives rise to FIB, leads to more partial and fully
denervated neuromuscular junctions (NMJ) (15), hinting at a role for FIB in securing and
maintaining muscle innervation. Muscle stem cells (MuSC) play a pivotal role in regeneration
following muscle injury (16), and recent studies have highlighted substantial cell heterogeneity (17)
and involvement in a multitude of cellular processes (18), including maintaining muscle innervation
(29). Invitro, MuSC communicate with motor neurons directly through retrograde signaling (20) and
indirectly through secretion of circulating factors (21). Yet, the relative importance of FIB and
MuSC interaction with motor neurons, through direct and indirect means, has not been studied.
Although still debated (22, 23), the decay of motor neurons is believed to begin during middle age
leading to an often temporary denervation of muscle fibers (1), as they are rescued by collateral
reinnervation by closely located axon terminals (24). By electromyography, this presents as larger
and more complex motor units (25). Later in life, the decay of motor neurons accelerates and/or the
efficiency of reinnervation declines, leading to permanent denervation of muscle fibers (26). Both
animal and human studies have indicated that exercise mitigates some of the detrimental age-effects
on the neuromuscular system (27). In addition to superior physical function, master athletes show
attenuated signs of denervation and larger motor units (28, 29), while heavy resistance exercise
reduces muscle markers of denervation in older individuals (30), suggesting retained plasticity in the
neuromuscular system of aged individuals. Importantly, the protective effect of exercise is partly
driven by improving the ability to reinnervate denervated muscle fibers, whereas the effect of
exercise on the preservation of motor neurons remains unexplored.

Here, we tested the hypothesis that FIB, in addition to MuSC, interact with motor neurons through
both direct and indirect means. We found that the motor neuron transcriptome was profoundly
altered when directly exposed to FIB compared to MuSC. FIB upregulated pathways related to
neuron growth and cell migration, highlighting an important role in stimulating motor neurons.
Motor neurons cultured in conditioned medium from FIB showed overall higher survival, and higher
expression of the mature motor neuron marker, Choline Acetyltransferase (ChAT), than when
cultured in medium from MuSC. Finally, we investigated the effect of donor age and exercise status
upon the motor neuron transcriptome. Lifelong exercisers were phenotypically different from
sedentary individuals, with higher muscle function and lower circulating levels of the neuromuscular
disturbance biomarker, C-terminal Agrin Fragment. In vitro, this effect translated into higher survival
of motor neurons when exposed to FIB and MuSC from exercisers compared to sedentary
individuals. Together, our findings highlight that motor neurons are positively influenced by cells
from lifelong exercisers, and that FIB in particular may be a key player in maintaining
neuromuscular function in aging.
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Results

Differential regulation of motor neuron gene expression by muscle stem cells and fibroblasts
Fibroblasts reside in the interstitial space in muscle and are often observed close to NMJs (15). To
investigate if and how fibroblasts influence the motor neuron transcriptome, a direct cell culture
model was established, using primary motor neurons isolated and purified from E14 rat embryos
(31), and primary human MuSC and FIB isolated and purified from human muscle biopsies (32). The
compatibility of human muscle cells with rat motor neurons was confirmed by generating highly
differentiated myotubes that contracted only when cultured with spinal cord explants (Movie S1-S3).
Species-specific RNA sequencing was analyzed for 14 male participants, containing highly pure
fractions of both MuSC and FIB (Fig. 1.A). The participants represented were young (n=4, Young),
old sedentary (n=4, SED) and old lifelong exercisers (n=6, LLEX). MuSC or FIB were cultured
alone for 24 hours, after which motor neurons were added, and the cultures continued for another 24
hours (Fig. 1.B). FIB was clearly different from MuSC, with 6968 and 6699 human genes
upregulated or downregulated in MuSC compared to FIB, respectively, corresponding to 27% of all
detected genes (Fig.1.C). Both FIB and MuSC expressed several well-known canonical or cell-type
specific markers such as PDGFRa (FIB) and MYH7, MYH2, CASQ2, PAX7, MYL2 and TNNC1
(MuSC). Additionally, FIB expressed markers that, using single-cell RNA sequencing, have been
used to identify specific mesenchymal cell subpopulations (33, 34), such as DCN, CD34 and
COL6a3.

For motor neurons (rat genome), it was observed that 1288 and 1285 genes were upregulated or
downregulated when cultured with MuSC compared to FIB, respectively, corresponding to 11% of
all detected genes (Fig.1.D). These included genes involved in many different processes, such as
Olfml2a, involved in extracellular matrix binding activity, Wnt6, involved in secretion of signaling
proteins and Cd38, involved in intracellular calcium metabolism.

To probe whether key neuronal processes were affected by cell type, pathway analyses were
conducted using Gene Ontology (GO-terms) (Fig.1.E-F). In all cases, the top 10 pathways are shown.
Within the GO Biological Processes (GO-BP) domain, MuSC mostly increased pathways associated
with ribosomes and translation, whereas FIB increased several pathways associated with neurons and
their projection of neurites. Similarly, within the GO Cellular Components (GO-CC) domain, MuSC
increased a pathway associated with “synapse”, and other pathways, such as “focal adhesion”,
“extracellular space” and “basement membrane”. In contrast, FIB increased several pathways
associated with neurite growth, such as “terminal bouton”, “dendrite” and “neuronal cell body”.
Motor neuron specific genes were identified from two single-cell RNA sequencing data sets of
murine spinal cord cells and the regulation of these genes in the present data set was investigated
(Fig.2.A-B). In a study by Delile et al., analyzing spinal cord cells during different stages of
development (35), 38 genes specifically expressed in motor neurons were identified (Fig.2.A). A
second study, by Blum et al., identified 33 genes specific to motor neurons in adult mice (36)
(Fig.2.B). The 71 extracted genes included established motor neuron markers, such as Ret
(embryonic) and Chat (mature), but also genes not previously associated with motor neurons.
Interestingly, in our sequencing data, 23 out of 25 differentially expressed genes (DEGs) showed
higher expression in the rat cells exposed to FIB compared to MuSC. These genes include Ret and
Chat, but also less established marker genes such as Slc5a7, Pcdh7 and Megfl11. The genes favored
by MuSC compared to FIB were Nr2f2 and Ebf2, two transcription factors involved in several
developmental processes. Of special note, two genes involved in chemical synapse transmission,
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Sv2c and Sc5a7, and one gene in neurogenesis, Tubb3, were all upregulated in FIB compared to
MuSC.

Fibroblast conditioned medium preserves motor neurons and increases their maturity

Next, we wanted to explore whether conditioned medium from FIB or MuSC, containing all secreted
factors, evoked changes in motor neuron growth and viability (Fig.3.A). To do that, primary muscle
cells were isolated from muscle biopsies collected from 10 younger and 10 older female participants.
The cells were expanded in culture, sorted into highly pure fractions of FIB or MuSC and allowed to
differentiate for 7 days, during which conditioned medium was collected. The younger and older
participants were phenotypically different, as evidenced by differences in muscle strength and
muscle fiber size (Fig.3.B). Furthermore, as previously reported, the MuSC of older participants
demonstrated impaired fusion capacity compared to younger participants (37). Conditioned medium
from FIB and MuSC was added to motor neurons cultures for 1 and 2 days, and the cells were
analyzed by immunofluorescence and RNA sequencing.

While there was no effect of age, exposing motor neurons to conditioned medium from FIB for 1 day
increased the number of ChAT" and Taul*ChAT" motor neurons per mm?, while also increasing the
percentages of Taul® neurons, and ChAT" and Taul*ChAT" motor neurons compared to MuSC
conditioned medium (Fig.3.D-E). The latter cell type differences were observed in both age groups.
Similarly, after 2 days of culture, where neurons continued to thrive, a similar pattern for superior
support from FIB vs MuSC was observed and was even more substantial (Fig.3.F-G).

We then continued to explore differences in the rat cells at the gene expression level and found two
upregulated (Cxcl12 and H19) and three downregulated (Tshz3, DIk1 and Efna3) genes with
conditioned medium from MuSC compared to FIB, respectively, corresponding to 0.02% of the total
gene pool to be influenced (Fig.3.H). Of these five DEGs, Efna3 and Cxcl12 appear to have the most
relevance to neuronal processes, as Efna3 is involved in axon guidance (38) and Cxcl12 is known to
promote NMJ regeneration and axonal extension (39). We observed that Efna3 was higher in FIB
compared to MuSC, and Cxcl12 was higher in MuSC compared to FIB, suggesting that FIB and
MuSC have complementary effects on motor neurons. Tshz3, DIkl and H19 have also been linked to
various neuronal processes (40-42). Of note, all five DEGs were also detected in the direct co-
culture experiments, where two of them (tshz3 and DIk1) were similar between FIB and MuSC
conditions, Efna3 was higher in FIB compared to MuSC, and both Cxcl12 and H19 were higher in
MuSC compared to FIB.

Sedentary ageing is associated with reduced muscle perfor mance and neur omuscular
disturbance

Next, we wanted to explore whether lifelong recreational exercise confers protective effects on motor
neurons. To that end, men who had been recreationally active for most of their life were compared
with a sedentary control group of similar age, as well as with a young sedentary control group. These
individuals were part of a larger study, in which we have previously shown that lifelong exercise is
associated with preserved muscle content of MuSCs and better muscle innervation status (43).
Despite leg lean mass being similar between groups, isometric maximum voluntary contraction
(MVC) strength was 39 and 26% lower in the old SED and LLEX, respectively, compared to Young
(Fig. 4.B-C). This in turn translated into a 33 and 21% difference between Young and SED and
LLEX, respectively, in muscle quality, as assessed by the specific force index (Fig. 4.D). The 7
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participants in LLEX had vastly different training backgrounds, not all performing activities
requiring maximal force output. As such, we wanted to evaluate their capacity to repeatedly perform
maximal force output under fatiguing conditions, as this more closely resembled their normal
activities (resistance exercise, football, cycling, rowing, gymnastics). This was evaluated as a muscle
performance index, reflecting an average of the% of MV C sustained during the first, fifth and tenth
repetition performed during eight sets of concentric knee extensions. As expected, LLEX performed
14% better than SED, but surprisingly, LLEX were also 12% better than Young participants (Fig.
4.E), showing that LLEX were accustomed to exhausting exercise. The immunohistological
assessment of the muscle biopsies revealed that muscle fiber size was 39% smaller in SED compared
to Young, while no significant difference was observed between LLEX and Young (p=0.08)
(Fig.4.G). Lastly, to probe whether these functional and structural differences could be sourced to the
neuromuscular system, serum concentration of C-terminal Agrin Fragment (CAF), a biomarker
indicative of neurological impairment was measured. As expected, CAF was elevated in SED
compared to both Young and LLEX, while no difference was observed between Young and LLEX
(Fig. 4.F). Together, these data demonstrate clear phenotypic differences of being sedentary or being
modestly physically active, throughout life.

Lifelong exer cise facilitates motor neuron survival in vitro

Using the same experiment as in figure 1, but now focusing on group rather than cell type
differences, we aimed to investigate the influence of donor age and exercise background, on motor
neuron survival and neurite growth (Fig.5.A-B). Motor neurons were co-cultured with either FIB or
MuSC for 1 and 2 days, and then processed for immunocytochemistry and RNA sequencing. The
immunocytochemical analyses revealed that 53% more motor neurons survived when exposed to
MuSC from LLEX compared to SED, with no significant difference between LLEX and Young
(Fig.5.C). This finding was mirrored in FIB conditions (Fig.5.D). In both FIB and MuSC conditions,
no differences between groups were observed for number or length of neurites.

At the gene expression level, after FDR adjustment, there were 6 and 2 DEGs in MuSC and FIB,
respectively, when comparing Young with Old (LLEX and SED combined) (Fig. S1). PCDH10,
CDH8, GABRB2 and ENSG00000236536 were higher in MuSC from Old compared to Young, while
NEFH and TINAGL1 were higher in Young compared to Old. In FIB, TRHDE-AS1 was higher in
Old and RANBP17 was higher in Young.
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Discussion

Fibroblasts (FIBs), and their precursors, the fibro-adipogenic progenitors, are abundant interstitial
cells in skeletal muscle (9), that are required for maintaining tissue homeostasis and supporting
regeneration following injury (44). Recent studies highlight a role for FIB in facilitating and
maintaining muscle innervation, accomplished indirectly through interactions with Schwann cells
(15), glial cells (13) and regulatory T cells (45). However, an incomplete understanding of how FIB
interacts directly with motor neurons precludes targeted molecular interventions. We have now
demonstrated that motor neuron gene expression is profoundly altered when exposed directly to FIBs
compared to muscle stem cells (MuSC); established that conditioned medium of FIBs is superior to
MuSC in promoting motor neuron maturation and neurite growth; and showed that survival of motor
neurons is influenced by age and exercise status of muscle cell donors. These findings raise several
points of interest.

The interaction of motor neurons with other cell types is predominantly focused on MuSC
(46), likely owing to their importance in donating myonuclei to the muscle fiber itself (18). Yet, a
recent focus on other, non-myogenic cells, such as FIB and fibro-adipogenic progenitors (14), has
shown interactions between them and motor neurons, albeit mediated through tertiary cells (13, 15,
45). In the present study, motor neuron transcriptome was profoundly altered when exposed to FIB
compared to MuSC, showing that FIB directly interacts with motor neurons through cell-to-cell
contact. A high abundance of upregulated pathways associated with neurite growth further posits FIB
as a key regular of neuritogenesis, which, in addition to their well-known remodeling of extracellular
matrix (14), highlights a key role in establishing and maintaining muscle innervation. This extends
the findings of Uezumi et al., who showed, in mice, that depletion of fibro-adipogenic progenitors
increased the number of partially and fully denervated NMJs (15). Through subsequent in vitro
experiments they observed a signaling cascade going from fibro-adipogenic progenitors through
Schwann cells, which encapsulate NMJs and intramuscular nerves (47), to motor neurons. Our
findings promote FIB to being a cell that, equivalent to MuSC (20), directly stimulates
neuritogenesis, which again underscores that maintenance of muscle innervation is a synergistic
endeavor involving multiple cell types.

Overall, the arrangement that FIB, in synergy with MuSCs, exert a direct, non-mediated
effect on motor neurons is feasible. This is so, as there is a close anatomical proximity of these cells
to both NMJs and intramuscular nerves (15), through which factors can be taken up and transported
retrogradely to the motor neuron in the spinal cord (48). Further, it can be speculated that FIB,
similar to MuSC, secrete molecules that are taken up in capillaries, enter general circulation, and
exert endocrine functions in other tissues (49). Crucially, the exact origins of most secreted factors
from skeletal muscle, of which there are hundreds or even thousands (50), remain unclear. It is
however clear that muscle derived factors can be both neuro-hostile or neuro-supportive in nature
(51), which is further underscored by studies with Amyotrophic Lateral Sclerosis muscle cells which
secrete neuro-toxic vesicles (52). As such, the beneficial effect of FIB conditioned medium on motor
neuron maturity and viability, in direct comparison with MuSC conditioned medium, observed in the
present study, suggests that FIBs from healthy young and older adults, in general, is a source of
neuro supportive factors.

MuSCs in vitro, retain key in vivo properties (53), such as improved lipid oxidation in trained
compared to sedentary individuals (54) and growth capacity in older compared to younger
individuals (37). Similarly, surgical denervation through nerve transection, which is an extreme
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model of disuse, increases the number, and alters the transcriptomic profile and in vitro properties of
fibro-adipogenic progenitors (6, 13). In our cohort of male participants, lifelong exercisers were
phenotypically different from their sedentary peers in terms of muscle function and neuromuscular
properties. These phenotypic hallmarks were imprinted on both FIB and MuSC in vitro, making
them more neuro-supportive. This finding has important implications for exercise recommendations
for the general population. While still debated (55), there is substantial evidence from both human
cadaver studies (1, 56, 57) and electrophysiological investigations (2), that the number of motor
neurons, or by proxy large-diameter myelinated axons, decline from around the age of 60 to 70 and is
lower in older compared to younger individuals. This irreversible age-related loss of motor neurons
causes muscle fiber denervation (58), and denervated muscle fibers atrophy and disappear, unless
they are reinnervated by adjacent neurites (3). It is believed that for most of life, the capacity to
reinnervate is well preserved and clearly outweighs the need. As such, older trained runners have
larger motor units and preserved muscle mass compared to non-runners (28, 59), yet there is clearly
also an upper limit for how many muscle fibers each motor neuron can control (60). So while
exercise can, even in advanced age, stimulate muscle fiber reinnervation (30), another, equally
important parameter for healthy ageing is the preservation of motor neurons themselves. The finding
herein that both FIB and MuSC from lifelong exercisers preserve motor neurons in vitro, suggests,
that for optimal preservation of muscle function with ageing, exercise should be initiated prior to the
beginning of motor neuron decay. This, in turn, also amplifies the capacity for reinnervation in later
stages of ageing, as the pool of motor neurons is larger.

This study has limitations and there are outstanding questions for future research. Different
types of exercise lead to specific physiological adaptations (61), and since the lifelong exercisers
included in the present study performed many different types of exercise, it is not possible to say
which type of exercise is superior for protecting motor neurons. Furthermore, while having access to
adult human motor neurons would be beneficial, it is however not possible to isolate sufficient
amounts of cells from live (or deceased) humans, necessitating the use of either inducible pluripotent
or embryonic stem cells, which has other limitations (62).

In conclusion, FIB, MuSC and motor neurons represent a mutually supporting triad, where
cells interact to maintain neuromuscular homeostasis through both direct and indirect means. This
occurs in an age and exercise dependent manner, meaning, that while taking up exercise at any age
will provide many health benefits, there may be a point of no return when it comes to motor neuron
preservation. Optimal preservation of motor neurons may require maintaining an active lifestyle
throughout life.
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Materials and M ethods

Experimental Design

The study was designed to compare whether and how muscle fibroblasts and muscle stem cells
interact with motor neurons. Moreover, we aimed to investigate whether muscle cells, isolated from
lifelong exercisers, exerted a protective and supportive effect on motor neurons. These objectives
were investigated in vitro using primary muscle cells from human donors and primary motor neurons
from rat embryos and were analyzed by immunocytochemistry and species-specific RNA
sequencing. A short period (24-48 hours) of co-culture was chosen for the experiments, as
differences at the gene expression level were expected to be greater initially. All analyses were
conducted under blinded conditions (donor, cell type, group). All sample sizes, representing
biological replicates, are reported in the material and methods section and in the appropriate figure
legends.

Human participants

Human procedures were approved by The Committees on Health Research Ethics for The Capital
Region of Denmark (Ref: H-19000881, H-15017223) and were conducted according to the standards
set by the Declaration of Helsinki. For this study, isolated muscle cells from 12 younger and 11 older
females, as well as 9 younger and 13 older males, were obtained in relation to two previous studies
(37, 43). Of the 13 older males, 7 were life-long exercisers, having performed various types of
physical activity (endurance, strength and mixed), non-competitively for most of their lives. Age,
height, weight, and BMI were determined for all participants (Table S1). For the females, 1-
repetition maximum strength was determined in unilateral leg extension exercise (details in reference
36). For the males, leg lean mass was determined by dual-energy X-ray absorptiometry (DEXA),
maximal voluntary contraction (MVC) was measured in dynamometer, and a muscle performance
index was determined by measuring force output during repeated maximal knee extension concentric
contractions (details in reference 42). Venipuncture blood samples were collected from the males and
vastus lateralis muscle biopsies were collected from all participants, using the Bergstrom biopsy
needle technique (63). A part of the sample was embedded for histology and frozen in liquid
nitrogen-cooled isopentane. The remaining tissue was used to isolate cells for in vitro experiments.

Muscle cell isolation and sorting

The cell isolation has previously been described in detail (37, 43). Briefly, muscle tissue was
enzymatically and mechanically digested, and the released cells were then cultured in growth
medium (C-23060; PromoCell) with 1% L-glutamine-penicillin-streptomycin solution (G6784;
Sigma) and 15% fetal bovine serum (FBS; ALB-S1810, Biowest) for 6-9 days with medium change
every 2-3 days. When confluent, cells underwent magnetic-activated cell sorting using a CD56
antibody (130-050-401; Miltenyi Biotec), producing a CD56+ fraction consisting of muscle stem
cells (MuSC) and a CD56- fraction consisting of muscle fibroblasts (FIB) (32). Sorted cells were
frozen until used for experiments.

Animals

The use and care of rats in this study were carried out in accordance with the law on animal
experiments in Denmark (Law on Animal Experiments in Denmark, LBK nr. 63, 19 January 2024)
and Directive 2010/63/EU with the license number 2017-15-0201-01364) from the Animal
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Inspectorate, Ministry of Food, Agriculture and Fisheries, Denmark. No experiments were performed
on live animals. A total of 14 timed-pregnant Sprague-Dawley rats, that were purchased from
Taconic Biosciences (Ejby, Denmark), arrived at the research facility, one week prior to the
experimental procedures. Rats were euthanized by decapitation.

Motor neuron isolation and purification

To generate primary motor neuron cultures, we adapted a published protocol intended for mice (64).
Briefly, E14 embryos were removed from the womb and decapitated. The spinal cord of each
embryo was removed from the body, cleaned of connective tissue, and cut into small pieces. Spinal
cord pieces were incubated in 0.025% trypsin (15090046, Gibco) for 20 min. at 37°C. Dissociated
cells were obtained by multiple trituration steps with 100 puL 4% bovine-serum albumin (A9418,
Sigma-Aldrich) and 100 uL 1 mg/mL DNase (DN25, Sigma-Aldrich) diluted in 900 uL L-15
medium (11415049, Gibco), containing 3.5 mg/ml glucose (A2494001, Gibco), 10,000 U/mL
Penicillin-Streptomycin (15140122, Gibco), 2% heat-inactivated horse serum (26050088, Gibco),
0.02 mM progesterone (P8783, Sigma-Aldrich), 0.01 mg/mL Insulin (16634, Sigma-Aldrich),
Putrescin (P5780, Sigma-Aldrich), Conalbumin (C7786, Sigma-Aldrich), and 0.001 mg/mL Sodium
Selenite (S5261, Sigma-Aldrich). Motor neuron enrichment at this stage was 3-5%, as determined by
immunofluorescence staining with Islet1+2 (39.4D5, DSHB). The dissociated cells underwent
density gradient centrifugation (830 x g, 15 min., room temperature), using Optiprep (D1556; Sigma-
Aldrich) at a final concentration of 9.5%, increasing the proportion of motor neurons to 30-40%.

Co-culture experiments

Passage 0 MuSCs or FIBs were thawed, cultured in growth medium (C-23060; PromoCell) with 1%
L-glutamine-penicillin-streptomycin solution (G6784; Sigma), 15% fetal bovine serum (FBS; ALB-
S1810, Biowest) for 5 days, and then plated at 10,000 cells/cm?, in 24-well plates containing glass
coverslips (day -1). The next day (day 0), motor neurons were added at 5,000 cells/cm?, and the
medium was changed to a 1:1 mixture of differentiation medium (C-23260; PromoCell) with 1% L-
glutamine-penicillin-streptomycin solution (G6784; Sigma) and Neurobasal medium (A3582901;
Gibco) with 2% B27 supplement (A3582801; Gibco), 0.25% L-Glutamine (25030032; Thermo
Scientific), 1 ng/ml Glial Derived Neurotrophic Factor (450-51; PeProTech), 1 ng/ml Brain Derived
Neurotrophic Factor (450-02; PeProTech) and 10 ng/ml Ciliary Derived Neurotrophic Factor (450-
50; PeProTech)). After 24 hours (day 1), experiments were stopped, and the cells were processed for
immunofluorescence and RNA extraction.

Conditioned medium experiments

MuSCs or FIBs were plated at 5,000 cells/cm? in 12-well plates containing glass coverslips, and
grown in growth medium (C-23060; PromoCell) with 1% L-glutamine-penicillin-streptomycin
solution (G6784; Sigma) and 15% fetal bovine serum (FBS; ALB-S1810, Biowest) for 3 days. Cells
were then washed, and the medium changed to differentiation medium (C-23260; PromoCell) with
1% L-glutamine-penicillin-streptomycin solution (G6784; Sigma), for 4 days, with a medium change
after 2 days. Conditioned medium was collected at day 5 (2 days of differentiation) and 7 (4 days of
differentiation), and frozen at -80°C. Morphometric and molecular characteristics of these cells are
presented elsewhere (37). Motor neurons were plated at 5,000 cells/cm?® in 24-well plates on glass
coverslips, coated with 10 ug/ml Poly-L-Ornithine (P8638; Sigma-Aldrich) and 3 ug/ml Laminin
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(L2020; Sigma-Aldrich). The conditioned medium from both day 5 and 7 were thawed, pooled, and
then centrifuged at 10.000 x g for 5 min at 4°C, to remove cell debris. The neurons were plated in
60% Neurobasal medium (described under co-culture experiments) and 40% conditioned medium.
After 24 (day 1) and 48 (day 2) hours, experiments were stopped and processed for
immunofluorescence and RNA extraction.

I mmunofluor escence, microscopy, and image analyses

Embedded muscle samples were cryosectioned, stained with primary mouse anti-dystrophin (D8168;
Sigma-Aldrich) and a secondary fluorescent (568 nm) goat anti-mouse antibody (A-21144;
Invitrogen), and mounted with coverglasses using mounting medium (P36931; Thermo Fisher
Scientific) containing 4’,6-diamidino-2-phenylindole (DAPI). Samples were imaged with a 10x/0.30
NA objective and a 0.5x camera (DP71, Olympus) mounted on a BX51 Olympus microscope, and
analyzed using a semi-automated macro built in Fiji (65) (v. 1.51) (66), for muscle fiber cross-
sectional area.

Cells were fixed using Histofix (Histolab), and then stained for ChAT (AB144P; Sigma-Aldrich) and
Taul (GTX130462; GeneTex) with appropriate fluorescent secondary antibodies (A-11057,
Invitrogen and 711-545-152, Jackson ImmunoResearch Laboratories). Coverslips were mounted on
slides with mounting medium (P36931; Thermo Fisher Scientific) containing DAPI. For the co-
cultures, four images were taken at fixed spots (north, south, east, west), with a 10x/0.30 NA
objective and a 0.5% camera (DP71, Olympus) mounted on a BX51 Olympus microscope. The
images were analyzed in Fiji, using the Object] and SNT (67) plugins, for number of motor neurons
and neurites per area, as well as neurite length per area. For the motor neuron cultures, entire
coverslips were imaged with an AxioScan.Z1 slide scanner (Carl Zeiss) using a plan-apochromat
10%/0.45 NA objective and a MultiBand filter cube (DAPI/FITC/TexasRed) with excitation
wavelengths of 353, 493 and 577 nm and both coarse and fine focusing steps. Channels were imaged
sequentially with an AxioCam MR R3 and a 10% overlap between images. Merged images were
stitched using ZEN blue software (Carl Zeiss) and analyzed using a semi-automated macro in Fiji. In
brief, the DAPI channel was used for segmenting out nuclei using a manually selected threshold for
each image. Manual corrections were then made to split clumps of nuclei or add missing nuclei.
Subsequently, the intensity of the ChAT and Taul signal within each nuclei region was determined
and the total area covered by Taul signal was measured, using a manual threshold. Intensity
histograms were used to manually define nuclei positive for ChAT and Taul and their number per
mm? was calculated.

Serum CAF ELISA

Serum CAF concentration was measured by ELISA following the manufactures instructions
(ab216945, Abcam, Cambridge, United Kingdom). Optical density was recorded at 450 nm using a
microplate ELISA reader (Multiscan FC, Thermo-Fisher Scientific). Biological replicates were
analyzed in duplicate, and the mean of each duplicate was used in statistical analysis.

RNA extraction

Total RNA was extracted from the cell cultures with TriReagent (TR118; Molecular Research) as
described in Bechshgft et al. (37). For the conditioned medium experiment 400 ng total RNA
purified using TriReagent from baker’s yeast (Frisk Bageger, De Danske Gearfabrikker, Grenaa,
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Denmark) was added to the TriReagent to minimize loss of rat neuron RNA due to the very low
amount. For the Co-culture experiment, the human RNA serves as protective carrier for the rat RNA
(yield MuSC: 323+177, Fib: 752+346 ng total RNA).

RNAseq

RNAseq was performed by a commercial company (Azenta, Liepzig, Germany). Briefly, RNA
samples were quantified using Qubit 4.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and
RNA integrity was checked with RNA Kit on Agilent 5300 Fragment Analyzer (Agilent
Technologies, Palo Alto, CA, USA).

RNA sequencing libraries were prepared using the NEBNext Ultra Il RNA Library Prep Kit for
Illumina following manufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly, mMRNAs were
first enriched with Oligo(dT) beads. Enriched mRNAs were fragmented according to manufacturer’s
instruction. First strand and second strand cDNAs were subsequently synthesized. cDNA fragments
were end repaired and adenylated at 3’ends, and universal adapters were ligated to cDNA fragments,
followed by index addition and library enrichment by limited-cycle PCR. Sequencing libraries were
validated using NGS Kit on the Agilent 5300 Fragment Analyzer (Agilent Technologies, Palo Alto,
CA, USA), and quantified by using Qubit 4.0 Fluorometer (Invitrogen, Carlshad, CA).

The sequencing libraries were multiplexed and loaded on the flow cell on the Illumina NovaSeq
6000 instrument according to manufacturer’s instructions. The samples were sequenced using a
2x150 Pair-End (PE) configuration v1.5. Image analysis and base calling were conducted by the
NovaSeq Control Software v1.7 on the NovaSeq instrument. Raw sequence data (.bcl files)
generated from Illumina NovaSeq was converted into fastq files and de-multiplexed using Illumina
bcl2fastq program version 2.20. One mismatch was allowed for index sequence identification. 17-77
million paired reads were obtained per sample.

Bioinformatics

The reads were split into Human, Rat and Yeast reads using bbsplit
(http://sourceforge.net/projects/bbmap/) by comparison to the Rat mRatBN7 and Human GRCh38 or
Yeast R64 genomes. Ambiguous reads were excluded. Human and Rat reads were aligned to the
respective genomes and transcripts (exons) counted using SubRead v2.0.3 (68) resulting in 10-46,
0.6-6.0 or 0.1-0.8 million counts per sample, for human Co-culture, rat Co-culture and rat
Conditioned, respectively.

Preliminary inspection of marker genes suggested that some cell purifications had failed. Therefore,
CDSegR v1.0.9 (69) was use for deconvolution of the human samples into cell types. Four of the
fibroblast cultures were confirmed by the expression pattern of myoblast/fibroblast markers to
consist mainly of myoblasts. Also, the expression pattern (Human and Rat) of one myoblast sample
was strongly deviating from all the other samples, with very low proliferation (MKI67/Mki67) and
very high metabolism (RPL23A/Rpl23a, GAPDH/Gapdh and MT-CO1/Mt-col). These five samples
were therefore excluded from the remaining analyses.

Count normalization and differential analyses were performed using DESeq2 v1.34.0 (70). For
MusSC versus FIB, subjects were included as random factors and Age as fixed for the conditioned
medium experiment. To account for log-fold inflation of the low counts, the Icfshrink method of
DESeq2 was used. GO-term enrichment analysis was performed using topGO v2.52.0
(doi:10.18129/B9.bioc.topGO) with the elim algorithm and fisher test.
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Statistical Analysis

Data are shown in tables as mean = SEM unless specified otherwise. RNA sequencing data are
shown as DESeg2 normalized counts or log2 fold changes. Statistical analyses were conducted in
GraphPad Prism (v.10, GraphPad Software) or DESeq2 (v1.34.0). The statistical test used for each
dataset is provided in the accompanying figure legend. P values of <0.05 were considered
significant.
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Figurelegends

Fig. 1. Differential regulation of motor neuron gene expression by muscle stem cellsand
fibroblasts. A) Representative image of MuSC (red=desmin) and FIB (blue=Te7) in vitro. Scale bar,
100 um. B) Experimental setup of direct co-culture experiments: E14 rat motor neurons were plated
on human primary MuSC or FIB for 1 day and analyzed by RNA sequencing. C) Volcano plot
showing differentially regulated human MuSC vs FIB genes. Blue and red are upregulated in FIB
and MuSC, respectively. Cell type specific markers are highlighted. D) Volcano plot showing
differentially regulated rat genes upon exposure to human MuSC vs FIB. Blue and red are
upregulated with FIB and MuSC, respectively. Top 10 lowest FDR, and Top 10 highest
log2FoldDifference for each cell type is highlighted. E) Pathway analysis showing top-10 GO-BP,
GO-CC and GO-MF terms upregulated in motor neurons exposed to MuSC vs FIB. F) Pathway
analysis showing top-10 GO-BP, GO-CC and GO-MF terms upregulated in motor neurons exposed
to FIB vs MuSC. Level of significance is indicated by color. Number of differentially regulated
genes and total number of genes is indicated for each term. C-F) Human n: Paired MuSC and FIB
from 14 individuals. Rat n: Embryos from 7 dams. Statistics: Data were analyzed with DESeg2 and
TopGO (elim), see bioinformatics section. Abbreviations: MuSC, muscle stem cell; FIB, muscle
fibroblast.

Fig. 2. Motor neur on specific genes are upregulated by fibroblasts. Motor neuron specific genes
identified from two single-cell RNA sequencing data sets of murine spinal cord cells. A) Volcano
plot showing differentially regulated rat motor neuron specific genes from reference 34 upon
exposure to human MuSC vs FIB. Blue and red are upregulated with FIB and MuSC, respectively.
B) Volcano plot showing differentially regulated rat motor neuron specific genes from reference 35
upon exposure to human MuSC vs FIB. Blue and red are upregulated with FIB and MuSC,
respectively. Human n: Paired MuSC and FIB from 14 individuals. Rat n: Embryos from 7 dams.
Statistics: Data were analyzed with DESeq2, see bioinformatics section. Abbreviations: MuSC,
muscle stem cell; FIB, muscle fibroblast.

Fig. 3. Fibroblast conditioned medium preserves motor neurons and increasestheir maturity.
A) Experimental setup of conditioned medium experiments: E14 rat motor neurons were plated in
Poly-L-Ornithine and laminin coated wells, in 40% conditioned medium from MuSC or FIB, and
analysed after 1 and 2 days by immunocytochemistry and RNA sequencing. B) One-repetition
maximum and muscle fiber cross-sectional area. Data are means + SEM. Statistics: Data were
analyzed by unpaired two-tailed t-tests.* indicates p<0.05, **** p<0.0001. Representative image
muscle cross-section immunofluorescently stained with dystrophin. Scale bar, 100 um. C) Example
of entire coverslip used for analysis. Insert shows zoomed-in area. Scale bar, 250 pum.
Magenta=ChAT, grey=Taul. D-G) Immunocytochemical analyses of Taul+ and ChAT+ cells, either
per area (D,F), or as a percentage of all cells (E,G), after 1 (D,E) and 2 (F,G) days. Data are means +
SEM. Human n: Old: 10, Young: 10. Rat n: 7. Statistics: Data were analyzed by two-way repeated
measures ANOVA (age group x cell type), with Fisher’s LSD posthoc test. Main effects are written
and post hoc tests indicated by *p<0.05, **p<0.01. H) Differentially regulated rat genes upon
exposure to human MuSC vs FIB after 1 day, displayed as paired values. Blue and red is FIB and
MuSC, respectively. N: Old: 10, Young: 9. Rat n: 7. Data were analyzed with DESeq2, see
bioinformatics section. Abbreviations: MuSC, muscle stem cell; FIB, muscle fibroblast.

Fig. 4. Sedentary ageing is associated with reduced muscle performance and neur omuscular
disturbancein vivo. A) In vivo characterization of male participants. B) Leg lean mass, measured by
DEXA. C) Isometric unilateral knee extension MVC, measured in a dynamometer. D) Specific force,
calculated as MV C per leg lean mass. E) Muscle performance, measured as force exerted during
repeated maximal knee extension concentric contractions, expressed relative to MVC. F) CAF,
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measured in plasma by ELISA. Statistical analysis was conducted on log transformed values. G)
Muscle fiber cross sectional area measured using immunohistochemical analyses of muscle biopsy
cross-sections. All data are means £ SEM except CAF which is shown as geometric means with 95%
CI. N: LLEX: 7, SED: 6, Young: 9. Statistics: Data were analyzed by unpaired two-tailed t-tests,
with significance indicated by *p<0.05, **p<0.01, ***p<0.001. Abbreviations: DEXA, dual-energy
X-ray absorptiometry; MVC, maximal voluntary contraction; CAF, C-terminal Agrin Fragment

Fig. 5. Lifelong exer cise facilitates motor neuron survival in vitro. A) Experimental setup of
direct co-culture experiments: Motor neurons were plated on MuSC and FIB isolated from muscles
of Young, LLEX and SED, for 1 day and analyzed by immunocytochemistry and RNA sequencing.
B) Representative image co-cultures stained with ChAT (red), Taul (green) and nuclei (grey). Scale
bar, 100 um. C-D) Number of Taul+ and ChAT+ cells, number of neurites and length of neurites in
MuSC (C) and FIB (D) conditions. Data are shown as means + SEM. Human n (MuSC): LLEX: 7,
SED: 6, Young: 9. Human n (FIB): LLEX: 5, SED: 4, Young: 6. Rat n: 7. Statistics: Data were
analyzed by unpaired two-tailed t-tests, with significance indicated by *p<0.05. Abbreviations:
MuSC, muscle stem cell; FIB, muscle fibroblast.

Supplemental material legends:

Fig. S1: Differentially regulated human genes in Young vs Old after 1 day for FIB (blue) and MuSC
(red). Data are means (horizontal line) with individual values. Human n: Old: 12 (MuSC) and 8
(FIB). Young: 8 (MuSC) and 6 (FIB). Rat n: 7. Data were analyzed with DESeq2, see bioinformatics
section. Abbreviations: MuSC, muscle stem cell; FIB, muscle fibroblast.

Table S1: Participants characteristics. Age (years), height (cm), weight (kg) and BMI (kg/m?) for all
participants. Data are means + SD with ranges. BMI, body mass index.
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