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SUMMARY
Striated muscle is a highly organized structure composed of well-defined anatomical domains with inte-
grated but distinct assignments. So far, the lack of a direct correlation between tissue architecture and
gene expression has limited our understanding of how each unit responds to physio-pathologic contexts.
Here, we show how the combined use of spatially resolved transcriptomics and immunofluorescence can
bridge this gap by enabling the unbiased identification of such domains and the characterization of their
response to external perturbations. Using a spatiotemporal analysis, we follow changes in the transcriptome
of specific domains inmuscle in amodel of denervation. Furthermore, our approach enables us to identify the
spatial distribution and nerve dependence of atrophic signaling pathway and polyamine metabolism
to glycolytic fibers. Indeed, we demonstrate that perturbations of polyamine pathway can affectmuscle func-
tion. Our dataset serves as a resource for future studies of the mechanisms underlying skeletal muscle
homeostasis and innervation.
INTRODUCTION

Skeletal muscle is a complex organ in which several mononucle-

ated cell populations organize within specific anatomic compart-

ments. These domains—nerves, connective, and vasculature—

act together in coordination with muscle fibers to ensure the

seamless execution of each contraction. In response to acute

injury, specific resident muscle populations activate and

contribute to regeneration by regulating muscle stem cell activity

or cooperating with immune cells recruited from the circulatory

system (neutrophils, macrophages).1 However, muscle regener-

ation is not limited to myofiber repair; in order for the muscle to

be functional, all the different compartments need to be repaired.

Indeed, voluntary contraction can only be restored through the

establishment of new neuromuscular junctions (NMJs) on the

newly formed myofibers.2 Innervation not only enables voluntary

muscle control but also contributes to the maintenance of tissue

homeostasis by regulating the balance between anabolic and

catabolic responses.3
Ce
This is an open access article und
Recently, due to the advent of single-cell RNA sequencing

(scRNA-seq) and single-nucleus RNA sequencing (snRNA-

seq), the heterogeneity of muscle cellular populations and their

relative role under physiological and pathological conditions

such as injury, denervation, or genetic disorders have begun to

be methodically surveyed.4–16 However, these approaches

have several intrinsic limitations that hinder our ability to fully un-

derstand skeletal muscle pathophysiology. In particular, most of

skeletal muscle mass is composed of long, polynucleated fibers,

which, due to the necessary dissociation step, are incompatible

with the analysis of cytoplasmic RNAs.

Moreover, functional anatomical domains such as NMJs,

tendon-to-muscle connections, vessels, and connective

tissue can have different interactions depending on their relative

proximity and locations; unfortunately, upon processing for sin-

gle-cell analysis, the tissue architecture is disrupted, and this

higher-order information is lost. As a consequence of this,

the complexity of muscle tissue in pathophysiological condi-

tions, in terms of both cellular heterogeneity and spatial
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relocalization, has not yet been fully described. Despite recent

advances,10,11,13 our understanding of how traumatic events

such as nerve injury differentially influence the specific anatom-

ical domains and the various cellular identities remains incom-

plete. In this context, spatial transcriptomics (ST) could

contribute to a revolution in the field of muscle ‘‘omics’’ as a

fusion of recent sequencing technologies and classical

histology.17–20

Thus, by using ST, we aimed to characterize the discrete

molecular signature of the different anatomical domains in skel-

etal muscle and investigate their relative role in the well-charac-

terizedmodel of nerve crush injury. Coupling ST with immunoflu-

orescence, we first unbiasedly identified functional anatomical

clusters in healthy muscle. Then, probing the muscle at different

timepoints, we evaluated their specific transcriptomic alterations

during reinnervation. Capitalizing on ST, we identified multiple

key enzymes of the polyamine pathway as innervation depen-

dent and restricted to glycolytic fibers. Lastly, we showed how

perturbations of such pathway can impact muscle function.

Our data define the transcriptional profile of the different

anatomical compartments in skeletal muscle and set the basis

for the understanding of differential fiber sensitivity to atrophy

and nerve-dependent gene expression. The dataset can be fully

accessed via the SpatialMuscle web resource (https://

spatialmuscle.shinyapps.io/spatialmuscle/).

RESULTS

Spatial transcriptome analysis identifies eight different
clusters in muscle tissue
To establish a transcriptional reference of the different skeletal

muscle anatomical domains and investigate their response to

denervation, we took advantage of the Visium Spatial Gene

Expression platform (10x Genomics). Mouse limb tibialis anterior

(TA, tibial muscle) and associated extensor digitorum longus

(EDL) were harvested before and after reversible nerve injury,

at different timepoints (3 and 30 days after sciatic nerve

compression; experimental workflow is shown in Figure 1A).

Muscle cryosections were then placed on Visium slide capture

areas and stained. Each area contains �5,000 RNA capture

spots characterized by a specific spatial barcode that ensures

that transcripts can be mapped to their original histological loca-

tion. To highlight the different anatomical features of the muscle,

we used anti-laminin and anti-collagen-1 antibodies, bungaro-

toxin (BTX), and DAPI. This strategy enabled us to visualize fiber

boundaries, extracellular matrix scaffolds, NMJs, and cellular

nuclei, respectively (Figures 1B, S1A, and S1B). After imaging,

tissue was permeabilized, and polyadenylated RNA was

captured on the underlying spots. Followingmanufacturer proto-

cols, we performed reverse transcription, second strand synthe-

sis, and amplification. After library preparation and sequencing,
Figure 1. Spatially resolved transcriptomics highlights discrete functio

(A) Diagram illustrating the experimental workflow for spatial transcriptomics (ST

(B) WTmouse hindlimb cryosection (TA and EDL) used for ST analysis. Visium arra

(top left). Immunofluorescence staining for bungarotoxin (BTX) (top right), laminin

2 mm; inset scale bar, 100 mm).

(C) Spatial distribution of each cluster (scale bar, 2 mm).
reads were processed and spatially resolved using Space

Ranger software. The different datasets were then analyzed

separately and integrated using Seurat 421. Lastly, data were

overlaid onto the acquired image of the tissue sections

(Figures 1B, S1A, and S1B). Overall, we identified 14,417

features across 2,987 unique capture spots. Unsupervised clus-

tering identified eight clusters with consistent transcript abun-

dance distribution (Figure S1C). Tissue projection showed clear

spatial segregation for four out of the eight clusters (clusters 0, 1,

3, 4) (Figures 1C, S1D, and S1E). This specific spatial arrange-

ment readily suggested that these clusters could represent the

major metabolic domains and general areas of the muscle

such as different types of fibers or specific components of the

matrix scaffold. Conversely, clusters 2, 5, 6, and 7 showed a

sparse distribution more in line with small functional elements

dispersed within the tissue such as NMJs, vessels, or nerves.

Based on this initial observation, we therefore set out to deter-

mine the identity of each of these specific cluster based on their

gene expression profile (Table S1) and their overlap with pre-an-

notated anatomical structures in the uninjured muscle.

Spatial transcriptomic clustering reveals functional and
structural organization of muscle tissue
We initially correlated the distribution of genes in unbiased pre-

dicted clusters with functionally characterized muscle areas.

As shown by the NADH-TR (nicotinamide adenine dinucleotide

tetrazolium reductase) staining—used to identify areas with

high oxidative activity—TA muscle is characterized by a glyco-

lytic cortex, in which muscle fibers are predominantly lightly

stained, and by a darker oxidative core (Figure 2A). Indeed, stain-

ing intensity directly correlates with the number of mitochondria

within a muscle fiber and reveals the characteristic pattern of

finer fiber types. Based on their metabolic properties and the

specific myosin subsets, expressed muscle fibers can be

divided in slow twitching (type 1) and fast twitching (type 2). TA

is primarily composed of type 2 fibers, which can be further sub-

divided into three main categories (2A oxidative, 2X, and 2B

glycolytic). Interestingly, whereas cluster 1 was associated with

the deeper oxidative core of the muscle normally characterized

by the presence of 2A fibers, cluster 0 overlappedwith the glyco-

lytic cortex of the tibialis containing mostly 2B fibers (Figure 2A).

Indeed, Gene Ontology (GO) analyses of cluster 1 genes re-

vealed the enrichment of terms associated with mitochondrial

structure and respiration (Figure S2A) and as expected, cells in

the two clusters expressed canonical markers of specific fiber

types. For example, myosin heavy chain 2 (Myh2, characteristic

of 2A fibers), lactate dehydrogenase B (Ldhb) post-glycolytic

enzyme, and slow fiber markers such as Myl3 were spatially

restricted to cluster 1, while the fast twitch glycolytic myosin iso-

form 4 (Myh4) and the associated fast isoform of tropomyosin

(Tpm1) primarily co-segregated into cluster 0 (Figure 2B).
nal anatomical units

) analysis using 10x Visium slide.

y spots are color-coded based on cluster assignment of the integrated dataset

(bottom left), collagen-1 (bottom center), and DAPI (bottom right) (scale bar,
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However, the distribution of other genes known to be involved in

the development of glycolytic fibers (e.g., Sox6, Fnip1, Tbx15,

and Smarcd3 [Baf60c])21–24 is not confined to cluster 0, probably

because of the high level of expression of these genes in struc-

tures with different origins (e.g., vessels, extracellular matrix,

nerves, etc.) or because of their different roles in adult tissue

(Figures S2B and 2C).

Notably, the ST profile confirmed that expression of the

Mettl21c gene is confined to the tibialis and almost absent

from the EDL muscle (Figure 2B), as previously reported.25 In

addition, in cluster1, we also detected the expression of myosin

heavy chain 1 (Myh1), a hallmark of 2X fibers (Figure 2B). We

speculated that, given their phenotype, intermediate between

2A and 2B in terms of contraction velocities and mitochondrial

activity,26 these fibers could also be present in cluster1.

To test this hypothesis and further validate our annotations, we

integrated our ST data with a previously published single-nu-

cleus RNA sequencing (WT dataset from Chemello and col-

leagues4), and we spatially mapped cell type predictions for

the different fiber types (see STAR Methods). Data intersection

confirmed that fiber-type metabolism was correctly predicted

based on the spatial distribution of the myosin types identified

in each cluster (Figure 2C). While the glycolytic portion, overlap-

ping with cluster 0, was predicted to contain type 2B fibers (fast

glycolytic), the portion overlapping with cluster 1 consisted of

type 2A fibers (fast oxidative) and type 2X fibers, which are

less glycolytic than type 2B fibers (Figure 2C). This observation

was also confirmed by immunofluorescent staining of fiber types

2A and 2B from a serial section (Figure S2D).

Next, we analyzed the molecular signature of the other two

clusters that presented a clear spatial distribution, cluster 3

and cluster 4. Upon GO analysis, both clusters 3 and 4 displayed

an enrichment in extracellular matrix components (Figure S3A).

However, while cluster 3 overlapped considerably with the

muscular matrix scaffold, cluster 4 clearly identified the epimy-

sium surrounding the muscle (Figures 3A and S3B). Almost

perfect overlap was obtained between the localization of cluster

4 and the localization of collagen type 1 surrounding the muscle

(validated by immunofluorescence and Sirius red staining; Fig-

ure 3A, inset). As expected, the genes enriched in this cluster

are extracellular matrix components such as collagen subunits

(Col12a1 and Col1a1) and matrix-associated molecules (Fmod

and Timp2) (Figure 3B).

Given the complexity of muscle tissue, we wondered whether

ST analysis might not only reveal more abundant clusters related

to muscle fibers but also identify more restricted morphofunc-

tional zones specific to this tissue. We therefore analyzed the

gene expression signature of the sparse clusters (cluster 2, clus-

ter 5, cluster 6, cluster 7) and their relative spatial proximity to

knownmorphological structures. Upon visual inspection, cluster
Figure 2. Cluster 0 and cluster 1 correspond to glycolytic and oxidativ

(A) NADH-TR staining of consecutive section (scale bar, 1 mm); cluster 0 and c

expressing fibers (scale bar, 2 mm).

(B) Hematoxylin and eosin staining of consecutive section (scale bar, 2 mm) illust

specific marker genes from the ST data projected over the tissue space (scale b

(C) Projection on the tissue space of the prediction score for 2A, 2X and 2B fibers

2 mm).
2 did not present a recognizable distribution pattern nor overlap

with clearly detectable anatomical compartments. Furthermore,

we could not detect a strong gene expression signature for the

cluster. However, it must be considered that each spot contains

data from an ensemble of different cell types, and it is possible

that transition areas where such a mix is more diverse could

be clustered together. This could explain the weak gene signa-

ture and the associated generic GO terms (muscle contraction

and muscle system process; Figure S3C).

Additionally, it is worth mentioning that the expressed genes

identified included Alas2 and different hemoglobin transcripts,

suggesting specific erythroid enrichment (Table S1). Thus, at

least some of these regions could contain small blood vessels.

Cluster 6 spots, on the other hand, nicely colocalized with

acetylcholine receptor across muscle sections (stained with

Alexa 594-conjugated BTX; Figure 3C). In line with the spatial

pattern, GO analysis of genes enriched in cluster 6 contained

terms associated with NMJs and synapses (Figure S3D). As

further validation, NMJ location prediction based on Chemello

and colleagues4 snRNA-seq integration overlapped with cluster

6 spots (Figure 3C). Lastly, representative genes of this cluster

encode acetylcholine receptor subunits (Chrne, Chrnd, Chrna1)

or transcription factors known to be expressed in subsynaptic

nuclei (Etv5)9 (Figure 3D).

Interestingly enough, clusters 5 and 7 also correlated with his-

tological structures, associating respectively with nerves and

large vessels. Indeed, cluster 5 was enriched in glial- (Plp1) and

myelin- (Pmp22,Mpz, andMbp) associated factors, while cluster

7 expressed endothelial- or smooth muscle-associated genes

(CD31-Pecam1, Vwf, Myh11, and Acta2) (Figures 4A and 4B).

Notably, spatial gene expression data allowed the resolution

of structures that are closely associated with each other anatom-

ically. For example, clusters 5 and 7 discriminated structures

attributable to nerves and vessels, respectively, even when

they were located in close proximity (Figures 4C and 4D). Taken

together, these data suggest that despite the relatively ‘‘large’’

diameter of the capturing spot (55 mm), this strategy could be

used to identify the different morphofunctional domains in

muscle.

Spatial transcriptome clustering analysis of transiently
denervated muscle
Once we correctly annotated the different clusters in the unper-

turbed muscle, we proceeded to investigate their response to

reversible denervation. Sciatic nerve compression is character-

ized by a stereotypical induction of the atrophic response that

is resolved upon reinnervation.27 Complete denervation of the

TA and EDL is observed 3 days after injury (Figure S4A), as

evidenced by the disappearance of synaptophysin colocaliza-

tion with the BTX-positive NMJ. Reconstitution of proper
e fibers

luster 1 patterns display an overlap with NADH-TR low- and NADH-TR high-

rating muscle localization (top left) and relative expression levels of fiber-type-

ar 2mm).

based on snRNA-seq from WT mouse4 integrated with ST dataset (scale bar,
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nerve-muscle interaction was observed 30 days after injury

(Figure S4A). Denervation and reinnervation were also confirmed

by loss and recovery of muscle mass, as shown in Figure S4B.

Therewas also evidence of activation of the atrophic program re-

sulting in the induction of muscle-specific ubiquitin ligases

Atrogin-1 (Fbxo32) and MuRF1 (Trim63) in both muscles (Fig-

ure S4C). Eventually, both ubiquitin ligases will be downregu-

lated with progressive repair and reinnervation around day 30

(Figure S4C). The averaged gene expression of the different ST

timepoints recapitulated the main features of the model with an

enrichment of the FoxO signaling pathway 3 days after nerve

injury (Figure S4D and Table S2). In addition, we detected a

peak in the expression profile of MuRF1, Atrogin-1, and several

other genes known to be involved in atrophic response28 (Fig-

ure S4E). We then analyzed the specific gene expression profile

of each cluster at 3 and 30 days after denervation (Figure 5A and

Table S3). Similarly, we identified the upregulation of genes

related to atrophy in specific clusters such as the growth arrest

and DNA damage-inducible 45a (Gadd45a), the ubiquitin ligase

Itch (nerves), and the homeobox gene Tgif1 (blood vessels) or

autophagy-related genes beclin1 (Becn1) and Gabarapl1 in

both nerve and blood vessel clusters (Figure 5B). Interestingly,

we noticed that the induction Atrogin-1 andMuRF1were primar-

ily localized in the glycolytic cortex of the TA muscle (Figure 5C

compared with Figure 2A). In addition, 2B cluster displayed

higher transcripts levels when compared with the 2A-2X cluster

(Figure 5D). This observation suggests that the distribution

pattern of the atrophic response depends on the muscle fiber

composition, consistent with data in the literature indicating

that glycolytic muscle fibers are more susceptible to muscle at-

rophy than oxidative muscle fibers.29,30

We confirmed this trend in our observations, via qPCR anal-

ysis of laser-microdissected glycolytic (Gly) or oxidative (Ox)

areas of the muscle sections. MuRF1 and Atrogin-1 were more

highly expressed in the glycolytic cortex of the denervated TA

muscle than in the oxidative core (Figure S4F).

Interestingly, although the reduction in fiber cross-sectional

area was rather limited at 3 days of denervation (Figure S4B),

we observed, by measuring type 2A, 2X, and 2B fibers sepa-

rately (representative staining shown in Figures S2D and S4G),

that the reduction was significantly more pronounced in type

2B fibers than in type 2A fibers (Figure 5E). Indeed, the frequency

distribution of 2B fibers reveals a reduction in the percentage of

large-diameter fibers with a concomitant increase in smaller fi-

bers following denervation. Area reduction is still visible

30 days after injury although the muscle is recovering through

reinnervation. In contrast, type 2A fibers remain essentially

unchanged at both 3 and 30 days after nerve damage. An inter-

mediate phenotype was shown for type 2X fibers (Figure 5E).
Figure 3. Cluster 4 and cluster 6 correspond to muscle perimysium an

(A) Spatial distribution of cluster 4 (left) (scale bar, 2 mm). Overlay of cluster 4 di

Sirius red staining of serial section (scale bar, 100 mm).

(B) Relative expression levels of genes enriched in cluster 4 (scale bar, 2 mm).

(C) Spatial distribution of cluster 6 (top left) and projection of prediction score for

the white box (bottom), immunostaining for collagen-1 and bungarotoxin respect

100 mm).

(D) Relative expression levels of NMJ-specific marker genes from the ST data pr
Nerve-dependent polyamine synthesis-related enzyme
pattern across muscle
Obtaining a detailed map of the spatial localization of specific

genes in muscle could be pivotal for pinpointing new signaling

pathways involved in the pathophysiology of the tissue. To this

end, we screened our list of the differentially expressed genes

to identify potential candidates whose expression profile was

responsive to denervation both in terms of spatial and temporal

regulation. Among the most enriched genes in 2B fibers in the

unperturbed muscle, we identified Amd1 (Figure 6A), a key

component of the polyamine pathway (PA) (Figure S5A). Interest-

ingly, not only Amd1 but also other components of the PA, such

as Amd2 and Smox, displayed a spatial pattern reminiscent of

the distribution of glycolytic fibers in the TA (Figure 6A) with a

clear enrichment in the 2B fiber cluster when compared with

the 2A-2X cluster (Figure 6B). As an initial finding, ST data re-

vealed in the control (CTR) a greater expression of these genes

in the TA than in the EDL (Figure 6A; see Figures 2B and S5B

for EDL localization), which was confirmed by qPCR analysis

(Figure 6C). After nerve crush, we observed concomitantly with

a reduction in overall expression in the glycolytic cluster, a partial

loss of the spatial restriction of these genes (Figures 6A and 6B).

We validated this observation through laser microdissection;

indeed, while the expression of Amd1, Amd2, and Smox was

high in the glycolytic portion of the TA in control tissue, after

denervation, due to their reduced expression in glycolytic fibers,

the relative levels of these genes were similar between the glyco-

lytic and oxidative fractions of the muscle (Figure 6D). Collec-

tively these data were further validated using publicly available

snRNA-seq datasets both in unperturbed TA10,16 and in unper-

turbed and denervated gastrocnemius10 (Figure S5C). It is worth

mentioning that data from ST and those from laser capture, while

overall overlapping, displayed some differences at 3 and 30 days

after denervation. This suggests a certain degree of longitudinal

intramuscular variability in the reinnervation process that can be

averaged when analyzing the whole tissue (Figure 6C). Intrigu-

ingly, at 30 days after the induction of nerve damage—when

innervation is restored—Amd1, Amd2, and Smox expression in

the muscle was still decreased compared with CTR levels (Fig-

ure 6C). This could indicate that more time or more extensive

maturation of NMJs is needed to re-establish the correct expres-

sion of these markers.

We speculated that such a change in expression levels could

result in an imbalance in the PA pathway. The decarboxylation of

S-adenosylmethionine (SAM), catalyzed by AMD1/AMD2, pro-

duces an aminopropyl group that acts as a substrate together

with putrescine for the spermidine synthase to produce spermi-

dine and subsequently to form spermine (Figure S5A). Thus,

reduction of Amd1/Amd2 expression may result in putrescine
d neuromuscular junction

stribution over tissue space, collagen-1 staining of the region highlighted, and

NMJ cells (top right) (scale bar, 2 mm). Enlargement of the region highlighted in

ively (left), and overlay of cluster 6 and NMJ prediction score (right) (scale bar,

ojected over the tissue space (scale bar, 2 mm).
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accumulation. Indeed, as shown by gas chromatography-mass

spectrometry (GC-MS) quantitative analysis, we observed a dra-

matic change in polyamine ratio 3 days after denervation (Fig-

ure 7A). A mean 25-fold increase of putrescine was revealed

as a result of Amd1 limitation. However, although their precursor

was significantly increased, the amount of spermidine and sper-

mine did not change significantly (Figure S5D). In support of this

observation an induction ofOdc1, required to synthesize putres-

cin from ornithine, was upregulated in denervated muscle

(Figures 6B and S5E). At 30 days after nerve injury, although

the expression of Amd1, Amd2, and Smoxwas not fully restored

after reinnervation, the flow of the metabolic pathway was

resumed, and putrescine levels were strongly downregulated

(Figure 7A). To explore the possibility that putrescine accumula-

tion is not only a consequence of denervation but may take part

in the atrophic signaling and consequently amplify the muscle

defect, we treated differentiated C2C12 myotubes daily with 2

mM putrescine. Interestingly, a reduction in myotube diameter

was observed after 48 h of treatment (Figures 7B and 7C). Pu-

trescine treatment shows a direct effect in inducing gene expres-

sion of MuRF1 but not Atrogin-1 ubiquitin ligase in myotubes

compared with control myotubes (Figure 7D). Moreover, to un-

derstand whether flux alterations in polyamine production cause

defects in muscle function, we conducted RNAi-mediated

knockdown experiments of the CG10561 (Paox/Smox ortholog)

in Drosophila model. To this aim, we generated a c179-GA-

L4>UAS-SmoxRNAi (named UAS-SmoxRNAi) to inactivate Paox/

Smox ortholog expression in mesodermal-derived tissues (Fig-

ure 7E). Drosophila mutant showed a significative reduction of

muscle function—measured in a top-climbing assay—3 and

10 days post eclosion (dpe) compared with wild-type (no UAS)

animals (Figure 7F). Finally, UAS-SmoxRNAi flies showed greater

fatigue than control flies after 10 repetitions of the climbing assay

(Figure 7G). Altogether these data suggest that perturbations of

PA homeostasis such as those occurring during reversible

denervation can impact both muscle function and morphology.

DISCUSSION

Here we applied an ST Visium assay coupled with immunofluo-

rescence to profile the transcriptional signature of distinct

functional histological domains in skeletal muscle. Using a

spatiotemporal analysis, we characterized their transcriptional

response in amodel of reversible nerve damage. Skeletal muscle

is a complex organ in which the main motor unit, the fiber, is

tightly interconnectedwith structures of different origins and het-

erogeneous cellular composition. Recent advances in terms of

single-cell RNA sequencing have given new input to the field,

enabling the unbiased transcriptomic analysis of all tissue-resi-

dent populations. However, due to the lack of positional informa-

tion, current scRNA-seq and snRNA-seq methods are still
Figure 4. Cluster 5 and cluster 7 correspond to nerves and blood vess

(A) Relative expression levels of genes enriched in cluster 5 (left). Spatial distribu

(B) Relative expression levels of genes enriched in cluster 7 (left). Spatial distribu

(C) Laminin staining of a specific region of the muscle where nerve and vessels ar

and 7 and the overlap between the anatomical structure and the transcriptomic

(D) Serial section stained with hematoxylin and eosin illustrating nerve localizatio
unable to fully render the complexity of the different anatomical

domains in muscle, ultimately providing a list of cellular compo-

nents but limited insights into the coordinated activity of the

whole functional unit. On the contrary, by contextualizing gene

expression within its true location, ST could provide detailed in-

formation on how different structural units acts and synergize.

Indeed, our data faithfully recapitulate all the molecular events

triggered by reversible nerve loss and offer a detailed temporal

snapshot of the changes that occur in the different functional do-

mains. In line with what has been extensively described in the

literature, we readily detected the activation of the FoxO-medi-

ated atrophic mechanism leading to reduced muscle mass.

Furthermore, our analysis highlighted the differential activation

of atrophy-related genes in specific anatomical districts. In

particular, we showed that Beclin1 and Gabarapl1 are upregu-

lated in both nerves and vessels, thus suggesting a predominant

early activation of autophagy in those specific clusters. In addi-

tion, we confirmed differences in the extent of the atrophic

response in oxidative vs. glycolytic fibers, with earlier and

more extensive activation of MuRF1 and Atrogin-1 in the latter.

If fiber types indeed activate distinct but consistent transcrip-

tomic programs, differences in the atrophic response that have

so far been considered intermuscular would thus likely be

dependent only on the fiber type composition.31 However, it

could conversely and more intriguingly be speculated that

each muscle could trigger a tailored atrophic program that is

then coordinately executed by the different fiber types acting

interdependently. Indeed, our data support the hypothesis that

within the samemuscle the specification of fibers results in a dif-

ferential susceptibility to external stimuli by activating, with

distinct intensities, an atrophic program in specific anatomical

zones of the same muscle.

As a proof of concept that this technology can be successfully

applied to skeletal muscle to identify and investigate the spatial

distributions of specific signaling pathways within the tissue, we

also showed how the expression of enzymes of the polyamine

synthesis pathway follows a fiber metabolic gradient. In fact,

genes encoding for key enzymes of this pathway tend to be

more highly expressed in the glycolytic portion of the TA muscle

than in the oxidative core. Furthermore, the spatial regulation of

gene expression seems to be directly mediated by local innerva-

tion, since after nerve injury, we observed a loss of this gradient

as a result of reduced expression of these genes in the glycolytic

compartment. Moreover, the reduction of key enzymes for the

conversion of putrescine into spermidine and then into spermine

has the effect of dramatically accumulating putrescine in dener-

vated muscle. In fact, the ratio between the different polyamines

in the denervated muscle is perturbed, resulting in a massive

accumulation of putrescine. This could be directly involved in

the atrophic phenotype since while spermidine has been shown

to prevent atrophy and neurodegeneration,32–36 putrescine has
els, respectively

tion of cluster 5 (right) (scale bar, 2 mm).

tion of cluster 7 (right) (scale bar, 2 mm).

e in close proximity. White boxes highlight the relative distribution of clusters 5

unit.

n (red arrows) and vessel localization (asterisk).
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been associated with neurodegenerative phenomena.37–39 This

is also supported by the observation that myotubes treated daily

with putrescin display a reduction of size compared with un-

treated cells and a concomitant activation ofMuRF1 expression.

Although the result of the altered ratio of polyamines in dener-

vated muscle requires specific studies, this observation corrob-

orates the idea that innervation is required not only to support

motor function, but also to regulate the gene expression profile

of innervated fibers. More importantly, innervation could govern

skeletal muscle functional cluster determination by driving com-

partmentalized transcription of specific factors. Alteration of

such a regulation layer may be directly affecting muscle function

and thus exacerbating atrophy. Indeed, deletion of Smox/Paox

ortholog in flies results in amobility defect, supporting the impor-

tance of proper flow in polyamine production in healthy muscle.

These events are therefore related to a distinct abundance in

the expression of factors that are then prevalent in determining

areas of the muscle both in basal conditions (polyamine meta-

bolism) and after alteration of homeostasis (atrogenes). In a

translational perspective, this could lead to a better understand-

ing of how some muscle fibers are more resistant to atrophy and

thus promote a shift toward this type of fiber in a therapeutic

perspective.

Here, we only focused on TA and EDL muscle groups alone,

which are almost exclusively composed of fast type fibers. In

the future, it would be interesting to use TS to analyze atrophy

in different muscle groups with a more diverse fiber composition

to assess whether the same fiber types activate the same tran-

scriptomic program in different muscles and to highlight differ-

enceswith slow twitchmuscle fibers (e.g., predominant in soleus

muscle). In addition, exploring the regeneration process at a later

time after denervation would be useful to more accurately define

themolecular events that occur after nerve injury. Finally, parallel

analysis of muscles undergoing nonreversible denervation

would help to understand which signals are necessary to drive

muscle remodeling and reinnervation and which are detrimental

in mediating the catastrophic effects of innervation loss.

Recently, another spatially resolved skeletal muscle dataset

has been published.40 This dataset clearly showed the potential

of a pairing of spatially resolved transcriptomics with scRNA-seq

to investigate cell-cell interactions. Yet the use of hematoxylin

and eosin staining as a spatial reference and the lack of a refer-

ence muscle in basal condition limited the detailed analysis of

specific morphological structures. With our approach, we have

achieved molecular-level discrimination of areas within the

muscle with differences inmetabolic activity as well as functional

aggregations of finer-scale areas, such as clusters of genes

restricted to the extracellular matrix, vessels, nerves, and even
Figure 5. ST reveals discrete dynamics during denervation-induced at

(A) Heatmap showing expression values of the two most variable genes for each

(B) Dot plot illustrating the relative expression and distribution of the cluster-spe

(C) Cluster distribution and relative expression levels of Fbox32 and Trim63 trans

(D) Violin plot showing the expression of Fbox32 and Trim63 in glycolytic and ox

(E) Frequency distribution of fiber’s cross-section area (CSA) of type 2A, 2B, an

30 days values (triangle) (n = 3 for CTR, n = 4 denervated [crush-3 and crush-30 d

denotes p value between CTR and crush-30 days; values represent mean ± standa

by unpaired two-tailed t test.
muscle junctions. This enabled us to precisely detail the tran-

scriptional signature within those anatomical clusters that would

otherwise have been hidden by bulk RNA-seq or scRNA-seq.

However, resolution remains a main hurdle to the potential appli-

cations of Visium technology, as each spot ideally contains one

to ten cells. Several in silico methods have been developed

to deconvolute or infer single-cell information from a single

spot.41,42–48 Nonetheless, these approaches often require

scRNA-seq or bulk RNA-seq data as initial references. Inmuscle,

the limit in resolution is partially compensated by the large size of

fibers that makes the colocalization of different fibers within a

single spot less likely. Eventually, the application of denser

spot arrays or different technological strategies can overcome

this technical bottleneck and open the way to the characteriza-

tion of subcellular transcripts localization at the whole genome

level. It should nonetheless be taken into account that these ul-

tra-resolution approaches require advanced segmentation stra-

tegies in order to correctly assign each transcript to its cell. This

will be particularly interesting, and potentially challenging, in

skeletal muscle where large multinucleated cells, such as the

myofibers, coexist with a very diverse and compacted fraction

of mononuclear cells.

Despite the current limitations, we foresee that the use of ST

technologies will be instrumental in understanding the molecular

dynamics occurring at the local level, such as stem cell-niche in-

teractions and, by clarifying where a particular event occurs in

terms of tissue localization, will contribute elucidating the

response of specific histological functional units to external per-

turbations such as traumatic injury or chronic inflammatory

conditions.

In summary, our study provides a detailed molecular profiling

that will serve as a steppingstone to investigate the mechanism

underpinning muscle-specific response to denervation at a mor-

phofunctional level as in the case of differential fiber sensitivity to

atrophy. Furthermore, providing a spatially resolved transcrip-

tomic reference of the unperturbed muscle will allow the identifi-

cation of new cellular or structural interactions in response to any

perturbation of the homeostatic balance.

Limitations of the study
In our study we relied on already published datasets4,10,16 to

confirm our findings, and we did not perform any additional

snRNA-seq tomatch our timepoints after reversible denervation;

as a consequence, we were not able to perform spot deconvolu-

tion. Furthermore, due to the relative size of each spot, the result-

ing gene expression is an average of multiple cells, so more

homogeneous areas tend to display a stronger signature. As

an example, in the EDL, despite being largely composed of
rophy

cluster in each time point after differential gene expression analysis.

cific atrophy genes.

cripts during denervation-reinnervation process (scale bar, 2 mm).

idative fibers clusters.

d 2X muscle fibers. CTR values (circle), crush-3 days values (square), crush-

ays]); blue hash denotes p value between CTR and crush-3 days; red asterisk

rd error of themean (SEM), * or # p < 0.05, ** or ## p < 0.01, *** or ### p < 0.001,
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type 2B fibers, the relative detected intensity of Myh4 is lower

compared with the large glycolytic area in the TA. This is most

likely due to the fact that in the EDL different fiber types do not

exhibit a marked spatial segregation. Consequently, within the

same spot are averaged fibers of different types, thus resulting

in an overall dampening of relative expression of the distinct spe-

cific genes. Another limitation is that our dataset focuses only on

TA and EDL, and although snRNA-seq data from Lin et al.10 sug-

gest that similar events occur in the gastrocnemius, we cannot

rule out that in other muscles some of the polyamine pathway

genes could have a different spatial distribution.
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Figure 7. Alterations in polyamine homeostasis affect muscle size and function

(A) GC-MS quantitative analysis of putrescine levels in control (CTR) and denervated (crush-3 and crush-30 days) muscles (n = 8 CTR, n = 4 denervated [crush-3

and crush-30 days]; values represent mean ± SEM by ****p < 0.0001, by unpaired two-tailed t test).

(B) Representative immunostaining for myosin heavy chain (MyHC-MF20) (green) on myotubes treated with 2 mM of putrescine (Put) for 48 h (scale bar, 100 mm).

(C) Mean of myotubes diameter; 27% is the decrease of treatment respect to untreated (NT) (n = 4, values represent mean ± SEM, **p < 0.01, by unpaired two-

tailed t test).

(D) Relative expression of Fbxo32 and Trim63 in C2C12 myotubes treated with 2 mM putrescine (Put) for 48 h (n = 3 for NT and n = 4 Put; values represent

mean ± SEM, ***p < 0.001, by unpaired two-tailed t test).

(E) Experimental workflow (left). Western blot on larval extracts obtained from control (no UAS) or interfered UAS-SmoxRNA individuals under the control of the

C179-GAL4 driver. Numbers below represent band quantification normalized on loading control (Vib).

(legend continued on next page)

14 Cell Reports 41, 111861, December 20, 2022

Resource
ll

OPEN ACCESS



Resource
ll

OPEN ACCESS
High-dimensional single-cell cartography reveals novel skeletal muscle-

resident cell populations. Mol. Cell 74, 609–621.e6. https://doi.org/10.

1016/j.molcel.2019.02.026.

9. Kim, M., Franke, V., Brandt, B., Lowenstein, E.D., Schöwel, V., Spuler, S.,
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PrimeScriptTM RT Reagent Kit with gDNA

Eraser (Perfect Real Time)

Takara Cat # RR047A

Deposited data

Healthy and Denervated Spatial

Transcriptomic Dataset

This paper GEO: GSE198596

WT snRNAseq Dataset Chemello et al.4 GEO: GSE156498

WT TA 5 Months snRNAseq Dataset Petrany et al.16 GEO: GSM4418992

Preprocessed scMuscle compendium McKellar et al.40 Dryad: https://doi.org/10.5061/dryad.t4b8gtj34

WT and Denervated Gastrocnemius Lin et al.10 GEO: GSE183802

Original code to reproduce analysis and figures This paper Zenodo: https://doi.org/10.5281/zenodo.7351244

Experimental models: Cell lines

C2.C12 ATCC Cat# CRL-1772

Experimental models: Organisms/strains

Mouse Model: C57BL/6J https://www.jax.org/
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= GawB}c179 (Fly Stock)

BDSC Stock #6450

Paox/SmoxRNAi (Official Symbol:
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VDRC Stock # GD28176

Oligonucleotides

Primer: Gapdh FW:

CACCATCTTCCAGGAGCGAG

This paper N/A

Primer: Gapdh RV:

CCTTCTCCATGGTGGTGAAGAC

This paper N/A
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Primer: Amd 1 / 2 FW

TGCAATTTTCCCAAATGGAGCA

This paper N/A

Primer: Amd 1 / 2 RV

CTGCTGGGTCAAGCTCACTC

This paper N/A

Primer: Amd 2 FW:

GCTTTCGTCCCCATTAGATGC

This paper N/A

Primer: Amd 2 RV:

CCCTAGAAAGTGGAGGTAACTG

This paper N/A

Primer: Odc1 FW

GCTGTGTCATGGAGAGACCC

This paper N/A

Primer: Odc1 RV

CTCTCCTCTGTGCGG

This paper N/A

Primer: Smox FW

AGCTCCAAGACAGCGCATAG

This paper N/A

Primer: Smox RV

GGTCCAGGGATTGTTCTGGG

This paper N/A

Primer: Trim63 FW

AACTTGTGGAGACCGCCATC

This paper N/A

Primer: Trim63 RV

TGGAGGCTTCTACAATGCTCTT

This paper N/A

Primer: Fbxo32 FW

CTCAGAGAGGCAGATTCGCA

This paper N/A

Primer: Fbxo32 RV

GGTGACCCCATACTGCTCTC

This paper N/A

Software and algorithms

GraphPad Prism 8 http://www.graphpad.com

ImageJ Schneider et al.50 https://imagej.nih.gov/ij/

Space Ranger 1.1.0 10X Genomics https://support.10xgenomics.com/

spatial-gene-expression/software/

pipelines/1.1/what-is-space-ranger

Seurat 4.1.0 Hao and Hao et al.41 https://github.com/satijalab/seurat

dplyr 1.0.7 Wickham H et al.51 https://CRAN.R-project.org/package=dplyr

cowplot_1.1.1 Wilke et al.52 https://cloud.r-project.org/package=cowplot

ggplot2 3.3.5 Wickham et al.53 https://ggplot2.tidyverse.org

Sctransform 0.3.3 Hafemeister & Satija54 https://cran.r-project.org/web/

packages/sctransform/index.html

Patchwork 1.1.1 Pedersen55 https://cran.r-project.org/web/

packages/patchwork/index.html

Viridis 0.6.1 Garnier et al.56 https://sjmgarnier.github.io/viridis/

gprofiler2 0.2.1 Peterson et al.57 https://biit.cs.ut.ee/gprofiler/page/r

DoubletFinder_2.0.3 McGinnis et al.58 https://github.com/

chris-mcginnis-ucsf/DoubletFinder/

EBImage_4.36.0 Pau et al.59 https://bioconductor.org/

packages/release/bioc/html/EBImage.html

QuantStudio 7 Flex Appliedbiosystems,

Thermo Scientific

N/A

NanoDrop ONEc spectrophotometer Thermo Scientific ND-ONE-W

LSM 900 with Airyscan2 Zeiss N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Madaro

Luca (luca.madaro@uniroma1.it).

Materials availability
The reagent and material for this study will be available on reasonable request.

Data and code availability
d All the data reported in this paper will be shared by the lead contact upon request. Raw data for healthy and denervated muscle

have been deposited at GEO and are publicly available as of the date of publication. The accession number is listed in the key

resource table (GEO: GSE198596). The Spatial Transcriptomics Dataset can be freely inspected on SpatialMuscle interactive

Platform (https://spatialmuscle.shinyapps.io/spatialmuscle/).

d This paper re-analyzes existing, publicly available data. Accession numbers for these datasets are listed in the key resource

table.

d All original code has been deposited on Zenodo and is publicly available as of the date of publication. DOIs are listed in the key

resources table (Zenodo: https://doi.org/10.5281/zenodo.7351244).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines
Mouse line used in this study was:

C57BL/6J were provided by the Jackson Laboratory (Bar Harbor, USA).

All mice were maintained in a pathogen-free animal facility under standard 12h light/12h dark cycle at 21�C with access to red

house and to standard chow and water ad libitum. Three-month-old male mice were used for ex-vivo experiments. All experiments

in this study were performed in accordance with protocols approved by Italian Ministry of Health and University of Rome 1 ‘‘Sapi-

enza’’ (Rome). The study is compliant with all relevant ethical regulations regarding animal research and in the respect of the princi-

ples of the 3Rs (Replacement, Reduction and Refinement).

METHOD DETAILS

Denervation
Unilateral hindlimb denervation was performed by clamping the right sciatic nerve under anesthesia via intraperitoneal injection of

40 mg/kg ketamine (Zoletil�) and 10 mg/kg xylazine (Rampum). After the exposure of sciatic nerve, cutting the skin near the

knee, the nerve was crushed with chirurgical tweezer three times for 10 sec each time. The lesion was sutured with 3M Vetbond Tis-

sue Adhesive after the operation. After surgery, the mice were monitored until the sacrifice date. After the operation the animals were

monitored, and the actual denervation assessed by a grip test.

Spatial RNA sequencing library preparation
TA muscles were isolated, embedded in OCT (VWR), and flash frozen in liquid nitrogen for 15 s, after those muscles were stored at

temperature of�80 until the cryosection. Spatially tagged cDNA libraries were built using a Visium Spatial Gene Expression 30 Library
Construction v1 Kit (10x Genomics, PN-1000187; Pleasanton, CA). The optimal tissue permeabilization time for 10 mm-thick sections

was found to be 15 min using a 10x Genomics Visium Tissue Optimization Kit (PN-1000193). Immunofluorescence-stained tissue

sections were imaged using a Zeiss confocal microscope (LSM 900 with Airyscan2) with a mechanical plate, and the images

were then edited using ImageJ� software.

Theprimaryprobes used for immunofluorescencewere rabbit anti-laminin (1:200),mouseanti-collagen-1 (1:200), andBTX488 (1:200).

Antibody binding specificity was revealed using secondary antibodies coupled to Alexa Fluor 594 or 647. Libraries were generated from

cDNA following themanufacturer’s instructions and checkedwith both aQubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and anAgilent

BioanalyzerDNAassay (Agilent Technologies, SantaClara,CA). Librarieswere thensequenced inpaired-end150bpmodeonaNovaSeq

6000 system (Illumina, San Diego, CA). The frames around the capture area on the Visium slidewere alignedmanually, and spots distrib-

uted across the tissuewere selected using Loop Browser v5.0.0 software (10xGenomics). The sequencing datawere then aligned to the

mouse referencegenome (mm10)using theSpaceRangerv1.0.0pipeline (10xGenomics) togenerate a feature-by-spot-barcodeexpres-

sionmatrix.AnalysiswasperformedusingSeurat v4 (theRworkflowcanbeassessedand reproduced inRMarkdown-seedataandcode

availability). Briefly, each sectionwas loadedusing the Load10X_Spatial () function andpreprocessed separately byapplying sctransform

normalization. After this initial step, sectionswere integratedusing IntegrateData ()with the normalizationmethodparameter set to ‘‘SCT’’
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andusingall features from thedifferent datasets as features for integration. Integrateddatasetwas normalizedusingSCT.After clustering

and cell population identification, themost highly differentially expressed geneswere identified using the ‘‘FindAllMarkers’’ functionwith

the followingparameters: only.pos = TRUE,min.pct = 0.25, and logfc.threshold = 0.25.Cell type prediction scoreswere inferredusing the

publicly available snRNA-seqWT dataset fromChemello et al. as a reference 4. Anchors between the two datasets were identified using

FindTransferAnchor with the following parameters (normalization.method = ’’SCT’’, = and reduction = "cca"), and label transfer was per-

formedwith thedefault parameters.GOenrichment analysiswasperformedwith gprofiler2usingas input clustermarkers present at least

in 50% of each cluster (pct.1 > 0.5). Average expression data were obtained using ‘‘AverageExrepssion’’ functions and subsequently

filtered for expression above 0.1 and lg2FC (3days vs CTR) >-0.3 or <0.3. KEGG pathway analysis of genes upregulated in 3days vs

CTR was performed using Enrichr.60 After analysis, for visualization purposes, images were reoriented to display the EDL at the bot-

tom-left corner. When displaying gene expression for the whole dataset across the different images, maximum value for scale limit

was set to 99th percentile of total expression across samples to harmonize scales and improve visualization. The 5 months WT dataset

fromPetranyetal.16used togenerate thedotplot in FigureS5hasbeenobtainedbysubsetting the fully processedscMusclecompendium

seurat object from McKellar et al.40 available for download on Dryad (https://doi.org/10.5061/dryad.t4b8gtj34).

Laser microdissection
TA muscles were isolated, embedded in OCT, flash frozen in liquid nitrogen and stored at �80�C. Ten-millimeter frozen sections cut

on a cryostat (Leica CM1850) were mounted on PET-membrane 1.4 mm frame slides (Leica) previously cleaned with RNase Away

(Molecular Bio Products) and UV treated for 45 min under a sterile hood. NADH-TR stained muscle (protocol of staining described

below) was performed to visualize the tissue structure. The glycolytic and oxidative portions of the TA muscles of 5 mice in the CTR

group and 5 mice in the crush-3 and -30 days group were microdissected with a laser microdissection system (Leica LMD6) and

recovered in RNAlater reagent (QIAGEN).

RNA analysis by quantitative PCR
Total RNAwas extracted from total muscle or dissected specimens (look above) using Qiagen RNeasymini kits following the manufac-

turer’s protocol. Total RNA was quantified with a NanoDrop ONEc spectrophotometer (Thermo Scientific). First-strand cDNA was syn-

thesized from the total RNA using a PrimeScriptTM RT Reagent Kit with gDNA Eraser (Takara) following the manufacturer’s protocols.

The generated cDNAwas used as a template in real-time PCRwith FastQ-PCRMasterMix (SMOBIO), whichwas run on aQuantStudio

7 Flex (Applied Biosystems, Thermo Scientific) machine with three-step amplification (1. template denature and enzyme activation step

95�C 2 min for 1 cycle – 2. denature step 95�C 15 sec and 3. annealing/extension steps 60�C 60 sec, 2 and 3 steps for 40 cycles) and

melting curve analysis. Each reaction in the quantitative real-time PCR consisted of 2x Fast Q-PCR Master Mix (SYBR, ROX), 2.5 mM

forward and reverse primers and 10 ng of cDNA. Relative gene expression values were normalized by dividing the specific expression

value by the glyceraldehyde 3-phosphate (Gapdh) or actin beta (Actb) expression value and calculated using the 2�DDCT method.

Histological staining
For the Immunofluorescence staining, 10 mmmuscle cryosectios were fixed in 4% PFA (MilliporeSigma, P6148) for 10 minutes or per-

meabilizedwith100%acetone for 1minuteat roomtemperature.Muscle sectionswere thenblocked for 1 hourwitha solutioncontaining

4%BSA (MilliporeSigma, A7030-100G) in PBS. The primary antibodies used for immunofluorescences are mouse anti- synaptophysin

(1:300, Invitrogen, PA1-1043); rabbit anti-laminin (1:300, MilliporeSigma, L9393). The primary antibody immunostaining was performed

overnight at 4�C, and then the antibody binding specificity was revealed using secondary antibodies coupled to Alexa Fluor 488, 594, or

647. AChRswere revealed with fluorescently labeled BTX (1:300 Alexa 594, Invitrogen, B13423 or Alexa 488, Invitrogen, B13422). Sec-

tionswere incubatedwithDAPI (ThermoFisherScientific,D1306) inPBS for 5minutes for nuclear staining,washed inPBS, andmounted

withglycerol (3:1 inPBS).The transversesectionswerevisualizedonaZeissconfocalmicroscope theneditedusing the ImageJsoftware.

For the myosin immunofluorescent staining, 10 mm muscle cryosectios were then blocked with a solution containing 10 % Goat

Serum in PBS for 10 min and then with a solution containing 4% BSA (PanReac AppliChem, A1391,0100) in PBS for 30 min. The pri-

mary antibodies used for immunofluorescences are mouse anti-myosin heavy chain, Type 2B BF-F3 (1:50 for IF), mouse anti-myosin

heavy chain Type 2A 2F7 (1:10 for IF); rabbit anti-laminin (1:200, Sigma-Aldrich, L9393). The primary antibody immunostaining was

performed overnight at 4�C, and then the antibody binding specificity was revealed using secondary antibodies coupled to Alexa

Fluor 488, 555, or 647. Sections were incubated with DAPI (Thermo Fisher Scientific, D1306) in PBS for 5minutes for nuclear staining,

washed in PBS, and mounted with glycerol (3:1 in PBS). The transverse sections were visualized on a Zeiss confocal microscope.

For Sirius red staining muscle cryosections were fixed for 1 h at 56 �C in Bouin’s solution and then stained in a Picro-Sirius red

(0.1%) solution for 1 h protected from light. After a brief wash in acidified water (0.5% vol/vol), the sections were fixed in 100%

ethanol, and the final dehydration step was performed in 100% toluene. The sections were mounted with EUKITT mounting medium

(Sigma–Aldrich) and visualized using a Zeiss Imager.A2.

For H&E staining, the sections were fixed in 4% PFA for 10 min, washed in PBS and then stained in hematoxylin for 12 min and

eosin for 30 sec. For NADH staining, the sections were placed in buffer solution (0.1 M Tris HCl, pH 7.5, in ddH2O) for 5 min.

Then, they were stained with NADH solution (2 mg of NADH and 4 mg of NBT in 0.1 M Tris HCl, pH 7.5, in ddH2O) for 1 h at 37�
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in the dark. After removing the dye, all muscle sections were further dried in gradually increasing concentrations of ethanol in water,

and after fixation in 100% toluene, they were mounted with EUKITT mounting medium (Sigma–Aldrich). The sections were imaged

using a Zeiss Imager A2.

C2.C12 culture
C2.12 (C2C12) myogenic cells were obtained from ATCC and cultured on 24-well plates in growth medium (DMEM [-Pyruvate],

Gibco, 61965–026; supplemented with 10% of FBS and 1% of penicillin/ streptomycin). Myogenic differentiation was induced by

shifting the cells in differentiation medium (DMEM [-Pyruvate] complemented with 1% penicillin/streptomycin and 2% horse serum).

C2C12 myotubes were treated with putrescine dihydrochloride (P5780- Sigma–Aldrich) 2 mM for 48 hours in differentiation medium.

To analyze the morphology of myotubes, these were fixed in 4% PFA for 10 min at RT (MilliporeSigma, P6148) for 10 minutes and

permeabilized with 0.1% Triton X-100 for 10 minutes at RT. Cultured cells were then blocked for 1 hour with a solution containing 4%

BSA (MilliporeSigma, A7030-100G) in PBS. The primary antibody (mouse anti-myosin; 1:20, DSHB, MF20) immunostaining was per-

formed overnight at 4�C, and then the antibody binding specificity was revealed using secondary antibodies coupled to Alexa Fluor

488 (goat anti-mouse Alexa Fluor 488 [1:300, A32731). Sections were washed in PBS and mounted with glycerol (3:1 in PBS).

Myotubes were visualized on a Zeiss confocal microscope. Then the morphological analysis of diameters was measured with Im-

ageJ software. The figures reported are representative of all the examined fields.

Drosophila strains and rearing conditions
Drosophila stocks were maintained on standard fly food (25 g/L corn flour, 5 g/L lyophilized agar, 50 g/L sugar, 50 g/L fresh yeast,

2,5 mL/L Tegosept [10% in ethanol], and 2,5 mL/L propionic acid). All experiments were performed in the same conditions, at 29�C in

a 12 hr light/dark cycle. The c179-GAL4 driver (BDSC # 6450) and the RNAi line (VDRC #GD28176) used have been previously

described and available from the Bloomington stock center (https://bdsc.indiana.edu/) or Vienna Drosophila resource center

(https://stockcenter.vdrc.at/control/main) respectively.

Climbing assays
The locomotion activity wasmeasured by testing the Drosophila natural drive for negative geotaxis. Freshly enclosed flies were trans-

ferred in new food vials and aged for 3, 7 or 10 days. A female-male ratio of 1:1 was maintained. After this period, they were moved,

without anesthesia, to 50mL falcon tube, tapped to the bottom and let climb up. The number of flies that reached the top of the tube in

10 s was counted and converted in percentage.

Polyamine analysis
Polyamine content was determined by gas chromatography-mass spectrometry (GC-MS) and the values were normalized by muscle

weight. TAmuscles pulverized in liquid nitrogenwere resuspended in 0.2MHClO4 and homogenized in an ice-bath using an ultra-turrax

T8 blender. The homogenized tissue was centrifuged at 13,0003 g for 15 min at 4�C; 0.5 mL of supernatant was spiked with internal

standard 1,6-diaminohexane and adjusted to pH R 12 with 0.5 mL of 5 M NaOH. The samples were then subjected to sequential

N-ethoxycarbonylation and N-pentafluoropropionylation. For DM2 samples, biopsies were also resuspended in 0.2 M HClO4 and

processed as described above. GC-MS analyseswere performedwith an Agilent 7890B gas chromatograph coupled to a 5977B quad-

rupolemass selective detector (Agilent Technologies, PaloAlto, CA). Chromatographic separationswere carried outwith anAgilent HP-

5ms fused-silica capillary column. Mass spectrometric analysis was performed simultaneously in TIC (mass range scan fromm/z 50 to

800 at a rate of 0.42 scans s–1) and SIM mode (put, m/z 405; spd, m/z 580, N1-acetyl-spm, m/z 637; spm, m/z 709).

Western Blot
Proteinextractswerederived from5musclecarcassesof third instar larvae, lysed insamplebuffer, fractionatedbySDS-PAGEand trans-

ferred to nitrocellulose membrane. Primary antibodies anti-Smox rabbit (1:250; FabGennix SMOX-101AP); anti-Vibrator goat (alias

Giotto; 1:5000).49 As secondary antibody we used an anti-rabbit HRP-conjugated antibody (GE Healthcare) diluted 1:5000 in TBS-

Tween 0.1% (GE Healthcare). Detection was performed by using Western Bright ECL (BioRad). Unprocessed blot was shown in

Figure S5F.

Figure design
The graphical abstract, Figures 1A, 7E and S5A were created with BioRender (https://biorender.com/), license to Dr. Madaro Luca.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Data are presented as the mean ± SEM. Comparisons were conducted using Student’s t test, assuming a two-tailed distribution, or

by one-way ANOVA with Tukey’s post test, with significance defined as p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***). The number of

biological replicates for each experiment is indicated in the corresponding figure legend. Histological and immunofluorescence im-

ages are representative of at least 3 different experiments/animals.
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