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Resume (Dansk) 
Skeletmuskulatur er et specielt organ bestående af hundredtusindvis af celler, kaldet muskelfibre, 

som hver især er længere end nogen anden celle i kroppen. I hver ende er muskelfibrene forbundet 

til bindevæv, oftest en sene. Denne overgang mellem muskelfiber og sene kaldes den 

myotendinøse overgang (på engelsk myotendinous junction, forkortet MTJ). I denne overgang 

udveksles kraft under muskelarbejde og bevægelse. Under idræt, og især i discipliner hvor sprint 

eller spark er involveret, ses en høj forekomst af fibersprængningsskader. Baglårene er særligt 

udsatte for disse skader, som udgør størstedelen af ikke-kontakt relaterede skader i fodbold. 

Fibersprængninger ses næsten udelukkende i MTJ og skyldes formentlig hårde og pludselige 

kraftudviklinger.  

Heldigvis har kliniske studier vist, at en stor andel af disse skader kan forebygges ved hjælp af 

specialiseret excentrisk styrketræning. Det er dog endnu uvist hvorfor denne træningsform er så 

effektiv til at forebygge fibersprængninger. Derfor vil denne afhandling forsøge at komme et skridt 

nærmere en forklaring. Selve afhandlingen er baseret på fire selvstændige studier, der alle forsøger 

at belyse forskellige aspekter af MTJ. De fire studier er opsummeret selvstændigt i nedenstående 

tekst: 

  

Studie 1: Fiber type differences in the surface area of the human myotendinous junction 

I den myotendinøse overgang er hver enkel muskelfiber i kontakt med senen. For at øge arealet af 

den samlede kontaktflade er muskelmembranen meget foldet i enderne. Disse foldninger fyldes 

ud af udvoksninger fra senen, der griber fast i muskelfiberen som en masse små fingre. Da disse 

foldninger øger arealet af kontaktfladen mellem de to væv, betyder det at der er et stort areal, hvor 

kraften mellem muskel og sene kan udveksles. Dette betyder teoretisk set, at en større mængde 

kraft kan tolereres, fremfor hvis overfladen var helt glat. Flere dyrestudier har vist at træning har 

en effekt på størrelsen af disse foldninger og har antydet, at det kan være igennem et øget 

kontaktfladeareal at excentrisk træning virker forebyggende på fibersprængninger. En ulempe ved 

disse studier er dog, at de alle har benyttet elektron mikroskopi til at visualisere MTJ. Ved elektron 

mikroskopi analyseres kun meget små udsnit af enkelte muskelfibre. Det betyder, at man skal 

fotografere rigtig mange snit for at sikre sig, at man har en repræsentativ måling for den 

individuelle fiber. Derudover er det tvivlsomt hvorvidt man ved elektron mikroskopi kan skelne 

mellem type I og II muskelfibre, som har forskellige egenskaber.  

 

I vores studie har vi forsøgt at imødekomme disse metodiske problemer ved at bruge confokal 

mikroskopi til at scanne MTJ fra hele muskelfibre og efterfølgende foretage en rekonstruktion i 3D 

for at kunne måle på arealet af hele kontaktfladen i MTJ. På denne måde fås et mål for arealet af 

kontaktfladen i hele muskelfibre, samtidig med at vi kan skelne mellem langsomme (type I) og 

hurtige (type II) muskelfibre.  

Formålet med studiet var først og fremmest at vise, at man kan bruge confokal mikroskopi til at 

analysere MTJ, der ellers udelukkende er visualiseret via elektron mikroskopi tidligere. Derudover 

ville vi også undersøge, om der var forskel på arealet af kontaktfladen i type I og II muskelfibre.  

Metoden viste sig at være brugbar til at undersøge MTJ fra hele muskelfibre, hvilket muliggør 

måling på et stort antal fibre. Samtidig var vi i stand til at vise, at kontaktfladen mellem muskel og 

sene var signifikant større for type I sammenlignet med type II fibre. Dette fund tyder på at type II 

fibre kan være mere udsatte for fibersprængningsskader end type I fibre. Det kunne derfor tænkes, 
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at fremtidige forebyggelsesinterventioner med fordel kunne tilpasse deres strategier, så de særligt 

træner type 2 fibre.  

Studie 2: Adipocytes are present at murine and human myotendinous junction  

I dette studie ville vi bekræfte en tidligere upubliceret observation, hvor vi havde set forekomst af 

fedtlignende celler ved MTJ. Dette er aldrig tidligere er dokumenteret i mennesker. Fedtceller er 

ikke kendt for at være involveret i stabilitet eller kraftoverførsel i væv, snarere tværtimod. Da MTJ 

er et område, som strukturelt er tilpasset til kraftoverførsel, jf. studie 1, og samtidig er et område, 

hvor skader hyppigt opstår, er tilstedeværelsen af fedtceller ikke logisk ud fra et biomekanisk 

synspunkt. I tidligere undersøgelser har vi vist, at der er en kontinuerlig remodellering af 

muskelfibre tæt ved MTJ, og da det er kendt, at fedtceller andre steder i kroppen er i stand til både 

at bidrage med energi og også udsende signalmolekyler, kunne det tænkes at fedtcellerne ved MTJ 

er involveret i dette.  

Ved at inkludere biopsier fra både mus og mennesker ville vi kortlægge, om fedtceller var til stede 

i MTJ i begge arter og hos alle individer. Da de humane forsøgspersoner havde indgået i et 

træningsprojekt, inden prøverne blev taget, valgte vi også at undersøge, hvorvidt træning havde 

en påvirkning på antallet af disse celler ved MTJ.  

Vi fandt fedtceller ved MTJ i alle vores forsøgspersoner og forsøgsdyr og kunne derfor 

konkludere, at fedtceller er en del af den normale anatomi af MTJ. Men vi kunne ikke se nogen 

forskel på antallet af fedtceller hos trænede sammenlignet med utrænede personer.  

Tilbage står det åbenlyse spørgsmål: Hvad laver fedtcellerne i MTJ? I andre væv er det foreslået, at 

fedtceller kan være af betydning for opbygning af væv efter en skade via deres kontakt med 

immunsystemet, hvor de kan udsende signaler, der tiltrækker bl.a. makrofager, og dermed kan de 

bidrage til en gendannelse af det ødelagte væv. Da MTJ er et område, der hyppigt bliver skadet, 

samtidig med at det er et område med en konstant høj aktivitet af de celler, som er involverede i 

den konstante om- og genopbygning af muskelfibre, kunne det tænkes, at fedtceller findes ved 

MTJ for at hjælpe med disse processer.  

Studie 3: RNA sequencing and immunofluorescence of the myotendinous junction of mature 

horses and humans  

Udover at have en meget speciel arkitektur har nyere studier indikeret, at MTJ indeholder 

specialiserede cellekerner, der producerer proteiner, som ikke ses andre steder i muskulaturen. Et 

eksempel på en af disse er collagen type 22, der kun ses ved vævsovergange, herunder MTJ, og 

som regnes for et protein af meget stor betydning for styrke og funktion af MTJ. Såfremt der er 

flere proteiner, som er unikke for MTJ, kan de ligeledes være af stor betydning at kende for 

forståelsen af MTJ, både ud fra et normal-fysiologisk perspektiv, men også i en 

skadesforebyggende og behandlende kontekst. Derfor valgte vi at undersøge om der findes gener 

for proteiner, der kun er udtrykt i MTJ og ikke i muskel og sene. Men da selve MTJ primært består 

af en blanding af muskel og sene, som har meget forskellige protein profiler, er det svært at isolere 

MTJ. For at imødekomme denne problemstilling, udviklede vi en metode til at opdele en prøve fra 

MTJ i dets respektive vævsfraktioner: muskel, MTJ og sene. På den måde kunne vi efterfølgende 

undersøge, om der var nogen gener udtrykt anderledes i MTJ end i de to andre fraktioner.  

Til at undersøge dette blev der taget biopsier fra 20 heste. Prøverne blev opdelt i vævsfraktioner og 

efterfølgende blev niveauerne af de forskellige gener undersøgt ved RT-PCR. Herefter blev sæt af 

prøver fra de 5 heste, hvor der vurderet ved RT-PCR var bedst separation i henholdsvis muskel, 

MTJ og sene, udvalgt til videre analyse med RNA-sekventering.   

Ved RNA-sekventering fandt vi ingen unikke gener i MTJ. Heller ikke genet kodende for collagen 
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22 var udtrykt udelukkende i MTJ. Selvom det kan skyldes, at generne ikke nødvendigvis er 

lokaliseret lige ved siden af de respektive proteiner, kunne der ved opdelingen af en enkelt biopsi i 

muskel, MTJ og sene komme lidt MTJ-væv med i både muskel og senefraktionerne, hvilket ville 

udviske eventuelle forskelle. Til trods for dette lykkedes det os at identificere en række gener, der 

ikke tidligere er observeret ved MTJ, herunder osteocrin, MNS1, lactase og ADAMTS8. Ved 

immunhistokemisk farvning med antistoffer rettet mod de identificerede proteiner fik vi bekræftet 

at periostin, nestin, osteocrin, MNS1 og lactase alle er lokaliseret i eller i nærheden af MTJ hos 

mennesker. Da funktionen af disse proteiner endnu ikke er kortlagt i skeletmuskulatur, er 

funktionen og dermed også indflydelsen af disse på MTJ fortsat uvis.  

Studie 4: A single bout of eccentric exercise increases the expression of nestin and osteocrin in 

human myotendinous junctions 

I det sidste studie valgte vi at bygge videre på de identificerede gener fra RNA-sekventeringen, og 

vi undersøgte, om ekspressionen af en række udvalgte gener blev påvirket af excentrisk træning. 

Excentrisk træning er vist i kliniske studier at være effektiv til at forebygge fibersprængninger i 

MTJ. Derfor var hypotesen, at excentrisk træning vil føre til øgede niveauer af specifikke gener, 

der på sigt ville føre til nydannelse af proteiner, som kunne have en beskyttende effekt overfor 

fibersprængningsskader.  

Måden, dette blev undersøgt på, var ved at invitere 30 personer til at deltage i et forsøg, hvor de 

blev tilfældigt fordelt til enten at udføre én træningssession eller ingen træning. 

Træningssessionen var baseret på excentriske baglårsøvelser og inkluderede Nordic Hamstring, 

som er den mest benyttede øvelse i de kliniske studier, der undersøger effekten af træning på 

forekomsten af fibersprængninger. Ligesom hesteprøverne i studie 3 blev de humane prøver 

opdelt i vævsfraktioner indeholdende hhv. muskel, MTJ og sene og analyseret med RT-PCR.  

Vi fandt højere niveauer af generne for nestin og osteocrin i MTJ og sene prøverne i de trænede 

personer sammenlignet med kontrol-personerne, men ingen forskelle for de øvrige gener.  

Funktionen af nestin og osteocrin i MTJ er endnu ikke klarlagt, men i fremtidige studier af, 

hvordan MTJ tilpasser sig til excentrisk træning, kunne man fokusere på disse proteiner.  

Til trods for, at træningen var hård nok til, at der var omfattende død af muskelfibre i prøverne fra 

3 forsøgspersoner i træningsgruppen, og at de resterende havde et signifikant højere niveau af 

makrofager i muskelvævet sammenlignet med kontrolpersoner, så vi ingen effekter af træning på 

antallet af muskelstamceller (satellitceller). Tidligere undersøgelser har ellers vist at disse celler 

stiger i antal som følge af træning, men vores studie samt et enkelt tidligere om MTJ har ikke 

kunnet bekræfte, at der er dette respons i MTJ. Det kunne tænkes, at årsagen til denne udeblivende 

stigning i antal af satellitceller er den store remodelleringsaktivitet, der er af muskelfibre ved MTJ, 

hvor satellitceller spiller en stor rolle. Det store behov for satellitceller kan derfor betyde, at så 

snart en celle har delt sig, fusionerer dattercellen med en muskelfiber, og dermed bidrager den 

ikke til antallet af satellitceller.  

 

Abstract 
Skeletal muscle is a specialized organ consisting of hundreds of multinucleated elongated cells 

called muscle fibers. Each muscle fiber is attached to connective tissue at each end, most often to a 

tendon, through the myotendinous junction (MTJ). During movement and muscle contraction, 

force is transmitted through this junction. In sports in general, but especially in disciplines 

involving sprinting or kicking, there is a high prevalence of strain injuries, and hamstring strain 



9 

injuries are the most common of these. This injury type is almost exclusively seen in the MTJ, and 

is thought to be caused by sudden and forceful contractions. Clinical studies have shown that 

these injuries can be prevented to a large extent by performing specialized eccentric strength 

training. However, it is not known why this type of exercise is particularly effective. This thesis 

aims to provide knowledge about the MTJ in general by investigating its composition and 

morphology and to examine how the MTJ adapts to eccentric exercise. The thesis is composed of 

four separate studies that cover various aspects of the MTJ. The four studies are summarized 

separately in the following:  

  

Study 1: Fiber type differences in the interface area of human myotendinous junctions  

At the MTJ each muscle fiber is in contact with the tendon – or a connective tissue sheath. In order 

to enlarge the area of the interface between the muscle fiber and tendon the muscle membrane is 

highly folded at the end. Protrusions from the tendon fills these foldings grapping the muscle fiber 

like a myriad of small fingers. Since these foldings increase the area of the interface, force is 

exchanged between the muscle and tendon through a larger area compared to a model where the 

muscle fiber ends at a smooth surface. Theoretically, this means that a stronger force can be 

tolerated.  

Several animal studies have shown that exercise affects the size of the foldings at the MTJ, and 

they have indicated that exercise could protect against strain injury by increasing the interface area 

of the MTJ. However, these studies have all used transmission electron microscopy (TEM) to 

visualize the MTJ. In TEM each slide represents a very small fraction of a muscle fiber, meaning 

that a large number of sections must be analyzed to obtain a representative measure of the 

individual muscle fiber. To overcome this disadvantage, the aim of this study was to design a 

method by which confocal microscopy is used to scan whole muscle fibers into thin sections, 

merge them to a 3D structure and later in specific software recreate a 3D surface of the muscle 

fiber, from which we can perform measurements.  This allows us to measure the interface area of 

the MTJ in whole muscle fibers, and in addition it is possible to distinguish between slow (Type I) 

and fast (Type II) muscle fibers, which is challenging with TEM. 

The aim of the study was to show that confocal microscopy can be used to examine MTJ and to 

investigate if there is a difference in the interface area between the two fiber types.  

We found that the method was useful to analyze the interface area of the human MTJ, and that it 

can be easily applied to a large number of whole muscle fibers. We further showed that the 

interface area of type I fibers was significantly larger than type II fibers. The smaller interface area 

of the type II fibers could make them more susceptible to strain injury, and therefore prevention 

strategies could theoretically benefit from targeting these fiber types in particular.   

 

Study 2: Adipocytes are present at murine and human myotendinous junction  

In this study we aimed to confirm a previous, unpublished observation of cells resembling 

adipocytes at the MTJ. There is no documentation in the literature that adipocytes are present at 

MTJ. Adipocytes are not known to provide mechanical stability or be able to transmit force in 

tissues, and since the MTJ is a region which is structurally specialized in force transmitted, and at 

the same time a region where strain injuries are frequent the presence of adipocytes are 

counterintuitive. Previous observations have shown a high rate of remodeling of the muscle fibers 

near the MTJ and since adipocytes are known to be able to provide energy as well as to secrete 
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signaling molecules, it is possible that the adipocytes at the MTJ are present to aid in the 

remodeling of muscle fibers.   

By including samples from both mice and humans we aimed to analyze the presence of adipocytes 

in both species. The samples from human subjects were collected from a previous study testing the 

effects of 4 weeks of resistance exercise on the MTJ, and therefore it was also chosen to examine 

whether exercise had an effect on the number of these cells.   

We found adipocytes present in samples from all subjects, both mice and humans, and we 

concluded that adipocytes are present in healthy MTJ from these two species as a normal 

phenomenon. However, there was no difference in the number of adipocytes at the MTJ between 

our trained and untrained human subjects.  

In other tissues adipocytes are known to be important for the repair of tissue by activating the 

immune system through secretion of adipokines, which attract macrophages and other cells. Since 

the MTJ is a frequently injured tissue as well as a region with a high rate of remodeling of the 

muscle fibers and consequently a high activity of the cells involved in these processes, the 

adipocytes could be present at the MTJ to aid in the coordination and activity of these cells.  

 

Study 3: RNA sequencing and immunofluorescence of the myotendinous junction of mature horses 

and humans  

Recent studies have shown that besides having a specialized structure, the MTJ contains 

specialized nuclei producing proteins which are not seen elsewhere in the skeletal muscle. An 

example is collagen type 22, which is only seen in tissue junctions. This collagen type is of great 

importance for the strength and integrity of the MTJ. Other genes could be unique for MTJ and 

important for the understanding of the MTJ, both from a basic physiologic perspective but also in 

an injury prevention and rehabilitation perspective.. 

Since the MTJ is composed of both muscle and tendon, contents of these tissues will influence the 

measurements of gene expression and proteins at the MTJ. Therefore, we developed a method in 

the current study to isolate the MTJ from muscle and tendon and aimed to analyze for unique 

genes at the MTJ by RNA-sequencing.  

Samples were divided in three tissue fractions: muscle, MTJ and tendon and examined by RT-PCR. 

Set of samples from the 5 horses with the best separation of muscle, MTJ and tendon genes, 

respectively, were identified by RT-PCR and chosen for RNA-sequencing.  

No unique genes were found at the MTJ by RNA-sequencing. This was surprising, in particular for 

Collagen XXII, which had previously been identified to be present uniquely at the MTJ. This 

finding could indicate that proteins are produced at other locations than where genes are 

expressed, or that the separation of the tissue fractions has been suboptimal, resulting in fragments 

of MTJ tissue in the muscle or tendon fractions.   

However, we did identify a list of genes that was more highly expressed at the MTJ compared to 

tendon suggesting that they could be important for the MTJ. Some of these genes were confirmed 

to be present at the MTJ on a protein level in human samples by IHC, and they should be subject 

for further studies in order to fully understand their function at the MTJ.  

 

Study 4: Effect of a single bout of eccentric exercise on gene expression in human MTJ 

In the last study we aimed to use the findings from the RNA-sequencing to examine whether the 

expression levels of the genes, identified to be highly expressed at the MTJ, where affected by a 
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single bout of eccentric exercise. Clinical studies have shown that eccentric exercise is effective to 

prevent strain injuries at the MTJ and therefore it was hypothesized that eccentric exercise would 

induce changes in the synthesis of specific genes of relevance for protection against strain at the 

MTJ.  

This was examined by enrolling 30 subjects randomized to either a single bout of eccentric exercise 

or no training. The exercise session was composed of eccentric hamstring exercises, including the 

Nordic Hamstring, which is the most often used exercise in the clinical studies on prevention of 

strain injuries. The method from study 3 was used to separate the samples into muscle, MTJ and 

tendon fractions and RT-PCR was used to measure expression levels of mRNA.  

We found that the genes coding for osteocrin and nestin were more highly expressed in the 

exercised group compared to the control group, while no difference was seen for any of the other 

genes. The specific functions of osteocrin and nestin at the MTJ are not known, but these proteins 

could be important in the adaptive response of the MTJ to eccentric exercise, and their role should 

be examined in future studies.  

Even though the exercise bout induced necrosis of a large number of muscle fibers in three subjects 

and a higher concentration of macrophages was seen in the muscle from the other exercised 

subjects, no effects were seen on the number of satellite cells. Satellite cells have previously been 

shown to proliferate and increase in number following exercise, however the current study 

together with one previous study have found that this increase does not occur at the MTJ. We 

speculate that it could be a dynamic phenomenon due to the high rate of remodeling of the muscle 

fibers at the MTJ, meaning that once a satellite cell has divided, the daughter cell fuses with a 

muscle fiber, and does not count in the pool of satellite cells.   

 

General introduction 
The function of muscle as a structure to create force is based on two specialized interfaces: The 

neuromuscular junction and the myotendinous junction (MTJ). At the MTJ individual muscle 

fibers are connected to the collagen fibrils in the tendon (Figure 1). This is where force is 

exchanged between muscle and tendon during movement. However, even though transmission of 

force is fundamental for motion, it is not clear exactly how this is generated. Generally, it is 

believed that most of the force is transmitted through the MTJ. This is supported by the fact that 

the MTJ has a unique morphology, which is advantageous for a structure that is specialized in 

force transmission. At the tip of the muscle fibers the muscle membrane is highly folded forming 

in-and evaginations with protrusion from the tendon, filling these invaginations (1).  
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Figure 1 Scanning electron microscopy image of two muscle fibers approaching the tendon, forming the 
MTJ. From Tidball JG. Myotendinous junction: morphological changes and mechanical failure associated 
with muscle cell atrophy. Exp Mol Pathol. 1984 Feb;40(1):1-12. 

Like fingers in a glove the tendon holds the muscle fiber ensuring a large surface area as well as an 

optimal angle for force transmission. Through these foldings the actin filaments from the muscle is 

in contact with the collagen fibrils in the tendon providing a path for force transmission. This 

contact is primarily mediated by adherence of actin to dystrophin and ultimately the dystroglycan 

complex which attaches dystrophin to laminin on the extracellular side (2). Alternatively, actin is 

linked to laminin through the vinculin-talin-integrin complex (3).  

Because of the large contact area between muscle and tendon these protein complexes are 

abundant at the MTJ. Previous studies have indicated that their presence is important for optimal 

function and force transmission through the MTJ by showing impaired transmission of force and 

high susceptibility towards injury in the absence of some of these proteins (4,5).  

Despite this morphological specialization, the MTJ is still a region where injuries in the form of 

strain injuries are very frequent. In an athletic setting hamstring strain injuries are particular 

frequent, representing the most common non-contact injury in sports involving high speed 

running such as football, Australian rules football and athletics (6–8).  

Because of this high incidence, there is much focus on prevention of these injuries, and eccentric 

training has shown to be particularly effective (9–11). However, little is known about how 

eccentric exercise affects the MTJ. Therefore, in order to explain the clinical observations, there is 
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need for more basic knowledge about the MTJ. Most studies investigating the MTJ have used 

animal muscles and have focused on the special morphology of the folded muscle membrane. 

Electron microscopy has been the preferred imaging technique, and as this thesis will discuss, this 

has limitations.  

Only very few studies have examined the human MTJ and most of them have been published by 

our group (1,12–14). This is surprising, since there is much focus on MTJ in sports medicine 

because of the high incidence of hamstring strain injuries.  

The reason for this lack of human studies is multifactorial, but one important reason is that a safe 

method to obtain biopsies of the MTJ from healthy individuals has not been available. 

Furthermore, the MTJ is a complex region to analyze because it is a delicate mixture of two very 

distinct tissues, skeletal muscle and tendon. This is highlighted by previous studies reporting 

exercise induced increases in concentration and gene expression of some of the proteins involved 

in linking actin to the extracellular matrix, i.e. integrins (15,16). Here the MTJ was not isolated from 

the general muscle and since these proteins are also present in the costameres it is not possible to 

tell whether the increase is actually seen in the MTJ . Therefore, in order to apply the more 

commonly known techniques such as RT-PCR, western blots, proteomics etc., the MTJ must be 

isolated, or the contribution from adjacent muscle and tendon must be quantified and considered 

in the interpretation of measurement results.  

The aim of this PhD-study was to provide some answers to the issues mentioned above. More 

specifically to investigate the human MTJ in relation to composition and structure, methods to 

isolate the individual tissues, and how MTJ is affected by exercise. Furthermore, we aimed to 

investigate the expression of genes potentially unique to the MTJ as well as the effects of a single 

bout of exercise on some of the genes that are active at MTJ.  

An aim of the PhD was to apply new techniques to how the MTJ is analyzed. Therefore, as much 

as this thesis will describe the knowledge of the MTJ as well as the newly discovered findings in 

the attached papers, it will also describe our effort to advance and improve the methods we know 

today to better and more accurately study the MTJ. This includes improved techniques to analyze 

the structure of the MTJ by imaging, as well as techniques to analyze composition and gene 

expression. 

1.0 Study I (Fiber type differences in the surface area of the human 

myotendinous junction) 
Injury to the MTJ occurs despite that the region is structurally optimized for force transmission, 

with the muscle membrane displaying a highly folded surface, increasing the area through which 

force is distributed. In close-up imaging using transmission electron microscopy (TEM) the muscle 

membrane forms invaginations, also named finger-like processes, that are filled with collagen 

fibrils approaching from the tendon (1,17). Due to these collagen-filled invaginations, the angle of 

force transmission is different compared to a situation where the muscle membrane is a smooth 

cone-shaped surface. This altered angle of force transmission results in more force transmitted as 

shear, or sliding, force which is more gentle on the tissue compared to tensile, or pulling force (18). 

Altogether the increased area and altered angle of force transmission theoretically reduces the 

stress on the MTJ.  

The invaginations of the muscle membrane have been reported to be present in many different 
muscles from a variety of animals, and also in humans (1,19–25). The 3-dimensional structure has 
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been illustrated in a study on human hamstring muscles, showing that they form a rather complex 
network with multiple branching (1). It seems to be agreed on scientifically that following exercise 
interventions, with treadmill running being the preferred modality, the length and branching of 
the invaginations increase (20,26–30). The opposite is seen in most of the studies on immobilization 
in which the surface area decreases (19,31–35). The previous findings are summarized in Table 1. 

 

 

 

Table 1: Studies describing the effects of loading and unloading on the surface area of the MTJ with a 

description of species used, muscles and muscle fiber types and the method used for measurements.  
From Jakobsen JR, Krogsgaard MR. The Myotendinous Junction-A Vulnerable Companion in Sports. A 

Narrative Review. Front Physiol. 2021 Mar 26;12:635561. doi: 10.3389 (36) 

 

Growth of the invaginations increases the surface area further, meaning that force is distributed 

over an even larger area which theoretically increases the ability of the MTJ to withstand force and 

potentially lowers the risk of injury. However, a clinical effect on the incidence of strain injuries is 

seen after periods of heavy eccentric exercise in populations already accustomed to vigorous 

exercise, including high speed running (9–11). This suggests that this exercise results in different 
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adaptations than those induced by running, or that those adaptations are further amplified by 

exercise.  

Therefore, future studies examining the effects of eccentric loading on the structure of the human 

MTJ are needed. The previous studies have used TEM to analyze the folded surface of the MTJ. 

This technique provides a very high resolution (around 1 nm) and thereby also a high level of 

detail. However, preparation of slides is time consuming so only a limited number of sections are 

imaged, meaning that only a small part of the total muscle fiber is measured in a limited number of 

fibers. Therefore, TEM might not provide imaging representative of the entire muscle fiber as well 

as all fibers in a muscle. Furthermore, is it questionable whether type I and type II muscle fibers 

can be clearly distinguished with TEM. While this might not be important in studies investigating 

murine muscles that have a very homogenous fiber type distribution, it is problematic in human 

muscles that are far more heterogeneous (37). Here the majority of muscles are composed of a 

mixture of both type I and type II fibers. Previous studies have indicated, that there is a difference 

in the anatomical construction of the MTJ surface between type I and type II muscle fibers 

(25,38,39). It might therefore be important to distinguish between type I and II fibers in analyses of 

the MTJ surface in species with a heterogeneous fiber type distribution. This can be achieved by 

analyzing the MTJ with immunohistochemistry (IHC) where the specific fiber types can be labelled 

with fluorescent antibodies. However, the resolution with regular widefield microscopy is not 

high enough to distinguish all the small invaginations seen at the MTJ.  

Therefore, we aimed to perform a study that took all the aforementioned issues into account and 

made a method available that can analyze the interface between muscle and tendon in whole 

muscle fibers and by which it is possible to distinguish between fiber types and to perform the 

analysis in a blinded and standardized manner. Furthermore, we aimed to examine whether there 

is difference in the size of the interface area between muscle fiber types.  

 

1.1 Methods (Study I) 
The methods are described in detail in the attached manuscript entitled “Fiber type differences in 

the interface area of human myotendinous junctions” and will only briefly be explained here.  

Samples were collected from 10 human subjects scheduled for reconstructive surgery of the 

anterior cruciate ligament (ACL) at Bispebjerg and Frederiksberg Hospital. During the surgery the 

semitendinosus tendon with attached muscle was harvested for the graft, and the tendon was used 

as graft. The MTJ that was in excess was used for this study. Quickly following dissection of the 

tissue, samples were prepared according to the single-fiber protocol, as described previously (40).  

Individual fibers were imaged with a Spinning Disc Confocal microscope and later reconstructed 

in 3D where a surface-construction plugin in Imaris Bitplane was used to estimate the size of the 
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surface (see figure 2).  

 

 
Figure 2:  

The figure shows how the 3D-reconstructions were created. First an overview image of the MHC1 staining 

was taken to identify the typing of each fiber (A). Next a stack of images was taken using a spinning disc 

confocal microscope where only the collagen XXII staining was imaged (B). This stack of images was 

combined into a 3D structure (C) which was reconstructed using a specific software into a structure of 

which it was possible to measure the surface area (D). Scale bars are 10 µm.  

 

Due to large variation in the interface area between the same fiber types from the same subjects 

Wilcoxon signed rank test was chosen to analyze differences between fiber types. Significance level 

was set to <0.05. 

 

1.2 Results (Study I) 

 
By 3D-reconstructing each muscle fiber end (figure 3) it was possible to estimate the interface area 

between muscle and tendon from 314 muscle fibers. The interface area of type I fibers was found to 

be 38.35 % larger compared to type II fibers (P=0.023) (See figure 4A). 

The mean fiber diameter of the two fiber types was the same (53 µm) with a slightly higher 

percentage of type II fibers in the samples (58%) compared to type I (42%). When expressed 

relative to the fiber diameter for each fiber, the interface area of type I fibers was still significantly 

larger than of type II fibers (P= 0.008) (See figure 4B).  
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Figure 3 

The figure shows the z-stack from three muscle fibers to the left labelled with collagen XXII. The 

left column shows the reconstructed surface of each of the fibers. Scale bars are 10 µm. 
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Figure 4:  

Results from the measurements of the interface area.  

In A the measure of interface area is shown and individual median values are plotted as well as the median 

for each fiber type and SEM. In B the measurement of interface area is related to the diameter of each fiber 

and represented in the same way as A. * indicates significant differences (P<0.05) 

 
 

 

1.3 Discussion (Study I) 
This study was the first study to investigate the surface area of the human MTJ from whole muscle 

fibers. Furthermore, was it the first to use confocal microscopy to analyze the complex interface 

which has previously been examined using TEM.  

The main finding of the study was that type I fibers had a larger interface area compared to type II 

fibers. Furthermore, did we introduce a new method to analyze the morphology of the human MTJ 

from a large number of whole muscle fibers, and this could prove to be particularly useful for 

future studies. 

 

Quantification using immunohistochemistry is complicated and the results can easily be affected 

by variations in the staining procedure or image acquisition and analysis. Therefore, a great effort 

was made to take these factors into account in this study. All fibers from all subjects were stained 

in the same batch using the same antibody dilution under the same environmental conditions.  

During the image acquisition the same setup was used with the same laser power and almost the 

same exposure time. Due to varying performance of the 568 nm laser, the exposure time could not 

be standardized and instead the time was adjusted in a window between 99-200mS in order to 

provide at least 10.000 grey values. Since the main outcome was not measures of pixel-intensity 

but instead surface area of staining this was not seen as a major issue. When analyzing the images, 

a macro was used for the settings behind the constructed surface so that all fibers were analyzed 

equally by an observer, blinded to the subject and fiber type.  

The individual images obtained with the confocal system showed a very detailed surface which 

varied between fibers (Figure 5). This complexity was amplified when the individual images were 

stacked together in a z-stack which could be visualized in 3D. Even though there was a wide range 
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in the size of the interface area between fibers a significant difference was found when comparing 

the size of the interface area between type I and II fibers.  

Interestingly, the interface area was larger in type I fibers compared to type II. Type I fibers are 

known to be more enduring and not capable of providing the same magnitude of force as the type 

II fibers which on the other hand are more easily fatigued (41,42). A high proportion of type II 

versus type I fibers have previously been speculated to be associated with an increased risk of 

strain injury (36,43,44). While the reason for this is probably multifactorial it could involve the 

combination of high force production in fibers that are easily fatigued (45). In addition, the smaller 

interface area of type II fibers found in the current study adds to this theory if the size of interface 

area affects the ability of the MTJ to tolerate loading, as suggested previously, and thereby also the 

susceptibility toward strain injury (17,28,46).  

 

Differences in the size of surface area between fiber types have been sparsely investigated. Three 

studies from the same group have used stereology to compare the size of the MTJ surface between 

type I and II fibers in both mice, chicken and snake with different results (25,38,39). In chicken and 

mice the type II fibers were larger than type I whereas the opposite was seen in the snake muscles. 

The authors speculate that this variation could be because different animals were examined. 

However, it should be noted that a very limited number of fibers were analyzed from few animals 

in these studies meaning that the results might not be representable for the entire muscle.  

Like in the previous EM studies where the foldings of the MTJ have been measured following 

exercise interventions, the stereology technique adjusts for the size of the fiber when calculating 

the interface area. The size of the interface area could be related to the size of the fiber and 

therefore the interface area was also expressed relative to fiber diameter in the current study. This 

did not affect the overall result. However, caution should be taken when expressing the size of 

interface area relative to fiber size in future studies since the fiber size is affected by changes in 

load (47,48). Since it is not known how quickly and to what extent the interface area adapts to 

loading, the results could reflect the changes in fiber size rather than the interface area.  

The strength of the current study was the ability to examine a high number of whole muscle fiber 

ends. This means that the method would be useful for future studies wanting to examine the 

effects of loading/unloading on the area of the MTJ in humans.  

The presented findings of a large interface area in type I compared to type II fibers indicate that 

type II fibers could be more vulnerable to injury, and future studies can examine whether the two 

fiber types are affected differently by exercise, and if the preventive effect of eccentric exercise is 

caused by adaptations in the type II fibers.   
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Figure 5:  

Individual confocal images taken of human MTJ labelled with collagen XXII. The images are randomly 

picked from the Z-stack and shows the detailed foldings of the MTJ separating the muscle (M) from the 

tendon (T). Scale bars are 10 µm.  

 

 

2.0 Study II (Adipocytes are present at murine and human myotendinous 

junction 
For skeletal muscles to work during exercise, fuel is needed. Here carbohydrates as well as lipids 

are the main sources in aerobic conditions. Both carbohydrates and lipids are therefore stored in 

healthy skeletal muscles (49). However, in some metabolic diseases, such as diabetes and obesity, 

lipids are deposited inside the muscle fibers as lipid droplets and among the muscle fibers as 

adipose-like tissue. The latter is associated with an impaired muscle function whereas high levels 

of lipid droplets inside the muscle fibers is related to reduced insulin sensitivity (50,51). In skeletal 

muscles from athletes without reduced insulin sensitivity or muscle function the same 

phenomenon of a high intercellular lipid content is seen. This is known as the athletes’ paradox 

and illustrates the complexity of lipids and adipocytes in skeletal muscle (50).  

During our previous investigations of the MTJ we repeatedly noticed lipid containing holes in our 

sections of human MTJ’s. Following specific IHC labelling we identified these holes as being 

adipocytes. In a study, exploring the capillary network near the MTJ of mouse diaphragm, the 

presence of adipocyte-like cells near the junction of this particular muscle has been reported (52). 

This observation has not been reported in any of the other animal or human studies looking at the 

ultrastructure of the MTJ. 

Adipocytes are not known to be capable to transmit force and therefore their presence in this 

highly specialized region seems counter-intuitive at first sight. It could be speculated that these 

rather soft cells would negatively affect the strength of the MTJ. Therefore, a reduction of the 

number of adipocytes at the MTJ following resistance exercise would be beneficial in order to 

reduce the risk of strain injury. Because they are located outside of the muscle fibers, they are not 

directly available as an energy source for the muscles. Instead, their position near the region where 

high forces are exchanged between muscle and tendon might weaken this structure. 

During a previous experiment we investigated the effects of 4 weeks of heavy resistance exercise 

on human subjects. Using those samples, we aimed to confirm the observation of adipocytes in 

healthy human MTJ as a general finding, and we also studied mice to analyze whether adipocytes 

are present through species, and we studied whether the number of adipocytes in human MTJs is 

affected by exercise.  

 

2.1 Methods (Study II) 
The method is described in detail in the attached article ”Adipocytes are present at human and 

murine myotendinous junctions” and is briefly explained here (53).  

Human samples were obtained from 10 subjects scheduled for anterior cruciate ligament 

reconstruction, as mentioned previously. The subjects were randomized preoperatively to either 4 
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weeks of heavy resistance exercise (n=5) or control (n=5). The exercise program is described in 

detail previously, but consisted of hamstring exercises including the Nordic hamstring (13). 

Following surgery samples collected from the semitendinosus muscle with the tendon included 

were cut, embedded in Tissue-Tek and frozen in liquid nitrogen cooled isopentane.  

To analyze the presence of adipocytes in mouse MTJ’s samples from 6 mice, bred to study 

neurotransmitters and circadian rhythm, were collected. Three were wild type mice whereas the 

others had knockouts of different receptors involved in circadian rhythm, none of which have been 

shown to affect overall activity patterns (54–56). The mice were perfusion fixed in Zamboni and 

the soleus and tibialis anterior muscles was dissected before they were immersed in Zamboni and 

cryoprotected in 30% sucrose in PBS before they were embedded in tissue-Tek and frozen like the 

human samples.  

Samples from both species were sectioned and stained with IHC antibodies against perilipin-1 

(PLIN1) to mark the adipocyte membrane, Collagen XXII and DAPI (Nuclei). Collagen XXII was 

used to indicate the MTJ, since this has been shown to be a valuable marker of this interface (57). 

For the human samples we wanted to quantify the number of adipocytes in relation to collagen 

XXII as well as the proportion of length of Collagen XXII+ MTJ with adjacent adipocytes (see 

figure 6).  

To describe possible differences induced by training, Mann-Whitney’s test was used. However, 

since no significant differences were seen the results were pooled. 

The mice were included to show the presence of adipocytes at the MTJ and therefore no 

quantification was made on the number of cells.  

From a single WT mouse, a soleus and a tibialis anterior muscle were prepared according to the 

single fiber protocol mentioned previously in the method section to paper 1. These muscles were 

dissected into smaller bundles containing the MTJ and stained with the same antibodies as the 

sections. A spinning disc confocal microscope was used to image the fiber-bundles (Figure 7).  
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Figure 6:  
Multichannel image of a section of human semitendinosus MTJ labelled with PLIN1 (green) and collagen 
XXII (red). The image shows the quantification of adipocytes (x) in relation to the length of the MTJ (White 
line) and the measure of MTJ with adjacent adipocytes (yellow lines).  
From: Jakobsen, JR, Jakobsen, NR, Mackey, AL, et al. Adipocytes are present at human and murine 
myotendinous junctions. Transl Sports Med. 2021; 4: 223– 230. 
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Figure 7: Mouse MTJ imaged with confocal microscopy showing adipocytes at the MTJ indicated by 
Confocal image of a mouse soleus muscle showing PLIN1-labelled adipocytes (Green) near the collagen XXII 
labelled MTJ (red). Scale bar is 50 µm. 
From Jakobsen, JR, Jakobsen, NR, Mackey, AL, et al. Adipocytes are present at human and murine 
myotendinous junctions. Transl Sports Med. 2021; 4: 223– 230. 

 

 

 

2.2 Results (Study II) 
Adipocytes were found in all human subjects with no significant differences induced by training 

(see figure 8). Likewise, all mouse MTJs contained adipocytes. Where the adipocytes in human 

MTJs were mostly located between fibers near the collagen XXII+ muscle end, the distribution in 

mouse MTJs was different. Here adipocytes were also seen between fibers near collagen XXII but 

also in relation to the tendon on the opposite side of the MTJ (Figure 9).  
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Figure 8  
The graphs shows the quantification of adipocytes in human MTJ. A represent the number of adipocytes per 
length of MTJ wheras B represents the percentage of MTJ length with adjacent adipocytes.  
From Jakobsen, JR, Jakobsen, NR, Mackey, AL, et al. Adipocytes are present at human and murine 
myotendinous junctions. Transl Sports Med. 2021; 4: 223– 230. 
 



26 

 

Figure 9  

Representative images MTJs from mice labelled with antibodies against PLIN1 (green), collagen XXII (red) 

and DAPI (blue). The localization of adipocytes in mouse soleus muscle is shown in images Images a+b 

whereas c+d represent tibialis anterior muscle. In 5a and 5c adipocytes (arrows) are seen in close relation to 

the MTJ whereas 5b and 5d shows adipocytes located in the tendon substance. Scale bars are 50 μm. 

From Jakobsen, JR, Jakobsen, NR, Mackey, AL, et al. Adipocytes are present at human and murine 

myotendinous junctions. Transl Sports Med. 2021; 4: 223– 230. 
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Figure 10: Transmission electron microscopy image of human MTJ showing adipocytes (A) present at near 
the characteristic foldings at the MTJ (arrows). The images in right column are higher magnification images 
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of the region marked by a square on the images in left column.   
Scale bars are 50 µm in left column and 20 µm in the two upper images to the right and 10 µm in the bottom 
right image.  
From Jakobsen, JR, Jakobsen, NR, Mackey, AL, et al. Adipocytes are present at human and murine 
myotendinous junctions. Transl Sports Med. 2021; 4: 223– 230. 

 

2.3 Discussion (Study II) 
The main finding in this study was that adipocytes are present in samples from both healthy 

humans and mice in very close relation to collagen XXII. By TEM the adipocytes were confirmed to 

be located close to the folded muscle membrane at the MTJ, through which force is thought to be 

transmitted (Figure 10). Whether this affects the ability of the MTJ to transmit or absorb force is not 

known.  

 

The presence of adipocytes in the MTJ from mouse diaphragm muscles has been described 

previously (52). However, the numerous studies investigating the ultrastructure of the MTJ have 

not reported this. An explanation of this could be that the diaphragm is a special muscle which is 

different from other skeletal muscles used in the previous studies visualizing the MTJ. It could 

further be speculated that the deposition of adipocytes could be related to muscles with a specific 

muscle fiber type. To discard these theories, we included samples from the MTJ of mouse soleus 

and tibialis muscles which are composed of primarily type I and II fibers, respectively, and are 

used in previous studies (19,20,28). Adipocytes were seen in both muscles from all mice indicating 

that the presence of adipocytes is not related to a specific fiber typing or otherwise special muscle. 

However, in contrast to the human MTJs where adipocytes were mostly seen between muscle 

fibers near the MTJ, adipocytes were also seen in the tendon tissue with no relation to MTJ in mice. 

 

Deposition of fibrosis and adipose tissue following injury is correlated with an increased risk of re-

injury (58,59). The presence of adipocytes in previously injured MTJs would therefore be expected, 

however, none of the included subjects in this study had a previous history with hamstring strain 

injury. The adipocytes in un-injured MTJs could impair force transmission, though, and one of the 

potential effects of heavy eccentric exercise could therefore be a reduction of the number of 

adipocytes at the MTJ. To test this hypothesis, we had included samples from a previous study 

where subjects had performed heavy resistance exercise, including the Nordic Hamstring exercise, 

for 4 weeks. However, no significant differences were seen between the training and control 

groups. This might not necessarily mean that exercise does not influence the adipocytes. Instead of 

affecting the number of cells, exercise might influence the size or activity of the adipocytes. 

Unfortunately, the cell size is difficult to quantify on tissue sections by immunohistochemistry and 

would require serial sections of the same sample which could later be reconstructed and analyzed. 

We were not able to do that in the current study due to difficulties in sectioning the samples from 

the MTJ where the muscle and tendon are easily separated, meaning that many sections are 

discarded.    

However, an interesting question is what the purpose of the adipocytes is. Given that the 

adipocytes are seen in “healthy” MTJs and are not affected by heavy resistance exercise, at least 

not to a degree that we could detect, it is likely that they have an important function at the MTJ. 

Theoretically, they could be present in this region to secure an optimal angle of insertion of the 

muscle fibers near the MTJ. This theory has been raised previously in a study reporting adipocytes 
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in the entheses at the tendon-bone junction in humans where they were seen to form adipose-like 

tissue with infiltrating blood-vessels and sensory nerve innervation (60). The authors speculated 

that the adipocytes could be present at the tendon-bone junction to facilitate movement between 

bone and tendon or to fill up room between fascicles in the tendon.   

Previously the focus related to regenerating muscle fibers has been on the satellite cells, fibroblasts 

and macrophages. However, in recent years the complexity of adipocytes has been investigated 

showing various subtypes in different regions of the body, with multiple functions besides serving 

as a metabolic cell population (61,62). An example of this is the adipose tissue found in the palm 

and feet which serve as pressure regulator (63). In addition, adipocytes are also known to interact 

with their environment by secreting cytokines, known as adipokines, which have various effects 

throughout the body (64). Adipocytes located in the dermis layer of skin have been shown to affect 

both fibroblasts and macrophages following skin lesions. Following injury of the skin, adipocytes 

undergo lipolysis resulting in secretion of fatty acids which improves the migration of 

macrophages to the damaged area (65,66). An impairment of this interaction between adipocytes 

and macrophages causes suboptimal repair of the tissue. In addition to the suggested role of 

adipocytes in tissue repair, the common adipocyte and fibroblast precursor cells, the fibro-

adipogenic cells (FAPs) have been shown to be important for myogenic proliferation following 

muscle injury (67–70).  

Even though a direct interaction between adipocytes and macrophages or satellite cells has not 

been confirmed in skeletal muscle in relation to remodeling or regeneration of muscle fibers, it is 

interesting that they are located in this region of the skeletal muscle where injuries are most 

frequent and the ongoing remodeling is highest. Their ability to migrate to injured regions and 

contribute to the inflammatory process suggests that they should be included in models for the 

understanding of regeneration and remodeling at the MTJ (65,66,71).  

Altogether, these findings indicate that adipocytes at the MTJ are of interest in the understanding 

of general homeostasis, remodeling and regeneration following injury to the MTJ. However, future 

research investigating the production of adipokines from the adipocytes located at the MTJ is 

needed in order to understand the functional role of these cells at the MTJ.  

 

3.0 Study III (RNA sequencing and immunofluorescence of the 

myotendinous junction of mature horses and humans) 
As mentioned previously, the distal part of the muscle fibers near the MTJ have been seen to 

undergo continues remodeling. This is demonstrated by immunoreactivity towards NCAM, which 

labels denervated, regenerating or newly formed muscle fibers, and supported by the finding of a 

high proportion of muscle fibers with centralized nuclei (40,72). Interestingly, this is not seen in the 

same muscle fiber a few hundred micrometers from the MTJ, indicating regional differences in the 

same cells. Recent studies have confirmed that specialized nuclei and particularly myonuclei are 

present at the MTJ with different gene expression than “regular” myonuclei (73–75). These nuclei 

are seen to express collagen XXII mRNA as well as NCAM1, among others. The specificity of this 

collagen type for the MTJ has been shown previously, and its importance for the tissue interface 

has been discussed (57). A knockout of the collagen XXII alpha-1 chain (COL22A1) in zebrafish 

resulted in significant impairment of the strength and function of the MTJ (76). Furthermore, 

mutations in the single-nucleotide polymorphisms (SNP’s) for COL22A1 have been correlated 
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with increased risk of strain injury in humans (77). Although this needs to be investigated further 

in order to draw certain conclusions, it highlights the importance of understanding the 

composition of the MTJ both from a basic research aspect and in relation to strain injury. In 

addition, an understanding of the gene expression at the MTJ would also improve the knowledge 

about the regeneration of the muscle fibers in the area as well as regeneration following injury. The 

latter is of great importance in a clinical context where previous injury is one of the most important 

risk factors for sustaining subsequent injury, probably due to suboptimal regeneration at the MTJ 

with formation of fibrosis.  

The presence of myonuclei specific to the MTJ as well as the high rate of remodeling suggests a 

different transcriptional activity in this area which could be accompanied by a markedly increased 

expression of specific, and maybe unique, genes of high importance to the MTJ. However, the 

study of the composition of the MTJ is challenging due to the nature of the region being a mixture 

of muscle and tendon. Especially the muscle tissue makes it difficult to study the MTJ due to the 

high amounts of mRNA and protein in muscle fibers. Applying methods regularly used in skeletal 

muscle research such as western blots, PCR or proteomics would therefore most likely be 

unusable, due to the high signals from regular muscle. To overcome this issue, the MTJ needs to be 

separated from muscle and tendon. In a recent study this was done by isolating the MTJ, using a 

laser-capture microscope and analyzing the samples by proteomics (78). With this method a 

sample is sectioned as regularly performed for immunohistochemistry and each section dissected 

with a laser. The chosen region of interest is then captured for further analysis. Even though this is 

a very precise method with a high degree of control of what piece of tissue that is analyzed, it is 

also a very time-consuming process, since only regions from thin sections are cut at a time, 

meaning that many sections are needed. In addition, the laser cuts with very high temperatures, 

which could heat the tissue and thereby affect the proteins or genes.  

Therefore, the current study had two aims. One was to develop a simple method to isolate larger 

pieces of MTJ tissue, separated from muscle and tendon without the need of special instruments. 

The other was to analyze the gene expression in the separated tissue fractions to find genes of 

interest for the MTJ.  

 

3.1 Methods (Study III) 
Samples were obtained from a study testing cardiac function and arrhythmia in 20 horses (7 

geldings and 13 mares). A mixture of previous racing horses (n=11) and non-racing horses (n=9) 

were included (age 5-10 years).  

All horses went through a range of tests not related to our study. These included three maximal 

effort running tests on treadmill on separate days. Unfortunately, due to differences in the time 

between these exercise sessions and collection of samples, we were not able to investigate potential 

effects of the tests on gene expression at the MTJ.  

Quickly after slaughtering of each horse, one of the hindlimbs was removed and the superficial 

digitorum flexor muscles were dissected for further analysis in our study.   

Samples containing muscle, MTJ and tendon were punched out using a 4 mm in diameter biopsy 

puncher. The samples were embedded in Tissue-Tek and an effort was made to place all samples 

in same manner with the tendon in the bottom and muscle on the top before freezing in liquid 

nitrogen-cooled isopentane.  
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The sectioning and collection of the various tissue fractions are described in detail in the attached 

paper (79). Briefly, the tissue block was sectioned from the top to bottom where 20 sections at a 

time were collected in each tube. Tubes representing the 6 fractions seen in figure 11 were chosen 

for further analysis.  
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Figure 11  
a) Regions chosen for further analysis.  
b) The control section stained with Hematoxylin and Eosin obtained before collecting tissue for the “muscle 
(MTJ)” tube.  
c) The control section obtained before collecting tissue for the “MTJ” tube. Arrows mark regions of tendon 
tissue. Scale bars in b + c are 50 µm. 

 

Gene expressions in the various fractions were analyzed using qRT-PCR looking at targets known 

from skeletal muscle, MTJ and tendon research. Based on these results samples from the “Muscle”, 

“MTJ” and “Tendon” fractions from 5 horses were selected for RNA sequencing. Fractions from 

these horses exhibited the clearest separation into muscle-like, MTJ-like and tendon-like tissue.  

By RNA-sequencing we tested for genes more highly expressed in MTJ tissue than in muscle and 

tendon. 

However, despite the effort to isolate the MTJ fraction, it still consists of mostly muscle and some 

tendon tissue. Since the relative contribution from these tissues might affect the gene expression 

seen in the MTJ fractions we also tried to take the relative contribution of muscle and tendon to the 

MTJ fractions into account. This was done by identifying genes from muscle and tendon that were 

expressed at levels 10-fold greater than in the other tissue (muscle vs tendon) and from these 

expression levels the relative contribution of muscle and tendon to the MTJ fractions were 

estimated. The contribution from muscle and tendon were estimated to be 86-94% and 6-14%, 

respectively, to the MTJ samples. This was used to calculate expected gene expression levels in the 

MTJ fractions based upon the assumption that the MTJ is merely a mixture of muscle and tendon 

with no specific effect on gene expression levels. Discrepancies between the expected and 

measured values from the MTJ would be regarded as coming from the actual MTJ.   

Immunohistochemistry 

To confirm the presence of the targets revealed by RNA-sequencing at the MTJ, sections from 

human semitendinosus MTJ’s were stained with commercially available immunofluorescent 

antibodies. Nine targets out of the list of 27 and 43 genes found to be enriched at the MTJ were 

chosen. The collection and preparation of the human tissue is as described previously in the thesis.  

The chosen genes were: OSTN (musclin/osteocrin), CD52 (CAMPATH-1 antigen), LCT (lactase), 

ACTC1 (actin alpha cardiac muscle 1), NES (nestin), MNS1 (meiosis-specific nuclear structural 

protein 1), ADAMTS8 (ADAM metallopeptidase with thrombospondin type 1 motif 8), NEFM 

(neurofilament medium), POSTN (periostin), COL22A1 (collagen XXII), and NCAM1 (neural cell 

adhesion molecule.  

Statistics 

The statistics has been described in detail in the attached paper, but briefly the gene expression 

from the tissue fractions was compared in pairs between muscle vs MTJ, MTJ vs tendon and 

muscle vs tendon using Wilcoxon Signed-rank tests with Bonferroni corrections. The data from 

RNA-sequencing was analysed using DESeq where a false discovery rate < 0.05 and log2FC > 1 

was applied. To adjust for the contribution of muscle and tendon to the gene expression in the MTJ 

fractions the expected MTJ value was compared with the measured values using one-tailed t-tests 

with a false discovery rate < 0.1, log2FC> 1.  
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3.2 Results (Study III) 
 

RT-PCR 

The results of the RT-PCR looking at expression levels of the tested gene targets in tissue fractions 

from all horses are displayed in figure 12. To compare the pure muscle, MTJ and tendon the gene 

expression levels from these fractions were analyzed statistically as displayed in figure 12b. No 

differences were seen between the trained and untrained horses.  

COL22A1 was the only gene found to be more highly expressed in the MTJ compared to both 

muscle and tendon. In tendon ANGPTL4, UTRN and COMP expressions were higher than in both 

muscle and MTJ whereas GAPDH was the only target more highly expressed in muscle compared 

to the two other fractions.  
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Figure 12 
The graphs show the results from the RT-PCR. In A all tissue fractions are included and the results from all 
genes shown separately In B only the “muscle”, “MTJ” and “tendon” regions are shown. * indicates 
significant differences (p<0.05) between tissue fractions.   
From Jakobsen JR, Schjerling P, Svensson RB, et al RNA-sequencing and immunofluorescence of the 
myotendinous junction of mature horses and humans. Am J Physiol Cell Physiol. 2021 Jul 14. PMID: 
34260300 (79). 
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RNA-sequencing 

Based upon the RT-PCR data a Principal Component Analysis plot was made (Figure 13a). Here it 

is seen that the fractions begin to cluster together. Using the same data from the RT-PCR a t-

distributed stochastic neighboring plot (t-SNE) was made to further look at these clusters (Figure 

13b). In the t-SNE plot the tendon fractions are separated from the other, located close to the MTJ 

fractions. The MTJ fractions are seen close to each other with some muscle fractions nearby and 

others clustered far from the other fractions.  

 

Figure 13 
Principal Component Analysis (A) and t-distributed Stochastic Neighbor Embedding (t-SNE) plots (B), 
showing the distribution of the various tissue fractions represented by different colors from all the horses. 
Each horse is indicated by a number. Samples located close together reflect more similar mRNA levels.  
From Jakobsen JR, Schjerling P, Svensson RB, et al RNA-sequencing and immunofluorescence of the 
myotendinous junction of mature horses and humans. Am J Physiol Cell Physiol. 2021 Jul 14. PMID: 
34260300. 

Set of fractions from 5 horses showing the clearest separation between various fractions and 

thereby probably the best isolation, where chosen for RNA-sequencing.  

When comparing the fractions: muscle, MTJ and tendon, no genes were found to be uniquely 

expressed at the MTJ. A list of 27 genes was found to be expressed significantly higher in the MTJ 

than both muscle and tendon (Figure 14c). Based upon the previously described assumption that 

the gene expression at the MTJ reflects the contributing muscle and tendon, 43 genes were more 

highly expressed than expected (Figure 15). COL22A1, NCAM1, POSTN, CNTNAP4, OSTN, 

ALDH3B1, MNS1, and CD52 were all found to be enriched at the MTJ using both techniques.  

Among the 27 genes that were significantly higher in the MTJ than in the other fractions were 

COL22A1, NCAM1 and POSTN, all of which have been described in relation to the MTJ 

previously (76,80,81). Since the MTJ did not contain unique genes it could be viewed as a mixture 

of muscle and tendon without specialization. However, 43 genes were found to be more highly 

expressed at the MTJ than expected, based upon the previously explained assumption that the 

gene expression at the MTJ reflects the relative contribution from muscle and tendon. These 43 

genes could therefore be more active at the MTJ. Interestingly, COL22A1, OSTN, ALDH3B1, 

PCR data analysis

t-Distributed StochasticNeighbor Embedding(t-SNE)

The t -SNE plot show an even bet ter separat ion of the t issue type, at least assuming that some of the muscle

samples is contaminated with MTJ or Tendon t issue and likewise, that some of the Muscle(MTJ) samples

in fact is not contaminated with MTJ/ Tendon.

Assuming the t-SNE plot is t rustworthy it can perhaps be used to pinpoint pure Muscle and Tendon samples.

#t-SNE plot

tSNE=tsne(t(TaaH[Data_col]),labels=as.factor(TaaH[,"Tissue"]), seed=2019)

## ***t-SNE wrapper function***

## running...

## done.

ggplot(tSNE$data) + geom_point(aes(x= X1, y= X2, colour=Included), size=5, alpha=0.4) +

geom_text(aes(x= X1, y= X2, label=TaaH[,"Horse"]), size=2) +

scale_colour_grey(start = 0.8, end = 0.0) +

theme_bw() +

labs(color="") +

labs(title="t-SNE plot") +

theme(plot.title = element_text(color="black", size=18,hjust = 0.5))
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Principal Component Plot (PCA)

PCA shows a nice clustering of the different t issue type with a clear separat ion of Muscle samples from

Tendon and Peritendon samples. The mixed samples, including MTJ, ends up somewhere in between.

#PCA plot

PCA = prcomp(TaaH[Data_col],cen=T,sca=T)

ggplot(data.frame(PCA$x)) + geom_point(aes(x=PC1, y=PC2, colour=Included),

size=5,alpha=0.3) +

geom_text(aes(x=PC1, y=PC2, label=TaaH[,"Horse"]), size=2) +

scale_colour_grey(start =0.8,end =0.0) +

theme_bw() +

labs(color=c("")) +

labs(title="PCA plot") +

theme(plot.title = element_text(color="black",size=18,hjust =0.5))
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summary(PCA)

## Importance of components:

## PC1 PC2 PC3 PC4 PC5 PC6 PC7

## Standard deviation 2.085 1.7417 1.2634 0.79525 0.70362 0.51415 0.48388

## Proportion of Variance 0.395 0.2758 0.1451 0.05749 0.04501 0.02403 0.02129

## Cumulative Proportion 0.395 0.6708 0.8159 0.87341 0.91842 0.94245 0.96374

## PC8 PC9 PC10 PC11
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Principal Component Plot (PCA)

PCA shows a nice clustering of the different t issue type with a clear separat ion of Muscle samples from

Tendon and Peritendon samples. The mixed samples, including MTJ, ends up somewhere in between.

# PCA plot

PCA = prcomp(TaaH[Data_col],cen=T,sca=T)

ggplot(data.frame(PCA$x)) + geom_point(aes(x = PC1, y = PC2, colour=TaaH[,"Tissue"]), size=5) +

geom_text(aes(x = PC1, y = PC2, label=TaaH[,"Horse"]), size=2) +

labs(color="Tissue") +

labs(title="PCA plot") +

theme(plot.title = element_text(color="black", size=18, hjust = 0.5))
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PCA plot

summary(PCA)

## Importance of components:

## PC1 PC2 PC3 PC4 PC5 PC6 PC7

## Standard deviation 2.085 1.7417 1.2634 0.79525 0.70362 0.51415 0.48388

## Proportion of Variance 0.395 0.2758 0.1451 0.05749 0.04501 0.02403 0.02129

## Cumulative Proportion 0.395 0.6708 0.8159 0.87341 0.91842 0.94245 0.96374

## PC8 PC9 PC10 PC11

## Standard deviation 0.38637 0.34291 0.30717 0.19414

## Proportion of Variance 0.01357 0.01069 0.00858 0.00343

## Cumulative Proportion 0.97731 0.98800 0.99657 1.00000
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POSTN, CNTNAP4, NCAM1, MNS1, and CD52 were found to be enriched at the MTJ when 

employing both techniques. The GO and KEGG databases were checked and no significant 

pathways were identified. In general, the 27 and 42 genes could be grouped into proteins with 

relation to neural activity, immune system, cell assembly/adhesion, formation of extracellular 

matrix, cell-tissue interplay, metabolism and fluid regulation.  

 

 

 
Figure 14 
Box plots showing the levels of gene expression of the 27 “MTJ-enriched” genes in muscle, MTJ and tendon.  

From Jakobsen JR, Schjerling P, Svensson RB, et al RNA-sequencing and immunofluorescence of the 

myotendinous junction of mature horses and humans. Am J Physiol Cell Physiol. 2021 Jul 14. PMID: 

34260300. 
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Figure 15 
Genes identified to be enriched in the horse MTJ by RNA-seq. Each dot represents the mean fold difference 
compared to the expected value from each horse with the lines indicating the range.  
From Jakobsen JR, Schjerling P, Svensson RB, et al RNA-sequencing and immunofluorescence of the 
myotendinous junction of mature horses and humans. Am J Physiol Cell Physiol. 2021 Jul 14. PMID: 
34260300. 
  

RNAseq: 43 genes enriched at the MTJ
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Immunohistochemistry 

The presence of collagen XXII, NCAM, nestin, periostin, MNS1, osteocrin and lactase at the MTJ 

was confirmed on the protein level using immunofluorescence (See figures 16-18). It was not 

possible to confirm the presence of CD52, NEFM, ACTC1 and ADAMTS8 at the MTJ due to 

unconvincing staining of these targets.  

NCAM, nestin and osteocrin were seen to stain the cytoplasm of the muscle, while osteocrin also 

stained some mononuclear cells between the muscle fibers. Collagen XXII and periostin were seen 

in close relation to each other at the tips of the muscle fibers. Lactase was expressed by 

mononuclear cells at the MTJ, and some myonuclei near the MTJ showed immunoreactivity 

against MNS1.  

 

Figure 16  
Representative images of staining of human MTJ samples against NCAM (A), Periostin (B) and Nestin (C) 
and co-stained with collagen XXII to identify the MTJ between muscle (m) and tendon (t). The two left 
columns show the individual channels in greyscale and to the right are merged images of the two channels 
with DAP included. All scale bars are 50 µm. 
From Jakobsen JR, Schjerling P, Svensson RB, et al RNA-sequencing and immunofluorescence of the 
myotendinous junction of mature horses and humans. Am J Physiol Cell Physiol. 2021 Jul 14. PMID: 
34260300. 
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Figure 17  
Representative images of staining of human MTJ samples against osteocrin and MNS1. Single grey-scale 
channels are shown in the first three columns with a merged image to the right. Osteocrin is seen to stain 
mononuclear cells near the MTJ (arrows) as well as the cytoplasm of muscle fibers. MNS1 is seen to stain 
some, but not all, myonuclei (arrows). Scale bars are 50 µm. 
From Jakobsen JR, Schjerling P, Svensson RB, et al RNA-sequencing and immunofluorescence of the 
myotendinous junction of mature horses and humans. Am J Physiol Cell Physiol. 2021 Jul 14. PMID: 
34260300. 

 

 

Figure 18  
Representative images of staining of human MTJ samples against lactase showing mononuclear cells with 
immunoreactivity against lactase (arrows) near the MTJ (A) as well as between muscle fibers away from the 
MTJ (B). Single grey-scale channels are shown in the first three columns with a merged image to the right. 
Scale bars are 50 µm. 
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From Jakobsen JR, Schjerling P, Svensson RB, et al RNA-sequencing and immunofluorescence of the 
myotendinous junction of mature horses and humans. Am J Physiol Cell Physiol. 2021 Jul 14. PMID: 
34260300. 
 

3.3 Discussion (Study III) 
The current study aimed to analyze the gene expression of the MTJ to identify potential unique 

genes or genes that were highly upregulated at the MTJ, and to develop a feasible method to 

isolate the MTJ from a sample containing muscle, tendon and MTJ.  

Using RNA-sequencing the gene expression of the MTJ was analyzed. No genes were found to be 

uniquely expressed at the MTJ compared to the muscle and tendon fractions. This is surprising 

since several proteins have been shown to be unique to the MTJ, i.e. collagen XXII and Periostin 

(57,81). An explanation for the lack of unique genes could be that the mRNAs are produced at 

some distance from the MTJ. However, this is not the case for COL22A1 which have been shown 

by in situ hybridization to be produced close to the MTJ in zebra fish (76). The lack of unique genes 

at the MTJ could also be due to issues in isolating the MTJ leaving some MTJ tissue in the other 

tissue fractions, even though an effort was made to avoid this by analyzing the muscle fraction that 

was far from the MTJ. However, this was complicated by the architecture of the chosen muscle. In 

horse the superficial digitorum flexor muscle is the most frequently injured muscle and like the 

human hamstrings a location where strain injuries occur. It is also a muscle with a very special 

architecture and the muscle with the shortest muscle fibers and the highest pennation angle in 

horse (82). Because of these short fibers, of which many do not reach the tendon, several 

aponeuroses infiltrate the muscle and could create junction-like structures. This would 

significantly affect our ability to isolate the MTJ in the samples.  

Despite this possible “contamination” of muscle and tendon fractions with MTJ-tissue it was 

possible to detect 27 genes that were expressed significantly higher at the MTJ compared to both 

muscle and tendon (Figure 14). Among these were COL22A1, NCAM1, NES and POSTN all of 

which have been described in relation to the MTJ previously (76,80,81), but also new targets were 

identified including OSTN, LCT and MNS1.  

Since we did not find any unique genes at the MTJ it could be viewed as a region merely 

composed of a mixture of muscle and tendon without specialization. Using that assumption, we 

calculated an expected value for all genes based upon the relative contribution from muscle and 

tendon and found 43 genes to be more highly expressed at the MTJ than expected. Among these 

was Periostin (POSTN), which is grouped as a matricellular protein affecting connective tissues 

without being a structural protein in itself, and known to induce fibrosis in both skin, heart, lung 

and skeletal muscle as well as to contribute to several fibrotic diseases, probably through 

activation and migration of fibroblasts (83,84). In skeletal muscle POSTN mRNA expression 

increases rapidly following injury which is also the case for the expression of the periostin protein 

that is seen in relation to regenerating muscle fibers and myotubes (85). In addition to enriched 

expression of the POSTN gene at the MTJ we were also able to identify periostin on a protein level 

at the MTJ using immunohistochemistry. Co-staining with collagen XXII showed that Periostin is 

located distal to the muscle fiber on the “tendon side” of the MTJ. The finding is in line with 

previous studies showing both the presence of periostin at the MTJ in mice (81). Interestingly, in 

addition to POSTN, two growth factors known to be involved in various processes including 

formation of fibrosis, the fibroblast-growth factor 7 (FGF7) and Platelet Derived Growth Factor-D 

(PDGFD) were seen to be more highly expressed at the MTJ than in muscle and tendon. However, 

it was not found on the list of genes more highly expressed than expected at the MTJ.  
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PDGFD is poorly described in skeletal muscle but in cardiac muscle it has been shown to be 

involved in remodelling of the myocardium following infarction (86). Likewise, has FGF7 been 

shown to be induced following skeletal muscle injury where it is produced by myonuclei and 

affects the activity of fibroblasts (87). Together with periostin, FGF7, PDGFD and their resulting 

effects on both fibroblast activity could be of great interest in the understanding of the homeostasis 

of MTJ but also the regeneration following injury. Here deposition of fibrosis is of negative 

importance in an athletic setting, since increased fibrosis severely increases the risk of sustaining a 

re-injury. How to optimally regenerate damaged tissue without depositing excess amount of 

extracellular matrix is therefore a central element in the prevention of many strain injuries, and 

periostin could be an interesting asset in this. 

The expression level of OSTN (Osteocrin) was also identified to be significantly higher at the MTJ 

compared to muscle and tendon. Osteocrin was initially identified as a bone-specific protein 

interacting with osteoblasts during bone-formation (88). However, it is also present in skeletal 

muscle where it has been renamed as “Musclin” and has very recently been shown to be expressed 

by myonuclei close to mouse MTJs by single-nuclei RNA-sequencing (74,75,89). In line with this, 

we found osteocrin to be more highly expressed in MTJ than in muscle and tendon in horse, and 

we were also able to confirm the presence of osteocrin on a protein level in relation to myonuclei 

near human MTJ. In skeletal muscle, osteocrin has been associated with mitochondrial function, 

and knockout of Osteocrin was shown to influence oxidative capacity negatively. This could 

indicate that the MTJ is a special region in the muscle when it comes to metabolism, which is 

supported by the finding of an increased concentration of mitochondria in muscle fibers near MTJ 

compared to further away (90). However, the functional implication of this is not known.   

The same applies for the two other proteins lactase and MNS1, which we identified at the MTJ. 

Lactase is an enzyme which breaks down lactose in the intestines, and it has not been reported in 

skeletal muscle previously. Still we were able to identify small cells near the MTJ showing 

immunoreactivity against lactase. MNS1 was found to be expressed by some, but not all, 

myonuclei near the MTJ. This protein is thought to be involved in meiosis and seen in the 

maturing sperm cells and has previously not been related to muscle or tendon (91). However, the 

function and importance of MNS1 and lactase in skeletal muscle and MTJ is undescribed but could 

be of interest for future studies.  

 

The purpose of the current study was also to function as a pilot study for study IV and other 

studies aiming to quantify issues of the MTJ without using image analysis. In order to successfully 

do that, the MTJ needs to be separated from the muscle and tendon with a somewhat evenly 

distribution of muscle and tendon in the MTJ fractions from all subjects. 

Based on the RT-PCR data it is difficult to demonstrate whether we succeeded on that or not. 

However, in the data using a t-SNE plot some patterns could be identified. The t-SNE plot groups 

individual fractions based on their expression of the genes chosen for RT-PCR, so that fractions 

with similar expression values are grouped close together. On the t-SNE plot the tendon samples 

are seen to group together, without infiltration by any of the other fractions (Figure 13b). Most of 

the muscle samples are also forming a cluster different from the other fractions, but some muscle 

samples are located near the MTJ samples, indicating a high similarity between these. However, 

the most important finding in this context is the clustering of the MTJ samples. The close relation 

between all samples from the MTJ fraction indicate a high similarity between these, when it comes 

to the gene expression values found by RT-PCR. Because of this high similarity the employed 
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method of sectioning through a sample consisting of muscle, MTJ and tendon, separating these 

fractions, seem to be adequate, and the method can be used in future studies. The isolation is not 

perfect, though. Especially for some of the muscle samples, large differences are seen. These can 

also be identified in the diagram showing the expression of individual genes by RT-PCR. In this, 

the values from COMP are seen to differ to a very high degree between muscle samples, and 

collagen XXII is likewise seen not to be restricted to the samples from MTJ, even though it has been 

confirmed as a unique marker of the MTJ. COMP is known from cartilage but is also expressed in 

connective tissue. Together with the findings of collagen XXII in some of the muscle samples, 

which theoretically have been collected at some distance from the junction, this could indicate a 

high content of extracellular matrix and probably also MTJ in the samples. It may be because the 

isolation process is not effective enough. However, the explanation might be found in the anatomy 

of the muscle chosen for this study as explained previously  

 

In conclusion, the current study reports a method to isolate the MTJ fraction from muscle and 

tendon. The high similarity between the isolated MTJ samples indicates that this method is useful 

for future studies examining the MTJ and the effects of interventions on the gene expression in this 

area. Furthermore, we identified 7 genes to be enriched at the MTJ and confirmed their presence at 

the MTJ on a protein level by immunohistochemistry indicating that these genes could be 

important in the understanding of the MTJ.  

 

4.0 Study IV (A single bout of eccentric exercise increases the expression of 

nestin and osteocrin in human myotendinous junctions) 
Clinically, the effect of eccentric exercise on the structure and metabolism of the MTJ is of interest 

to study, since this type of exercise is particularly effective to reduce the risk of strain injuries, as 

described previously. The main focus of studies on adaptations at the MTJ following exercise has 

been on the ultrastructure, and only a very limited number of studies have looked at how 

expression of specific genes or the protein content is influenced by exercise. At the MTJ the actin in 

the last sarcomere is linked to various cytoskeletal protein-complexes, which provide a 

transmembrane linkage to the collagen fibrils in the tendon. These include the transmembrane 

vinculin-talin-integrin complex and the dystrophin-glycoprotein complex (92). The importance of 

dystrophin for muscle function is well known due to Duchennes muscular dystrophy, in which a 

mutation in the dystrophin gene causes severely impaired muscle function. Besides suffering from 

impaired force transmission these patients are also very vulnerable to muscle damage, probably 

due to the absence of this strong adhesion of the sarcomeres to the membrane complexes (5). 

Interestingly, animal models have shown that upregulation of a specific integrin, integrin alpha 7, 

ameliorates some of the reduction in muscle force caused by the dystrophin-knockout (93,94). 

Additionally, knockout of integrin alpha 7 result in a special myopathy, affecting the strength of 

the MTJ, indicating an important role for this integrin at the MTJ (95).  

It has been speculated whether increases in proteins, such as integrin alpha 7, at the MTJ would 

lead to an increase in strength and thereby have a preventive effect on strain injuries, and whether 

these adaptations can be induced by eccentric exercise. Increases in expression of mRNA for both 

alpha 7 integrin, talin and vinculin have been reported following eccentric loading regimes 

suggesting that a cytoskeletal adaptation of the MTJ to eccentric exercise may exist (15,96). 

However, none of these studies have isolated the MTJ fraction, meaning that the results reflect the 
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whole muscle and not necessarily the MTJ. Isolation of the MTJ is particularly important for these 

cytoskeletal proteins since many of them are present along the myofiber where it attaches laterally 

to the endomysium through costameres (97–99).  

Therefore, the aim of this project was to evaluate the effect of eccentric exercise on the gene 

expression of human hamstring MTJ. Using the isolation method used in the horse-study we 

isolated the MTJ fraction and analyzed gene expression levels of both cytoskeletal genes and genes 

previously found to be of interest at the MTJ.  

Our aim was to show whether there is a higher expression in patients who have trained of specific 

genes which could result in a protein synthesis, that would strengthen the MTJ and contribute to 

the reduction in susceptibility toward injury.  

 

4.1 Method (Study IV)  
Subjects planned for reconstruction of the ACL and did not participate in regular resistance 

exercise involving the hamstring muscles were used as described in study I. In this study subject 

who did not perform resistance exercise involving the hamstring muscles were enrolled. Due to 

possible effects on mRNA expression, smokers and subjects with BMI>30 were excluded. A total of 

30 subjects were randomized to either a control group (n=16) or a training group who trained once, 

7 days before the scheduled surgery (n=14). Unfortunately, five (3 exercise, 2 controls)  subjects 

had to be excluded due to factors related to the surgery and not the study itself (cancelled surgery, 

tendon rupture during surgery and additional knee trauma).  

 

Exercise intervention 

The training program was built on three eccentric hamstring exercises and is described in detail in 

the supplements for the attached paper IV. Briefly it consisted of The Nordic Hamstring, lying leg 

curl and stiff-legged deadlift. All of which was composed of 3 sets of 6-8 repetitions until 

exhaustion with 2 minutes between each set. In addition to the hamstring exercises, the 

participants also did two exercises targeting the quadriceps muscles in order to train both the front 

and back thigh muscles. Here the seated leg extension and leg press was included and placed 

between the hamstring exercises in order to give the participants a longer break from the very 

intensive eccentric work. The participants were allowed not to go too hard on these exercises, 

especially on the leg extension, because this exercise can be uncomfortable for some patients with 

ACL rupture due to the high loads exerted on the tibia.  

Tissue collection 

The human tissue was obtained during the ACL-reconstructive surgery as described previously 

and approved by The Research Ethics Committees of the Capital Region of Denmark (ref. H-

18022988) and conforming to the standards set by the Declaration of Helsinki. Briefly, the 

semitendinosus tendon and muscle was harvested from all participants and the tendon was used 

as ACL-graft. Excess tissue from the semitendinosus that contained muscle, tendon and MTJ was 

used in this project. Multiple samples from each subject were cut from the excess tissue, embedded 

in Tissue-Tek and frozen in liquid nitrogen-cooled isopentane.  
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From each subject one sample was prepared for immunohistochemistry and a separate one for RT-

qPCR. For immunohistochemical evaluation the samples were aligned to give optimal sections 

containing MTJ with cross-sectionally cut muscle fibers.   

Prior to PCR processing the samples were isolated into the various fractions using the approach 

described in study III.  

 

Immunofluorescence 

To investigate the cellular response to exercise, sections from all subjects were stained with 

antibodies against Neural Cell Adhesion molecule (NCAM) to label satellite cells, and CD68 to 

label macrophages.  

 

Image analysis 

To manually count the number of satellite cells and macrophages several images were stitched 

together using a macro in ImageJ. Here three channels were stitched together creating one image. 

All cells were counted by a person blinded to the intervention. A CD56 + cell located inside of 

laminin+ muscle membrane and containing a nucleus seen as DAPI-signal was defined as a 

satellite cell (Figure 19). Similarly, was a macrophage defined as a CD68+ cell with a DAPI-signal 

located between the muscle fibers but outside of the laminin+ muscle fibers (Figure 20). 

 

 

Figure 19:  

Representative images of satellite cells (arrows) and muscle fibers near the MTJ (asterix) labelled with CD56 

(green). Single grey-scale channels are shown in the first three columns with a merged image to the right. 

Scale bars are 50 µm. 
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Figure 20:  

Representative images of macrophages (arrowhead) in muscle (a) and tendon (b) labelled with CD68 (green). 

Single grey-scale channels are shown in the first three columns with a merged image to the right. Scale bars 

are 50 µm. 

 

 

The concentration of macrophages was expressed both relative to area of muscle or tendon and 

relative to the number of muscle fibers.  

A high number of muscle fibers showed signs of necrosis in samples from three subjects. These 

subjects were excluded from the analysis because the presence of necrosis made it difficult to 

estimate both satellite cells and macrophages properly (Figure 21) 

 

 

Figure 21  
Representative images of a sample from an exercised subject showing signs of necrosis of the muscle fibers. In 
a) CD56+ muscle fibers that are either newly formed, denervated or under remodeling is seen together with 
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an indication of the intact muscle membrane (laminin). In b) the necrotic muscle fibers are labelled with 
CD68 which marks the infiltrating muscle macrophages. Single grey-scale channels are shown in the first 
three columns with a merged image to the right. Scale bars are 50 µm. 

 

To express the RT-PCR data relative to tissue volume, the control sections mounted on glass slides 

prior to the collection of tissue for each tissue fraction was stained with Haematoxylin and Eosin 

before being imaged and analysed using ImageJ. By multiplying the area of the section with the 

number of sections collected, a measure of the volume was provided.  

The RNA extraction, Real-time PCR and primer list is described in detail in the attached 

manuscript.  

 

Statistics 

To analyze satellite cell proliferation and macrophage infiltration unpaired t-test was used.  

Data from RT-PCR was first normalized to control muscle means and expressed relative to RPLP0 

(Shown in supplemental file in paper IV). However, the low number of cells in tendon meant that 

this normalization wasn’t representative. Neither was the normalization to GAPHD.  Therefore, 

data was expressed relative to tissue volume. Due to unevenly distributed variance in the data 

muscle vs MTJ and MTJ vs tendon was examined separately using Two-way repeated measures 

ANOVA where tissue and exercise was the two factors. The level of significance was set to < 0.05.  

Graphs are made with the software GraphPad Prism 8.4.3. 

 

 

4.2 Results (Study IV)  
 

Macrophages and satellite cells 

Significant higher concentrations of macrophages were seen in the exercised muscle compared to 

control (Figure 22b-c). However, an effect of exercise was not seen in the concentration of satellite 

cells in muscle. Macrophages were detected in the tendon but the concentration of these was not 

affected by exercise. In samples from three subjects more than 10% of the muscle fibers showed 

signs of necrosis. These samples were excluded from the analysis but are shown as separate values 

in figure 22. 
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Figure 22  
The effects of exercise on the satellite cell proliferation and macrophage infiltration in muscle and tendon is 
shown. The circles represents individual values with the open circles indicating the necrotic samples which 
was not included in the statistics. The lines indicate mean and SEM.  
In a) the number of satellite cells relative to number of muscle fibers are shown. The number of macrophages 
relative to number of muscle fibers (b) or to muscle area (c) is shown where d) illustrates the number of 
macrophages in tendon. * indicates significant differences (p<0.05). 

 

 

RT-PCR 

Figure 23 shows the effect of exercise and tissue on the chosen genes. NES and OSTN were both 

expressed in higher levels in exercised MTJ and tendon fractions compared to control. Most of the 

chosen targets were more highly expressed in the MTJ than both muscle and tendon. These 
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included the previously identified “MTJ-specific” targets: COL22A1, NCAM1, POSTN, NES, 

MNS1, OSTN, ADAMTS8 and ITGA7.  

Samples from subjects showing a high degree of necrosis of the muscle fibers were excluded from 

the analysis but are shown in figure 23.  
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Figure 23:  

The result of the PCR-analysis comparing muscle vs MTJ (a) and MTJ vs tendon (b) is shown in the figure. 

Data is normalized to tissue volume and expressed relative to the mean of control muscle. P-values from 

two-way repeated measures ANOVA examining effects of exercise and tissue is shown under each target. 

Values from the necrotic samples are shown as individual values. These were excluded from the analysis.   

 

To investigate the expression of the chosen genes in relation to distance from the MTJ all fractions 

from three subjects were analyzed. These included 7 muscle samples in varying distance from the 

MTJ, 1 MTJ sample and 1 tendon sample.  
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A gradient was seen for many of the targets where the expression level decreased the further the 

fraction was from the MTJ (Figure 24). 

 

Figure 24 

The graph shows the effect of distance to the MTJ on the RT-PCR values collected from 3 subjects. “M1-

7” represents the muscle fractions where “M1” is the fraction closest to the MTJ.  

 

4.3 Discussion (Study IV)  

 
The main finding of the current study was that a single bout of eccentric exercise induced higher 

levels of OSTN and NES expression indicating that these genes are responsive to eccentric exercise 

in the MTJ. This was accompanied by infiltration of macrophages, but not satellite cells, in the 
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skeletal muscle. This was also the first study to investigate the effects of eccentric exercise on gene 

expression in human MTJ.  

Osteocrin is a natriuretic peptide predominantly linked with bone research, but is also known 

from muscle research under the name “musclin” (100). The specific function of osteocrin is still not 

understood but it has been suggested to be involved in metabolism and mitochondrial processes 

(89,101–103). Osteocrin has previously been shown to increase in concentration following aerobic 

exercise and together with findings of impaired oxidative capacity of osteocrin-knockout mice this 

suggests a role of osteocrin in the mitochondrial adaptations to exercise (102). Osteocrin was also 

identified at the MTJ in horses and humans in study III. However, apart from that finding 

osteocrin has not been described in relation to the MTJ before. Therefore, the role of osteocrin at 

the MTJ is still uncertain, but it can be speculated that since the MTJ has been shown to be a region 

with a high remodeling activity, osteocrin could be involved in the metabolic processes that are 

needed for this process.   

The high degree of remodulation or regeneration of fibers seen at the MTJ could also explain the 

finding of nestin at the MTJ. Nestin was also one of the genes found to be higher expressed at the 

MTJ by the RNA-sequencing of horse muscles. It has previously been shown to be upregulated 

following muscle injury (104,105) and involved in proliferation and muscle regeneration (106–108) 

as well as in the embryonic development of MTJs (106,109). This suggests that nestin could be 

involved in the adaptive response of the muscle fibers near the MTJ following eccentric exercise.  

TENC ITGA7, COL1A1 and COL3A1 has all been shown to increase in expression following an 

exercise bout (110,111). However, these were not affected by exercise in any of the three tissue 

fractions in the current study. This lack of increase is probably due to the timing of sampling 

where samples in the current study are collected seven days post-exercise. This timepoint was 

chosen because exercise sessions were not carried out during weekends, and because it is the time 

where changes in satellite cells, macrophages and some mRNA can be detected (111,112). 

However, it is not optimal to study all mRNAs since some are known to respond rapidly and 

return to baseline again before the 7-day timepoint (i.e. Tenascin-C and ITGA7) (15,113).  

 

While the exercise bout induced infiltration of macrophages in the muscle tissue it did not induce a 

detectable proliferation of satellite cells. As described previously satellite cells are muscle 

progenitor cells capable of proliferate and fuse with muscle fibers to provide additional nuclei or 

to form myotubes and subsequently new muscle fibers (112,114). This proliferation is normally 

seen in response to exercise (114,115). However, the current study is the second study from our 

group, in which a higher concentration of satellite cells in the muscle near the MTJ was not seen 

when compared to controls, following resistance exercise (80). In the distal ends of muscle fibers a 

high number of centralized nuclei are seen together with NCAM immunoreactivity (14). This 

could indicate that this region has a high turnover and therefore also a high request for satellite 

cells. If the need for satellite cells is high enough the lack of increase in satellite cell concentration 

could be a dynamic phenomenon, by which the newly formed daughter cells immediately fuse 

with a muscle fiber and thereby not add to the total satellite cell pool.  

Furthermore, the current study investigates the semitendinosus muscle where most of the 

previous studies on satellite cells in human muscle have used vastus lateralis muscle. 

While the effects of exercise on gene expression values were absent for most of the targets, there 

was a difference between the three tissues for a wide range of targets. Generally, most of the 
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targets were higher expressed in the MTJ compared to muscle, including the targets identified to 

be of importance for the MTJ by RNA-sequencing in study III. However, only ITGA7, MHCemb 

and NCAM1 were expressed to a greater extent in MTJ compared to tendon. While this could be 

due to many of the chosen genes being highly expressed in tendon, i.e. COL1A1, COMP, Tnmd, it 

could also indicate that the tendon fraction might not be pure. By inspection of the control sections 

mounted on glass-slides before collecting tissue for RT-PCR, it was seen that many of the tendon 

fractions also contained some muscle fibers. Therefore, the tendon fractions cannot be viewed as 

pure tendon, but may to some degree contain a mixture of tendon and MTJ. 

Lactase was identified as a MTJ related gene by RNA-seq. in paper III. The expression of lactase 

was also measured in the current study, but it was not found consistently in the MTJ. It was found 

in the MTJ fractions from some subjects, but also in the muscle fractions from others. This could 

indicate that lactase is only expressed in some subjects but could also be because it is expressed by 

cells passing by skeletal muscle and thereby randomly being caught by the PCR.   

In samples from three subjects we analyzed the effect of distance from the MTJ on the gene 

expression levels and found most genes to be more highly expressed closed to the MTJ, compared 

to expression in tissue fractions furthest from the MTJ. This means that the distance to the MTJ has 

a large effect on results and should be considered when measuring on samples obtained closed to 

the MTJ. Interestingly, COL22A1, which is considered a MTJ “specific” gene, was also seen in the 

muscle fractions at some distance from the MTJ. This is in contrast with a previous study showing 

the presence of COL22A1 close to the MTJ using in situ hybridization (57). However, it could 

indicate that COL22A1 is near the MTJ but to some degree diffuse in the muscle cytoplasm away 

from the junction.  

 

In conclusion, a single bout of eccentric exercise was found to induce higher expression levels of 

nestin and osteocrin in the MTJ compared to controls. Furthermore, was the presence of the genes 

identified to be of interest for the MTJ in horses confirmed to be significantly higher in human 

MTJs than muscle.  

These findings suggest that nestin and osteocrin could be of interest in future studies aiming to 

understand how eccentric exercise affects the human MTJ. 

 

5. General discussion  
The purpose of this PhD study and thesis was to gain knowledge about the MTJ with particular 

emphasis on human MTJ and changes induced by exercise. Even though some parts of the original 

plan had to be changed and some aspects were not included, the studies forming the thesis cover a 

broad spectrum of MTJ research. The majority of previous studies examining the MTJ have 

focused on ultrastructure, using TEM. In study I we introduced a new method to visualize the 

structure of the MTJ by confocal microscopy. We suggest this as a gold standard instead of electron 

microscopy for studies including quantification of the MTJ interface. Although this technique has a 

lower image resolution than electron microscopy, the number of fibers that it is possible to analyze 

and the possibility to measure the interface area is a great advantage compared to techniques that 

have been reported previously. Furthermore, the finding of a difference in surface area between 

fiber types indicates that electron microscopy is not optimal for this type of analysis, as fiber types 

cannot easily be distinguished with TEM. TEM is unique to analyze fine structures at the MTJ, but 

in the pursuit of an answer as to how eccentric exercise affects the size of the folded surface at the 
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MTJ, EM is of very limited help. For this purpose, it is paramount that many fibers are analyzed 

and that fiber types are easily distinguished since it is not known whether the fiber types adapt to 

exercise in the same way. The finding of a larger interface area of the MTJ from type I fibers 

compared to type II fibers is novel. The dominant theory in previous studies has been that the size 

of the interface area correlates with the ability to transmit and withstand forces without injury. The 

difference in interface area between fiber types indicates that loading might be tolerated 

differently, depending on fiber type. It has previously been speculated whether a particular fiber 

type distribution, with a large proportion of type II fibers, increases the risk of strain injury (45). If 

the size of the surface area is correlated to the ability to withstand stress, this might be true. 

However, this needs to be analyzed in future studies in order to draw any conclusion.  

Eccentric exercise is of now the most effective method to prevent strain injuries. However, the 

mechanism of this effect is not clear. In relation to hamstring strain injury, the Nordic Hamstring 

exercise has the most promising effect, and it is also the most widely used exercise to prevent 

strain injuries. A key feature is that it applies high loads to the eccentricly working hamstring 

muscles. According to the size principle, where recruitment of more and larger motor-units are 

depending on the magnitude of force needed for the given task, this type of exercise would recruit 

a large amount of muscle fibers of both fiber types (116). It could be hypothesized that the clinical 

effect of Nordic Hamstring on strain injury risk is based on the ability of heavy eccentric exercise 

to recruit a large proportion of type II fibers, resulting in adaptations at the MTJ in these fibers. 

However, future studies are needed to confirm whether this is actually the case and if the interface 

area of the MTJ is able to adapt to exercise at all. The measurements of the interface area of the MTJ 

in study I was based on collagen XXII labelling of the folded surface. A larger interface area would 

therefore theoretically contain a higher total amount of collagen XXII compared to a smaller 

surface with shorter and fewer membrane foldings. Since a difference of almost 40% in the surface 

area between type I and II fibers was found, large differences in the protein concentration of 

collagen XXII could exist between the two fiber types.  

If the foldings increase in length and number of branching following a loading regime as 

suggested from the earlier TEM quantifications on animal muscles, this could be accompanied by 

an increase in the amount of collagen XXII. Whether this increase would be equal between fiber 

types is not known, however, difference in surface area between fiber types suggest that the 

distribution of these should be considered when the contents of collagen XXII is quantified. A 

quantification of collagen XXII at the MTJ following a loading intervention has not yet been 

performed. However, in study III we measured the expression levels of collagen XXII mRNA 

(COL22A1) following an acute bout of eccentric exercise. Although mRNA levels are not equal to 

protein synthesis, it can be an indication of a possible increase in protein synthesis. Even though 

high levels of COL22A1 was found in the MTJ fraction, no differences were seen between the 

exercised and control group. This could indicate that eccentric exercise does not lead to an increase 

in the surface area of human MTJ, which is in line with a previous study of the effect of heavy 

resistance exercise on the MTJ interface area using TEM (12). However, the absence of an increase 

in COL22A1 expression could also be because of the timing of the sampling, since it is not known 

how quickly this collagen type responds to loading and for how long time the response is effective.  

Furthermore, could it be speculated whether the exercise bout induced similar adaptations 

between fiber types and whether the fiber type distribution between subjects could have an impact 

on the mRNA levels of COL22A1. The finding of different size of the interface area at the MTJ 

between the two muscle fiber types is so far the only knowledge we have about characteristics of 

the individual fiber types at the MTJ. Given the heterogeneity of fiber types in relation to 

cytoskeletal composition, energy supply systems and the contractile properties it is possible that 
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differences also exist in how the muscle fiber types function at the MTJ (117). Whether variations in 

exercise induced adaptations at the MTJ between fiber types influenced the results in study III on 

mRNA levels at the MTJ following an acute bout of eccentric exercise, is not known. However, 

future studies are needed to make further conclusions on this.  

In addition to collagen XXII, eccentric exercise could also affect the concentration of other proteins 

specific to the MTJ. To investigate genes coding for proteins of potential importance for the MTJ, 

RNA-sequencing was performed on samples from the MTJ. These were isolated into fractions 

consisting of muscle, MTJ and tendon tissue. A total of 43 different genes were found to be more 

highly expressed in the MTJ compared to muscle and tendon, suggesting that they could be of 

interest in future studies on the MTJ. When grouped depending on their function, most of the 43 

genes are related to the extracellular matrix or the cytoskeleton. 

Based on these findings we investigated the effect of exercise on some of these identified genes. 

Nestin and osteocrin were both seen to be more highly expressed in exercised compared to control 

participants. Their presence was also confirmed at the protein level in sections of human 

hamstring MTJ, showing that nestin was located intracellularly, but only in the most distal part of 

the muscle fiber, whereas osteocrin was distributed in the muscle cytoplasm, as well as in 

mononuclear cells between the muscle fibers.  

Nestin has previously been mentioned in relation to the MTJ, but the function of this protein as 

well as of osteocrin in the MTJ is yet unknown.  

The protein CIDEA (Cell death activator) was one of the genes more highly expressed in the MTJ 

than in the two other fractions. CIDEA is expressed by adipocytes but in higher concentrations in 

brown adipocytes, and it has been suggested to be involved in browning of adipose tissue 

(101,118). While the presence nuclei expressing CIDEA at the MTJ confirms our finding from study 

II where we report adipocytes in human and murine MTJs it questions whether they are white or 

brown adipocytes. Since osteocrin has been suggested to be involved in browning of adipose 

tissue, this could be a potential function of the high expression of osteocrin at the MTJ (101). 

However, it has not been documented whether the adipocytes seen at the MTJ are white or brown, 

and it is not known, if the high expression of osteocrin following exercise leads to a browning of 

the adipocytes at the MTJ. There is much focus on browning of adipose tissue since the brown 

adipocytes differ from the white by the fact that they regulate body temperature and the 

production of heat through nonshivering thermogenesis by uncoupling of the electron transport 

chain from ATP in the mitochondria (101,118–120). In contrast to white adipose tissue, which is an 

energy storage, brown adipose tissue consumes energy. Browning of white adipose tissue has been 

shown to occur in response to various stimuli, such as cold exposure and exercise (118). However, 

it is still questionable to what extent this occurs in adult humans.  

 

One group of genes identified to be higher expressed at the MTJ by the RNA-seq. analysis was 

related to the nervous system and nerve remodeling. The idea that the MTJ could contain a wide 

variety of sensory nerves is not new (121). The presence of sensory nerves at the MTJ is interesting 

since sensory nerves have several functions. They are capable of sensing pain and stretch but can 

also induce inflammation through secretion of proinflammatory cytokines that initiates 

inflammation through macrophages (122).  

During the course of this PhD an attempt was made to analyze the presence of nerves at the MTJ. 

A large variety of antibodies known to target different nerve markers were tested. However, no 

signal was seen in sections of human MTJs. While this could indicate that the selected targets were 
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not present at the MTJ, it is also likely that the lack of signal was a consequence of methodological 

problems related to the application of staining protocols and antibodies, used in studies of the 

CNS in mice onto human muscle sections. In an attempt to stain nerve fibers in skeletal muscle, 

sections of mouse muscles were used, since the antibodies are validated in this species and the 

muscles are much smaller, meaning that the chance of catching a sensory nerve fiber in a thin 

section is higher than in human sections. In mice it was seen that nerve fibers expressing 

immunoreactivity against the two sensory neurotransmitters, substance P (Sub.P) and calcitonin 

gene-related peptide (CGRP) were present near the MTJ (Figure 25). CGRP and Sub.P are involved 

in sensation of pain, but they are also capable of inducing neurogenic inflammation (122–125). 

However, these have not previously been described in relation to the MTJ and their function in this 

region is therefore unconfirmed.  

 

 

 Figure 25:  
Images of a section of mouse gastrocnemius muscle stained with immunofluorescent antibodies against 
calcitonin gene-related peptide (CGRP) and substance P (Sub.P) The first two images are signal channel 
images showing the CGRP and Sub.P staining, respectively. In the bottom a merged image of the two 
channels + a DAPI staining is shown. The tendon (T) is seen in the middle of the muscle (M) with two 
sensory nerve fibers positive for both CGRP and Sub.P (arrows) near the MTJ.   
Scale bars are 50 µm. 
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6. Conclusions 
The thesis shows a new method, in which confocal microscopy, using a spinning disc, can be used 

to analyze the size of the folded interface between muscle and tendon. The ability to easily distinct 

fiber types as well as analysis of whole muscle fibers in high abundance means, that this method 

should be considered the new golden standard to evaluate the interface area of the MTJ in humans. 

The importance of distinguishing between fiber types is highlighted by the fact that a larger 

interface of the MTJ was found for type I fibers compared to type II. The finding has relevance for 

determining risk factor for strain injury and for planning of the training in strain injury prevention 

programs.  

 

Using both IHC and EM we confirm the presence of adipocytes in the MTJ from healthy human 

and murine muscles, located in very close relation to the foldings, through which force is 

suggested to be transmitted. The number of adipocytes at the MTJ was not seen to be influenced 

by resistance exercise to any high extent.  

 

Additionally, we show a new method to isolate the MTJ from the surrounding muscle and tendon 

tissue, and this is valuable for studies aiming to quantify gene expression, protein concentration 

etc. at the MTJ. By applying the isolation method, a panel of genes was found to be significantly 

higher expressed at the MTJ and some were also confirmed to be present at the MTJ on a protein 

level. These genes could be of interest for future studies, seeking to understand the MTJ. Among 

these were NCAM and COL22A, both of which have previously been known to be enriched at the 

MTJ, but also POSTN and NES.  

The latter was found in higher concentrations in subjects exposed to a single bout of eccentric 

exercise compared to controls. The timing of sampling could have led to some targets not being 

highly expressed at the specific time point. However, the increased expression of POSTN and NES 

suggests that these targets are of relevance in future studies of the MTJ, as well as I relation to the 

effect of exercise in this region.  

 

 

7. Perspectives and future studies 
 

The MTJ has been suggested to be the site of injury in most strain injuries, but a more thorough 

understanding of the dynamics and anatomy of these injuries is needed. It has been speculated 

that rapid stretch combined with a forceful contraction of the sarcomeres result in strains (126). 

However, it is not known which factors influence the tolerance of the sarcomeres and the linked 

structures in relation to stretch. Neither is it known where the actual breaking point is on a 

molecular level. MRI of strain injuries shows a heterogeneous group of injuries, ranging from 
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affection of both the muscle fibers at the MTJ to the connective tissue including the intramuscular 

tendon (Figure 26) (127–129).  

  

Figure 26: Strain injuries of MTJ and intramuscular tendon 
MRi scans illustrating two different hamstring strain injuries. In A a strain injury of the myotendinous 
junction of the proximal biceps femoris is seen. The feather-like appearance characteristic for this type of 
injury is seen as white edema (white arrow) between the muscle fibers that attaches at the intramuscular 
tendon (open arrow) which is seen to be intact.  
In B an injury of the intramuscular tendon is shown. The tendon is seen as a wavy structure (open arrow) 
and a defect in the tendon is seen which is filled with white edema (white arrow). Borrowed from Brukner P, 
Connell D. 'Serious thigh muscle strains': beware the intramuscular tendon which plays an important role 
in difficult hamstring and quadriceps muscle strains. Br J Sports Med. 2016 Feb;50(4):205-8. doi: 
10.1136/bjsports-2015-095136. Epub 2015 Oct 30. PMID: 26519522. 

 

Although it is speculative, strain injuries might therefore be a heterogeneous group, spanning from 

small intramuscular ruptures of the sarcomeres, or other related structures, to large ruptures 

involving the connective tissue scaffold. If that is the case, it would be interesting to know whether 

they all start as small displacements in the sarcomeres or have different mechanics. The studies of 

strain injuries are limited by the imaging produced by MRI and Computed Tomografi scans that 

are used to identify the site of injury. Most often the injuries are seen as edema and potentially also 

tissue retraction, however it is not possible to identify the exact structure that is damaged, at a 

microscopic level. This would require analysis of biopsies from the site of injury. A method to 

obtain larger pieces of tissue from injured MTJ’s in living humans has not previously been 

described. In a recent study, small biopsies were taken from subjects with a strain injury in the calf 

and hamstring muscles using a Bard Magnum Biopsy Instrument. Ultrasound was used to identify 
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the location of injury, and a biopsy was obtained randomly from the hypo/hyperechoic area in the 

muscle (130). The relation to MTJ was not controlled in this study and biopsies for the study of 

MTJ would ideally require an open biopsy method. During this PhD we did develop such a 

method but did not get any opportunity to test it on athletes with a strain injury (see appendix). 

We hope to be able to do this in the future as knowledge of exactly where the injury occurs will be 

essential for future research on MTJ. 

The recovery of a strain injury is, as described previously, depending on both the magnitude of 

injury but probably also the effectiveness of the inflammatory process and the following repair and 

degree of fibrosis. This repair process is affected by a wide range of cells and cytokines. Some of 

these are neurotransmitters that can activate an inflammatory process. Although it was not 

documented on human sections, we were able to document the presence of two sensory 

neurotransmitters, CGRP and Sub.P, at the MTJ, both of which are known to be involved in 

neurogenic inflammation. However, future studies are needed to understand the involvement of 

these neurotransmitters in the acute phase and the following repair process after injury to the MTJ.  

 

As described regarding paper II, adipocytes have also previously been shown to be involved in the 

repair and fibrotic process following skin lesions. In the thesis we documented the presence of 

adipocytes at the MTJ. While the function of these cells at the MTJ is not known, it can be 

mentioned (unpublished) that the adipocytes were also easily identified when single fibers were 

dissected for the confocal analysis. Inspired by the observation of large numbers of adipocytes 

seen during the manual dissection in the stereomicroscope, we tried to set up a way to dissect and 

isolate the cells in order to analyze their gene expression later. However, we did not succeed in 

this, mainly because adipocytes could not be isolated without risk for contamination with other 

cells, such as fibroblasts, satellite cells and macrophages. Since we hypothesize that these 

adipocytes could have a different gene expression profile compared to adipocytes that are present 

in other organs, it is of course essential to be sure, that the samples are not contaminated with 

other cells. Time did not permit this technical issue to be solved during this PhD. Hopefully future 

studies will provide evidence regarding the adipocytes and their function at the MTJ.  

Another important step towards understanding strain injuries, their mechanics and how to 

prevent them is to know how force is actually distributed and transmitted at the MTJ. The classic 

view on force transmission is the linear force pathway from sarcomeres directly to the tendon. 

However, some studies have indicated that this is not the only pathway since connections also 

exists spreading laterally from the sarcomeres to the endomysium through costameres 

(99,131,132). The magnitude of lateral force transmission could theoretically affect the overall stress 

on the MTJ to an important degree and increasing lateral force transmission could make the MTJ 

more resistant to heavy loading. However, it is not known whether lateral force transmission is a 

“trainable” or a static phenomenon, responsible for tightening the connective tissue surrounding 

the muscle fibers during contractions. We plan to study lateral force transmission in future 

projects.  

Generally, long-term exercise studies using eccentric exercise to study adaptations in the MTJ are 

needed to boost the field and approach an answer as to why exercise prevents strain injury. In this 

thesis a panel of genes which could be of importance for the MTJ are identified as well as two 

genes, osteocrin and nestin, which have been shown to be responsive to eccentric exercise. These 

genes should be included in studies aiming at understanding the MTJ in relation to injury and 

exercise.  Since gene expression levels not always reflect later protein synthesis, it is also needed to 
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confirm whether osteocrin and nestin are actually increased at a protein level following eccentric 

exercise.  

A fiber type distribution with a higher proportion of type II vs type I fibers has already been 

associated with higher risk of strain injury. As suggested in the current thesis this risk could in 

part be due to a smaller interface area of the MTJ of type II compared to type I fibers. However, 

whether exercise interventions induce different adaptations in type I and II fibers is not known but 

could be a topic for research in the future. More specifically, it would be relevant to known if an 

eccentric exercise regimen consisting of the Nordic Hamstring exercise is capable of inducing 

greater adaptations in type II fibers compared to other regimes.  Hopefully, these questions will be 

answered in the future and provide knowledge about the MTJ which would be useful to solve the 

clinical issue regarding strain injury prevention and rehabilitation.  
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9. Appendix 

How to make biopsies from the human semitendinosus myotendinous junction.  

Biopsies from the semitendinosus myotendinous junction are made with the participant 

placed in a lying supine position, back-up. The semitendinosus MTJ is localized by 

ultrasound and the biopsy area is marked on the thigh 2-3 centimeters proximal to the 

most distal insertion of muscle to the tendon (14-20 cm proximal of the insertion of the 

tendon on the pes anserinus). Under sterile conditions and after subcutaneous injection 

of local analgesics, a small incision (1-2 cm) is made in the skin just superficial to the 

semitendinosus muscle/tendon, which is easily located by asking the participant to 

contract his hamstrings. Gently the subcutaneous tissue is pulled to the side and a small 

incision is made in the fascia covering the semitendinosus. When the semitendinosus 

MTJ is visualized, local analgesics are injected in the muscle proximal to the biopsy site, 

and one or two biopsies of 5 mm in diameter containing muscle, MTJ and tendon, is 

taken using a surgical biopsy puncher. Skin is closed with Vicryl Rapid.  

 

From dissection it is obvious, that the biopsy is only a very small part of MTJ, and the 

risk of rupture in the post-biopsy period is negligible. 
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The skin incision needed for the biopsy.  
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The fascia over the tendon is incised longitudinally in order to reach the tendon 

beneath.  
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The tendon is visible after incision of the fascia 
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The MTJ is identified and a biopsy taken using a basket forceps. 
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The semitendinosus muscle and tendon after two biopsies. Arrows indicates where the 

biopsies were taken. 

 

 

The size of the biopsy. 
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Abstract 

Background: The myotendinous junction (MTJ) is a region structurally specialized in force transmission and 

susceptible to strain injuries. Foldings are formed where muscle and tendon meet which increases the 

contact area between these two tissues and theoretically improves the ability of the MTJ to withstand 

loading. It is unknown, if the interface area of MTJ is the same in type I and type II muscle fibres.  

Method: Samples were collected from human semitendinosus MTJs, and individual muscle fibres with 

intact MTJ were isolated by microscopic dissection and labelled with antibodies against collagen XXII 

(indicating MTJ) and type I myosin (MHCI). Using a spinning disc confocal microscope, the MTJs from all 

fibres were scanned and subsequently reconstructed in 3D-models. The interface area between muscle and 



tendon was measured on this reconstruction by a blinded observer, and results were compared between 

type I and II fibres. The validity of measurements was assessed through blinded, repeated measurements in 

xxx fibres. 

Results: By application of this method it was possible to analyse the entire MTJ from 314 muscle fibres.  

Type I muscle fibres had a 38.35% larger interface area of MTJ compared to type II fibres (p<0.05). This was 

also found when expressing the area relative to fiber diameter.  

 

Conclusion: By applying a new method to analyse the structure of the MTJ from a large number of fibers it 

was found that the interface area between the muscle and tendon are higher in type I compared to type II 

fibers. This new method could prove useful for future studies wanting to quantify on differences in the 

structure of the MTJ between a large number of fibers.  

Introduction 

The myotendinous junction (MTJ) is the tissue structure through which force between muscle and tendon is 

transmitted. The morphology of in the contact area between the termination of each muscle fibre and the 

collagen fibrils from the tendon is highly specialized. The muscle membrane is intensively folded, forming 

invaginations consisting of collagen-rich protrusions from the tendon - visually like fingers penetrating the 

muscle fibre. Collagen type XXII is a useful marker of the MTJ(1), and transmission electron microscopy-

imaging (TEM) has confirmed that this particular collagen is present in the protrusions from the tendon(1). 

 

The angle of force transmission is different in an interface with such protrusions compared to a smooth 

cone-shaped interface (2,3). Consequently, a higher proportion of force is transmitted as shear- or sliding-

force, which is more protective in relation to retain the tissue structure compared to tensile- or pulling-

force (2). Theoretically, the large area for force transmission and the reduced angle between tissues lower 

the stress on the MTJ.  

Despite its specialized structure, the MTJ is where strain injuries are most frequently seen (4). Strain 

injuries, and especially hamstring strain injuries, are among the most frequent non-contact injuries in many 

sports, and they are therefore common objects for research in sports medicine (5–8). Clinical studies have 

shown that eccentric exercise with the Nordic Hamstring exercise is very effective to reduce the risk of 

these injuries (9–13).  

It has been hypothesized that the size of the foldings and thereby the area of the interface might affect the 

risk of injury (3,14). In animals, the effect of various loading regimes is an increasing size of the foldings and 

the overall interface area of MTJ, when measured on TEM-images (14–18). This theoretically increases the 

ability of the MTJ to transfer force and potentially lowers the risk of strain injury (2,3). In atrophic or 

unloaded muscle the opposite occurs (19–22): the foldings decrease in size, and this reduces the overall 

area by which force is transmitted. It has been suggested that there is a correlation between how much the 

MTJ is loaded through activity and the risk of strain injury, meaning that following periods with lower 

loading the risk of strain injury increases. This implies that plasticity of the foldings at the MTJ may be a key 

factor for the risk of strain injury (23).  



 

An advantage of TEM is that very small structures are visualized due to the high resolution achieved with 

this technique, compared to regular light microscopy. The drawback is, that the very small regions analyzed 

by TEM might not be representative of the tissue. Furthermore, is the tissue preparation and image analysis 

very time consuming compared to regular immunohistochemistry.  

It has been suggested that there might be differences in the structure of the foldings of the MTJ, dependent 

on muscle fiber type, as the surface area of type II fibers seems to be larger compared to type I fibers 

(24,25). While this is of less importance in studies on mice, in which most muscles consist almost 

exclusively of type I or II fibers, it must be considered in analysis of human muscles, because in general they 

are composed of both fiber types with no fixed ratio. Unfortunately, distinguishing between fiber types by 

TEM is not straightforward. For these reasons TEM is not an ideal method to analyze changes in the human 

MTJ, for instance in relation to exercise, or differences of the MTJ dependent on fiber type. Therefore, the 

current study aimed to develop a method for regular immunohistochemistry (IHC) by use of confocal 

microscopy to analyze larger, representative samples of the entire MTJ, and within a realistic time frame to 

analyze a higher number of samples, while at the same time determine the muscle fiber type. With such a 

method available, we also aimed to investigate possible differences in the surface area of the MTJ between 

type I and II muscle fibers, hypothesizing that type II fibers have a larger surface area of MTJ.  

 

Methods 

Participants 

Samples were collected from 10 human subjects (3 females and 7 males, mean age 27.1 ± 6.3 and BMI 24.3 

± 1.6. All subjects were scheduled for ACL-reconstructive surgery at Bispebjerg and Frederiksberg Hospital 

and had not performed resistance exercise involving the hamstring muscles during the preceding 3 months. 

During the surgery the semitendinosus was harvested, and the tendon was used as graft. The excess tissue 

containing the MTJ, was used for this study. Quickly following dissection of the tissue, samples were 

prepared according to a single-fiber protocol, as described previously (26). Briefly, samples were pinned in 

a silicone-coated dish to keep the fiber length and incubated in Krebs-Henseleit buffer with procaine, 

followed by Zamboni fixative (indhold I detaljer) incubation overnight followed by storage in 50% Glycerol 

in PBS until dissection. 

Using a stereo microscope, single muscle fibers were dissected from the tendon using a surgical scalpel. An 

effort was made to separate the tissues while keeping the tip of each muscle fiber intact. 50 fibers were 

dissected from each subject and placed in NUNC well-plates for IHC staining.  

Staining protocol 

The single fibers were pre-incubated for one hour in an Immunobuffer (IB) (PBS containing 50 mM glycine, 

0.03% saponin, 0.25% BSA, 0.05% sodium azide and 0.1 %Triton-X to increase the permeability of the 

antibodies). Hereafter, a mixture of two primary antibodies was added and left for incubation at 5° for 

three days. Previous tests found this superior in relation to signal-to-noise ratio in the image analysis 



afterwards compared to shorter incubation periods. The primary antibodies were: Guinea-pig anti-Collagen 

XXII diluted in IB 1:1000 (a kind gift from Manuel Koch University of Cologne, Germany) and mouse anti-

MHC1 Alexa 649 1:100 (A4.951, Hybridoma Bank). Following washing in IB the fibers were incubated with 

secondary antibodies overnight at 5°. The following secondary antibodies were used: Goat Anti guinea pig 

Alexa 568, Goat Anti-mouse Alexa 647. Before mounting in glycerol-containing mounting medium with 

DAPI (Molecular Probes ProLong Gold anti-fade reagent, cat. no. P36935; Invitrogen A/S), the fibers were 

washed in IB and once in PBS. When using a coverslip, it was seen that the fibers were compressed and that 

the level of compression was different between fibers. Because it was not possible to find a method where 

the coverslip was mounted in a standardized manner with an equal compression of all fibers on all slides, it 

was chosen not to use coverslips and instead scan the fibers directly using immersion oil on the objective. 

This was not found to affect the image quality. 

 

Confocal microscopy 

The images of the muscle fibers were obtained using an iMIC microscope equipped with a wide field and a 

confocal unit (Till Photonic, FEI Munich, Germany) (27) . The microscope was equipped with appropriate 

filter settings for detecting DAPI, Texas Red/Alexa561/594 and CY5/ Alexa647. For confocal imaging, the 

iMIC used an Andromeda disk system (FEI, Germany) and a Hamamatsu 16-bit camera (Model C10600-10B-

H, Hamamatsu Photonic, Japan) for recording. For wide field microscopy, the iMIC used a 12-bit camera 

(Model C84484-03G02, Hamamatsu Photonic, Japan) and the following objectives: x10, numerical aperture 

(NA) = 0.35 and ×60, NA = 1.46.  

Using the x10 objective an wide field overview image of the entire slide was made using the Alexa 647 

staining to distinguish type I and II fibers (Fig. 1A). The position of the MTJ of each fiber was marked in the 

system for easier navigation later and the presence of MHC1 staining noted. In some muscle fibers only 

specific regions of the fiber showed immunoreactivity against the MHC1 antibody. Therefore, a type I fiber 

was defined as a fiber showing immunoreactivity against MHC1 in any part of the fiber. (Figure 1A) 



 

 

Figure 1:  

The figure shows the workflow of the study starting by the widefield fluorescent image of all fibers from a subject 

where type I MHC is labelled and the fiber type is registered (type I arrow, type II arrowhead). Each fiber is also labelled 

with collagen XXII antibody and scanned using the confocal part of the microscope providing images through the depth 

of the fiber as shown in b). These images are merged in a z-stack (image c) which is used to create the 3D surface (d) 

from which the measurements are made. Scale bars are 10 µm.  

 

Z-stacks of individual fibers were created using a 561 nm laser to image the collagen XXII staining in 

conjunction with oil immersion and the x60 objective. Based on the wavelength and the numerical aperture 

(NA) of the objective, a theoretical working resolution (smallest visual distance between two pixels) could 

be calculated: resolution = wavelength (λ /2* NA). In the current setup the theoretical resolution was ~192 

nm with a Z-resolution of 200 nm.  

Each fiber was scanned from bottom to top with a z-distance between images of 0.2 µm using the same 

laser intensity, but varying exposure time (between 99-200 mS) to get at least 10.000 grey values in all 

fibers. (Figure 2) 



 



 

Figure 2:  

The figure shows representative confocal images of the collagen XXII labelled MTJ separating the muscle (M) from the tendon (T). 

The images are randomly picked from the Z-stack used to make the 3D reconstruction. Scale bars are 10 µm.  

 

All z-stack files were saved in the same folder and later re-arranged and re-labelled by a person not 

involved in the analysis, to blind the observer responsible for measuring the interface area regarding 

subject. The 647 nm channel type was not included in the z-stack, and therefore also blinded for the 

observer.   

Image analysis 

The z-stack of individual muscle fibers were analyzed using Imaris BitPlane 9.5 (RRID:SCR_007370)( 

Bitplane, Switzerland) Using  the “Surfaces” plug-in to create an artificial surface based on a thresholding of 

the collagen XXII staining from which the area could be measured (see figure 1). The settings for creating 

the surfaces were identical for all fibers from all subjects. To test the reproducibility of the method multiple 

measurements of the same fibers were made and a variation of less than 1 % was found.    

 

In some fibers the signal to noise ratio was too low for the software to create a useful surface and these 

fibers were therefore excluded.  

During the dissection, staining and imaging some fibers were either lost or in a condition where they could 

not be analyzed. Some fibers appeared to have lost the end which could be an indication of poor dissection 

or damaging during the staining process. Others were lost while pipetting during staining or poorly stained 

resulting in poor image quality. From a total of 500 dissected fibers (50 fibers from each subject), 314 fibers 

were found suitable for image analysis.  

 

Statistics 

A pilot experiment was performed to obtain data to estimate the necessary sample size to distinguish a 

relevant difference in surface area between fiber types. In this, 28 fibers (14 of each fiber type) from a 

single subject were analyzed and the interface areas was found to be 27382 µm2 (± 1460) for type I fibers 

and 23732 (±1821) for type II fibers. Based on this, at least 6 subjects were needed to be able to confirm 

that this is an actual difference with a power of 80 % and significance level of 0.05. Since the fiber type 

distribution might vary between subjects and some fibers would be lost during preparation, we chose to 

include 50 fibers from 10 subjects to be sure to have at least 10 fibers of each type from each subject. 

Unfortunately, samples from two subjects did not have the minimum 10 fibers of each fiber type, and the 

subjects were excluded from the analysis. From each of the remaining 8 subjects a median of 15 type I 

(Range 11-20) and 20 type II fibers (Range 12-32) were analyzed.  



In order to take fiber size into account the measurements of interface area were also expressed relative to 

the diameter of the fiber given as the size of the z-height of each fiber. Due to large variation in the 

interface area between same fiber type from the same subjects Wilcoxon signed rank test was chosen to 

analyze differences between fiber types. Significance level was set to <0.05.  

 

Results 

Using immunohistochemistry, it was possible to stain and identify type I and II fibers (Figure 1) and later 

imaged individual fibers using an iMIC spinning disc confocal microscope. Figure 2 shows representative 

images through the stack of images obtained from one fiber. A high complexity of the foldings is seen on all 

individual images but to an even greater extent on the collection of images in 3D z-stacks (Figure 3). Based 

on the z-stacks a reconstruction of the surface was created (figure 3) from which it was possible to measure 

the size of interface area between muscle and tendon.   Generally, the appearance of the foldings at the 

fiber end was very heterogenous between subjects (figure 3) but also between fiber types where the 

interface area of type I fibers was found to be 38.35 % larger than type II fibers (P=0.023) (Figure 4A). 

Expressed relative to the fiber diameter the interface area of type I fibers was still significantly larger than 

type II (P=0.008) (Figure 4B). The mean diameter of both fiber types was 53 µm and the distribution of the 

fiber types showed a higher number of type II (58%) compared to type I (42%). 

 



 

Figure 3: 

The left column shows z-stacks of different muscle fiber ends with indication of the muscle (M) and tendon 

sides (T). The right column is the software constructed surface based on the z-stack from left column. Based 

on these constructed surfaces the interface area was calculated.  

Scale bars are 10 µm. 



 

Figure 4:  

The figure shows the result of the measurements of the interface area of MTJ type I and type II fibers-. In A) the interface area is 

plotted as individual median values as well as the median for all type I and II fibers. A significant difference is seen between the fiber 

types (P= 0.023). In B the interface area is expressed relative to the muscle fiber diameter of each fiber type per subject and the 

median for type I and II fibers are shown. A significant difference between fiber types is also seen here (P=0.008). 

 

 

 

 

Discussion 

This is the first study to analyze the size of the interface area between muscle and tendon in humans by a 

new technique based on confocal microscopy and fluorescence IHC. The main finding is that type I fibers 

from human semitendinosus muscles have a larger interface area compared to type II fibers from the same 

muscle. Furthermore, the new method described is introduced to analyze the entire MTJ of muscle fibres 

from a high number of samples and subjects, which could be particularly interesting for future studies 

examining the basic structure of the human MTJ as well as changed induced by exercise.  



The unique structure of the MTJ has been subject for many studies previously, with the majority using 

transmission electron microscopy (TEM) as imaging technique (15,22,28–30). By TEM the highly folded 

surface of the MTJ and the complexity of these foldings has been demonstrated by 3D-reconstruction of 

MTJ from human samples (29). Only one study used light microscopy to analyze the foldings of the MTJ 

(31). In this, the muscle membrane at MTJ was labelled with dystrophin, and the size of the tendon foldings 

into muscle was calculated on the basis of a 3-D reconstruction, based on consecutive cross-sections of the 

muscle fibers approaching the MTJ.  

 

In the current study a spinning disc confocal microscope was used to scan individual muscle fiber ends. 

Collagen XXII, which is known to exclusively be located at MTJ, was used to label the folded surface of each 

section and stack of sections was compiled to a 3D structure. The stacked images showed a very detailed 

organization of the foldings together with a large variation in both size and appearance between fibers. 

Interestingly, the interface area was found to be significantly higher for type I fibers compared to type II. If 

a larger interface area lowers the risk of injury during force transmission, as suggested previously (3,14,32), 

then the present findings suggest that type I fibers could be more resistant to load-induced injury than type 

II fibers.  

Type II fibers are known to be capable of producing faster and stronger contractions compared to type I 

fibers which are more enduring and therefore also more resistant to fatigue (33–35). Among risk factors 

and biomechanics explaining strain injuries, fatigue seems to be important(35–37). Since type II fibers can 

produce high force but are also easily fatigued, it has been suggested that a high proportion type II/type I 

fibers in a muscle is correlated to a higher risk of strain injury (38). While this has not been validated 

thoroughly yet, it is interesting that some of the most frequently injured muscles, the hamstring muscles, 

generally contain a higher proportion of type II compared to type I fibers (38). The findings of the current 

study support this theory by showing a smaller area of force transmission between muscle and tendon in 

type II fibers from one of the hamstring muscles, the semitendinosus, compared to type I fibers.  

Even though the etiology of strain injuries is complex and affected by multiple parameters, it may be 

essential that the foldings of the muscle membrane at the MTJ have a high degree of plasticity and are able 

to increase in size following loading. Based on this, targeting the type II fibers in a prevention program may 

be advantageous. In the clinical world this is well-known since the most effective prevention regimes 

involve heavy eccentric loading (9–11,13) which is thought to a higher degree to involve type II fibers. 

Whether the interface area of type II fibers increase more than in type I fibers following heavy eccentric 

loading is not known.  

Two studies have compared the area of the MTJ between fiber types previously with different results in 

chicken and snake. A stereological approach was used to estimate the area of the MTJ on TEM sections and 

the muscles consisting of type II fibers were found to have larger area compared to the type I dominant 

muscle in chicken. However, the opposite was seen in muscles from snake by the same group. Here a larger 

area of type I fibers was found. Here the size of the fiber was also taken into account in the measures. This 

has also been done in most of the previous studies measuring on TEM-images where the surface of the MTJ 

is often expressed relative to diameter of the fiber. Theoretically, a larger fiber could have a larger interface 

area of the MTJ, however, in the current study it was seen that the size of the MTJ was instead determined 

by the morphology, where some MTJs had very short foldings and others ended in very long thread-like 

foldings (Figure 5). When analyzing the effects of a loading/unloading intervention caution should be taken 



when expressing the MTJ surface area relative to fiber size since these interventions might induce 

hypertrophy/atrophy. It is not known whether the size of foldings changes as quick as the fiber size 

following i.e. atrophy and therefore this type of calculation would give an overestimate of the MTJ surface 

area.  

In the current study the interface area of type I fibers was still significantly larger than type II fibers when 

the measurements were expressed relative to fiber diameter.   

 

Figure 5:  

The figure shows representative sections of two type II fibers which illustrates that the size of fiber not necessarily 

determines the interface area of the MTJ. The upper row shows 5 images randomly picked from the z-stack of the 

whole fiber with a total surface area of 20692 µm2. The bottom row shows 5 images from a thinner fiber but with an 

interface area of the MTJ of 76759 µm2.  

Scale bars are 10 µm. 

 

 



 
Figure 6: 

Electron microscope image of human MTJ showing the size of the foldings (arrows and bars). Generally, the width of 

the foldings were between 220-400 µm.  

Scale bar 10 µm.  

Image acquired by Andreas Billa Knudsen, made at the Centre for Integrated Microscopy (CFIM) at the Panum Institute 

in Copenhagen, Denmark, used by permission.  

 

Previous TEM-images from human MTJ’s have shown that the thickness of the foldings ranges between 

~220-400 nm (Figure 6). In the current setup a theoretical resolution of 200 nm was calculated and the 

actual resolution should be somewhere near this. Although some details might not have been visualized the 

current setup is probably enough to identify most of the details in the foldings although the resolution is far 

from the previously used TEM-images capable of resolutions around 1 nm. The advantage of present 

method, though, is that whole fibers are measured in a high number, making it possible to measure surface 

area of fibers and obtain a quantitative measure of this, which is essential and useful in future studies 

wanting to quantify on a high number of fibers.   

In conclusion, this study has provided a method to analyze the entire interface area of the MTJ from human 

muscle fibers, making it possible to analyze a large number of fibers in many samples. Furthermore, was it 

shown that the interface area between muscle and tendon was higher for type I fibers compared to type II. 

Although future studies need to confirm this, it indicates that type II fibers might be more susceptible to 



injury and that interventions aiming to prevent strain injury should focus on inducing adaptations in the 

type II fibers.  
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1  |   INTRODUCTION

The myotendinous junction (MTJ) has been subject to increas-
ing interest during the past decade, and the unique properties 

of this region have been revealed. Several studies, mainly on 
animals, have shown that the most distal part of the sarco-
lemma is folded and that these foldings are surrounded by 
tendon. This architecture increases the interface area of the 
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Abstract
The presence of adipocytes at the myotendinous junction (MTJ) has not previously 
been reported in mammals. However, during studies of the MTJ, our group has no-
ticed the presence of adipocytes as a general and surprising phenomenon. The main 
aim of this study was to describe and quantify the presence of adipocytes in relation 
to the MTJ in healthy human subjects. In addition, we wanted to investigate whether 
adipocytes are also found at the MTJ in mice, which is a commonly used species in 
muscle and tendon research. Samples from the semitendinosus MTJ from 10 healthy 
human subjects and tibialis anterior and soleus from 6 mice were prepared for elec-
tron microscopy or for immunohistochemical labeling against perilipin (PLIN1, to 
identify adipocytes), collagen XXII (representing the myotendinous junction), and 
nuclei (DAPI). In all humans and mice, numerous adipocytes were present at the 
MTJ. Electron microscopy of human samples showed that adipocytes were located 
near the characteristic foldings of the muscle membrane at the MTJ. The large num-
ber of adipocytes at the MTJ in humans and mice suggests that they have an impor-
tant function in the interplay between skeletal muscle and tendon in this region.
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MTJ.1,2,3 Almost half of the muscle fibers contain centralized 
myonuclei and display NCAM-reactivity in the most distal 
part of the muscle fibers at the MTJ, suggesting an ongoing 
remodeling in this region.4 However, the number of satellite 
cells, fibroblasts, and macrophages seems to be identical to 
what has been reported from the muscle belly.4,5 This could be 
explained by a different transcriptional activity of these cells 
at the MTJ compared to the muscle belly.

In sports traumatology, there is particular focus on MTJ 
because of the large risk of strain injuries related to this struc-
ture, hamstring strain injuries being the most common.6,7 A 
prevention strategy, targeting the hamstring muscles by slow, 
heavy eccentric resistance training with the Nordic Hamstring 
exercises, effectively reduces the risk of strain injury, and this 
could potentially be effected through ultra-structural adapta-
tion or remodeling of the MTJ.8,9,10

Previous work by our group investigated the effects of 
heavy resistance training (HRT) on human MTJ. 4,5 During 
these studies, the presence of numerous adipocytes at the MTJ 
was identified. This phenomenon has not been described in 
literature, neither in humans nor in animals.

Accumulation of intramuscular lipid droplets is seen in 
patients with diabetes and has been suggested to be a pre-
dictor of insulin resistance.11 Skeletal muscles use energy 
derived from both glycogen storages and intramuscular 
lipid droplets.12 Interestingly, the concentration of intra-
muscular lipids has also been shown to increase following 
aerobic exercise in healthy insulin sensitive subjects, sug-
gesting that lipids might be necessary for the function of ex-
ercising muscle.11 In contrast, accumulation of adipocytes 
in intermuscular adipose-like tissue (IMAT) is normally 
correlated to obesity, diabetes, muscle disorders, inac-
tivity, and trauma—all conditions with low muscle force 
production.13

Based on our observations in humans we hypothesized 
that adipocytes are occurring as a normal phenomenon in the 
mammalian MTJ.

The aim of this study was to confirm, and quantify in hu-
mans, the presence of adipocytes in relation to the MTJ in 
healthy human subjects and in mice, which is a commonly 
used species in muscle, tendon and myotendinous junction 
research.

2  |   MATERIALS AND METHODS

2.1  |  Human samples

The human samples for this study were obtained from a rand-
omized controlled trial where the effects of heavy resistance 
training on the MTJ were studied.5 The study was approved 
by The Research Ethics Committees of the Capital Region of 
Denmark (ref. H-4-2011-089) and was completed according 

to the standards of the Helsinki Declaration. All subjects pro-
vided written consent to participate.

The training regime has been described previously in de-
tail,5 but in summary it consisted of 3 weekly sessions for 
4 weeks. Each session consisted of 4 hamstring exercises and 
2 quadriceps exercises performed as 3 sets of 6-8 repetitions 
until exhaustion.

All subjects were healthy except for an isolated anterior 
cruciate ligament (ACL) rupture. Samples from 10 subjects 
(5 controls (5 males) and 5 trained (3 females and 2 males), 
average age 35.4  years, SD: 7.8) were collected. During 
reconstruction of the anterior cruciate ligament (ACL) the 
distal semitendinosus tendon, including its full MTJ, was 
stripped. Samples from the most proximal end of the stripped 
semitendinosus tendon were taken for this study before the 
tendon was prepared as graft for the ACL-reconstruction. 
Since the most proximal part of the semitendinosus tendon 
in this region continues as an intramuscular tendon, some 
samples had muscle fibers inserting from both sides of the 
tendon (Figure 1A). A small piece of muscle with attached 
tendon was cut for Electron Microscopy and fixated in 2% 
glutaraldehyde in 0.05 M phosphate buffer (pH 7.2) before 
the rest of the sample was embedded in Tissue-Tek (Sakura 
Finetek Europe, Zoeterwoude, Netherlands), frozen in liq-
uid nitrogen-cooled isopentane and stored at –80°C. 10 µm 
thick frozen sections were cut from each frozen specimen 
using a cryostat, and placed on glass slides (Superfrost 
Plus), which were stored at −80°C until immunohistochem-
ical analysis.

2.2  |  TEM preparations

After fixation in glutaraldehyde the samples were rinsed 
twice in 0.15  M sodium phosphate buffer (pH 7.2) and 
once in 0.12 M sodium cacodylate buffer (pH 7.2) before 
postfixation in 2% OsO4 with 0.05 M K3FeCn6 in 0.12 M 
sodium cacodylate buffer (pH 7.2) for 2  hours. Samples 
were en-bloc stained with 1% uranyl acetate overnight and 
subsequently rinsed three times of 10-15 minutes each in 
distilled water. Using ethanol, the samples were dehy-
drated according to standard procedures before being trans-
ferred to propylene oxide and embedded in Epon (Electron 
Microscopy Sciences, Hatfield, PA, USA). Ultrathin sec-
tions at the MTJ region were cut with a Reichert-Jung 
Ultracut E microtome (Leica Microsystems, Vienna, 
Austria), collected on one-hole copper grids with Formvar 
supporting membranes and stained with uranyl acetate and 
lead citrate.

The TEM images were acquired using a Philips CM 100 
(Philips, Eindhoven, The Netherlands) transmission electron 
microscope operated at an accelerating voltage of 80  kV. 
Digital images were recorded with an OSIS Veleta, side 
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mounted digital slow scan 2k × 2k CCD camera (Olympus) 
and the AnalySIS ITEM software package (Olympus).

Both intramuscular lipid droplets and adipocytes express 
the protein perilipin (PLIN), which is member of a family of 
proteins that protects against lipases.14 Whereas PLIN2 and 
5 are normally seen in intramuscular lipid droplets, PLIN1 
is only found in adipocytes.14 Therefore, PLIN1 is useful for 
staining adipocytes in muscle tissue.

2.2.1  |  Mouse samples

Samples were obtained from 6 healthy mice (Median age 
12  weeks, range 9-37  weeks), from the C57 species, that 
had been fed a standard diet and had no history of injury, 
unloading or specific loading interventions. The mice were 
bred to study neurotransmitters and circadian rhythm. Three 
mice were wild type (WT) C57 male mice, one mouse had 

F I G U R E  1   Immunohistological images of adipocytes at human MTJ. A, M-channel images of the human MTJ stained against collagen XXII 
(red), perilipin-1 (PLIN1, green) and DAPI/nuclei (blue), illustrating the measurement of the length of MTJ (white line) and the parts of MTJ 
with adjacent adipocytes (yellow line). Adipocytes are marked with a white x. The tendon is seen in the middle of the image with muscle fibers 
approaching from both sides. In this image the length of MTJ was 1.55 mm, 6 adipocytes counted, and 389 µm of the MTJ measured to have 
adjacent adipocytes. Scale bar is 50 µm. B, Separate channel images of human MTJ showing the close relation between the adipocytes and collagen 
XXII staining at the tip of muscle fibers. The first column shows PLIN1, the second column collagen XXII and the third column merged images of 
PLIN1 (green), collagen XXII (red), and DAPI/nuclei(blue). The images are obtained from the same area in the same section with the second row 
taken with higher magnification. Scale bars are 50 µm on all images

(A)

(B)
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a knockout of the Early Growth Response protein 1 (Egr-
1), one had a knockout of the Vasoactive intestinal peptide 
receptor 2 (VPAC2) and one had a knockout of the Pituitary 
adenylate cyclase-activating polypeptide (PACAP). Neither 
of the knockouts have demonstrated any altered locomo-
tor behavior. The knockouts of VPAC2 and PACAP have 
been shown not to affect the overall activity pattern of the 
mice.15,16,17

6 mice were anesthetized and perfusion fixed by a transcar-
dial infusion of Zamboni fixative (2% formaldehyde, 0.15% 
picric acid) and had the hindlimb removed for dissection. The 
whole soleus and tibialis anterior muscles with tendons were 
removed and immersion fixed overnight in Zamboni fixative, 
followed by dehydration in 30% sucrose for 24 hours before 
they were frozen in Tissue-Tech using dry ice.18 Longitudinal 
10-20  µm thick sections were cut and mounted on glass 
slides. The experiment on mice was performed in accordance 
with the law on animal experiments in Denmark (publication 
#1306, November 23rd, 2007) and Directive 2010/63/EU 
with the license number 2017-15-0201-01364 issued to Jens 
Hannibal from Animal Experiments Inspectorate, Ministry 
of Justice, Denmark.

From these 6 mice, a soleus and tibialis muscle from one of 
the WT mice was prepared to visualize whole bundles of muscle 
fibers with the distal tendon attached as described previously.19 
Following the perfusion fixation and dissection, the muscles 
were pinned to keep the fiber length and immersed in Krebs-
buffer with 0.1% procaine for 2 minutes followed by fixation in 
Zamboni fixative overnight. The following day Zamboni was 
replaced by 50% glycerol in PBS and kept at −20°C. Under 
a stereomicroscope the muscles were cut into bundles of fi-
bers with pieces of tendon attached and transferred to a 12-
well Nunc plate where they were washed in Immunobuffer 
(IB:PBS containing 50  mM glycine, 0.25% BSA, saponin, 
0.05% sodium azide 0.03%) and incubated overnight with 
two primary antibodies (guinea pig anti-Collagen XXII, pro-
vided by Manuel Koch and anti-PLIN1, Sigma HPA024299) 
mixed in IB. Following another wash in IB, the samples were 
incubated for 2 hours with two secondary antibodies mixed in 
IB (A-11075:568 goat anti-guinea pig, A-11034:488 goat an-
ti-rabbit) before they were carefully put on glass slides in a drop 
of mounting medium (Molecular Probes Prolong Gold mount-
ing with DAPI, cat. no. P36931, Invitrogen).

2.2.2  |  Immunohistochemistry protocol

Sections from both human and mice were allowed to air dry 
and were fixed with 5% formaldehyde (Histofix, Histolab, 
Gothenburg, Sweden, where after they were washed in PBS 
before incubation overnight with the primary antibodies to 
stain adipocytes (Perilipin-1, Sigma HPA024299) and col-
lagen XXII (guinea pig anti-Collagen XXII, provided by 

Manuel Koch). This was followed by two secondary antibod-
ies: A-11075:568 goat anti-guinea pig, A-11034:488 goat 
anti-rabbit. Nuclei were stained with a mounting medium 
containing DAPI (Molecular Probes ProLong Gold anti-fade 
reagent, cat. no. P36935; Invitrogen A/S). The sections were 
stained against collagen XXII because this collagen type is 
specific for tissue junctions, including the MTJ, and indicates 
the location of the MTJ in the sections.20

2.2.3  |  Image analysis

Adipocytes from the human samples were counted by a 
person blinded to the intervention. Only intact adipocytes 
staining clearly for PLIN1 and in close contact with col-
lagen XXII were counted. Adipocytes are vulnerable and 
easily pulled apart during preparation, and on many slides, 
it was not possible to measure the precise dimensions of 
the cells. Therefore, we could not analyze the volume of 
adipocytes, as this would require stacks of slices with in-
tact adipocytes.

On each slide, 4-6 sections were mounted and the section 
with the longest MTJ, measured as length of collagen XXII, 
was chosen for further measurements. Since the whole length 
of MTJ from a single section could not fit into one image, 
several images were combined to visualize the entire MTJ, but 
only one such section per subject was analyzed. With ImageJ 
the total length of the MTJ in each section was measured using 
the “free hand line” tool and using the same technique, the 
length of MTJ adjacent to adipocytes was also measured and 
the number of adipocytes was counted (see Figure 1A).

All samples were analyzed using an Olympus BX51 mi-
croscope mounted with a digital camera (Olympus DP71, 
Olympus Deutschland GmbH), controlled by the software 
Cell^F (Olympus Soft Imaging Solutions, GmbH).

2.3  |  Confocal imaging

Images were obtained using an iMIC confocal microscope 
(Till Photonics, FEI, Germany) equipped with appropriate 
filter settings for detecting DAPI, CY2/Alexa488 and Texas 
Red/Alexa561/594. For confocal imaging, the iMIC used an 
Andromeda spinning disk system (FEI) and a Hamamatsu 
16-bit camera (Model C10600-10B-H, Hamamatsu Photonic) 
for recording.

2.4  |  Statistics

Mann-Whitney's test was used to analyze for differences be-
tween the CON and HRT groups. Since no differences were 
observed between human groups data were pooled.
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The samples from mice MTJ were included to study if 
adipocytes are present at the MTJ in this species, and there-
fore quantification of the number of adipocytes was not per-
formed. Four to six sections from each sample were examined 
for the presence of adipocytes near collagen XXII, which was 
used as an indication of MTJ.

3  |   RESULTS

In all human subjects, adipocytes were identified at the MTJ in 
close proximity to collagen XXII (Figure 1B). Transmission 
electron microscopic (TEM) images confirmed the presence 

of adipocytes close to the characteristic folding of the sarco-
lemma of the muscle fiber at the MTJ (Figure 2).

From each subject, a median of 1.84 mm (Range: 0.9-3.7) 
MTJ was analyzed.

There were large individual differences in both groups 
(Figure 3), but no significant difference between the control 
and HRT groups in the number of adipocytes pr mm MTJ 
(P = .421) or the percentage of MTJ covered by adipocytes 
(P > .999).

In all samples from mice (both the soleus and TA) ad-
ipocytes were seen in close vicinity to collagen XXII (see 
Figure 4) or in the tissue adjacent to the transition between 
muscle and tendon. The MTJ from mice show a much more 

F I G U R E  2   Electron microscope 
images of adipocytes at the MTJ. Images 
of human MTJ from three individuals. 
To the left are low magnification (scale 
bars are 50 µm) with a quadrant indicating 
the area of focus shown to the right at 
higher magnification (scale bars are 
10 µm in the two upper images and 20 µm 
in the lower image). In all samples, the 
adipocytes (A) are located adjacent to the 
characteristic foldings of the MTJ (indicated 
by white arrow). Muscle is marked M. 
Rotation is slightly different on the higher 
magnification images [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com


228  |      JAKOBSEN et al.

scattered occurrence of proportion of collagen XXII com-
pared to human samples, probably due to differences in 
the muscle architecture between the muscles, meaning that 
the muscle fiber tips are not visualized on all section even 
though the interface between muscle and tendon is seen. 
Therefore, it was impossible to quantify adipocytes in the 
same way as for the human MTJ. There was some difference 
between the samples in how adipocytes were clustering at 
and around MTJ in mice, and Figure 5 shows the various 
patterns.

4  |   DISCUSSION

The purpose of this study was to confirm and further de-
scribe the presence of adipocytes at the mammalian MTJ. 
Adipocytes were found adjacent to the human MTJ in all 
subjects as well as in all mice. The ultrastructure of the MTJ 
has previously been studied in animals and humans.1,2,3,21 

However, adipocytes have never been reported in relation 
to the MTJ. TEM images revealed adipocytes very close 
to the characteristic foldings of the sarcolemma, which is 
precisely where force is transmitted from the muscle fiber 
to the collagen fibrils in the tendon. In the human MTJs 
adipocytes were mostly seen between terminating muscle 
fibers close to their insertion (as evidenced by the presence 
of collagen XXII). This was also the case for the mouse 
muscles where adipocytes in close relation to collagen 
XXII staining were seen in all mice (Figures 4, 5A, and 
C). In addition, adipocytes were also observed in the ten-
don tissue with no relation to MTJ (B and D) in mice. This 
was not found in the human samples. And the grouping of 
adipocytes into larger clusters, as seen in some of the mice 
samples, was not observed in humans where adipocytes 
were most often seen as single cells or two—three cells in a 
small group. Adipocytes have been reported in entheses at 
the tendon-bone junction in humans.22 They were located 
in adipose-like tissue with sensory nerve innervation and 

F I G U R E  4   Confocal images of MTJ with adipocytes. Representative images of mouse soleus MTJ obtained by confocal microscopy. The first 
column shows PLIN1, the second column collagen XXII and the third column merged images of perilipin-1, collagen XXII, and DAPI/nuclei. The 
adipocytes are seen at the very end of the fibers next to collagen XXIII and extending into the tendon tissue. Scale bars are 50 µm [Colour figure 
can be viewed at wileyonlinelibrary.com]

F I G U R E  3   Quantification of 
adipocytes at the human MTJ: A shows the 
number of adipocytes pr mm MTJ in the 
control and the training group (individual 
values and mean). B shows the proportion 
(length) of MTJ with adjacent adipocytes

www.wileyonlinelibrary.com
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blood vessels in the tendon-bone junction.22 The authors 
speculated that this adipose tissue might facilitate move-
ment between tendon and bone and fill out empty space 
between the tendon fascicles.22 Similarly, adipocytes at 
the MTJ could occupy space between muscle fibers and 
thereby provide the muscle fibers with an optimal angle of 
insertion to the tendon for the best transmission of force. 
However, these suggestions are speculative and require 
evidence to support them.

The human samples used in the present study were ob-
tained from a study on the effect of HRT on the MTJ, and 
therefore an effect of this training program on the adipocytes 
should potentially show as difference between groups (train-
ing or no training) even though the sample size was quite 
small. Adipocytes are not known to have any force transmit-
ting properties, and the presence of adipocytes in this region, 
where great forces are transmitted, could increase the sus-
ceptibility of strain at the MTJ when it is exposed to sudden 
high loads. However, there was no difference in the number 
or concentration of adipocytes at MTJ in patients who had 
performed HRT during the 4 weeks prior to sampling com-
pared to controls.

The terminations of muscle fibers undergo continuous 
remodeling as they approach the MTJ.4 This is a highly con-
trolled process involving various cell-types including mac-
rophages, fibroblasts, and satellite cells.23,24 This extensive 

remodeling could be aided by adipocytes at the MTJ. Besides 
serving as energy storage, adipocytes secrete cytokines, also 
called adipokines, which have extensive effects on many as-
pects of metabolism. These cytokines include interleukin-6 
(IL-6) and Tumor Necrosis Factor α (TNF-α) which affect 
inflammation and insulin resistance, and angiotensinogen 
and plasminogen activating inhibitor 1 (PAI-1) involved in 
the vascular system and blood clotting.25 However, it is not 
known if the adipocytes at the MTJ secrete the same adi-
pokines as adipocytes from the subcutaneous fat tissue, and 
the specific production of cytokines was not analyzed in this 
study.

5  |   PERSPECTIVES

This study provides the novel evidence that adipocytes are 
abundantly present in close proximity to the MTJ in healthy 
human subjects as well as in mice. The MTJ is susceptible 
to strain injury and therefore the understanding of the ultra-
structure and metabolism of this region is of relevance. It is 
the task of further studies to explain the role of adipocytes 
at the MTJ. They could be involved in force transmission, 
regeneration, and remodeling at the MTJ and therefore be 
important for prevention of strain injuries and involved in the 
regeneration of the MTJ following injury.

F I G U R E  5   Distribution of adipocytes at the muscle-tendon interface. Representative images of mouse muscle stained against collagen XXII 
(red), PLIN1 (green), and DAPI (blue) showing various locations of adipocytes near the MTJ. Images A + B are obtained from soleus muscles 
from different mice and c + d from tibialis anterior muscles. A and C show adipocytes (arrows) in very close relation to the MTJ distal to collagen 
XXII staining. Besides the location adjacent to collagen XXII stained MTJ adipocytes (arrows) were also seen in the tendon tissue at some distance 
to the MTJ, as shown in B and D. In D no collagen XXII staining is visible even though the section has been stained against collagen XXII and 
muscle is seen close to tendon. Scale bars are 50 µm [Colour figure can be viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)
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Abstract 

The myotendinous junction (MTJ) is a specialized interface for transmitting high forces between the muscle and tendon and yet 
the MTJ is a common site of strain injury with a high recurrence rate. The aim of this study was to identify previously unknown 
MTJ components in mature animals and humans. Samples were obtained from the superficial digital flexor (SDF) muscle-tendon 
interface of 20 horses, and the tissue was separated through a sequential cryosectioning approach into muscle, MTJ (muscle tis- 
sue enriched in myofiber tips attached to the tendon), and tendon fractions. RT-PCR was performed for genes known to be 
expressed in the three tissue fractions and t-distributed stochastic neighbor embedding (t-SNE) plots were used to select the 
muscle, MTJ, and tendon samples from five horses for RNA sequencing. The expression of previously known and unknown 
genes identified through RNA sequencing was studied by immunofluorescence on human hamstring MTJ tissue. The main find- 
ing was that RNA sequencing identified the expression of a panel of 61 genes enriched at the MTJ. Of these, 48 genes were 
novel for the MTJ and 13 genes had been reported to be associated with the MTJ in earlier studies. The expression of known 
[COL22A1 (collagen XXII), NCAM (neural cell adhesion molecule), POSTN (periostin), NES (nestin), OSTN (musclin/osteocrin)] and 
previously undescribed [MNS1 (meiosis-specific nuclear structural protein 1), and LCT (lactase)] MTJ genes was confirmed at the 
protein level by immunofluorescence on tissue sections of human MTJ. In conclusion, in muscle-tendon interface tissue enriched 
with myofiber tips, we identified the expression of previously unknown MTJ genes representing diverse biological processes, 
which may be important in the maintenance of the specialized MTJ. 

 
collagen XXII; extracellular matrix; myotendinous junction; RNA sequencing 

 

 
 

INTRODUCTION 

Muscle strain injury accounts for the majority of exercise- 
related injuries in skeletal musculature, but is also common 
in relation to work and military training, and represents a 
leading cause for long-term functional disability, pain, and 
economic burden (1). Strain injury occurs in connection with 
abrupt muscle movement at the interface between the mus- 
cle and tendon, and in many cases leads to a separation of 
these two tissues. One of the main clinical challenges in this 
field is that, despite thorough rehabilitation, substantial 
injury recurrence is common, and it is estimated that 80% 
of reinjuries occur at the same site as the original injury (2– 

 
5). Together, this indicates suboptimal repair after strain 
injuries and highlights the importance of gaining detailed 
insight into the molecular composition of the myotendinous 
junction (MTJ). 

Data related to tendon and cartilage indicate that these tis- 
sues have no, or very limited, capacity for tissue renewal after 
skeletal maturity (6, 7), in contrast to skeletal muscle, which 
has a high rate of renewal (6). However, skeletal muscle con- 
tains a large extracellular matrix component in addition to 
the myofibers, and many types of resident mononuclear cells, 
all of which have different rates of turnover. We have previ- 
ously shown that expression of muscle connective tissue-asso- 
ciated proteins demonstrates a slower and more prolonged 
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time course of adaptation to experimentally induced muscle 
injury when compared with the cells and proteins related to 
regeneration of the muscle fibers themselves (8–12). 
Interestingly, the sustained elevated expression of several 
extracellular matrix proteins was associated with protection 
against reinjury (9). Whether similar principles apply at the 
MTJ is unknown. As the MTJ is the connecting interface 
between muscle and tendon, it is reasonable to assume that 
dynamic protein activity on both sides of the MTJ is 
required for maintenance and repair of the MTJ. Current 
knowledge about the MTJ comes largely from rodents, 
chicks, fish, and frogs, and often during development when 
direct cell-cell contact between tendon and muscle precur- 
sor cells exists (13–20). In contrast, in the adult state, these 
cells are separated by the muscle fiber basement membrane, 
and most of the tendon cells are embedded in a dense colla- 
gen matrix. Thus, the formation of the MTJ during develop- 
ment is fundamentally different from MTJ injury repair in 
the mature organism. 

Several molecules involved in the formation of the con- 
nection between the two tissues have been described, both 
at the tendon side and at the muscle side of the junction 
(13). For example, collagen XXII is found in the basement 
at the MTJ in animals (21) and humans (22), and in the 
developing zebrafish has been shown to be crucial for opti- 
mal MTJ mechanical resilience (13). Furthermore, it has 
recently been suggested that single-nucleotide polymor- 
phisms related to collagen XXII a 1 chain (COL22A1) 
expression are associated with susceptibility to a muscle 
injury in humans (23). Recently, the application of single- 
nuclei RNAseq (snRNAseq) to mouse skeletal muscle has 
provided detailed pre-mRNA profiles of clusters of nuclei 
characterizing the MTJ (24–27),  confirming this region to 
be a highly specialized domain. A few of the MTJ genes 
identified by snRNAseq have been verified on tissue sec- 
tions. For example, the presence of mRNA for Adamts20 
(28), Tigd4, and Ebf1 (26) was convincingly shown in the myo- 
nuclei at the fiber tips by fluorescence in situ hybridization 
(FISH). In further support of the MTJ being a specialized 
region of the myofiber, it was elegantly demonstrated using 
RNAscope that, during development (E15.5), mRNA for the 
slow myosin heavy chain type I (Myh7) emerges initially at 
the tips of the fibers, whereas the rest of the fiber body 
remains predominantly filled with transcripts for (neonatal) 
Myh8 (12). Taken together, there is clear and mounting evi- 
dence for a specialized role for nuclei at the MTJ. However, 
we still lack studies using an unbiased systematic approach to 
analyze adult muscle, MTJ, and tendon, in tissue and region- 
specific manner while accounting for biological variation. 

Here, we studied the muscle-tendon complex from the 
superficial digital flexor (SDF) muscle of the horse, due  to 
its exposure to great strain during activity and a high inci- 
dence of injury in racing horses (29), and the hamstrings 
in humans, because they are the  most  common  location 
for strain injury (30). The main aim of the study was to 
uncover unique, or enriched, expression patterns of genes 
at the MTJ (defined as the muscle  tissue  enriched  with 
fiber tips, adjacent nonmuscle cells, and the layers of ten- 
don closest to the MTJ) when compared with neighboring 
tendon and muscle tissue, using an unbiased tissue-spe- 
cific analysis approach. 

MATERIALS AND METHODS 

Animal and Human Study Approval 
Horse. 
Samples were obtained from 20 horses (7 geldings and 13 
mares) that were enrolled in a study investigating cardiac 
function and arrhythmia in response to exercise. All horses 
were between 5–10 yr of age and standardbred trotters. Nine 
had been sedentary for at least 1 year, and 11 had performed 
high-intensity training and racing for at least 3 years before 
inclusion in the study. The project was approved by  the 
Animal Experiments Inspectorate in Denmark (2016-15- 
0201–01128) and the Ethical Committee at the Department of 
Veterinary Clinical Sciences, University of Copenhagen. All 
horses were subjected to a protocol testing their cardiac 
function. Over a 3-day period, they did three familiarization 
sessions of walking on a treadmill, followed by three  maxi- 
mal effort tests performed with 2–3 days recovery in 
between. All maximal effort tests were performed on a tread- 
mill with 6% inclination and speed set to 7 m/s with 
increases in the speed of 0.5 m/s every 60 s until the horses 
could not keep up. 

Human. 
The human tissue was obtained from patients [2 females 
and 2 males, age: 24–35 yr, body mass index (BMI) < 25, 
nonsmokers, and with no known diseases] undergoing an- 
terior cruciate ligament (ACL) reconstruction surgery with 
the use of the hamstring tendons, as previously described 
(31). Participation was approved by The Research Ethics 
Committees of the Capital Region of Denmark (Ref. H-3- 
2010-070) according to the standards set by the Declaration of 
Helsinki. All volunteers gave written informed consent before 
inclusion. 

Tissue Collection 
Two to eight days following the last exercise, the horses 

were premedicated with flunixin-meglumine 1.1 mg/kg, deto- 
midine 0.01 mg/kg, acepromazine 0.03 mg/kg, morphine 
0.06 mg/kg, and butorphanol 0.01 mg/kg intravenously (iv). 
General anesthesia was induced by intravenous administra- 
tion of zolazepam combined with tiletamine (Zoletil, Virbac 
Denmark A/S, Kolding, Denmark, 1.5 mg/kg i.v.) and main- 
tained by isoflurane inhalation (IsoFlo Vet., Orion Pharma 
Animal Health, Copenhagen, Denmark, 1.4%). During anes- 
thesia, additional analgesia with 0.06 mg/kg morphine 
(Morfin DAK 20 mg/mL, Takeda Pharma A/S, Taastrup, 
Denmark) was performed every 3 h along with a continuous 
rate infusion of the muscle relaxant Rocoronium (Rocoro- 
nium, 10 mg/mL, Hameln Pharmaceuticals, Hameln, Germany, 
0.3 mg/kg/h) were applied. Cardiac electrophysiology  test- 
ing was performed during anesthesia, ending with exsan- 
guination and the heart being removed for further 
processing in a different project not related to the outcomes 
of the current study. 

From humans, the muscle-tendon interface of the semite- 
ndinosus was obtained in relation to the harvest of the tendon 
for ACL reconstruction. The unused interface tissue was 
donated for the study. The samples were mounted in 
TissueTek (Sakura Finetek Europe, Zoeterwoude, Netherlands), 
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frozen in liquid nitrogen-cooled isopentane, and stored at 
-80oC. 

Sample Preparation 
As soon as possible postmortem the left forelimb was cut 

off and transported on ice to the laboratory, where the SDF 
muscle was dissected and small samples of muscle with 
attached tendon were punched out using a 4-mm diameter 
biopsy puncher. The samples were mounted in TissueTeK, 
tendon side down, frozen in liquid nitrogen-cooled isopen- 
tane, and stored at  80oC until analysis. 

To isolate the MTJ, these blocks of tissue were mounted in 
a cryostat (muscle face-up; Fig. 1) and sectioned in 10-mm 
thick slices. The first section was mounted onto a glass slide, 
serving as a control section to determine tissue composition 
(muscle/MTJ/tendon) and measuring the area of the section 
later. Twenty sections (200-mm total depth) were then cut 
and collected in an Eppendorf tube using a sterile technique. 
The first section after the collection of these 20 sections was 
also mounted onto the glass slide. This was repeated until 
the tendon began to be visible on the control sections (Fig. 
1D). This assessment was made by viewing unstained sec- 
tions immediately upon collection onto a glass slide, using a 
standard bright-field microscope. The subsequent sections 
were collected as the fraction termed “MTJ” until the point 

where only the tendon (i.e., no muscle) remained. Because 
some of the samples were cut at a slight angle, the number of 
sections in the MTJ fraction varied from 20 to 30 (200–300 
mm). Collection of sections continued until no tissue 
remained. Based on evaluation of the control sections, six 
specific fractions from each sample were retrospectively 
identified for RT-PCR as illustrated in Fig. 1: 1) “muscle”: the 
second fraction collected (with the lowest risk of tendon con- 
tamination); 2) “muscle-MTJ”: the fraction collected just 
before the MTJ; 3) “MTJ”: containing both muscle and ten- 
don; 4) “tendon-MTJ”: the fraction collected immediately af- 
ter the MTJ (potentially containing some muscle); 5) 
“tendon”: pure tendon tissue collected immediately after 
“tendon-MTJ”; 6) “tendon(surface)”: the part of the tendon 
furthest away from the MTJ, only collected from a small 
number of samples due to limited thickness of tendon 
tissue. 

RNA Extraction 
The cryosections were homogenized in 1 mL of TriReagent 

(Molecular Research Center, Cincinnati, OH) containing five 
stainless steel balls of 2.3 mm diameter (BioSpec Products, 
Bartlesville, OK) by shaking in a FastPrep-24 instrument (MP 
Biomedicals, Illkirch, France) at speed level 4 for 15 s. 
Following homogenization, bromochloropropane was added 
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Figure 1. Study overview. A piece of horse SDF muscle-tendon complex (A, B) was frozen for cryosectioning. Control sections were examined before col- 
lecting sections of the six tissue fractions (E), e.g., the “muscle-MTJ” fraction (C) or “MTJ” (D, arrow points to tendon tissue emerging); Scale bar = 50 mm. 
For identification of novel targets (F), t-SNE plots of the RT-PCR data were used to select five horses for RNAseq. Human hamstring semitendinosus MTJ 
tissue was collected (G, ruler units in cm) and oriented for sectioning (I) to have both muscle (m) and tendon (t) present on the section (H). Targets 
enriched at the MTJ in the RNAseq data were selected for immunofluorescence (J). MTJ, myotendinous junction; RNAseq, RNA-sequencing; SDF, super- 
ficial digital flexor; t-SNE, t-distributed stochastic neighbor embedding. 
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to separate the samples into an aqueous and an organic 
phase. Following isolation of the aqueous phase, RNA was 
precipitated using isopropanol and 80 μg of glycogen 
(Invitrogen, Naerum, Denmark). The RNA pellet was then 
washed in ethanol and subsequently dissolved in 10-μL 
RNAse-free water. Total RNA concentrations were deter- 
mined by Ribogreen assay (R11490, Life Technologies, 
Naerum, Denmark). 

Real-Time RT-PCR 
Total RNA (30 ng) was converted into cDNA in 20 μL using 

the OmniScript reverse transcriptase (QIAGEN, CA) and 1 μM 
poly-dT (Invitrogen, Naerum, Denmark) according to the 
manufacture’s protocol (QIAGEN). For each target mRNA, 
0.5 μL cDNA was amplified in a 25-μL SYBR Green polymer- 
ase chain reaction  (PCR)  containing  1 Quantitect  SYBR 
Green Master Mix (QIAGEN) and 100 nM of each  primer 
(Table 1). The amplification was monitored  real  time using 
the MX3005P  Real-time PCR  machine  (Stratagene, CA). The 
Ct values were related to a standard curve made with known 
concentrations of cloned PCR products or DNA oligonucleo- 
tides (UltramerTM oligos, Integrated DNA Technologies, 
Inc., Leuven,  Belgium) with  a  DNA  sequence corresponding 
to the sequence of the expected PCR product. Undetected 
products set to one molecule (Supplemental Fig. S1; see 
https://doi.org/10.6084/m9.figshare.14748216.v1). The speci- 
ficity of the PCR products was confirmed by melting curve 
analysis after amplification. RPLP0 mRNA was chosen as in- 
ternal control. 

RNA Sequencing 
As the samples contain variable amounts of muscle, MTJ, 

and tendon, a principal component analysis (PCA)/t-SNE 
analysis of the RT-PCR data was performed in R to identify 
the most representative samples for muscle, MTJ, and ten- 
don (32, 33). Based on the t-SNE-plot of the RT-PCR data, 
“muscle,” “MTJ,” and “tendon,” fractions from five horses 
(one sedentary mare, one race gelding, and three race mares) 
were selected for RNA sequencing. Total RNA from these 
samples were sent to BGI for RNA sequencing (SE50, BGI 
Europe, Copenhagen, Denmark) using their Smart-seq II/ 
DNBseq method. Approximately 25 million reads were 
obtained after quality filtering (>97% clean reads). The reads 

were mapped to the horse reference genome (EquCab3.0) 
using Rsubread (34) (restricted to unique alignments). It was 
possible to map 60%–73% of the reads uniquely to the ge- 
nome and those were counted and assigned to the tran- 
scripts. The count data were analyzed with DESeq2 (35) 
(normalized rlog values used for PCA and expression meas- 
ures). The full data are available in the Gene Expression 
Omnibus database (GSE166468). 

Estimation of Muscle and Tendon Contribution to MTJ 
Fractions 

Expression levels in MTJ fractions were estimated 
(“expected mix”) based on the relative contribution from 
muscle and tendon tissue. From the muscle and tendon frac- 
tions, reference genes “specific” to muscle or tendon, respec- 
tively, were selected based on displaying at least a 10-fold 
difference between the two tissues, and having at least 100 
counts within all samples of the tissue with the high expres- 
sion levels (Supplemental Fig. S2; “Reference genes for MTJ 
prediction.xlsx”). For each horse, to estimate the relative 
amount of muscle in the MTJ fraction, the counts for each 
muscle-specific reference gene of the MTJ sample were di- 
vided by the counts for the same gene in the muscle frac- 
tion and the median used as an estimate, Factormuscle. The 
relative amount of tendon  (Factortendon)  was  determined 
in the same manner using the tendon-specific reference 
genes and normalizing to the tendon fraction. The expected 
contribution of muscle and tendon to the counts of each gene 
in the MTJ fraction was then calculated as MTJexpected = 
Factormuscle   Countsmuscle   Factortendon   Countstendon, 
where Countsmuscle and Countstendon refer to the counts of 
that gene in the muscle and tendon fractions, respectively. 
Before comparison with the real MTJ counts, all values below 
10 were set to 10 and likewise for the real MTJ counts to pre- 
vent excessive noise from low counts. 

Pathway Analyses 
The measured and expected MTJ values were used to 

search for enriched pathways in MTJ by Generally 
Applicable Gene Set Enrichment (GAGE) (36)  and  Fast 
Gene Set Enrichment Analysis (FGSEA) (37) in R against 
the Kyoto Encyclopedia of Genes  and  Genomes  (KEGG) 
and GO databases. Pathway analyses for enrichment in 

 
Table 1. Primers for real-time RT-PCR 

 

Name NCBI/ENSEMBL ID Sense Antisense 

RPLP0 NM_001252576.1 GAGACTGATTACACCTTCCCACTTGCT ACAAATGCAGATGGATCAGCCAAGAA 
GAPDH NM_001163856.1 GCATTGCCCTCAACGACCACTTT CATAAGGTCCACCACCCTATTGCTGT 
COL1A1 XM_023652710.1 CGCTTCACCTACAGCGTCACCTAC AGCGGGAGGTCTTGGTGGTTT 
COL3A1 ENST00000317840.9 TTTGGTTTGGAGAATCTGTGGATGGT TCAAGGACATCTTCAGGAAGGTCAGG 
SCX NM_001105150.1 GCACCTTCTGCCTCAGCAACC CTCCGAATCGCCGTCTTTCTGT 
TNMD NM_001081822.1 GCGCCAGACAAGCAAGTGAAGA TCTCATCCAGCATGGGGTCAAA 
VEGFA NM_001081821.1 GTGTGCCCCTGATGCGGTGT TGTGTTGGCTTTGGTGAGGTTTG 
ANGPTL4 XM_023644667.1 ACGACCTCCGCAGGGACAAG TTGAAGAGGGATGGAGCGGAAG 
ATF3 XM_005609809.3 AGCTGCCAAGTGCCGAAACAAG TGGGCCTTCAGTTCAGCATTCAC 
PTGS1 NM_001163976.1 GCATGAAGCCCTACGCCTCTTT GCAGCCCAGGGTAGAACTCCAA 
PTGS2 NM_001081775.2 ATGATGAACGCTTGTTCCAGACGA CAGTTTGAAGTGATAGCCGCTCAGG 
COL22A1 XM_014728097.2 GGCAGGTGGGTCTGGAAGGA TCCCAGGAGGCCCCATCTCG 
COL17A1 XM_014733101.2 TGGCTTTGCTGGAGGTCTGGA CCTGGACAGTGTAGGCCATTCCTT 
COMP NM_001081856.1 CTATGGAAGGACCCCCGCAAC ACCAGCTCAGGGCCCTCATAGAA 
ITGA7 XM_023643743.1 TGATCGTCCGAGCCAACATCAC CCACCGGGTCCAAGTATACCATC 
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MTJ versus tendon or muscle were not performed, as such 
analyses would be expected to simply yield muscle or ten- 
don-specific pathways due to the mix in MTJ samples. 

Immunofluorescence 
Nine targets identified by RNAseq to be enriched at the 

MTJ were selected for further evaluation by immunofluores- 
cence (IF) on cryosections of human semitendinosus MTJ: 
NES (nestin), OSTN (musclin/osteocrin), CD52 (CAMPATH-1 
antigen), ACTC1 (actin a cardiac muscle 1), ADAMTS8 (A 
Disintegrin and Metalloproteinase with Thrombospondin 
type 1 motif 8), LCT (lactase), NEFM (neurofilament me- 
dium), POSTN (periostin), MNS1 (meiosis-specific nuclear 
structural protein 1), COL22A1 (collagen XXII), and NCAM1 
(neural cell adhesion molecule 1). From the human samples, 
sections (10-mm thick) were cut with a cryostat and stored at 

80oC. For the IF protocol, the sections were washed in TBS 
and incubated in TBS containing 1% bovine serum albumin 
(BSA), before being incubated overnight in a mixture of two 
primary antibodies (Table 2), diluted in TBS containing 1% 
BSA. The following day the slides were washed in TBS and 
incubated for 45 min in appropriate secondary antibodies 
(Table 2), diluted 1:500 in TBS containing 1% BSA. After 
washing in TBS, the slides were mounted with coverslips 
and mounting medium containing DAPI (Molecular Probes 
ProLong Gold antifade reagent, Cat. No. P36931, Thermo 
Fisher Scientific, Denmark). Initially, each antibody was 
stained in combination with collagen XXII. Based on stain- 
ing patterns, a subsequent double stain was carried out with 
collagen IV for antibodies against lactase and ADAMTS8, to 
investigate whether staining was associated with capillaries. 
Initially, all antibodies were tested with fixation in Histofix 
(Histolab, Gothenburg, Sweden) for 8 min, either before 

application of the primary antibody or before mounting. For 
all antibodies except MNS1, the final protocol included fixa- 
tion before the final wash (before mounting) for improved 
preservation of nuclei morphology. For MNS1, fixation was 
carried out before the wash step before incubation with the 
primary antibodies. 

The M3F7 monoclonal antibody developed by Furthmayr 
was obtained from the Developmental Studies Hybridoma 
Bank, created by the  NICHD  of  the  NIH,  and  maintained 
at The University of Iowa, Department of  Biology,  Iowa 
City, IA. 

Statistics 
All PCR data were analyzed in Sigmaplot v. 14.0. Mann– 

Whitney Rank Sum tests were performed on the PCR data to 
investigate potential differences in mRNA levels between 
trained and untrained horses, within each tissue fraction. 
For the pooled (trained and untrained horses) PCR data, 
Wilcoxon Signed-rank tests with Bonferroni corrections were 
made for each target, comparing the fractions muscle with 
MTJ, MTJ with tendon, and tendon with muscle. The mus- 
cle-MTJ and tendon-MTJ fractions were not included in this 
analysis since they might represent a mixture of two tissue 
fractions. The tendon-surface region was also excluded 
because only a very limited number of samples were col- 
lected from this region. For RNAseq data, statistical differen- 
ces between tissue types were determined using DESeq2 (35) 
(design =     HorseID      Tissuetype, lfcshrink/apegml) with 
false discovery rate (FDR) < 0.05 and log2FC > 1. For compar- 
ison between the MTJ measured and expected mix values, 
log-relative differences were tested using a one-tailed 
(increase) t test (FDR < 0.1, log2FC> 1). The reason for using 
a one-tailed test is that the expected counts are the sum of 

 
 

Table 2. Primary and secondary antibodies used for staining the sections of human muscle-tendon tissue 
 

Gene Name Protein Primary Antibody Secondary Antibody 

NES Nestin 

Osteocrin/musclin 

CAMPATH-1 antigen 

Actin a cardiac muscle 1 

ADAM metallopeptidase with 
thrombospondin type 1 motif 8 

Lactase 
 
Neurofilament medium 

Periostin 

Meiosis-specific nuclear structural 
protein 1 

Collagen XXII 
 
 
 
Neural cell adhesion molecule / 

CD56 
Collagen IV 

Mouse, sc-23927, Santa Cruz Biotechnology Dallas, 
Texas 

Rabbit, orb157918, Biorbyt, Cambridge, UK 
 

Rabbit, 21809-1-AP, Proteintech, Rosemont, Illinois 
 
 

Rabbit, sab2700789, Sigma Aldrich Denmark A/S 

Rabbit, hpa066349, Sigma Aldrich 

Rabbit, hpa007408, Sigma Aldrich 

Mouse, amab91030, Sigma Aldrich 

Rabbit, ab14041, Abcam, Cambridge, UK 

Rabbit, PA5-59016, Thermo Fisher Scientific 

Guinea pig, provided by Manuel Koch 

 
 

Mouse, 347740, Becton Dickinson 

Mouse, M3F7, Hybridoma Bank 

Donkey anti-mouse, 715-545-152, 
Jackson Immunoresearch, Ely, UK 

Donkey anti-rabbit, 711-486-152, 
Jackson Immunoresearch 

Goat anti-rabbit, A-11034, Molecular 
Probes, Thermo Fisher Scientific, 
Denmark 

Goat anti-rabbit, A-11034, Molecular 
Probes 

Goat anti-rabbit, A-11034, Molecular 
Probes 

Goat anti-rabbit, A-11034, Molecular 
Probes 

Goat anti-mouse, A-11029, Molecular 
Probes 

Donkey anti-rabbit, 711-486-152, 
Jackson Immunoresearch 

Donkey anti-rabbit, 711-486-152, 
Jackson Immunoresearch 

Goat antiguinea pig, A-11075, 
Molecular ProbesorDonkey anti- 
guinea pig, 706-585-148, Jackson 
Immunoresearch 

Goat anti-mouse, A-11029, Molecular 
Probes 

Goat anti-mouse, A-11031, Molecular 
Probes 

OSTN 

CD52 

 
ACTC1 

ADAMTS8 

LCT 

NEFM 

POSTN 

MNS1 

COL22A1 

 
NCAM1 

COL4A1/ 
COL4A2 
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muscle and tendon contributions such that any contribution 
from the MTJ must be in addition to this value. 

 
RESULTS 

RT-PCR 
Tissue-specific samples of the SDF muscle-tendon com- 

plex from the horses were collected by cryosectioning the tis- 
sue from the muscle side, through the MTJ, and ending at 
the tendon side, as illustrated in Fig. 1. To validate this sec- 
tioning approach in obtaining muscle, MTJ, and tendon tis- 
sue, RT-PCR was performed for genes that were likely to be 
differentially expressed in the muscle, MTJ, and tendon tis- 
sue fractions. mRNA levels for the racing and sedentary 
horses were compared within each tissue type. No statisti- 
cally significant differences were found (Supplemental Fig. 
S3), so the data from all 19 horses were pooled. In Fig. 2, the 
RT-PCR results are displayed for the respective tissue frac- 
tions, for each of the genes. The results are expressed relative 
to the mean value from muscle and in this graph normalized 
to RPLP0. RPLP0 was chosen since the total amount of RNA 
varies between muscle and tendon tissue because of the 
larger number of cells in skeletal muscle. However, RPLP0 is 
more equally expressed in the different tissues resulting in 
a more reliable result when comparing gene expression 
relative to RPLP0 from the different tissues (Supplemental 
Fig. S1). 

As can be seen in Fig. 2, a variety of patterns is evident 
from the 14 targets. For example, at the MTJ, COL22A1 was 
expressed at a greater level compared with both muscle and 
tendon, whereas tenomodulin was expressed to a greater 
extent in the MTJ than in muscle, but not compared with 
tendon. In muscle, GAPDH was found to be elevated com- 
pared with the two other regions. In tendon, higher levels of 
cartilage oligomeric peptide (COMP), but lower levels of 
scleraxis, were seen relative to muscle and MTJ. 

Selection of Samples for RNAseq 
To select the cleanest muscle, MTJ, and tendon samples 

for RNAseq, all the PCR data (all samples and all genes) were 
analyzed together by Principle Component Analysis (PCA) 
and t-distributed stochastic neighbor embedding (t-SNE). 
From the PCA (Fig. 3), most of the MTJ samples can be 
observed close to each other, but there are some outliers and 
“infiltration” of muscle and tendon tissue. The muscle and 
muscle-MTJ fractions are also separated from the others 
with a few outliers, but no clear separation is apparent 
between muscle-MTJ and muscle. The fractions-labeled ten- 
don and tendon-surface are very distinct and located close 
to each other. In the t-SNE plot (Fig. 3), most of the MTJ frac- 
tions are clustered close together, separated from most of the 
tendon and muscle fractions. The tendon fractions have the 
most distinct separation and are clustered closely together 
with only one MTJ sample infiltrating the cluster. In the 
muscle fractions, two clusters can be observed. One of them 
is located close to the MTJ samples and the other further 
away. The two clusters contain a mixture of both the muscle 
and the muscle-MTJ fractions. From this t-SNE plot (Fig. 3), 
muscle, MTJ, and tendon samples from five horses were 
selected for RNA sequencing to gain unbiased insight into 

genes that might be enriched or uniquely expressed at the 
MTJ. The criteria for selection were good separation into 
the three tissue regions (muscle, MTJ, and tendon). The 
horses that were selected were one sedentary mare, one 
race gelding, and three race mares. These horses are indi- 
cated in Fig. 3D. 

RNA Sequencing 
From the RNAseq data, a PCA plot was made for samples 

from the five horses to illustrate that variation in gene 
expression was primarily due to the  different  tissue  types 
and to a lesser extent the different horses (Fig. 4A). No clear 
effects of gender or previous activity status were seen in the 
PCA plot (Supplemental Fig. S4A). Comparing muscle with 
tendon, 3293 genes were more expressed in  muscle,  and 
4239 in the tendon. In the MTJ fraction,  602  genes  were 
more expressed compared with muscle, whereas 3117 were 
observed to be higher in MTJ  compared  with  the  tendon 
(Fig. 4B). Although no genes were uniquely expressed at the 
MTJ, 27 genes, including COL22A1, were observed to be sig- 
nificantly higher (>2fold difference) in MTJ than both ten- 
don and muscle (Fig. 4C). 

Since the MTJ tissue fractions consist of varying amounts 
of muscle and tendon tissue, a second approach was used to 
explore the RNAseq data. An estimate of the contribution of 
muscle and tendon tissue was calculated for all MTJ samples 
based on the expression levels of the most highly expressed 
genes specific to the muscle (219) and tendon (322). (For a list 
of genes see Supplemental Fig. S2; see “Reference genes for 
MTJ prediction.xlsx”). A high correlation was seen between 
the expected and measured values from the genes in the 
MTJ samples, where less than 1.5-fold differences were seen 
between the expected and measured values for more than 
95% of the genes (Supplemental Fig. S4B). The estimated 
contribution of muscle and tendon was 86%–96% and 6%– 
14%, respectively. Using this approach, we detected 43 genes 
in the MTJ displaying higher expression levels than expected 
(Fig. 5; Supplemental Fig. S5). For the fold change from the 
calculated expected mix value for all 17013 genes, see 
Supplemental Fig. S6, “MTJ_changes.xlsx”). Represented in 
this set of genes were eight of the genes among the 27 identi- 
fied in Fig. 6 (COL22A1, OSTN, ALDH3B1, POSTN, CNTNAP4, 
NCAM1, MNS1, and CD52). Of the 43 genes, five displayed at 
least 10-fold higher expression than expected, with COL22A1 
demonstrating the greatest (17-fold) difference above expected 
levels. 

A search for enriched pathways within the measured ver- 
sus expected mix MTJ values was performed using GAGE 
and FGSEA. No significant pathways in GO or KEGG were 
found, except for four KEGG pathways that were downregu- 
lated in MTJ with GAGE analysis (Table 3). The KEGG path- 
way database represents knowledge on metabolism and 
function at the cell and organism levels, which can be linked 
to specific genes. The 27 and 43 genes identified from the 
two approaches are combined in Table 4. 

 
Immunofluorescence 

To investigate whether the expression of some of the MTJ- 
enriched genes (in Table 4) were also present at the protein 
level, immunofluorescence was performed. The presence of 
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Figure 2. PCR data. The graph shows the mRNA results for each of the 14 targets. Each tissue fraction is indicated by a different color and each dot rep- 
resents a horse (n = 19 horses). The values are expressed relative to muscle and normalized to RPLP0. In A, all regions are shown but no statistical analy- 
ses were carried out. In B, only the “muscle,” “MTJ,” and “tendon” fractions are shown since these displayed clearer separation between the tissue 
types. Comparisons were performed pairwise using the Wilcoxon Signed-rank test with Bonferroni correction. *P < 0.05. MTJ, myotendinous junction. 

 

collagen XXII, NCAM, periostin, osteocrin, nestin, MNS1, 
and lactase was confirmed in the human MTJ (Figs. 6, 7, and 
8). Staining for CD52, NEFM, ADAMTS8, and ACTC1 was 
inconclusive. NCAM and nestin were present in the cyto- 
plasm of the muscle fibers as they approached the tendon, 
whereas periostin was located distal to collagen XXII, at the 
tips of the fibers. MNS1 was expressed by myonuclei close to 
the MTJ and in mononuclear cells between muscle fibers close 
to the MTJ. Lactase was seen in mononuclear cells between 
the skeletal muscle fibers and distributed both between the 
distal parts of muscle fiber and at the interface between the 
muscle fiber and the tendon at the MTJ. Osteocrin immu- 

noreactivity was observed in muscle fiber cytoplasm and also 
in mononuclear cells at the MTJ. 

 
DISCUSSION 

The main findings of the present study were the identifi- 
cation of genes demonstrating enriched expression at the 
injury-prone myotendinous junction (MTJ) of the adult 
horse SDF muscle. Although no genes were exclusively 
expressed at the MTJ, RNA sequencing revealed genes repre- 
senting a wide range of biological processes that were highly 
expressed in the MTJ. This is the first unbiased approach to 
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Figure 3. Distribution of PCR data in relation to tissue fractions. Principal component analysis (A) and t-distributed stochastic neighbor embedding (t- 
SNE) plots (B), showing the distribution of the various samples from all the horses (n = 19). Samples located close together reflect more similar mRNA lev- 
els. The numbers refer to the individual horse from which the tissue is taken. In B, the tendon tissue fractions are isolated and clustered together. The 
same is seen for most of the MTJ fractions, whereas the two different muscle regions are mixed. C and D contain the same data points as A and B, but 
with the five horses selected for RNAseq indicated. MTJ, myotendinous junction; RNAseq, RNA-sequencing. 

 
explore this unique tissue interface in a large, mature mam- 
mal, where exposure to great mechanical strain is high and 
strain injury is frequent. Furthermore, immunofluorescent 
staining of human hamstring MTJ tissue demonstrated the 
presence of periostin, osteocrin, lactase, and MNS1 in the 
human MTJ for the first time. Together, these findings indi- 
cate the expression of previously unrecognized genes and 
proteins at the muscle-tendon interface, which may be im- 
portant for maintaining plasticity in, and between, the myo- 
fiber and tendon ECM compartments. 

The lack of difference in gene expression levels between the 
racehorses and sedentary horses can most likely be explained 
by the study protocol, as all horses performed treadmill exer- 
cises 2–8 days before tissue sampling. Therefore, gene activity 
is probably more determined by loading of the MTJ during the 
recent exercise than by the status of the horse as racing or sed- 
entary. It is important to emphasize that these findings should 

not be interpreted as a lack of capacity for remodeling of the 
MTJ in response to exercise loading. As discussed elsewhere, 
loading and unloading lead to alterations in the folding mor- 
phology of the MTJ as well as changes in gene and protein 
expression levels (16, 19). Indeed, it is possible that differences 
between the racing and sedentary horses exist at the protein 
and/or structural level. A study with more stringent timing of 
exercise and tissue sampling is required to investigate this. 

Collagen XXII is a protein uniquely expressed at tissue 
junctions, including the MTJ, where in situ hybridization 
clearly shows gene expression exclusively in the basement 
membrane of the muscle cells at the MTJ and aponeurosis 
(21). Our PCR and RNA sequencing data confirm that 
COL22A1 was expressed at significantly higher levels in the 
isolated MTJ fraction compared with the muscle and tendon. 
However, the detection of COL22A1 to some extent in the 
muscle and tendon samples indicates the incomplete 
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RNAseq: 27 MTJ-enriched genes 
A PCA plot B Enrichment (log2FC > 1) 

 
 
 
 
 
 
 
 
 
 

PC1: 85% variance 

C 

Figure 4. RNA-seq-27-enriched MTJ genes. 
Genes expressed at higher levels in MTJ 
than both muscle and tendon (n =5 horses). 
A: PCA plot based on the RNAseq data 
showing the distribution of the samples from 
5 horses selected for RNAseq. The muscle 
and MTJ samples are clustered close to- 
gether with larger differences between the 
tendon samples. B: Venn diagram illustrating 
the differences in gene expression between 
the three tissue types. Furthermore, 27 
genes are more greatly expressed at the 
MTJ than both muscle (red circle) and ten- 
don (blue circle), determined using DESeq2 
with FDR < 0.05 and log2FC > 1. C: box 
plots showing the expression of the 27 
genes in muscle, MTJ, and tendon. FDR, 
false discovery rate; MTJ, myotendinous 
junction; RNAseq, RNA-sequencing; PCA, 
principal component analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

separation of the three tissues, reducing the likelihood of 
detecting genes uniquely expressed at the MTJ. Nonetheless, 
the finding of COL22A1 as one of the most enriched genes 
at the MTJ in both RNA-sequencing approaches confirms 
that the method developed for this study to isolate MTJ- 
enriched tissue, muscle, and tendon can be used to analyze 
and compare the three tissues. 

The first RNA-sequencing approach identified 27 genes 
that were expressed at significantly higher levels at the MTJ 
when compared with both muscle and tendon. The second 
approach took into account the relative contribution from 
muscle and tendon tissue to the MTJ samples, estimated to 
be between 86%–94% and 6%–14%, respectively, and calcu- 
lated expected mix values based on these tissue proportions. 
Furthermore, 43 genes were expressed at higher levels than 

the expected mix values, where COL22A1 emerged as top of 
the list, expressing 17-fold greater levels than the expected 
mix. Using these data, GAGE enrichment analysis revealed a 
downregulation of four pathways (Parkinson's disease, ribo- 
some, thermogenesis, and Huntington disease) in the MTJ 
tissue (Table 3), the significance of which remains obscure. 
Determining the correct analysis approach of the RNA 
sequencing data is not straightforward due to the MTJ repre- 
senting a combination of muscle and tendon rather than an 
independent tissue that can be isolated. Interestingly, eight 
common genes were detected on both the 27-gene and the 43- 
gene lists (COL22A1, OSTN, ALDH3B1, POSTN, CNTNAP4, 
NCAM1, MNS1, and CD52), so we combined these into one list 
of 61 genes (Table 4). Although no GO or KEGG pathways 
enriched  in  MTJ  were  found,  frequently  appearing  GO 
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Figure 5. RNA-seq-43-enriched MTJ genes. List of genes from RNA sequencing of horse muscle, MTJ, and tendon tissue fractions showing 43 genes 
that are more highly expressed at the MTJ than expected mix values, based on the relative contribution of muscle and tendon, and using one-tailed 
(increase) t test (FDR < 0.1, log2FC > 1). Each dot represents the mean fold difference from the calculated expected mix value, for each horse (n = 5). The 
lines indicate the range. See Supplemental Fig. S5 for individual plots of genes in each tissue fraction. FDR, false discovery rate; MTJ, myotendinous 
junction; RNAseq, RNA-sequencing. 

 
annotations for the 61 genes were related to neural activity, 
the immune system, cell adhesion, extracellular matrix, cyto- 
skeleton, tissue repair, and metabolism, indicating great di- 
versity in biological processes active at the MTJ. 

Notably, neural-related genes were heavily represented 
among the enriched MTJ genes (e.g., FEZ1, GPR149, 
GRIN2A, NCAM1, NEFM, PRUNE2, and UCHL1), indicating 
that a strong neural component exists at the MTJ. The detec- 
tion of NCAM1 in both data sets supports our earlier finding 
of NCAM at the protein level in the cytoplasm of myofibers 
as they approach the MTJ while being virtually absent 
throughout the rest of the myofiber cell (30). NCAM is known 
to be expressed by satellite cells, myotubes, and muscle 
fibers during development and regeneration (10, 37), in addi- 
tion to denervated muscle fibers (38). These processes are 

also characterized by the presence of centrally positioned 
myonuclei, a feature we previously reported in fibers close to 
the MTJ in human muscle (30). Similar to the expression of 
NCAM, nestin was seen in the cytoplasm of muscle fibers as 
they were inserted at the MTJ. This expression of nestin has 
previously been described in animal and human tissue at 
the MTJ and also in relation to acetylcholine receptors at the 
neuromuscular junction (39, 40). In further support of a neu- 
ral component at the MTJ, staining of the nerve-related ace- 
tylcholine esterase (AChE) has been observed on the muscle 
side of the MTJ in rats and fish (41–43), as well as a wide 
range of sensory nerve receptors, including Golgi tendon 
organs, Ruffini corpuscles, and free nerve endings (44, 45). 
However, the implications of these neural-related genes at 
the muscle-tendon interface remain unknown. 
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Figure 6. Microscopy images of NCAM (A), periostin (B), and nestin (C) staining in human MTJ. Muscle (m) and tendon (t) are seen on either side of the 
MTJ. Single grayscale images are displayed with a merged image to the right. NCAM is expressed in the muscle fiber cytoplasm at the fiber tips only, 
where the intensity of staining increases as the fibers approach the MTJ (collagen XXII). Periostin can be observed between the tendon and collagen 
XXII at the MTJ, as well in close association with collagen XXII. Nestin displays a similar staining pattern to NCAM, present in the muscle fiber cytoplasm 
as it approaches the MTJ. Scale bar = 50 mm. MTJ, myotendinous junction; NCAM, neural cell adhesion molecule. 

 
Periostin (POSTN) was found to stain human MTJ tissue 

distal to collagen XXII in the ECM of the inserting fiber. 
Periostin is a matricellular protein, known to be involved 
in ECM remodeling and it increases in concentration 

Table 3. GAGE enrichment analysis for KEGG pathways 
on MTJ measured vs. expected mix values 

 

 

Direction 
GAGE Analysis: Observed vs. Expected 

Mix 

 

Statistic 

 

Genes 

 

Adj.Pval 

Down Parkinson disease (path:ecb05012) 
Ribosome (path:ecb03010) 
Thermogenesis (path:ecb04714) 
Huntington disease (path:ecb05016) 

-3.7623 
-3.5452 
-3.2323 
-3.2293 

82 
90 
137 
109 

3.7e-02 
3.8e-02 
5.0e-02 
5.0e-02 

Only pathways identified as downregulated in MTJ were found. 
GAGE, Generally Applicable Gene Set Enrichment. 

following injury, suggesting a potential role for this pro- 
tein in regeneration and repair of ECM (46, 47). Its pres- 
ence at the MTJ has been documented recently by 
proteomics and immunohistochemistry (IHC) in mice (15), 
but, to our knowledge, the current study is  the  first  to 
show periostin in human MTJ tissue. We suggest that it is 
present at the MTJ to support ECM plasticity and  readi- 
ness for repair, whenever necessary. As an indication of 
ECM plasticity at the MTJ, we further identified FGF7 and 
PDGFD to be higher expressed at the MTJ than the muscle 
and tendon. Both of these growth factors are  involved in 
the regulation of fibroblast activity and fibrosis. Although 
PDGFD is involved in progression of cancers and remodel- 
ing of the myocardium following infarction (48, 49), less is 
known about FGF7, especially in relation to skeletal 

 

AJP-Cell Physiol doi:10.1152/ajpcell.00218.2021 www.ajpcell.org C463 

Nestin  Collagen XXII  DAP Collagen XXII 

m 

t 

C Nestin 

NCAM  Collagen XXII  DAPI Collagen XXII 

m 

t 

A NCAM 

http://www.ajpcell.org/


 

 

Table 4. Overview of the two approaches (comparisons of two tissues, and observed vs. expected mix) to identify genes significantly enriched at the 
MTJ from the horse RNAseq data. 

 

Pairwise Comparisons of Tissues 
 

Tendon vs. Muscle MTJ vs. Muscle MTJ vs. Tendon MTJ Observed vs. Expected Mix 
    

Previously 
GeneID Gene Description Grouping Fold Diff   P Value FDR Fold Diff   P Value FDR Fold Diff   P Value FDR Fold Diff P Value FDR reported at MTJ 

100057678 ACTC1 Actin a cardiac muscle 1 cytoskeletal 0.4 0.0190 0.0333 1.1 0.0127 0.1031 11.1 0.0000 0.0000  $ 5.0 0.0003 0.0585  

100072682 ADAMTS8 ADAM metallopeptidase with integrin binding 4.2 0.0013 0.0028 17.9 0.0000 0.0000 3.1 0.0011 0.0028 # 4.0 0.0559  (25) 
 thrombospondin type 1                

 motif 8                

100061848 ALCAM activated leukocyte cell adhe- adhesion 2.2 0.0001 0.0003 2.1 0.0001 0.0017 1.0 0.8689 0.9040  $ 2.2 0.0044 0.0858  

 sion molecule                

100053339 ALDH3B1 aldehyde dehydrogenase 3 metabolism 2.7 0.0000 0.0000 5.9 0.0000 0.0000 2.1 0.0005 0.0014 # $ 5.4 0.0000 0.0124  

 family member B1                

100052606 ANKS1B ankyrin repeat and sterile a ephrin receptor binding 1.7 0.1171 0.1707 5.1 0.0001 0.0015 2.5 0.0048 0.0104 # 2.2 0.0061   

 motif domain containing 1B                

102150106 C2H4orf51 chromosome 2 C4orf51 uncharacterized 1.0 0.8740 0.9056 3.1 0.0009 0.0150 3.9 0.0001 0.0004 # 1.7 0.0528   

 homolog                

100068401 CALB2 calbindin 2 calcium handling 1.1 0.7756 0.8275 2.6 0.0033 0.0411 2.7 0.0051 0.0112 # 2.3 0.0200   

100059622 CASQ2 calsequestrin 2 calcium handling 0.5 0.0318 0.0532 1.1 0.1824 0.4812 4.0 0.0005 0.0013  $ 2.3 0.0002 0.0559  

100052471 CCDC88A coiled-coil domain containing microtubule, cytoskeletal 1.2 0.1536 0.2162 1.9 0.0000 0.0002 1.6 0.0018 0.0044  $ 2.1 0.0003 0.0594 (26) 
 88 A                

111772400 CD52 CD52 molecule immune cells 0.7 0.0227 0.0392 2.2 0.0000 0.0002 3.6 0.0000 0.0000 # $ 2.9 0.0000 0.0013  

100050546 CIDEA cell death-inducing DFFA like lipid regulation 2.6 0.0102 0.0187 9.5 0.0000 0.0000 2.7 0.0076 0.0159 # 7.8 0.0023   

 effector a                

100055462 CNTNAP4 contactin-associated protein adhesion 1.6 0.0966 0.1435 4.1 0.0000 0.0001 2.4 0.0018 0.0044 # $ 4.9 0.0038 0.0840  

 family member 4                

100069427 COL22A1 collagen type XXII a 1 chain ECM 16.6 0.0000 0.0000 59.2 0.0000 0.0000 2.3 0.0162 0.0316 # $ 17.1 0.0002 0.0460 (15, 21,22, 24–27) 
100067795 CXADR CXADR Ig-like cell adhesion molecule adhesion 0.4 0.0053 0.0103 1.1 0.1699 0.4634 4.9 0.0000 0.0001  $ 2.4 0.0006 0.0639  

100049011 FEZ1 fasciculation and elongation neural 1.9 0.0013 0.0028 2.4 0.0000 0.0001 1.3 0.1184 0.1818  $ 2.6 0.0013 0.0681  

 protein zeta 1                

100033961 FGF7 fibroblast growth factor 7 tissue repair 6.0 0.0000 0.0000 9.4 0.0000 0.0000 1.5 0.0287 0.0528  $ 5.7 0.0001 0.0293 (25, 27) 
100062675 FREM2 FRAS1-related extracellular ma- ECM 0.6 0.1212 0.1757 1.1 0.1050 0.3598 3.6 0.0015 0.0036  $ 2.7 0.0029 0.0808 (25) 

 trix 2                

100067870 GPNMB glycoprotein nmb integrin binding 3.7 0.0000 0.0000 2.6 0.0000 0.0002 0.8 0.1768 0.2552  $ 2.2 0.0009 0.0639  

100054036 GPR149 G protein-coupled receptor 149 neural 0.9 0.6363 0.7101 2.5 0.0033 0.0411 4.1 0.0002 0.0006 # 1.4 0.0252   

100051329 GRIN2A glutamate ionotropic receptor neural 1.5 0.2449 0.3230 3.6 0.0008 0.0129 2.2 0.0170 0.0330 # 2.4 0.0016   

 NMDA type subunit 2 A                

100062868 HHIP hedgehog interacting protein tissue repair 1.7 0.1512 0.2133 14.4 0.0000 0.0000 6.7 0.0000 0.0000 # 5.8 0.0035   

100051119 HNMT histamine N-methyltransferase metabolism 4.5 0.0000 0.0000 3.0 0.0000 0.0000 0.7 0.0043 0.0095  $ 2.1 0.0012 0.0681  

100058129 IGSF1 immunoglobulin superfamily inhibin signaling 1.6 0.1014 0.1500 5.0 0.0018 0.0256 1.5 0.1349 0.2032  $ 10.2 0.0003 0.0575  

 member 1                

100058705 KCNA2 potassium voltage-gated chan- ion channel 1.4 0.2427 0.3206 5.2 0.0000 0.0002 3.2 0.0003 0.0008 # 4.7 0.0000   

 nel subfamily A member 2                

100055369 LCT Lactase metabolism 23.8 0.0000 0.0000 68.7 0.0000 0.0000 1.9 0.0437 0.0764  $ 15.1 0.0007 0.0639  

100629324 LOC100629324  uncharacterized uncharacterized 0.9 0.7522 0.8079 1.9 0.0062 0.0642 2.7 0.0023 0.0053  $ 3.3 0.0008 0.0639  

 LOC100629324                

102147582 LOC102147582   uncharacterized LOC102147582 uncharacterized 4.1 0.0002 0.0004 11.4 0.0000 0.0000 2.2 0.0077 0.0162 # 5.9 0.0006   

102149019 LOC102149019 uncharacterized LOC102149019 uncharacterized 2.3 0.0026 0.0053 6.2 0.0000 0.0000 2.4 0.0009 0.0023 # $ 6.1 0.0006 0.0639  

106783412 LOC106783412 uncharacterized LOC106783412 uncharacterized 0.8 0.4365 0.5238 2.4 0.0013 0.0193 3.8 0.0000 0.0001 # 2.7 0.0119   

111775490 LOC111775490 uncharacterized LOC111775490 uncharacterized 4.1 0.0325 0.0543 41.2 0.0000 0.0010 2.6 0.0156 0.0305 # 1.9 0.0454   

100055858 LYVE1 lymphatic vessel endothelial adhesion 4.5 0.0000 0.0000 2.9 0.0000 0.0000 0.7 0.0852 0.1365  $ 2.1 0.0053 0.0895  

 hyaluronan receptor 1                

100070789 MAP1A microtubule-associated microtubule, cytoskeletal 0.6 0.0607 0.0950 1.4 0.0200 0.1367 2.8 0.0000 0.0001  $ 2.3 0.0011 0.0681  

 protein 1 A                

100070127 ME1 malic enzyme 1 metabolism 1.1 0.6131 0.6896 2.0 0.0000 0.0000 1.9 0.0000 0.0000  $ 2.2 0.0000 0.0219  
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Table 4.— Continued 

 

Pairwise Comparisons of Tissues 
 

Tendon vs. Muscle MTJ vs. Muscle MTJ vs. Tendon MTJ Observed vs. Expected Mix 
    

Previously 
GeneID Gene Description Grouping Fold Diff   P Value FDR Fold Diff   P Value FDR Fold Diff   P Value FDR Fold Diff P Value FDR reported at MTJ 

100033948 MMP2 matrix metallopeptidase 2 ECM 3.5 0.0000 0.0000 3.5 0.0000 0.0000 1.0 0.9761 0.9841  $ 2.8 0.0004 0.0594 (26) 
100068954 MNS1 meiosis-specific nuclear struc- meiosis, cilium 1.6 0.0268 0.0455 3.7 0.0000 0.0000 2.3 0.0001 0.0002 # $ 3.9 0.0009 0.0639  

  tural 1                

100073103 MOXD1 monooxygenase DBH like 1 metabolism 2.5 0.0193 0.0339 7.3 0.0000 0.0003 2.2 0.0171 0.0331 # 2.9 0.0154   

100630214 MTURN maturin, neural progenitor differ- tissue repair 4.2 0.0000 0.0000 3.5 0.0000 0.0000 0.8 0.0935 0.1481  $ 2.5 0.0001 0.0293  

  entiation regulator homolog                

100050448 NAV3 neuron navigator 3 microtubule, cytoskeletal 6.7 0.0000 0.0000 5.9 0.0000 0.0000 0.9 0.4602 0.5592  $ 3.4 0.0001 0.0417 (24–27) 
100062164 NCAM1 neural cell adhesion molecule 1 tissue repair 1.3 0.4603 0.5475 3.9 0.0010 0.0162 2.7 0.0109 0.0221 # $ 6.7 0.0010 0.0639 (24, 31) 
100054129 NEFM neurofilament medium microtubule, cytoskeletal 53.7 0.0000 0.0000 122.3 0.0000 0.0000 1.3 0.3299 0.4279  $ 16.3 0.0008 0.0639  

100064419 NES Nestin cytoskeletal 1.0 0.9057 0.9306 1.6 0.0099 0.0870 2.0 0.0070 0.0149  $ 2.5 0.0060 0.0924  

100059841 OSTN Osteocrin tissue repair 2.3 0.0370 0.0609 21.5 0.0000 0.0000 3.5 0.0034 0.0076 # $ 16.4 0.0037 0.0837 (25, 27) 
100061488 PDGFD Platelet-derived growth factor D tissue repair 4.3 0.0000 0.0000 3.1 0.0000 0.0000 0.7 0.0252 0.0469  $ 2.3 0.0005 0.0632  

102148273 PDPN podoplanin adhesion 3.8 0.0000 0.0000 2.7 0.0000 0.0002 0.8 0.2124 0.2979  $ 2.2 0.0056 0.0910  

100066733 PIP4K2A phosphatidylinositol-5-phos- metabolism 0.9 0.6300 0.7049 1.7 0.0023 0.0302 2.1 0.0004 0.0011  $ 2.2 0.0026 0.0805 (24,25) 
  phate 4-kinase type 2 a                

100062608 POSTN Periostin ECM 1.2 0.5328 0.6161 5.1 0.0002 0.0048 3.7 0.0021 0.0049 # $ 8.1 0.0016 0.0719 (15, 26) 
100034016 PRG4 proteoglycan 4 ECM 5.3 0.0000 0.0000 3.8 0.0000 0.0000 0.7 0.0619 0.1037  $ 2.4 0.0046 0.0872  

100063534 PRUNE2 prune homolog 2 with BCH neural 1.6 0.0020 0.0042 2.1 0.0000 0.0000 1.4 0.0183 0.0353  $ 2.3 0.0030 0.0811  

  domain                

100033979 PTHLH parathyroid hormone like tissue repair 0.9 0.5131 0.5980 2.0 0.0001 0.0023 2.4 0.0000 0.0000 # 2.5 0.0003   

  hormone                

100049881 RAG2 recombination activating 2 immune cells 1.7 0.1872 0.2564 11.3 0.0001 0.0030 4.3 0.0015 0.0037 # 1.2 0.0380   

100067588 RANBP3L RAN binding protein 3 like BMP signaling 12.7 0.0000 0.0000 5.4 0.0000 0.0000 0.5 0.0000 0.0000  $ 2.1 0.0058 0.0916  

100068747 RBM11 RNA binding motif protein 11 tissue repair 1.6 0.2699 0.3511 7.8 0.0007 0.0115 3.2 0.0084 0.0176 # 1.1 0.1870   

100051067 RGS2 regulator of G protein signaling tissue growth 1.5 0.0113 0.0206 2.7 0.0000 0.0000 1.8 0.0004 0.0011  $ 2.9 0.0009 0.0639  

  2                

100033887 S100A6 S100 calcium binding protein A6 calcium handling 8.9 0.0000 0.0000 4.6 0.0000 0.0000 0.5 0.0000 0.0001  $ 2.2 0.0009 0.0639  

100050682 SORBS2 sorbin and SH3 domain con- cytoskeletal 4.0 0.0000 0.0000 6.9 0.0000 0.0000 1.6 0.0159 0.0311  $ 5.2 0.0010 0.0639 (24–27) 
  taining 2                

100053029 SPP1 secreted phosphoprotein 1 integrin binding 31.3 0.0000 0.0000 24.5 0.0000 0.0000 0.8 0.2696 0.3627  $ 4.3 0.0040 0.0840  

100059332 TCEAL7 transcription elongation factor A other 0.8 0.4201 0.5079 2.7 0.0006 0.0101 4.1 0.0000 0.0000 # 2.3 0.0157   

  like 7                

100065098 TMEM108 transmembrane protein 108 microtubule, cytoskeletal 1.2 0.4261 0.5136 3.8 0.0000 0.0002 3.1 0.0001 0.0002 # 4.9 0.0011   

100146229 TRIM16 tripartite motif containing 16 autophagy 1.7 0.0005 0.0011 2.4 0.0000 0.0000 1.4 0.0218 0.0412  $ 2.5 0.0009 0.0639  

100052052 TTL tubulin tyrosine ligase microtubule, cytoskeletal 1.7 0.0015 0.0031 2.7 0.0000 0.0000 1.6 0.0021 0.0050  $ 2.8 0.0010 0.0639  

100033838 UCHL1 ubiquitin C-terminal hydrolase neural 0.4 0.0000 0.0000 1.2 0.0514 0.2394 4.7 0.0000 0.0000  $ 2.1 0.0028 0.0808  

  L1                

The fold differences (diff), P values, and false discovery  rate (FDR) are  displayed.  #Genes that  were significantly greater  (log2FC > 1, FDR < 0.05)  in  the MTJ  vs.  both  the muscle 
and tendon fractions; $genes that were observed to be significantly greater (log2FC > 1, FDR < 0.1) than expected (based on relative contribution from tendon and muscle tissue). 
Significant FDR values alone (regardless of fold difference) are displayed in bold font. Source data: Supplemental Fig. S3 (24); Supplemental Fig. S1 (25); Supplemental Fig. S3 
(26); Supplemental Fig. S2 (27); Table 1. (15). BMP, bone morphogenetic protein; ECM, extracellular matrix; MTJ, myotendinous junction. 
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Figure 7. Microscopy images of osteocrin (A) and MNS1 (B) staining in human MTJ. Muscle (m) and tendon (t) are seen on either side of the MTJ. Single 
grayscale images are displayed with a merged image to the right. Osteocrin labeled the membrane of some mononuclear cells (arrows point to exam- 
ples) in addition to some immunoreactivity for the muscle fiber cytoplasm. MNS1 was observed to stain some (arrows indicate examples), but not all (see 
arrowheads for examples) myonuclei. Scale bar = 50 mm. MNS1, meiosis-specific nuclear structural protein 1; MTJ, myotendinous junction. 

 

muscle, but an association with FGF7 and  the  MTJ  has 
been found by snRNAseq in mice (25, 27), in line with our 
data. 

In addition to periostin and other known components of 
the MTJ (COL22A1, NCAM1, and NES), we identified three 
previously undescribed proteins of the human MTJ: lactase, 

MNS1, and osteocrin. Osteocrin (also known as musclin) was 
observed to stain the muscle fiber cytoplasm in addition to 
what appeared to be mononuclear cells between muscle 
fibers and at the muscle-tendon interface. Osteocrin is a 
member of the natriuretic peptide family and is known to 
regulate bone formation and dendritic branching as well as 

 

Lactase 

 
 

 
Figure 8. Microscopy images of lactase (A, B) staining in human MTJ. Muscle (m) and tendon (t) are seen on either side of the MTJ in A, whereas the 
images in B are captured further away from the MTJ. Single grayscale images are displayed with a merged image to the right. Lactase was observed in 
the membrane of mononuclear cells near the MTJ (examples indicated by arrows), in the tendon tissue (arrowheads point to examples), as well as 
between the muscle fibers (B), some of which were associated with capillaries (collagen IV). Scale bar = 50 mm. MTJ, myotendinous junction. 
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myogenesis and T cell activity (50). Osteocrin is produced by 
skeletal muscle (51), is responsive to exercise (52), and over- 
expression of osteocrin has been reported to prevent muscle 
atrophy in cachexic mice (53). Furthermore, osteocrin has 
been linked to browning of adipose tissue (54), which is 
potentially related to our recent observations of adipocytes 
at the muscle-tendon interface in human hamstring tissue 
(55). Together these studies suggest a role for osteocrin spe- 
cifically in the domain of skeletal muscle fibers close to the 
MTJ. 

Lactase (LCT) was expressed to a higher degree in MTJ 
than muscle and tendon and has not been previously 
described at the MTJ, with its presence close to the MTJ con- 
firmed by immunofluorescence. Small cells expressing lactase 
were found between muscle fibers and in the tendon tissue 
adjacent to the inserting muscle fibers. Lactase is produced by 
the microvilli-coated epithelial cells of the intestines, where it 
splits lactose in the process of digestion (56), and it has not yet 
been described in skeletal muscle-tendon tissue, where it pos- 
sibly plays a role in metabolism. Similarly, MNS1, another 
MTJ component identified in the current study, has received 
very little attention and is not known to be associated with 
the muscle-tendon complex. It is related to nuclear morphol- 
ogy during meiosis (in spermatogenesis) (57), which may be a 
relevant function in relation to our observation of MNS1 being 
present in myonuclei near the MTJ. Myonuclei in this region 
are more often positioned centrally in the fiber than in the 
midregion (30), and it is possible they are subjected to differ- 
ent patterns of mechanical strain as force is transferred from 
the muscle to the tendon. With regard to alternative roles for 
MNS1, loss-of-function mutations in humans have been 
linked to left-right patterning defects and male infertility (58). 
Studies in MNS1 knockout mice reveal its importance for 
motile ciliary functions and microtubule organization (59), 
which are particularly important during development and 
potentially also at the MTJ. 

Immune cell genes were also strongly represented in the 
RNAseq data, e.g., CD52, RAG2, ANKS1B, CXADR, and 
ALCAM. Although we have documented the presence of 
CD68 macrophages at the human MTJ, and an increase in 
cell number after 4 wk of heavy resistance training (22), other 
immune cell types have so far not been shown to be impli- 
cated in the MTJ. Thus, the expression of genes related to B 
cell and T cell activity opens up possible new roles for addi- 
tional immune cells in remodeling and injury-repair of the 
MTJ. 

The ECM-related genes initially selected for RT-PCR 
(COMP, COL1A, COL3A, COL22A1) were found to be expressed 
at higher levels in the MTJ than in muscle, as expected. 
Tenomodulin (TNMD), which is normally considered a pheno- 
typical indicator of a tendon (60–62), was also expressed to a 
greater degree at the MTJ when compared with muscle, but sur- 
prisingly muscle and tendon levels were similar. Tenomodulin 
is believed to be expressed by tenocytes and involved in the pro- 
liferation of these cells, primarily during growth and develop- 
ment but it is also important for tendon healing and 
remodeling following injury and exercise (63–66). Scleraxis, 
another widely used marker of tendons, did not display high 
expression levels in the tendon, and in fact both MTJ and mus- 
cle demonstrated higher mRNA levels for scleraxis than the ten- 
don. This is likely to be related to scleraxis as a marker for 

developing or growing tendons (60–62), and it is probably 
downregulated in the adult tendon where the protein turnover 
is low (6). ITGA7 demonstrated a pattern similar to scleraxis 
and is believed to be important for strength of the adhesion 
between actin filaments and laminin in the basal lamina sur- 
rounding the muscle fibers (67–69). The presence of tenomodu- 
lin and scleraxis at the MTJ has not previously been reported, 
but given the high plasticity of the MTJ and the susceptibility 
to strain injuries in this region, it is possible that they are 
present to aid in remodeling of the connective tissue and 
secure optimal repair following injury (66). Interestingly, 
a matricellular regulator of ECM, fat metabolism, and 
angiogenesis, Angiopoietin-like-4  (ANGPTL4)  was  found 
to be expressed at higher levels in tendon tissue  versus 
both MTJ and muscle, in line with earlier findings of an 
important role for ANGPTL4 in angiogenesis in stretched 
tendon (70). 

Only 13 of our 61 MTJ genes identified by RNAseq have 
been reported in the MTJ gene data sets of the recent 
snRNAseq studies in mice (24–27). Of the handful of genes 
actually shown to be expressed at the MTJ (by FISH), Tigd4 
(26), and Adamts20 (27) were not detected in our data set. 
Ebf1 (26) was detected, however, but not significantly 
enriched at the MTJ. The reason for this rather low concord- 
ance is unclear, indeed it is challenging to even compare 
these two fundamentally different approaches. Potential dif- 
ferences in the MTJ of mice and larger mammals may exist, 
or it is possible that the nature of snRNAseq measuring 
largely only pre-mRNA, compared with the more mature 
mRNA detected by RNAseq, is behind this discrepancy. It is 
also worth noting that snRNAseq is carried out on nuclei col- 
lected from whole muscle, rather than the tissue-specific 
regions prepared in the current study and MTJ nuclei tend 
to be classified based on the expression of COL22A1 rather 
than their location in the tissue. Furthermore, in some cases, 
only the myonuclei were analyzed by snRNAseq (26), which 
will generate different sets of gene clusters than when nuclei 
from nonmuscle cells are included, illustrating the impor- 
tance of tissue context in interpreting cluster-based data. 
Potentially, even more difficult to reconcile are differences in 
our MTJ data and data acquired by proteomics (15, 71) and 
earlier studies identifying proteins common to the MTJ and 
costameres, such as talin and vinculin (72, 73). For example, 
COL5A3 was recently reported to be expressed at the MTJ of 
mouse soleus muscle according to proteomics analysis of one 
sample of pooled muscles, although immunofluorescence 
could not confirm specificity for the MTJ (15). However, we 
did not detect COL5A3 in our data set. For the costameric pro- 
teins, talin and vinculin (72, 73), it is possible the mRNA for 
these proteins was expressed in the muscle fraction to a 
degree that a relative significant enrichment could not be 
detected in the MTJ fraction. An interesting issue is whether 
mRNAs are produced ubiquitously within a muscle fiber and 
transported to the MTJ or are produced exclusively by nuclei 
locally at the MTJ. It is possible that if we had included more 
targets in our PCR analysis, such as talin and vinculin, we 
might have observed differences between the tissue fractions. 
In general, it is important to highlight that our RNAseq data 
represent five biological replicates and a conservative statisti- 
cal analysis was applied. In the first approach, the 43 genes 
identified at the MTJ only represent genes demonstrating at 
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least twofold greater levels than both the muscle and tendon 
tissue fractions, according to FDR-adjusted P values. Further 
work, at the gene expression and protein levels, is clearly 
required to reconcile the differences observed with these vari- 
ous methodological approaches. 

In conclusion, through an unbiased approach, we identified 
48 novel MTJ genes using RNA sequencing. As well as genes 
involved in ECM, adhesion, tissue regeneration, and develop- 
ment, neural and immune cell genes were strongly represented. 
In addition, we demonstrate for the first time, to our knowl- 
edge, the presence of periostin, osteocrin, lactase, and MNS1 in 
the human MTJ by immunofluorescence. Future work could 
focus on obtaining cleaner MTJ tissue since our MTJ fraction 
represents tendon on one side of the MTJ and muscle on the 
other side enriched in myofiber tips as they terminate at the 
muscle-tendon interface. Furthermore, many mononuclear 
cells in this region remain to be identified. A limitation of our 
study is that the physiological function of the mRNAs identi- 
fied to be enriched at the MTJ was not determined, either in 
the context of maintenance or repair of this complex tissue 
interface. Indeed, it is possible that different genes would be 
identified during conditions of loading or repair, in contrast tox 
the maintenance state studied in the present study. Given that, 
much of our understanding of the development, composition, 
and repair of the MTJ is based on elegant studies performed in 
animals, as reviewed elsewhere (14, 16, 74), there is a need for 
the development of suitable standardized models for studying 
repair of the human MTJ to address the clinical problem of 
(recurring) muscle strain injury in athletes. 
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Abstract 

Background: The myotendinous junction (MTJ) as a specialized interface for force transmission between 

muscle and tendon has a unique transcriptional activity and is highly susceptible to strain injury. Eccentric 

exercise reduces the risk for these injuries. Knowledge about the human MTJ is limited, in particular in 

relation to gene expression and the effect of eccentric exercise on the tissue.  

Methods: 30 humans were randomized to a single bout of eccentric exercise 1 week prior to tissue 

sampling or no exercise (control). Samples were collected from the semitendinosus in connection with 

reconstruction of the anterior cruciate ligament and were divided into fractions containing muscle, MTJ and 

tendon, respectively. The concentrations of macrophages and satellite cells were counted, and the 

expression of genes previously known to be active at the MTJ were analysed by RT-qPCR. 

Results: The expression of NES and OSTN mRNA were significantly increased in the MTJ and tendon 

fractions in the exercise group. Many genes earlier identified at the MTJ (COL22A1, POSTN, ADAMTS8, 

MNS1, NCAM1) were confirmed to be significantly higher expressed in the MTJ compared to muscle and 



tendon but they were unaffected by exercise. In the eccentric exercise bout group there was an increase in 

the number of macrophages, but not satellite cells, in the muscle tissue near the MTJ. 

Conclusion: Eccentric exercise leads to increased expression of nestin and osteocrin in human 

semitendinosus MTJ but does not induce proliferation of satellite cells near the MTJ. The increase in nestin 

and osteocrin indicates that they could be of interest in the understanding of how the MTJ adapts to 

eccentric exercise.  

 

Introduction 

It is necessary that the interface between skeletal muscle fibers and tendon, the myotendinous junction 

(MTJ), has a structure that supports force transmission between the two tissues. Clinically, the MTJ is the 

site of strain injuries, which are among the most common injuries within a wide range of sports (Orchard 

and Seward, 2002; Ekstrand et al., 2011; Eirale et al., 2013). Eccentric training effectively prevents these 

injuries, suggesting that there is an adaptive potential of the MTJ in reaction to this type of exercise 

(Arnason et al., 2008; Petersen et al., 2011; Seagrave et al., 2014; Van Der Horst et al., 2015; Al Attar et al., 

2017). Most studies on this have focused on the ultrastructural morphology of the muscle membrane 

(Kojima et al., 2008; Curzi et al., 2012, 2016; Jacob et al., 2019) but in recent years the molecular basis of 

this interface has experienced increasing interest (Calve et al., 2020; Dos Santos et al., 2020; Jakobsen et 

al., 2020, 2021; Kim et al., 2020; Petrany et al., 2020). Myonuclei with specific transcriptional activity 

different from other myonuclei have been identified at the MTJ, and this confirmed that the MTJ is a 

unique region in skeletal muscle.  However, only very little is known about the effects of eccentric exercise 

on the cellular and transcriptional activity at the MTJ.  

A few studies have shown increases in mRNA for integrin alpha 7, talin and vinculin following eccentric 

loading regimes, suggesting a cytoskeletal adaptation to eccentric exercise(Frenette and Côté, 2000; 

Boppart et al., 2008). Integrin alpha 7 is located in the muscle membrane and at the MTJ where it links with 

vinculin and talin, providing a connection between actin from the last sarcomere and collagen fibrils in the 

tendon (Matsumura and Campbell, 1994). Animal models have shown that upregulation of integrin alpha 7 

counteracts some of the reduction in muscle force caused by absence of dystrophin, suggesting a 

protective effect of this integrin type (Burkin et al., 2001; Hakim et al., 2013). At the MTJ this integrin type 

links with collagen XXII, which is specifically located at the MTJ and has been shown to be important for 

strength and integrity of the MTJ (Charvet et al., 2013) It has further been suggested that increases in 

proteins, such as integrin alpha 7, at the MTJ lead to an increased strength of the tissue, reducing the risk of 

strain injuries, and that these adaptations are stimulated by eccentric exercise (Frenette and Côté, 2000; 

Boppart et al., 2006, 2008). 

However, earlier studies were made on whole muscle and not isolated MTJ tissue. Isolation of the MTJ is 

particularly important in relation to these cytoskeletal proteins, since many of them are present along the 

myofiber, attaching laterally to the endomysium through costameres (Pardo et al., 1983; Mondello et al., 

1996; Passerieux et al., 2007).  

A recent study demonstrated a feasible method for dividing a sample into muscle, MTJ and tendon 

fractions (Jakobsen et al., 2021). Here  a panel of genes and proteins concentrated at the MTJ from horses 

was reported(Jakobsen et al., 2021).  Among these were osteocrin which has been speculated to be 

involved in the mitochondrial adaptation to exercise as well as the intermediate filament protein nestin 

which has previously been described at the MTJ in animals (Carlsson et al., 1999; Vaittinen et al., 2001; 

Subbotina et al., 2015). The specific function of nestin is not fully elucidated, but the general function of the 



intermediate filaments in general is to link the myofibrils with the muscle membrane (Small et al., 1992). 

Nestin is thought to be related to regeneration of skeletal muscle, and its presence at the MTJ could 

indicate that is has a role in the high rate of remodeling, which seen in the muscle fibers at the MTJ 

(Vaittinen et al., 2001; Lindqvist et al., 2017; Jakobsen et al., 2018a).  

A single study has investigated the cellular activity at the MTJ following resistance exercise and shown a 

higher concentrations of macrophages but not satellite cells near the MTJ following 4 weeks of exercise 

(Jakobsen et al., 2017). It was speculated that the absence of increase in satellite cell quantity could be due 

to a high demand for satellite cells at the MTJ since this is known as a region with a high rate of remodeling 

of the muscle fibers and therefore potentially also a region with a high demand for satellite cell activity.  

 

Using the recently described method to isolate tissue of the MTJ from muscle and tendon tissue (Jakobsen 

et al., 2021), the current study aim to investigate the effects of a single bout of heavy eccentric exercise in 

humans on gene expression in muscle, MTJ and tendon Furthermore, the current study aim at analyzing the 

effect of eccentric exercise on the concentration of satellite cells and macrophages at the MTJ and in 

tendon. 

  

 

 

Methods 

Participants 

Humans with rupture of the anterior cruciate ligament of the knee and scheduled for reconstructive 

surgery with a hamstring-tendon graft were invited to participate in the study. Resistance exercise involving 

the hamstring for a period of 3 months prior to inclusion was not allowed. Smokers and subjects with BMI > 

30 were excluded due to possible effects on mRNA expression. Thirty subjects were enrolled and 

randomized to either the control group, which did not perform any exercise, or the training group, which 

performed one session of eccentric exercise 7 days before the scheduled surgery. Five subjects (3 exercise, 

2 controls) were excluded following randomization for reasons not related to the study (Cancelled surgery, 

tendon rupture during surgery, additional knee trauma preventing exercise participation), leaving 14 

controls (4 females and 10 males, mean age 28.5 ±7.2, BMI 24.1± 1.6 ) and 11 exercised (5 females, 6 

males, mean age 28.2 ±5.2, BMI 28.2 ± 1.7). All volunteers gave written informed consent before inclusion. 

The human tissue was obtained from ACL-patients, as previously described (Jakobsen et al., 2017). The 

study was approved by The Research Ethics Committees of the Capital Region of Denmark (ref. H‐3‐2010‐

070) and performed according to the standards set by the Declaration of Helsinki.  

 

Exercise intervention 

The training program was designed to eccentrically load the hamstring muscles and included the exercises: 

Nordic Hamstring, lying leg curl and stiff-legged deadlift (See supplemental file for detailed description). All 

of which consisted of 3 sets of 6-8 repetitions performed until exhaustion with 2 minutes between each set.  



 

Tissue collection 

The semitendinosus was harvested from all participants and the tendon was used as graft for the ACL-

reconstruction. Excess tissue from the semitendinosus, containing muscle, tendon and MTJ was used in this 

project. Multiple samples from each subject were cut from the excess tissue and placed on a plastic stick 

with the tendon placed at the bottom as flat as possible before embedding in Tissue-Tek and freezing in 

liquid nitrogen-cooled isopentane.  

From each subject one sample was prepared for RT-qPCR. First, the samples were divided into the various 

fractions (muscle, MTJ and tendon), using a recently described method (Jakobsen et al., 2021): the samples 

were placed in a cryostat and sectioned. By placing the tendon at the bottom, the first sections contained 

pure muscle tissue and were collected as the muscle fraction in tubes for further processing. Control 

sections were mounted before and after collecting sections for tubes. By visually inspecting the control 

sections and the samples it was noted when the MTJ was reached. Sections containing a mixture of muscle 

and tendon i.e. MTJ, were collected as the MTJ fraction. Following that, the tendon fraction was collected. 

From three subjects all muscle tubes (7 tubes) were included to analyze the difference in gene expression 

in muscle with varying distance from the MTJ.  

For immunohistochemical evaluation another sample from each subject was placed in the cryostat so that 

each section would contain both tendon, MTJ and cross-sectionally cut muscle fibers. 10 µm thick sections 

were mounted on glass-slides and stored at -80 degrees.  

 

Immunofluorescence 

To investigate the cellular response to exercise, sections from all subjects were stained with antibodies 

against CD56 (Neural Cell Adhesion molecule (NCAM)) to label satellite cells, and against CD68 to label 

macrophages as described previously (Jakobsen et al., 2016, 2018). Briefly, sections were incubated with 

the following primary antibodies: Mouse anti-CD68(cat. No. M0718 Dako Denmark A/S, Glostrup, Denmark) 

diluted 1:500, mouse-anti CD56(cat.no. 34770; Becton Dickinson, San Jose, California, USA) in 1:50, rabbit 

anti-laminin (Cat. No. Z0097 Dako, Denmark A/S, Glostrup, Denmark) in 1:500, guinea-pig anti-collagen XXII 

(A kind gift from Manuel Koch, University of Cologne, Germany) in 1:1000.  

Primary antibodies were labelled with the following secondary antibodies: Alexa Fluor 488 goat anti-mouse, 

Alexa Fluor 568 goat anti-guinea pig, and Alexa Fluor 647 goat anti-rabbit (Molecular Probes cat. no. 

A11029, A11075, A21076, respectively; Invitrogen A/S) 

The following antibody combinations were used: 1. CD68, Collagen XXII and laminin. 2. CD56, Collagen XXII 

and laminin.  

 

Image analysis 

Images were acquired using an Olympus BX51 microscope with a digital camera mounted on top (Olympus 

DP71, Olympus Deutschland GmbH, Hamburg, Germany), controlled by the software Cell^F (Olympus Soft 



Imaging Solutions, GmbH, Münster, Germany). Since each section couldn’t fit into one image, several 

images were stitched together using a previously developed macro for ImageJ to stitch 3 channels. Satellite 

cells and macrophages were counted manually in ImageJ by a person blinded to the intervention. A satellite 

cell  was defined as a CD56-positive cell located inside of laminin+ muscle membrane and containing a 

nucleus seen as DAPI-staining (figure 4). A cell located outside of the capillaries and between muscle fibers 

showing both immunoreactivity towards CD68 and DAPI staining was counted as a macrophage (figure 5).  

 

 

Figure 4: Satellite cells in muscle 

The figure shows representable images of satellite cells (arrows) in relation to muscle fibers as well as 

CD56+ muscle fibers (Asterix) near the collagen XXII labelled MTJ. The first three images are single channel 

images showing each staining and the last image is a combination of the three + the collagen XXII staining.  

Scale bars are 50 µm. 

 

 

Figure 5: Macrophages in muscle and tendon 

The figure shows representable images of CD68 staining of muscle and tendon. Panel a shows macrophages 

in relation to skeletal muscle fibers (arrows) while panel b shows macrophages in tendon (arrows). The first 

three images are single channel images showing each staining and the last image is a combination of the 

three + the collagen XXI staining.  

Scale bars are 50 µm. 



 

The number of satellite cells are expressed relative to the total number of muscle fibers on the given 

section, which were counted manually. 

The number of macrophages are expressed relative to both number of muscle fibers but also area of 

muscle and area of tendon. The measurements of area were manually measured using ImageJ. In 3 trained 

subjects (all female) a large number of necrotic and regenerating muscle fibers were seen. This affected the 

ability to properly identify macrophageas illustrated in figure 6. macrophagein muscle were therefore not 

counted for these subjects. Satellite cells were counted for the persons with necrotic muscle fibers but 

were excluded before running the statistics since they were clear outliers and probably not reflecting a 

normal physiological response to exercise.  

 

Figure 6: Necrosis and remodeling of skeletal muscle fibers  
The figure shows a panel of images showing cross-sections of skeletal muscle fibers from an exercised 
subject that was undergoing remodeling/reformation and necrosis, respectively. In figure a) the muscle 
fibers that were newly formed or under remodeling were indicated by the CD56 staining. The muscle fiber 
membrane was labelled with laminin and the nuclei with DAPI. To the right is a merged image of all three 
channels showing muscle fibers with strong immunoreactivity against CD56 and a very high number of 
infiltrating cells/nuclei. 
In Figure b the necrotic muscle fibers are indicated with a CD68 staining which labels macrophages. While 
the muscle membrane was still intact, seen by the laminin staining, lots of macrophages were seen to 
infiltrate and fill up the cytoplasm in some of the muscle fibers.  
Scale bars are 50 µm. 

 

RNA extraction 

Approx. 200-300 cryo sections of 10 μm from the embedded tissue were homogenized in 1 mL of 

TriReagent (Molecular Research Center, Cincinnati, OH, USA) containing five stainless steel balls of 2.3 mm 

in diameter (BioSpec Products, Bartlesville, Oklahoma, USA) by shaking in a FastPrep®-24 instrument (MP 

Biomedicals, Illkirch, France) at speed level 4 for 15 s. Following homogenization, bromo-chloropropane 



was added in order to separate the samples into an aqueous and an organic phase. Following isolation of 

the aqueous phase, RNA was precipitated using isopropanol. The RNA pellet was then washed in ethanol 

and subsequently dissolved in 10 μL RNAse-free water. Total RNA concentrations were determined using 

RiboGreen assay (R11490, Invitrogen, Naerum, Denmark). 

Real-time RT-PCR 

100 ng total RNA was converted into cDNA in 20 μL using the OmniScript reverse transcriptase (Qiagen, 

California, USA) and 1 μM poly-dT (Invitrogen, Naerum, Denmark) according to the manufacture's protocol 

(Qiagen). For each target mRNA, 0.25 μL cDNA was amplified in a 25 μL SYBR Green polymerase chain 

reaction (PCR) containing 1 × Quantitect SYBR Green Master Mix (Qiagen) and 100 nM of each primer 

(Table PRIMERS). The amplification was monitored real time using the MX3005P Real-time PCR machine 

(Stratagene, California, USA). The Ct values were related to a standard curve made with known 

concentrations of DNA oligonucleotides (UltramerTM oligos, Integrated DNA Technologies, Inc., Leuven, 

Belgium) with a DNA sequence corresponding to the sequence of the expected PCR product. The specificity 

of the PCR products was confirmed by melting curve analysis after amplification. Originally, RPLP0 mRNA 

was chosen as internal control (supplements). However, as described in results, instead tissue volume was 

used for normalization to make tendon and muscle more comparable. Tissue volume (3 ± 2sd mm3) was 

estimated from the area of the control sections and the number of 10 µm sections. Data are shown relative 

to the geometric mean of the muscle samples from control subjects. LCT was only detected in 6 samples (4 

muscle, 2 MTJ) and only just above one molecule in the PCR and therefore not included in the 

quantifications. However, sequencing of the PCR product confirmed LCT identity. 

 Table PRIMERS: 

mRNA Genbank ID Sense Antisense 

RPLP0 NM_053275.3 GGAAACTCTGCATTCTCGCTTCCT CCAGGACTCGTTTGTACCCGTTG 

GAPDH NM_002046.4 CCTCCTGCACCACCAACTGCTT GAGGGGCCATCCACAGTCTTCT 

MYH2 (MHCIIA) NM_017534.5 TTGCTGAGTCCCAGGTGAACAA TTTGTGCCTGTCTTCAGTCATTCC 

MYH3 (MHCemb) NM_002470.3 CGGATATCGCAGAATCTCAAGTCAA CTCCAGAAGGGCTGGCTCACTC 

COL22A1 NM_152888.2 CGAGATGGGACCCCCTGGAA CAGCTGGTCCTGTCTCCCCTTG 

NCAM1 NM_000615.6 ATTGCGGTCAACCTGTGTGGAA CCACGATGGGCTCCTTGGACT 

POSTN NM_006475.3 CAGCAGACACACCTGTTGGAAATG ACAGTCACGGGGATTTCTTTGAAGG 

NES NM_006617.2 GAGAACTCCCGGCTGCAAACAC GGCTCAGGACTGGGAGCAAAGA 

MNS1 NM_018365.4 GAAGAGCGTCGCCAACAATTCC CCTTTGCTGCAACTGCCACTCTT 

OSTN NM_198184.2 CCCCATGGATCGGATTGGTAGA GCTGTGACATTTCACCCAAGGAAG 

ADAMTS8 NM_007037.6 GGGGGAGGAGCGAGTTCAAAG ACACACTGGCCACGGACACAGA 

ITGA7 NM_002206.3 GCATGTCTGGGGCCGTCTCT GACAATCACTTCCAGGGACTTCACA 

COL1A1 NM_000088.3 GGCAACAGCCGCTTCACCTAC GCGGGAGGTCTTGGTGGTTTT 

COL3A1 NM_000090.3 CACGGAAACACTGGTGGACAGATT ATGCCAGCTGCACATCAAGGAC 

TENC NM_002160.3 CAGCCAAGATCCAGGCACTCAA GTCCTTGGGGAAGGGGTACAGG 

TNMD NM_022144.3 GAAGCGGAAATGGCACTGATGA TGAAGACCCACGAAGTAGATGCCA 

COMP NM_000095.3 TGACAACTGTCCCCAGAAGAGCAAC TTGATCGCTGTCACAAGCATCTCC 

LCT NM_002299.4 TCCCAGCGGGAAGAAACAGACC TCCATCGCACTCCAAACTGTGTATC 

 

 

Statistics 

https://www.ncbi.nlm.nih.gov/nucleotide/340745336?report=genbank&log$=nucltop&blast_rank=17&RID=ZP9168T2014


Unpaired t-test was used for the analysis of satellite cells and macrophages in muscle. However, due to 

large variation and the presence of 1, 2 or 3 cells in some of the tendon samples the risk of stochastic 

variation was present as well as a non-normalized distribution of data. Therefore, Mann-Whitney U-test 

was chosen for these results.  

To analyze the effect of exercise on the gene expression at the MTJ, data from real-time RT-PCR was first 

normalized to RPLP0 and relative the mean value of control muscle (shown in supplemental file) but due to 

the low number of cells in tendon this normalization was not found to be representative for the actual gene 

expression in the tissue. Instead, to take into account the large difference in number of cells/nuclei in 

muscle and tendon, data was normalized to tissue volume and expressed relative to the mean of control 

muscle. Data from the 3 participants with a high number of necrotic muscle fibers, identified as fibers 

showing immunoreactivity against CD68, were excluded from both the cell counting and the RT-qPCR 

analysis due to the high number of necrotic muscle fibers potentially affecting the results.  

Two-way repeated measures ANOVA was performed with tissue and exercise as the two factors using log-

transformed values. Since the variance in the data wasn’t evenly distributed between muscle, MTJ and 

tendon, they were split into two separate analysis comparing first muscle vs MTJ and then MTJ vs tendon.  

The level of significance was set to < 0.05.  

SigmaPlot 13.0 was used to run all the statistics and graphs are made in GraphPad Prism 9.0 

 

Results 

Macrophages and satellite cells 

A significant increase in the concentration of macrophages were seen in the exercised muscles compared to 

control, both number of cells relative to number of muscle fibers and relative to muscle area (Figure 7b-c). 

From the three subjects excluded from the analysis, 10-18 % of the muscle fibers were identified as 

necrotic (figure 6). In the samples from the other subjects two (1 exercised and 1 control) had 0.2 % 

necrotic muscle fibers where none were seen in the rest of the samples.  



 
Figure 7: Satellite cells and macrophages in muscle and tendon.  
The diagrams show the number of satellite cells in muscle and macrophages in muscle and tendon in the 
training and control groups. Individual values are indicated with a circle and mean for each group is 
presented as a line with SEM. The open circles in a and d represents the participants who had a high number 
of necrotic and regenerating fibers. These were not included in the statistics.  
a. Satellite cells per 100 muscle fibers in muscle. b. Macrophages per 100 muscle fibers  
c. Macrophages per mm2 muscle. D. Macrophages per mm2 tendon.  
 

 

No significant differences were seen for the number of macrophages in tendon, nor satellite cells in muscle 

following training (p=0.718). In control MTJ’s a mean of 11.9 (± 1.7) satellite cells were seen per 100 fibers 

whereas in the acute exercised MTJ’s a mean of 12.3 (± 2.8) satellite cells were seen in the muscle (Figure 

7a).  

 

 



RT-qPCR 

The effect of exercise and tissue were compared between muscle versus MTJ as well as MTJ versus tendon 

(see figure 8). To exclude any potential confounding effects, samples from the three subjects showing a 

high degree of muscle fibers undergoing necrosis were excluded from the statistics but are shown in figure 

8 as separate values. 

A significant effect of exercise was seen for NES (P=0.040) and OSTN (P=0.037) in the MTJ and tendon, 

where the expression values were higher in the exercised samples than in control, but no interaction 

between tissue and exercise was found. No other effects of exercise were seen.  

Comparing muscle versus MTJ a significant effect of tissue was seen for all targets except GAPDH. Most of 

the chosen targets, except MYH2, COL1A1, TENC, TNMD and COMP, were significantly higher expressed in 

the MTJ fraction compared to tendon.  

From three subjects all collected fractions (7 muscle, 1 MTJ and 1 tendon fraction) were analyzed to 

illustrate the gene expression change relative to the distance to the MTJ (Figure 9). Most of the targets 

decreased with increasing distance to the MTJ and tendon.  

 

 



 



 

Figure 8: Results of RT-PCR analysis  

The graph shows the mRNA expression of the selected genes in muscle vs MTJ (a) and MTJ vs tendon (b). All 

data are normalized to tissue volume and expressed relative to control muscle. Two-way repeated measures 

ANOVA was performed to analyze the effects of tissue and exercise. P-values from this test are inserted 

under each gene name. Data shown as geometric mean ± back-transformed SEM. Three subjects were 

excluded from the analysis due to a high number of necrotic fibers. Individual values from these subjects are 

shown separately for all targets. Each subject is represented by a specific symbol.  

Due to large difference in the expression values between targets and to optimally illustrate the expression 

for each mRNA target the y-axis are different between targets.  



 

 

 

 

 

Figure 9: Differences in gene expression depending on distance from MTJ 

The graph shows RT-PCR values for tissue fractions collected from 3 subjects. “M1-7” represents muscle 

fractions collected in varying distance from MTJ with “Muscle 7” being furthest from the MTJ and “M1” 

being closest to the MTJ. The data was normalized to RPLP0 and expressed relative to the mean MTJ values. 

 



Discussion 

This is the first study to evaluate gene expression and cellular response after a single bout of eccentric 

exercise compared to control in muscle, tendon and MTJ from the human semitendinosus. The main 

findings were that samples from the group performing a single bout of eccentric exercise showed higher 

expression of nestin and osteocrin at the MTJ as well as a significant infiltration of macrophages in the 

muscle near the MTJ, seven days after exercise.  

Previous clinical studies have shown positive effects of heavy eccentric exercise on the incidence of strain 

injuries, which occur at the MTJ and are particularly frequent in hamstring MTJs (Noonan and Garrett, 

1992; Tidball et al., 1993; Ekstrand et al., 2011; Petersen et al., 2011; Van Der Horst et al., 2015).  

Nestin, an intermediate filament protein, was found to be both higher expressed in the MTJ and tendon 

fraction in the exercise group as well as higher in the MTJ than general muscle. The presence of nestin at 

the MTJ has been described in previous studies, in which it has also been found to be important for 

embryonic development of the MTJ and neuromuscular junctions (Carlsson et al., 1999; Vaittinen et al., 

2001). However, it is also expressed in non-muscle cells such as neuroepithelial stem cells (Lendahl et al., 

1990) and rapid dividing cancer cells such as small cell lung cancer and prostate cancer cells (Kleeberger et 

al., 2007; Takakuwa et al., 2013). In general muscle nestin is suggested to be involved in proliferation and 

muscle regeneration(Vaittinen et al., 1999, 2001; Sahlgren et al., 2006) and has been shown to be 

upregulated following muscle injury suggesting that it has a potential role in muscle regeneration (Lindqvist 

et al., 2017; Singh et al., 2017). The current findings of an increase in expression of nestin in the MTJ 

following exercise suggests that nestin could be involved in the regeneration of the MTJ following 

unaccustomed exercise. Based on our findings it can be hypothesized that nestin is involved in the adaptive 

response following eccentric exercise, leading to a stronger MTJ and a lower risk for strain injury.  

Another recently identified MTJ-related gene, osteocrin, was also found with higher expression in the group 

performing exercise, in both MTJ and tendon. Osteocrin is a natriuretic peptide which has previously been 

studied in relation to bone, hence the name, but is also named “musclin” in skeletal muscle research 

(Moffatt and Thomas, 2009). Its specific function in skeletal muscle is currently unknown, but some studies 

suggest that it could be involved in glucose metabolism, mitochondrial genesis or oxidative capacity 

(Nishizawa et al., 2004; Subbotina et al., 2015; Jeremic et al., 2017; Shimomura et al., 2021). The latter 

proposal was based on a study showing increase in the protein concentration of osteocrin following aerobic 

exercise as well as an impaired oxidative capacity in osteocrin-knockout mice (Subbotina et al., 2015).  

None of these studies have intendedly examined osteocrin in the MTJ but used whole muscles in which the 

specific content of MTJ is unknown. Therefore, the specific role for OSTN at the MTJ is still uncertain, but it 

could be speculated, that since the MTJ has been shown to be a region with high degree of remodeling of 

muscle fibers, osteocrin is involved in the metabolic processes that are necessary for muscle remodeling. 

Interestingly, adipocytes have previously been shown to be present at the MTJ (Jakobsen et al., 2020) and 

since osteocrin has been suggested to be involved in browning of adipose tissue, the high concentration of 

adipocytes at MTJ could potentially be the reason for the high expression of osteocrin at the MTJ (Jeremic 

et al., 2017). However, it has not been confirmed whether the adipocytes seen at the MTJ are white, beige 

or brown, nor is it known whether the increased expression of osteocrin following exercise would lead to a 

browning of the adipocytes at the MTJ.  

In previous studies increases in TENC, ITGA7, COL1A1 and COL3A1 were demonstrated in muscle tissue 

following an exercise bout but was seen to be unaffected by exercise in the current study (Hyldahl et al., 

2015; Jensen et al., 2020). This difference could in part be due to differences in time of sampling post-



exercise and the fact that different muscles were analyzed. The collection of samples 7 days post-exercise 

in the current study was chosen based on our previous knowledge from human vastus lateralis muscles 

where satellite cells and macrophages are seen to reach their maximum concentration around this time-

point after an exercise bout. However, it is a compromise since some mRNA’s are known to increase very 

rapidly following exercise, i.e. Tenascin-C and ITGA7 (Fluck et al., 2000; Boppart et al., 2008), whereas 

others are upregulated over a longer period of time, i.e. COL1A1 and COL3A1 (Hyldahl et al., 2015; Jensen 

et al., 2020). EMG studies have shown that the chosen exercises are effective in targeting the 

semitendinosus muscle (Bourne et al., 2017; Hegyi et al., 2018; Boyer et al., 2021). Together with the 

finding of infiltration of macrophages in the trained muscles this suggests that the lack of increase in 

COL1A1 and COL3A1 was not due to the semitendinosus muscles not being loaded heavily enough. In fact, 

the exercise regimen was so hard for three of our participants, that extensive necrosis of the muscle fibers 

appeared (figure 6).  

Despite the infiltration of macrophages, the number of satellite cell were unaffected by the exercise bout 

which confirms the findings from a previous study examining the human semitendinosus MTJ(Jakobsen et 

al., 2018b). Satellite cells are muscle progenitor cells with the unique ability of re-entering cell cycle to form 

new muscle fibers and to provide the muscle fibers with additional myonuclei. In the resting muscle 

satellite cells are thought to be quiescent but following injury and/or exercise the satellite cells are 

activated and proliferate to support the repair and regeneration of the muscle fibers (Crameri et al., 2004; 

Kadi et al., 2005). An increased number of satellite cells has been seen both acutely, 24-48 hours after 

exercise (Dreyer et al., 2006), and 8 days later suggesting that the lack of increase in satellite cells seen in 

the current study is not related to the time of sampling (Crameri et al., 2004). However, we investigated the 

semitendinosus muscle, in contrast to most previous studies, in which vastus lateralis was used, and there 

might also be differences between the MTJ region and body of the muscle. There is a high degree of 

remodeling at the MTJ, and it could be speculated that the lack of increase in the satellite cell pool at the 

MTJ is not due to absence of proliferation of satellite cells, but instead a dynamic phenomenon where the 

newly formed daughter cells fuse quickly after being formed, by which they do not add to the number of 

satellite cells.  

When comparing the gene expression between the tissue fractions most of the targets were highest 

expressed at the MTJ. All targets except GAPDH was found to be higher expressed in the MTJ fraction 

compared to muscle. Interestingly, that also included MNS1, OSTN, POSTN, NES and ADAMTS8, all of which 

have recently been identified to be highly expressed at the MTJ from horse muscles by RNA-sequencing 

(Jakobsen et al., 2021) and confirmed by immunohistochemistry. These targets were also higher expressed 

in the MTJ compared to tendon and could therefore be important in the future studies of the MTJ. LCT was 

also among the targets identified at the horse MTJ by RNA-seq.  In the current study the presence of lactase 

was also examined and was found in samples from some subjects, but not all and not exclusively in MTJ 

fractions. Interestingly, this confirms that lactase is in fact seen in muscle and MTJ in some subjects. The 

fact that it is only seen in some subjects could indicate that it is expressed in cells, potentially immune-cells, 

“travelling” through the skeletal muscle, and therefore they appear in some subjects randomly. 

 

Surprisingly, MYH2 (MHCIIA) was expressed to similar extent in both the MTJ and tendon fraction. MHCIIA 

is to our knowledge not related to tendon and its presence in the tendon samples could therefore indicate 

that the tendon fraction has been contaminated with muscle fibers to some degree. This contamination 

was confirmed by looking at the control sections mounted on glass-slides before collecting tissue for RT-

qPCR where it was seen that for many of the tendon sections some muscle fibers were still present among 

the tendon substance. In that light the tendon fraction should not be considered as pure tendon.  



To investigate how the gene expression, differ between different areas of muscle depending on the 

distance from MTJ, all sectioned tissue fractions from three subjects were analyzed (Seven muscle regions 

with varying distance from the MTJ, one MTJ and one tendon fraction). For most of the targets a clear 

tendency was seen where the expression increased the closer the muscle fiber was to the MTJ. While this 

confirms that many of the selected targets are higher expressed in the MTJ than in muscle, it also implies 

that measurements on samples close to the MTJ should be interpreted with caution. Interestingly, the 

genes of some of the proteins thought to be unique for MTJ, such as COL22A1 were also seen in the muscle 

fractions some distance from the MTJ. While this could be explained by some myonuclei producing this 

mRNA at some distance from the MTJ and then transport it to the MTJ, it could also indicate that the mRNA 

is produced near the MTJ but then to a small degree diffuse in the muscle cytoplasm away from the 

junction. However, this can only apply to the mRNA’s produced by myonuclei, such as COL22A1. 

In conclusion, we found that a single bout of eccentric exercise seemed to lead to an increased expression 

of nestin and osteocrin in the MTJ and tendon parts of samples from muscle, MTJ and tendon components. 

Genes which have recently be identified to be highly expressed in horse MTJ (NES, OSTN, ADAMTS8, POSTN 

and MNS1) were all confirmed to be higher expressed in the human MTJ compared to muscle. Altogether 

these findings indicate that increases in nestin and osteocrin are induced by eccentric exercise and suggests 

that these proteins could be important in the adaptive response at the MTJ following eccentric exercise.  
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Supplemental files: 

Description of exercise program: 

The training program included three eccentric hamstring exercises; The Nordic Hamstring, lying leg curl and 

stiff-legged deadlift. All of which consisted of 3 sets of 6-8 repetitions performed until exhaustion with 2 

minutes between each set. In addition to the hamstring exercises, the participants also did two exercises 

targeting the quadriceps muscles in order to train both the front and back thigh muscles. The seated leg 

extension and leg press was included and completed between the hamstring exercises in order to give the 

participants a longer break from the very intensive eccentric work. Therefore, the participants were also 

instructed to perform these exercises with an intensity that still felt comfortable.  

In addition to the hamstring exercises, the participants also performed two exercises targeting the 

quadriceps muscles in order to train both the front and back thigh muscles. The seated leg extension and 

leg press was included and completed between the hamstring exercises in order to give the participants a 

longer break from the very intensive eccentric work. Therefore, the participants were also instructed to 

perform these exercises with an intensity that still felt comfortable.  

The Nordic Hamstring exercise was performed as previously described with heels fixed under a step-bench 

and knees placed on a foam mat (Jakobsen et al., 2017) (Figure 1). From here the participants leaned 

forward with the hips as straight as possible until they were unable to control the movement and fell to the 

floor. They were instructed to avoid lifting themselves up again using their hamstrings and instead raising 



themselves back up using their arms. 

 

Figure 1: Nordic Hamstring exercise. 
To perform the Nordic Hamstring exercise the participants tugged their heels under a step-bench (left 
image) and from here slowly lowered their upper-body towards the floor while contracting the hamstring 
muscles until they were unable to give hold and drifted to the floor.  

The lying leg curl was performed unilaterally in a Prone Leg Curl machine from Technogym (Figure 2). 

Following a light set to get accustomed to the machine and find the right position of the leg, a concentric 1 

repetition max (RM) test was done. This was used as indicator of the load for the subsequent eccentric sets.  

To make the exercise purely eccentric the pad was lifted by the instructor and the participant was told to 

flex their injured knee until their heel reached the pad. From here the instructor slowly released the pad so 

the weight was put on the heel of the participant, who subsequently slowly lowered the pad until full 

stretch of the knee. An effort was made to do this slowly, so that each repetition lasted around 6 seconds. 

In the bottom position the pad was again lifted by the instructor and the second repetition performed.  

The weight was initially set to the concentric 1RM but was adjusted (increased or decreased) so the 

participant was able to perform three sets of 6-8 repetitions to exhaustion.  



 

Figure 2: Unilateral eccentric lying leg curl. 
The image to the left shows the starting position in the unilateral eccentric lying leg curl exercise. Prior to 
the image the pad had been lifted by the instructor. From the starting position the participant slowly 
lowered the pad until the knee is stretched.  

The last exercise was the stiff-legged deadlift. (Figure 3) A barbell was arranged in height so that the 

participants could reach it with their hands while keeping their knees almost fully extended and their lower 

back straight and close to parallel to the floor. The participants started the lift by bending their knee and 

lifting the bar to a standing position as they would do in a regular deadlift. By allowing them to bend the 

knee the concentric movement was easier for the hamstrings and back muscles and a heavier weight could 

be lifted. From here they slowly lowered the bar towards the ground keeping their knees close to full 

extension and their back straight until the bar was back in the starting position. The weights were adjusted 

so that all sets were performed to exhaustion while keeping a proper form.  



 

Figure 3: Stiffed-leg deadlift. 
From a standing position (left image) the participant slowly lowered the bar while keeping his legs almost 
straight and a neutral spine until the weights reached the boxes (right image). Prior to the left image the 
participant has lifted the bar from the boxes making sure he bends his knees to use his quadriceps and take 
some of the load off the hamstrings in the concentric movement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



qRT-PCR data relative to RPLP0: 
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The graph shows the mRNA expression of the selected genes in muscle vs MTJ (a) and MTJ vs tendon (b) 
normalized to RPLP0 and expressed relative to control muscle. Data shown as geometric mean ± back-
transformed SEM. Individual values from three subjects with a high proportion of necrotic muscle fibers are 
shown as open circles.  Due to large difference in the expression values between targets and to optimally 
illustrate the expression for each mRNA target the y-axis are different between targets. 


