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Abstract 

The​ ​musculoskeletal​ ​system​ ​is​ ​sensitive​ ​to​ ​its​ ​loading​ ​environment,​ ​and​ ​this​ ​is​ ​of 

particular​ ​concern​ ​for​ ​paralysis​ ​and​ ​extended​ ​duration​ ​space​ ​flight.​ ​Loss​ ​of​ ​the​ ​normal 

physiological​ ​loading​ ​results​ ​in​ ​significant​ ​structural​ ​and​ ​mechanical​ ​changes​ ​that​ ​are​ ​relatively 

well​ ​understood​ ​in​ ​tendon​ ​and​ ​bone.​ ​However,​ ​the​ ​effects​ ​of​ ​unloading​ ​on​ ​the​ ​enthesis​ ​site​ ​remain 

unclear.​ ​We​ ​examined​ ​the​ ​mechanical​ ​and​ ​structural​ ​differences​ ​across​ ​the​ ​nanometer​ ​to 

micrometer-scale​ ​at​ ​the​ ​enthesis​ ​between​ ​loaded​ ​and​ ​unloaded​ ​shoulders​ ​of​ ​adult​ ​mice. 
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Botulinum​ ​Toxin​ ​A​ ​was​ ​employed​ ​to​ ​locally​ ​paralyze​ ​the​ ​shoulders​ ​of​ ​adult​ ​mice​ ​for​ ​21​ ​days. 

Unloading​ ​caused​ ​significantly​ ​increased​ ​the​ ​risk​ ​and​ ​extent​ ​of​ ​failure​ ​at​ ​the​ ​enthesis​ ​due​ ​to 

structural​ ​changes​ ​at​ ​a​ ​number​ ​of​ ​hierarchical​ ​scales.​ ​At​ ​the​ ​millimeter​ ​scale,​ ​there​ ​are​ ​increased 

stress​ ​concentrations​ ​due​ ​to​ ​extensive​ ​bone​ ​loss.​ ​Microstructurally,​ ​a​ ​high​ ​deformation​ ​region 

within​ ​the​ ​enthesis,​ ​exhibited​ ​a​ ​decrease​ ​in​ ​bioapatite​ ​crystal​ ​size​ ​and​ ​crystal​ ​alignment​ ​that​ ​leads 

to​ ​decreased​ ​energy​ ​toughness.​ ​At​ ​the​ ​atomic​ ​scale,​ ​compositional​ ​changes​ ​lead​ ​to​ ​stiffening​ ​of 

the​ ​composite​ ​increasing​ ​fracture​ ​risk.​ ​These​ ​results​ ​suggest​ ​that​ ​treatments​ ​to​ ​minimize​ ​failure 

risks​ ​during​ ​unloading​ ​should​ ​consider​ ​structures​ ​at​ ​a​ ​variety​ ​of​ ​scales.  
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1 Introduction 

The​ ​musculoskeletal​ ​system​ ​is​ ​sensitive​ ​to​ ​its​ ​loading​ ​environment.​ ​Mechanical 

forces​ ​promote​ ​the​ ​maintenance​ ​of​ ​tissue​ ​structure​ ​and​ ​composition;​ ​loss​ ​of​ ​these​ ​forces 

due​ ​to​ ​disuse,​ ​paralysis,​ ​or​ ​microgravity​ ​leads​ ​to​ ​significant​ ​functional​ ​deficit​ ​in​ ​these 

tissues.​ ​For​ ​example,​ ​unloading​ ​of​ ​bone​ ​results​ ​in​ ​rapid​ ​bone​ ​resorption​ ​and​ ​loss​ ​of​ ​bone 

mass,​ ​leading​ ​to​ ​decreased​ ​mechanical​ ​properties​ ​[​1-10​].​ ​Tendon​ ​unloading​ ​similarly 

results​ ​in​ ​decreased​ ​collagen​ ​production,​ ​stiffness,​ ​elasticity,​ ​and​ ​strength​ ​[​11-14​]. 

Although​ ​unloading​ ​affects​ ​both​ ​mature​ ​tendon​ ​and​ ​bone,​ ​little​ ​is​ ​known​ ​about​ ​how 

unloading​ ​affects​ ​their​ ​site​ ​of​ ​attachment,​ ​the​ ​enthesis.​ ​Previous​ ​work​ ​has​ ​demonstrated 

that​ ​muscle​ ​loading​ ​is​ ​necessary​ ​for​ ​the​ ​fetal​ ​and​ ​postnatal​ ​development​ ​of​ ​the​ ​enthesis 

[​15-17​].​ ​However,​ ​the​ ​effects​ ​of​ ​unloading​ ​on​ ​the​ ​homeostasis​ ​of​ ​the​ ​mature​ ​enthesis​ ​is 

not​ ​well​ ​understood.  

The​ ​healthy​ ​enthesis​ ​is​ ​a​ ​hierarchical​ ​composite​ ​structure​ ​optimized​ ​to​ ​efficiently 

transfer​ ​loads​ ​from​ ​tendon​ ​to​ ​bone​ ​to​ ​produce​ ​joint​ ​motion.​ ​At​ ​the​ ​millimeter​ ​length 

scale,​ ​the​ ​tendon​ ​attaches​ ​to​ ​the​ ​bone​ ​with​ ​a​ ​splayed​ ​morphology​ ​and​ ​over​ ​a​ ​large​ ​surface 

area​ ​to​ ​minimize​ ​stresses​ ​[​18-20​].​ ​At​ ​the​ ​micrometer​ ​length​ ​scale,​ ​enthesis​ ​toughness​ ​is 

increased​ ​due​ ​to​ ​interdigitations​ ​of​ ​mineralized​ ​fibrocartilage​ ​into​ ​the​ ​unmineralized 

fibrocartilage​​ ​​[​21​].​ ​In​ ​addition​ ​to​ ​interdigitations,​ ​gradients​ ​in​ ​mineral​ ​content,​ ​collagen 

orientation,​ ​and​ ​organic​ ​composition​ ​exist​ ​across​ ​the​ ​interface​ ​to​ ​minimize​ ​stress 

singularities​ ​[​22-24​].​ ​However,​ ​the​ ​width​ ​of​ ​the​ ​mineral​ ​gradient​ ​is​ ​insensitive​ ​to​ ​loading; 

increases​ ​in​ ​animal​ ​mass,​ ​either​ ​comparing​ ​between​ ​species​ ​or​ ​during​ ​development 
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within​ ​a​ ​species,​ ​do​ ​not​ ​significantly​ ​affect​ ​the​ ​width​ ​of​ ​the​ ​mineral​ ​gradient​ ​[​17​,​ ​​22​,​ ​​25​], 

as​ ​the​ ​local​ ​stress​ ​at​ ​this​ ​length​ ​scale​ ​is​ ​equivalent​ ​[​20​].​ ​At​ ​the​ ​nanometer​ ​length​ ​scale, 

prior​ ​studies​ ​of​ ​the​ ​gradient​ ​suggest​ ​that​ ​crystal​ ​organization​ ​and​ ​its​ ​location​ ​relative​ ​to 

the​ ​collagen​ ​fibrils​ ​is​ ​different​ ​in​ ​regions​ ​of​ ​high​ ​mineralization​ ​compared​ ​to​ ​regions​ ​of 

low​ ​mineralization​ ​[​17​,​ ​​26​].​ ​Unloading​ ​has​ ​been​ ​shown​ ​to​ ​change​ ​the​ ​composition​ ​and 

crystallinity​ ​of​ ​the​ ​mineral​ ​crystals​ ​within​ ​the​ ​gradient​ ​of​ ​developing​ ​entheses​ ​[​17​].​ ​These 

changes​ ​in​ ​the​ ​structure​ ​and​ ​organization​ ​of​ ​bioapatite​ ​crystals​ ​at​ ​the​ ​enthesis​ ​in​ ​healthy 

and​ ​unloaded​ ​tissues​ ​can​ ​have​ ​significant​ ​effects​ ​on​ ​the​ ​interfacial​ ​mechanics​ ​[​24​,​ ​​27​].  

It​ ​is​ ​not​ ​known​ ​how​ ​mineral​ ​crystal​ ​composition​ ​and​ ​organization​ ​changes​ ​as​ ​a 

function​ ​of​ ​loading.​ ​As​ ​hierarchical​ ​structures​ ​across​ ​multiple​ ​length​ ​scales​ ​participate​ ​in 

load​ ​transfer​ ​at​ ​the​ ​enthesis,​ ​it​ ​is​ ​important​ ​to​ ​establish​ ​which​ ​are​ ​compromised​ ​during 

unloading.​ ​This​ ​understanding​ ​will​ ​allow​ ​for​ ​the​ ​development​ ​of​ ​focused​ ​and​ ​relevant 

therapeutic​ ​approaches.​ ​In​ ​this​ ​study,​ ​the​ ​shoulders​ ​of​ ​adult​ ​mice​ ​were​ ​locally​ ​paralyzed 

via​ ​Botulinum​ ​Toxin​ ​A​ ​(botox)​ ​injections.​ ​A​ ​variety​ ​of​ ​mechanical​ ​testing,​ ​spectroscopic 

and​ ​imaging​ ​techniques​ ​were​ ​employed​ ​to​ ​examine​ ​the​ ​effects​ ​of​ ​unloading​ ​on​ ​the 

enthesis​ ​across​ ​a​ ​wide​ ​range​ ​of​ ​spatial​ ​scales.​ ​​ ​These​ ​results​ ​provide​ ​the​ ​first​ ​multiscale 

description​ ​of​ ​how​ ​unloading​ ​affects​ ​the​ ​adult​ ​shoulder.  

2 Methods 

2.1 Sample​ ​preparation 

The​ ​use​ ​of​ ​animals​ ​for​ ​this​ ​study​ ​was​ ​approved​ ​by​ ​the​ ​Animal​ ​Studies​ ​Committee 

at​ ​Washington​ ​University.​ ​Forty​ ​adult​ ​male​ ​CD-1​ ​mice​ ​(Charles​ ​River​ ​labs,​ ​Wilmington, 
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MA)​ ​were​ ​separated​ ​into​ ​two​ ​groups:​ ​control​ ​and​ ​injected.​ ​Control​ ​mice​ ​remained​ ​in 

normal​ ​cage​ ​activity​ ​conditions​ ​for​ ​the​ ​duration​ ​of​ ​the​ ​study.​ ​Injected​ ​mice​ ​received​ ​2​ ​U 

of​ ​botulinum​ ​toxin​ ​A​ ​(Botox;​ ​Allergan,​ ​Irvine,​ ​CA,​ ​0.2​ ​U/10µl)​ ​per​ ​100​ ​g​ ​of​ ​body​ ​weight 

in​ ​the​ ​left​ ​supraspinatus​ ​muscle​ ​and​ ​matching​ ​volumes​ ​of​ ​saline​ ​in​ ​the​ ​right​ ​supraspinatus 

muscle.​ ​A​ ​single​ ​injection​ ​maintained​ ​paralysis​ ​for​ ​the​ ​three​ ​weeks​ ​duration​ ​of​ ​the 

unloading.​ ​Mice​ ​were​ ​euthanized​ ​21​ ​days​ ​after​ ​injection​ ​or​ ​after​ ​an​ ​equivalent​ ​time​ ​of 

normal​ ​cage​ ​activity.​ ​After​ ​sacrifice,​ ​the​ ​humerus-supraspinatus​ ​complexes​ ​were 

collected​ ​and​ ​separated​ ​for​ ​characterization​ ​by:​ ​(1)​ ​microcomputed​ ​tomography​ ​(µCT) 

and​ ​mechanical​ ​testing,​ ​(2)​ ​synchrotron​ ​nano-X-ray​ ​diffraction​ ​and​ ​Raman​ ​spectroscopy, 

or​ ​(3)​ ​scanning​ ​transmission​ ​electron​ ​microscopy-electron​ ​energy​ ​loss​ ​spectroscopy 

(STEM-EELS).  

2.2 Millimeter-scale​ ​assay​ ​–​ ​Mechanical​ ​properties 

Uniaxial​ ​tensile​ ​testing​ ​was​ ​performed​ ​to​ ​determine​ ​the​ ​mechanical​ ​properties​ ​of 

the​ ​entheses.​ ​After​ ​µCT​ ​scanning,​ ​humerus-supraspinatus​ ​complexes​ ​were​ ​mounted​ ​in 

custom​ ​tensile​ ​grips.​ ​Samples​ ​were​ ​tested​ ​in​ ​a​ ​37​ ​°C​ ​saline​ ​bath​ ​attached​ ​to​ ​an​ ​Instron 

ElectroPuls​ ​E1000​ ​(Instron​ ​Corp.,​ ​Canton,​ ​MA).​ ​The​ ​testing​ ​protocol​ ​consisted​ ​first​ ​of​ ​a 

300​ ​mN​ ​preload​ ​followed​ ​by​ ​5​ ​cycles​ ​of​ ​preconditioning.​ ​Tendons​ ​were​ ​returned​ ​to​ ​the 

baseline​ ​state​ ​for​ ​150​ ​sec​ ​before​ ​loading​ ​to​ ​failure​ ​at​ ​0.5​ ​%/s.​ ​Estimates​ ​of​ ​the​ ​maximum 

force,​ ​stiffness,​ ​and​ ​yield​ ​displacement​ ​were​ ​made​ ​from​ ​the​ ​load–displacement​ ​curves​ ​of 

each​ ​load-to-failure​ ​test.  
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2.3 Micrometer-scale​ ​assays 
2.3.1​ ​Bone​ ​morphometry​ ​(microcomputed​ ​tomography) 

Botox,​ ​Saline,​ ​and​ ​Control​ ​group​ ​samples​ ​were​ ​prepared​ ​and​ ​scanned​ ​for 

micro-computed​ ​tomography​ ​(µCT)​ ​analysis​ ​(N=15​ ​per​ ​group).​ ​Of​ ​these​ ​specimens,​ ​12 

were​ ​fresh​ ​frozen​ ​and​ ​later​ ​used​ ​from​ ​mechanical​ ​testing​ ​and​ ​3​ ​were​ ​fixed​ ​for​ ​later 

analysis​ ​via​ ​STEM-EELS.​ ​µCT​ ​imaging​ ​was​ ​performed​ ​using​ ​a​ ​Scanco​ ​μCT40​ ​scanner 

(ScancoMedical​ ​AG,​ ​Switzerland).​ ​Scans​ ​were​ ​performed​ ​at​ ​X-ray​ ​tube​ ​settings​ ​of​ ​55​ ​kV 

and​ ​145​ ​μA​ ​with​ ​an​ ​isometric​ ​resolution​ ​of​ ​20​ ​μm.​ ​These​ ​scans​ ​were​ ​used​ ​to​ ​measure​ ​the 

bone​ ​morphometry​ ​in​ ​the​ ​humeral​ ​head​ ​adjacent​ ​to​ ​the​ ​tendon​ ​enthesis,​ ​the​ ​minimum 

tendon​ ​cross-sectional​ ​area,​ ​and​ ​the​ ​footprint​ ​attachment​ ​area.​ ​All​ ​of​ ​the​ ​mechanical 

testing​ ​samples​ ​were​ ​rescanned​ ​after​ ​testing​ ​to​ ​examine​ ​the​ ​enthesis​ ​failure​ ​area.  

Bone​ ​volume/total​ ​volume​ ​(BV/TV),​ ​trabecular​ ​thickness​ ​(Tb.Th.),​ ​and​ ​trabecular 

spacing​ ​(Tb.​ ​Sp.)​ ​were​ ​measured​ ​using​ ​the​ ​built-in​ ​software​ ​algorithm​ ​(Scanco,​ ​Zurich, 

Switzerland).​ ​Minimum​ ​cross-sectional​ ​area​ ​of​ ​the​ ​tendon​ ​was​ ​determined​ ​from 

thresholded​ ​cross-sectional​ ​areas​ ​of​ ​sagittal​ ​slices​ ​through​ ​the​ ​tendon.​ ​To​ ​measure​ ​the 

footprint​ ​area​ ​of​ ​the​ ​tendon,​ ​two​ ​regions​ ​of​ ​interest​ ​were​ ​selected.​ ​The​ ​first​ ​region 

represents​ ​the​ ​surface​ ​of​ ​the​ ​bone;​ ​the​ ​second​ ​region​ ​represents​ ​a​ ​volume​ ​that​ ​intersects 

the​ ​surface​ ​of​ ​the​ ​bone​ ​along​ ​the​ ​outer​ ​edge​ ​of​ ​the​ ​tendon​ ​attachment.​ ​​ ​The​ ​surface​ ​of​ ​the 

bone​ ​contained​ ​within​ ​the​ ​tendon​ ​attachment​ ​volume​ ​were​ ​considered​ ​the​ ​footprint​ ​area. 

After​ ​failure,​ ​all​ ​samples​ ​exhibited​ ​a​ ​failure​ ​crater​ ​at​ ​the​ ​attachment​ ​site​ ​where 

tissue​ ​was​ ​fractured​ ​during​ ​mechanical​ ​testing.​ ​The​ ​area​ ​of​ ​the​ ​crater​ ​was​ ​measured​ ​by 
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reconstructing​ ​the​ ​3D​ ​volume​ ​of​ ​the​ ​humeral​ ​head​ ​and​ ​determining​ ​the​ ​area​ ​of​ ​the​ ​crater 

via​ ​Image​ ​J​ ​[​28​].​ ​In​ ​Image​ ​J,​ ​the​ ​outline​ ​of​ ​the​ ​crater​ ​was​ ​drawn​ ​by​ ​an​ ​experienced 

operator​ ​the​ ​area​ ​of​ ​the​ ​drawn​ ​shape​ ​was​ ​measured​ ​via​ ​the​ ​program’s​ ​built-in​ ​area 

measurement​ ​tool.  

2.3.2​ ​Mineral​ ​gradient​ ​width​ ​(Raman​ ​Spectroscopy) 

For​ ​Raman​ ​spectroscopic​ ​analysis​ ​of​ ​the​ ​mineral​ ​gradient,​ ​freshly​ ​dissected 

samples​ ​were​ ​mounted​ ​in​ ​Optimal​ ​Cutting​ ​Temperature​ ​(OCT)​ ​compound,​ ​frozen​ ​at​ ​-80 

°C,​ ​and​ ​sectioned​ ​to​ ​20​ ​µm​ ​on​ ​a​ ​cryostat​ ​(N=5​ ​per​ ​group).​ ​Spectra​ ​were​ ​collected​ ​using​ ​a 

laser​ ​Raman​ ​microprobe​ ​(HoloLab​ ​Series​ ​5000​ ​fiberoptically​ ​coupled​ ​Raman 

Microscope,​ ​Kaiser​ ​Optical​ ​Systems,​ ​Inc.)​ ​using​ ​techniques​ ​described​ ​previously​ ​[​23​].​ ​A 

532​ ​nm​ ​laser​ ​with​ ​10​ ​mW​ ​of​ ​power​ ​was​ ​focused​ ​to​ ​a​ ​~1​ ​μm​ ​beam​ ​spot​ ​on​ ​the​ ​surface​ ​of 

the​ ​sample.​ ​The​ ​scattered​ ​light​ ​was​ ​then​ ​collected​ ​as​ ​32​ ​4-second​ ​acquisitions​ ​in​ ​a 

backscattered​ ​configuration​ ​.​ ​Raman​ ​spectra​ ​were​ ​collected​ ​across​ ​the​ ​enthesis​ ​from​ ​the 

unmineralized​ ​to​ ​the​ ​fully​ ​mineralized​ ​region​ ​with​ ​a​ ​step​ ​size​ ​of​ ​3-5​ ​µm.  

Spectra​ ​were​ ​analyzed​ ​as​ ​previously​ ​described​ ​[​17​,​ ​​22-24​].​ ​Briefly,​ ​spectra​ ​were 

background​ ​corrected,​ ​and​ ​peaks​ ​within​ ​the​ ​spectral​ ​range​ ​700–1200​ ​Δcm​-1​​ ​were 

deconvolved.​ ​The​ ​ratio​ ​of​ ​peak​ ​intensities​ ​between​ ​the​ ​ν​1​​ ​P–O​ ​stretching​ ​band​ ​of 

hydroxylapatite​ ​(~960​ ​Δcm​-1​)​ ​and​ ​the​ ​aromatic​ ​ring​ ​stretching​ ​band​ ​of​ ​phenylalanine 

residues​ ​in​ ​collagen​ ​(~1003​ ​Δcm​-1​)​​ ​​were​ ​determined​ ​at​ ​each​ ​measurement​ ​position​ ​to 

obtain​ ​relative​ ​mineral/matrix​ ​ratios.​ ​​​ ​​The​ ​width​ ​of​ ​the​ ​mineral​ ​gradient​ ​was​ ​calculated 

from​ ​the​ ​maximum​ ​spectral​ ​mineral-to-matrix​ ​ratio​ ​divided​ ​by​ ​the​ ​slope​ ​of​ ​the​ ​gradient.  
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Raman​ ​spectroscopy​ ​was​ ​also​ ​employed​ ​to​ ​obtain​ ​information​ ​about​ ​the​ ​mineral 

composition.​ ​For​ ​each​ ​set​ ​of​ ​measurements​ ​across​ ​the​ ​gradient,​ ​at​ ​least​ ​5​ ​of​ ​the​ ​data 

points​ ​fell​ ​in​ ​the​ ​region​ ​of​ ​high​ ​mineralization.​ ​Levels​ ​of​ ​carbonate​ ​content​ ​within​ ​the 

mineral​ ​were​ ​determined​ ​from​ ​these​ ​five​ ​points​ ​by​ ​taking​ ​the​ ​ratio​ ​of​ ​peak​ ​heights 

between​ ​the​ ​carbonate​ ​peak​ ​at​ ​1070​ ​Δcm​-1​ ​​and​ ​the​ ​phosphate​ ​peak​ ​at​ ​960​ ​Δcm​-1​.​ ​The 

ratios​ ​were​ ​averaged​ ​across​ ​the​ ​5​ ​locations​ ​for​ ​each​ ​sample. 

2.4 Nanometer-scale​ ​assays 

2.4.1​ ​Mineral​ ​crystal​ ​imaging​ ​(transmission​ ​electron​ ​microscopy) 

Specimen​ ​Preparation 

The​ ​nanometer-scale​ ​organization​ ​of​ ​the​ ​mineral​ ​at​ ​the​ ​enthesis​ ​was​ ​studied​ ​in​ ​3 

samples​ ​from​ ​each​ ​group.​ ​After​ ​dissection,​ ​humeral​ ​head-supraspinatus​ ​tendon 

complexes​ ​were​ ​fixed,​ ​embedded​ ​in​ ​epon,​ ​and​ ​sectioned​ ​to​ ​a​ ​~70​ ​nm​ ​thickness​ ​using​ ​a 

Leica​ ​EM​ ​UC6​ ​ultramicrotome.​ ​Sections​ ​were​ ​deposited​ ​onto​ ​copper​ ​TEM​ ​grids​ ​coated 

with​ ​holey​ ​carbon​ ​support​ ​film.  

Enthesis​ ​sections​ ​were​ ​characterized​ ​using​ ​a​ ​JEOL​ ​JEM-2100F​ ​field​ ​emission 

scanning​ ​transmission​ ​electron​ ​microscope​ ​(STEM)​ ​equipped​ ​with​ ​high-resolution​ ​pole 

piece.​ ​​ ​This​ ​instrument​ ​was​ ​operated​ ​at​ ​200​ ​kV​ ​with​ ​a​ ​rated​ ​point​ ​resolution​ ​of​ ​0.23​ ​nm 

and​ ​a​ ​lattice​ ​resolution​ ​of​ ​0.1​ ​nm.​ ​​ ​Relative​ ​positions​ ​of​ ​the​ ​detectors​ ​allowed​ ​for 

simultaneous​ ​acquisition​ ​of​ ​STEM- high-angle​ ​annular​​ ​(​HAADF)​ ​images​ ​along​ ​with 

STEM-electron​ ​energy​ ​loss​ ​spectroscopy​ ​(EELS)​ ​spectral​ ​images.​ ​HAADF​ ​images​ ​were 

used​ ​to​ ​identify​ ​the​ ​regions​ ​of​ ​interest​ ​across​ ​the​ ​enthesis.​ ​EELS​ ​spectral​ ​images​ ​were 
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obtained​ ​by​ ​collecting​ ​an​ ​EELS​ ​spectrum​ ​at​ ​each​ ​pixel​ ​within​ ​a​ ​STEM​ ​ROI​ ​area.​ ​​ ​The 

area​ ​of​ ​the​ ​ROIs​ ​varied​ ​and​ ​were​ ​between​ ​13.6x10​4​​ ​to​ ​21.9x10​4​​ ​in​ ​total​ ​pixels​ ​(spatial 

resolutions​ ​between​ ​3.0​ ​-​ ​5.7​ ​nm/pixel).​ ​​ ​Each​ ​Core-loss​ ​spectra​ ​was​ ​collected​ ​with​ ​an 

energy​ ​dispersion​ ​of​ ​0.3​ ​eV/channel​ ​over​ ​the​ ​energy​ ​range​ ​200​ ​-​ ​814.4​ ​eV​ ​(2048​ ​channels 

per​ ​spectra).​ ​Raster​ ​dwell​ ​times​ ​were​ ​2.5​ ​s​ ​per​ ​pixel,​ ​corresponding​ ​to​ ​total​ ​acquisition 

times​ ​between​ ​9.5​ ​to​ ​15.25​ ​hrs​ ​per​ ​spectral​ ​image.​ ​From​ ​the​ ​core-loss​ ​spectra,​ ​the 

following​ ​elements​ ​were​ ​mapped​ ​using​ ​the​ ​specified​ ​adsorption​ ​edge​ ​when​ ​present:​ ​C 

(K-edge),​ ​Ca​ ​(L​2,3​-edge),​ ​N​ ​(K-edge),​ ​and​ ​O​ ​(K-edge).  

2.4.2​ ​Mineral​ ​crystal​ ​X-ray​ ​analysis 

Sample​ ​preparation 

4​ ​botox​ ​samples​ ​and​ ​5​ ​control​ ​samples​ ​of​ ​cage​ ​activity​ ​56​ ​day​ ​old​ ​CD-1​ ​mice​ ​(Charles 

River​ ​Labs)​ ​were​ ​frozen​ ​in​ ​OCT,​ ​sectioned,​ ​and​ ​deposited​ ​onto​ ​silicon​ ​nitride​ ​windows. 

X-ray​ ​diffraction​ ​(XRD)​ ​and​ ​X-ray​ ​fluorescence​ ​(XRF)​ ​measurements​ ​were​ ​performed​ ​at 

beamline​ ​2-ID-D​ ​of​ ​the​ ​Advanced​ ​Photon​ ​Source​ ​(Argonne​ ​National​ ​Lab)​ ​using​ ​the 

X-ray​ ​microprobe​ ​described​ ​elsewhere​ ​[​29​].​ ​​ ​Beam​ ​energies​ ​of​ ​10.1​ ​and​ ​10.5​ ​keV​ ​were 

employed​ ​for​ ​the​ ​control​ ​and​ ​botox​ ​treated​ ​entheses,​ ​respectively.​ ​​ ​The​ ​area​ ​of 

attachment​ ​was​ ​positioned​ ​in​ ​the​ ​X-ray​ ​beam​ ​by​ ​observing​ ​radiographs​ ​of​ ​the​ ​specimen 

and​ ​translated​ ​such​ ​that​ ​the​ ​X-ray​ ​beam​ ​was​ ​at​ ​the​ ​interface​ ​between​ ​mineralized​ ​and 

unmineralized​ ​tissue.​ ​The​ ​beam​ ​was​ ​scanned​ ​across​ ​the​ ​attachment​ ​over​ ​a​ ​length​ ​of​ ​~25 

µm​ ​spanning​ ​the​ ​interface​ ​with​ ​XRF​ ​and​ ​XRD​ ​measurements​ ​taken​ ​every​ ​200​ ​and​ ​250 

nm​ ​for​ ​the​ ​control​ ​and​ ​botox​ ​treated​ ​entheses,​ ​respectively.​ ​Exposure​ ​times​ ​for​ ​the 
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diffraction​ ​measurements​ ​were​ ​60-120​ ​sec​ ​and​ ​1-100​ ​sec​ ​for​ ​fluorescence.​ ​This​ ​was 

repeated​ ​three​ ​times​ ​for​ ​each​ ​sample​ ​with​ ​a​ ​spacing​ ​of​ ​1​ ​and​ ​5​ ​µm​ ​between​ ​line​ ​scans​ ​for 

the​ ​control​ ​and​ ​botox​ ​treated​ ​entheses,​ ​respectively. 

A​ ​Vortex-EX​ ​silicon​ ​drift​ ​detector​ ​(SII​ ​Nanotechnology​ ​USA,​ ​Northridge,​ ​CA) 

was​ ​used​ ​to​ ​capture​ ​X-ray​ ​fluorescence​ ​signals.​ ​​ ​The​ ​Ca​ ​peak​ ​was​ ​used​ ​to​ ​determine​ ​the 

location​ ​of​ ​hydroxyapatite​ ​mineral.​ ​A​ ​Mar165​ ​detector​ ​was​ ​used​ ​to​ ​record​ ​the​ ​wide-angle 

X-ray​ ​scattering​ ​produced​ ​by​ ​the​ ​hydroxyapatite​ ​mineral.​ ​The​ ​detector​ ​was​ ​placed​ ​at​ ​a 

sample-to-detector​ ​distance​ ​of​ ​~50​ ​mm​ ​such​ ​that​ ​the​ ​(002),​ ​(004)​ ​and​ ​unresolved 

(211)+(112)+(300)​ ​​ ​hydroxyapatite​ ​diffraction​ ​rings​ ​were​ ​recorded​ ​in​ ​their​ ​entirety.  

Fluorescence​ ​analysis 

To​ ​account​ ​of​ ​variations​ ​in​ ​X-ray​ ​beam​ ​intensity,​ ​fluorescence​ ​intensity​ ​values 

were​ ​normalized​ ​to​ ​the​ ​incident​ ​beam​ ​fluence.​ ​Normalized​ ​fluorescence​ ​intensities​ ​of​ ​Ca 

were​ ​plotted​ ​as​ ​a​ ​function​ ​of​ ​position​ ​across​ ​the​ ​attachment​ ​area.​ ​The​ ​width​ ​of​ ​the 

gradient​ ​was​ ​determined​ ​by​ ​multiplying​ ​the​ ​slope​ ​by​ ​the​ ​highest​ ​measured​ ​Ca 

fluorescence​ ​intensity.  

Diffraction​ ​analysis:​ ​Orientation 

The​ ​analysis​ ​of​ ​the​ ​diffraction​ ​data​ ​was​ ​performed​ ​as​ ​described​ ​elsewhere​ ​[​30​, 

31​]​ ​and​ ​summarized​ ​here.​ ​A​ ​pseudo-Voigt​ ​type​ ​curve​ ​was​ ​used​ ​to​ ​fit​ ​the​ ​shape​ ​of​ ​the 

hydroxyapatite​ ​(002)​ ​diffraction​ ​peak.​ ​The​ ​FWHM​ ​of​ ​the​ ​intensity​ ​vs.​ ​azimuthal​ ​peaks 

was​ ​calculated​ ​as​ ​a​ ​measure​ ​for​ ​mineral​ ​alignment.  
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Diffraction​ ​analysis:​ ​Residual​ ​strains 

The​ ​radial​ ​position​ ​of​ ​the​ ​(002)​​ ​​diffraction​ ​ring,​ ​R,​ ​was​ ​determined​ ​from​ ​the 

location​ ​of​ ​the​ ​center​ ​of​ ​the​ ​pseudo-Voigt​ ​fit​ ​peak.​ ​These​ ​radial​ ​positions​ ​were​ ​then 

converted​ ​to​ ​d-spacings,​ ​​d,​​ ​using​ ​Bragg’s​ ​law.​ ​The​ ​longitudinal​ ​residual​ ​strains​ ​in​ ​the 

hydroxyapatite​ ​mineral​ ​were​ ​calculated​ ​from​ ​ ,​ ​where​ ​​d​o​​ ​​is​ ​the​ ​d-spacing 

for​ ​the​ ​unstrained​ ​mineral. 

Diffraction​ ​analysis:​ ​Size​ ​and​ ​root​ ​mean​ ​square​ ​strain 

Broadening​ ​of​ ​the​ ​diffraction​ ​peaks​ ​is​ ​caused​ ​by​ ​instrumental,​ ​size,​ ​and​ ​strain 

effects.​ ​The​ ​FWHM​ ​of​ ​the​ ​(002)​ ​and​ ​(004)​ ​diffraction​ ​rings​ ​were​ ​measured​ ​as​ ​the 

FWHM​ ​of​ ​the​ ​pseudo-Voigt​ ​fit​ ​peak​ ​in​ ​the​ ​direction​ ​of​ ​maximum​ ​intensity.​ ​From​ ​the 

instrument​ ​corrected​ ​FWHM​ ​the​ ​root​ ​mean​ ​square​ ​(RMS)​ ​strain,​ ​defined​ ​as​ ​distribution 

of​ ​hydroxyapatite​ ​strain​ ​in​ ​the​ ​sampled​ ​volume,​ ​and​ ​the​ ​crystal​ ​size​ ​was​ ​calculated 

according​ ​to​ ​the​ ​equation: 

​ ​​ ​, 

where​ ​Δ2θ​ ​is​ ​the​ ​FWHM​ ​of​ ​the​ ​diffraction​ ​peak,​ ​​D​​ ​is​ ​the​ ​crystal​ ​size,​ ​and​ ​ε​rms​​ ​is​ ​the​ ​RMS 

strain.​ ​The​ ​size​ ​and​ ​ε​rms​ ​​were​ ​determined​ ​by​ ​solving​ ​this​ ​equation​ ​for​ ​both​ ​the​ ​(002)​ ​and 

(004)​ ​peaks.  

11 

 



3 Results 

3.1 Millimeter​ ​scale:​ ​Mechanical​ ​Properties  

Unloading​ ​had​ ​little​ ​effect​ ​on​ ​the​ ​load-deformation​ ​behavior​ ​of​ ​the​ ​enthesis​ ​after 

botox-induced​ ​unloading.​ ​The​ ​maximum​ ​force​ ​was​ ​reduced​ ​in​ ​the​ ​botox​ ​samples 

compared​ ​to​ ​saline​ ​samples,​ ​but​ ​not​ ​compared​ ​to​ ​control​ ​samples​ ​(control:​ ​4.97±​ ​0.69, 

saline:​ ​4.55±0.79,​ ​botox:​ ​4.08±1.37,​ ​Fig​ ​1A).​ ​The​ ​stiffness​ ​of​ ​the​ ​enthesis​ ​was​ ​similar 

among​ ​the​ ​three​ ​groups:​ ​9.18​ ​±​ ​2.89​ ​N/mm​ ​for​ ​control​ ​samples,​ ​9.08​ ​±​ ​2.45​ ​for​ ​saline 

samples,​ ​and​ ​8.71​ ​±​ ​1.96​ ​N/mm​ ​for​ ​botox-treated​ ​samples​ ​(Fig​ ​1B). 

 

Figure​ ​1:​ ​Three​ ​weeks​ ​of​ ​unloading​ ​significantly​ ​decreased​ ​the​ ​failure​ ​properties​ ​of​ ​the​ ​enthesis​ ​including​ ​max​ ​force 
(A)​ ​strength​ ​(D)​ ​and​ ​Toughness​ ​(E).​ ​Unlike​ ​the​ ​failure​ ​properties,​ ​the​ ​stiffness​ ​remained​ ​unchanged​ ​(B).​ ​The​ ​minimum 
cross-sectional​ ​area​ ​of​ ​the​ ​tendon​ ​(C)​ ​and​ ​the​ ​footprint​ ​area​ ​of​ ​the​ ​tendon​ ​attachment​ ​(F)​ ​were​ ​modified​ ​with 
unloading.​ ​The​ ​footprint​ ​increased​ ​with​ ​unloading​ ​while​ ​the​ ​CSA​ ​decreased.​ ​In​ ​all​ ​cases​ ​the​ ​failure​ ​mechanism​ ​was 
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avulsion​ ​of​ ​mineralized​ ​tissue​ ​at​ ​the​ ​attachment​ ​site​ ​as​ ​shown​ ​in​ ​microCT​ ​images​ ​for​ ​saline​ ​and​ ​Botox​ ​samples​ ​(G).The 
failure​ ​area,​ ​defined​ ​here​ ​as​ ​the​ ​area​ ​of​ ​the​ ​resultant​ ​crater​ ​after​ ​avulsion,​ ​was​ ​significantly​ ​larger​ ​for​ ​botox​ ​treated 
entheses(H).  

To​ ​understand​ ​fracture​ ​mechanism(s)​ ​of​ ​the​ ​entheses,​ ​three​ ​areas​ ​were​ ​measured 

before​ ​and​ ​after​ ​failure:​ ​tendon​ ​minimum​ ​cross-section,​ ​attachment​ ​footprint​ ​area,​ ​and 

failure​ ​area.​ ​The​ ​tendon​ ​minimum​ ​cross-sectional​ ​area​ ​decreased​ ​significantly​ ​with 

unloading,​ ​from​ ​0.68​ ​±​ ​0.23​ ​and​ ​0.56​ ​±​ ​0.33​ ​in​ ​control​ ​and​ ​saline​ ​samples,​ ​respectively, 

to​ ​0.44​ ​±​ ​0.23​ ​mm​2​​ ​in​ ​botox​ ​samples​ ​(Fig​ ​1C).​ ​The​ ​footprint​ ​area,​ ​which​ ​represents​ ​the 

area​ ​over​ ​which​ ​the​ ​tendon​ ​attaches​ ​to​ ​the​ ​humeral​ ​head,​ ​increased​ ​with​ ​unloading,​ ​from 

1.39​ ​±​ ​0.29​ ​and​ ​1.50±0.19​ ​in​ ​the​ ​control​ ​and​ ​saline​ ​samples,​ ​respectively,​ ​to​ ​1.63±0.31​ ​in 

botox​ ​samples​ ​(Fig​ ​1F).​ ​​ ​Due​ ​to​ ​the​ ​difficulty​ ​in​ ​determining​ ​the​ ​appropriate 

cross-sectional​ ​area​ ​for​ ​normalization,​ ​values​ ​such​ ​as​ ​the​ ​elastic​ ​modulus​ ​are​ ​not 

reported.  

In​ ​all​ ​cases,​ ​enthesis​ ​fracture​ ​occurred​ ​in​ ​the​ ​mineralized​ ​portion​ ​of​ ​the 

attachment,​ ​leading​ ​to​ ​removal​ ​of​ ​mineralized​ ​tissue​ ​during​ ​rupture​ ​(Fig​ ​1G).​ ​The​ ​failure 

area​ ​significantly​ ​increased​ ​with​ ​unloading​ ​when​ ​comparing​ ​control​ ​samples​ ​to​ ​botox 

samples.​ ​Specifically,​ ​the​ ​average​ ​failure​ ​area​ ​increased​ ​from​ ​0.19​ ​±​ ​0.11​ ​mm​2​​ ​and​ ​0.22​ ​± 

0.13​ ​in​ ​the​ ​control​ ​and​ ​saline​ ​samples,​ ​respectively,​ ​to​ ​0.43​ ​±​ ​0.30​ ​mm​2​​ ​in​ ​the​ ​botox 

samples​ ​(Fig​ ​1H).​ ​This​ ​failure​ ​area​ ​was​ ​used​ ​as​ ​the​ ​normalizing​ ​area​ ​for​ ​the​ ​failure 

material​ ​properties.  

Unloading​ ​had​ ​significant​ ​effects​ ​on​ ​the​ ​failure​ ​properties​ ​of​ ​the​ ​enthesis.​ ​The 

strength​ ​of​ ​the​ ​attachment​ ​was​ ​significantly​ ​reduced,​ ​from​ ​33.2​ ​±​ ​34.8​ ​and​ ​35.7​ ​±​ ​19.8 

MPa​ ​in​ ​the​ ​control​ ​and​ ​saline​ ​samples,​ ​respectively,​ ​to​ ​11.9​ ​±​ ​6.6​ ​MPa​ ​in​ ​the 
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botox-treated​ ​samples​ ​(Fig​ ​1D).​ ​The​ ​toughness​ ​of​ ​the​ ​samples​ ​was​ ​also​ ​significantly 

decreased​ ​with​ ​unloading:​ ​botox​ ​samples​ ​exhibited​ ​an​ ​average​ ​toughness​ ​of​ ​3.62​ ​±​ ​2.48 

MPa​ ​compared​ ​to​ ​11.7​ ​±​ ​10.1​ ​and​ ​14.6​ ​±​ ​9.9​ ​MPa​ ​for​ ​the​ ​control​ ​and​ ​saline​ ​samples​, 

respectively​ ​(Fig​ ​1E).​ ​In​ ​contrast,​ ​resilience​ ​(the​ ​area​ ​under​ ​the​ ​stress-strain​ ​curve 

through​ ​the​ ​yield​ ​point)​ ​was​ ​not​ ​significantly​ ​affected​ ​by​ ​botox-induced​ ​unloading​ ​(1.30 

±​ ​0.57,​ ​2.22​ ​±​ ​2.23,​ ​and​ ​1.71​ ​±​ ​1.35​ ​MPa​ ​for​ ​the​ ​control,​ ​saline​ ​and​ ​botox​ ​samples, 

respectively). 

3.2 Micrometer 

scale:​ ​Bone 

morphology​ ​and 

mineral​ ​gradient 

width 

Unloading​ ​led​ ​to 

significant​ ​changes 

to​ ​the​ ​morphology​ ​of 

the​ ​humeral​ ​head,​ ​as 

measured​ ​by​ ​µCT. 

BV/TV​ ​decreased 

with​ ​unloading 

compared​ ​to​ ​control 

samples​ ​(0.44​ ​±​ ​0.08 
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cm​ ​for​ ​control​ ​samples,​ ​0.39​ ​±​ ​0.07​ ​for​ ​saline​ ​samples,​ ​and​ ​0.27±0.08​ ​cm​ ​for​ ​botox 

samples;​ ​Fig.​ ​2A).​ ​Trabecular​ ​thickness​ ​decreased​ ​with​ ​unloading​ ​compared​ ​to​ ​control 

samples​ ​(0.08​ ​±​ ​0.004​ ​cm​ ​for​ ​control​ ​samples,​ ​0.07​ ​±​ ​0.006​ ​for​ ​saline​ ​samples,​ ​and 

0.06±0.007​ ​cm​ ​for​ ​botox​ ​samples;​ ​Fig.​ ​2B).​ ​Trabecular​ ​spacing​ ​increased​ ​with​ ​unloading, 

from​ ​0.14±0.030​ ​and​ ​0.14±0.017​ ​in​ ​control​ ​and​ ​saline​ ​samples,​ ​respectively,​ ​to 

0.16±0.022​ ​cm​ ​in​ ​botox​ ​samples​ ​(Fig​ ​2C).  

To​ ​determine​ ​the​ ​local​ ​mineral​ ​concentration​ ​along​ ​the​ ​enthesis,​ ​XRD​ ​and​ ​XRF 

measurements​ ​were​ ​taken​ ​from​ ​the​ ​unmineralized​ ​fibrocartilage​ ​to​ ​the​ ​mineralized 

fibrocartilage​ ​in​ ​control​ ​and​ ​unloaded​ ​samples​ ​(saline​ ​samples​ ​were​ ​not​ ​examined). 

Calcium​ ​fluorescence​ ​showed​ ​that​ ​calcium​ ​levels​ ​increased​ ​monotonically​ ​from 

unmineralized​ ​to​ ​mineralized​ ​regions​ ​of​ ​enthesis​ ​fibrocartilage.​ ​​ ​The​ ​average​ ​slope​ ​of​ ​the 

normalized​ ​increase​ ​in​ ​mineral​ ​content​ ​relative​ ​to​ ​position​ ​along​ ​the​ ​interface​ ​was 

significantly​ ​lower​ ​in​ ​the​ ​control​ ​samples​ ​(0.07​ ​±​ ​0.03​ ​µm​-1​)​ ​compared​ ​to​ ​the​ ​botox 

samples​ ​(0.13​ ​±​ ​0.01​ ​µm​-1​).​ ​​ ​The​ ​x-ray​ ​determined​ ​average​ ​width​ ​of​ ​the​ ​mineral​ ​gradient 

was​ ​15.1​ ​±​ ​5.5​ ​µm​ ​for​ ​the​ ​control​ ​attachments​ ​and​ ​8.0​ ​±​ ​0.5​ ​µm​ ​for​ ​the​ ​botox-treated 

samples​ ​(Fig.​ ​2D).​ ​Gradient​ ​width​ ​values,​ ​as​ ​determined​ ​by​ ​Raman​ ​spectroscopy,​ ​​ ​were 

18.7​ ​±​ ​4.8,​ ​19.2​ ​±​ ​5.3,​ ​and​ ​16.9​ ​±​ ​10.8​ ​µm​ ​for​ ​botox,​ ​saline,​ ​and​ ​control​ ​samples, 

respectively​ ​(Fig.​ ​2D).​ ​These​ ​values​ ​were​ ​similar​ ​to​ ​those​ ​measured​ ​in​ ​prior​ ​studies​ ​using 

synchrotron​ ​and​ ​Raman​ ​spectroscopy​ ​for​ ​control​ ​samples​ ​[​17​,​ ​​22​].  
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3.3 Nanometer​ ​scale:​ ​Mineral​ ​structure,​ ​organization,​ ​and​ ​composition 

The​ ​FWHM​ ​of​ ​the​ ​intensity​ ​peaks​ ​from​ ​diffraction​ ​experiments,​ ​which 

corresponds​ ​to​ ​the​ ​alignment​ ​of​ ​the​ ​mineral​ ​platelets,​ ​decreased​ ​with​ ​increased 

mineralization​ ​(Fig.​ ​3A).​ ​In​ ​the​ ​low​ ​mineralization​ ​region​ ​of​ ​the​ ​control​ ​attachments,​ ​the 

FWHM​ ​of​ ​the​ ​intensity 

peaks​ ​was​ ​~72​o​.​ ​It 

decreased​ ​quickly​ ​in​ ​the 

first​ ​4​ ​µm​ ​of​ ​the​ ​gradient 

before​ ​reaching​ ​a​ ​plateau 

of​ ​~63​o​.​ ​Although​ ​noisier, 

the​ ​FWHM​ ​of​ ​the 

botox-treated​ ​attachments 

exhibited​ ​a​ ​similar​ ​trend. 

The​ ​FWHM​ ​in​ ​the​ ​low 

mineralization​ ​region​ ​was 

~100​o​.​ ​This​ ​decreased 

quickly​ ​to​ ​a​ ​value​ ​of​ ​~80​o 

in​ ​the​ ​first​ ​4​ ​µm​ ​of​ ​the 

gradient​ ​before​ ​reaching​ ​a 

plateau.​ ​The​ ​FWHM​ ​of​ ​the 

botox-treated​ ​attachments 
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was​ ​significantly​ ​higher​ ​than​ ​the​ ​control​ ​attachments.​ ​​ ​The​ ​FWHMs​ ​of​ ​these​ ​samples 

were​ ​higher​ ​than​ ​those​ ​previously​ ​reported​ ​for​ ​bovine​ ​dentin​ ​and​ ​cortical​ ​bone,​ ​60.0​ ​± 

1.5​o​​ ​and​ ​53.8​ ​±​ ​1.6​o​,​ ​respectively​ ​[​32​].  

The​ ​length​ ​of​ ​the​ ​mineral​ ​crystals​ ​increased​ ​for​ ​both​ ​the​ ​control​ ​and 

botox-unloaded​ ​specimens​ ​with​ ​increasing​ ​mineral​ ​content​ ​(i.e.,​ ​from​ ​unmineralized​ ​to 

mineralized​ ​fibrocartilage;​ ​Fig.​ ​3B).​ ​For​ ​the​ ​control​ ​samples,​ ​the​ ​length​ ​of​ ​the​ ​crystals 

along​ ​the​ ​c-axis​ ​increased​ ​from​ ​~45​ ​to​ ​~80​ ​nm​ ​in​ ​length.​ ​The​ ​unloaded​ ​samples​ ​showed​ ​a 

similar​ ​trend,​ ​although​ ​the​ ​size​ ​values​ ​tended​ ​to​ ​be​ ​smaller​ ​than​ ​those​ ​of​ ​the​ ​control 

samples​ ​(p=0.09).​ ​These​ ​values​ ​are​ ​in​ ​agreement​ ​with​ ​crystal​ ​sizes​ ​determined​ ​for​ ​bovine 

and​ ​chick​ ​bones​ ​[​32​,​ ​​33​]​ ​and​ ​smaller​ ​than​ ​those​ ​found​ ​for​ ​dog​ ​and​ ​rat​ ​bone​ ​[​34​,​ ​​35​].  

The​ ​control​ ​and​ ​botox-unloaded​ ​samples​ ​showed​ ​similar​ ​trends​ ​for​ ​the​ ​residual 

strain​ ​as​ ​a​ ​function​ ​of​ ​position​ ​(Fig.​ ​3C).​ ​The​ ​residual​ ​strain​ ​in​ ​the​ ​mineral​ ​platelets​ ​along 

the​ ​c-axis​ ​was​ ​initially​ ​tensile,​ ​with​ ​values​ ​~600​ ​µε​ ​in​ ​the​ ​areas​ ​of​ ​low​ ​mineralization. 

For​ ​the​ ​first​ ​4​ ​µm​ ​of​ ​the​ ​enthesis,​ ​with​ ​increasing​ ​mineral​ ​content,​ ​the​ ​residual​ ​strain 

became​ ​more​ ​compressive.​ ​Beyond​ ​the​ ​first​ ​few​ ​micrometers,​ ​the​ ​residual​ ​strain 

plateaued​ ​to​ ​a​ ​value​ ​of​ ​approximately​ ​-100​ ​µε.​ ​This​ ​is​ ​lower​ ​than​ ​the​ ​residual​ ​strain​ ​of 

~2000​ ​µε​ ​typically 

reported​ ​for​ ​bulk​ ​bone​ ​and​ ​dentin​ ​[​34​,​ ​​36​]​ ​but​ ​on​ ​the​ ​order​ ​of​ ​the​ ​strains​ ​measured​ ​for 

thin​ ​sections​ ​of​ ​bovine​ ​dentin​ ​[​37​]. 

The​ ​RMS​ ​strain,​ ​which​ ​describes​ ​the​ ​distributions​ ​of​ ​strains​ ​within​ ​the​ ​sampling 

volume,​ ​also​ ​decreased​ ​with​ ​increased​ ​mineralization​ ​for​ ​control​ ​and​ ​botox-unloaded 
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samples​ ​(Fig​ ​3D).​ ​In​ ​the​ ​regions​ ​of​ ​low​ ​mineralization,​ ​the​ ​RMS​ ​strain​ ​was​ ​~125,000​ ​µε 

and​ ​decreased​ ​to​ ​90,000​ ​µε​ ​over​ ​the​ ​first​ ​4​ ​µm.​ ​The​ ​strain​ ​continued​ ​to​ ​decrease,​ ​but​ ​at​ ​a 

much​ ​slower​ ​rate,​ ​for​ ​the​ ​remainder​ ​of​ ​the​ ​enthesis​ ​width.​ ​These​ ​values​ ​are​ ​over​ ​one 

order​ ​of​ ​magnitude​ ​greater​ ​than​ ​the​ ​levels​ ​of​ ​RMS​ ​strain​ ​usually​ ​measured​ ​in​ ​bulk​ ​bone 

[​36​].​ ​​ ​A​ ​decrease​ ​in​ ​RMS​ ​strain​ ​may​ ​indicate​ ​increased​ ​crystallinity​ ​with​ ​increased 

mineral​ ​content​ ​or​ ​a​ ​more​ ​homogeneous​ ​crystal​ ​environment.  

When​ ​examining​ ​mineral​ ​composition,​ ​the​ ​carbonate​ ​levels​ ​in​ ​bone​ ​mineral​ ​were 

significantly​ ​decreased​ ​with​ ​unloading​ ​compared​ ​to​ ​the​ ​contralateral​ ​saline​ ​control. 

Carbonate​ ​levels​ ​determined​ ​from​ ​the​ ​ratio​ ​of​ ​the​ ​1070/960​ ​Δcm​-1​​ ​carbonate/phosphate 

peak​ ​height​ ​were​ ​0.157​ ​±​ ​0.020,​ ​0.162​ ​±​ ​0.018,​ ​and​ ​0.148​ ​±​ ​0.010​ ​for​ ​the​ ​control,​ ​saline, 

and​ ​botox​ ​samples,​ ​respectively​ ​(Fig.​ ​3E)  

When​ ​examining​ ​mineral​ ​organization,​ ​STEM-EELS​ ​spectral​ ​images​ ​acquired​ ​at 

varying​ ​locations​ ​within​ ​the​ ​depth​ ​of​ ​the​ ​gradient​ ​indicated​ ​that​ ​the​ ​mineral​ ​organization 

relative​ ​to​ ​the​ ​collagen​ ​changed​ ​with​ ​depth​ ​(Fig.​ ​4).​ ​In​ ​both​ ​the​ ​unloaded​ ​and​ ​saline 

cases,​ ​the​ ​mineral​ ​was​ ​predominantly​ ​outside​ ​the​ ​collagen​ ​fibrils​ ​in​ ​regions​ ​of​ ​low 

mineralization.​ ​In​ ​mineralized​ ​regions​ ​farthest​ ​from​ ​the​ ​bone,​ ​the​ ​mineral​ ​crystals​ ​were 

organized​ ​in​ ​random​ ​groupings​ ​or​ ​rosettes.​ ​As​ ​mineralization​ ​increased,​ ​the​ ​mineral​ ​was 

found​ ​predominantaly​ ​in​ ​the​ ​long​ ​thin​ ​regions​ ​between​ ​the​ ​collagen​ ​fibrils.​ ​In​ ​regions​ ​of 
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high​ ​mineralization​ ​the​ ​mineral​ ​appeared​ ​as​ ​both​ ​intra-​ ​and​ ​extrafibrillar. 

 

Figure​ ​4​ ​TEM-EELS​ ​was​ ​used​ ​to​ ​image​ ​the​ ​location​ ​of​ ​mineral​ ​relative​ ​to​ ​the​ ​collagen​ ​as​ ​a​ ​function​ ​of​ ​mineralization 
across​ ​the​ ​gradient.​ ​In​ ​both​ ​the​ ​Saline​ ​and​ ​Btx​ ​treated​ ​samples​ ​the​ ​mineral,​ ​represented​ ​by​ ​the​ ​calcium​ ​signal​ ​in​ ​red,​ ​is 
located​ ​in​ ​clumps​ ​outside​ ​of​ ​the​ ​collagen,​ ​represented​ ​by​ ​the​ ​nitrogen​ ​signal​ ​in​ ​cyan​ ​at​ ​the​ ​start​ ​of​ ​the​ ​gradient.​ ​As 
mineralization​ ​increases​ ​the​ ​mineral​ ​becomes​ ​intrafibrillar​ ​as​ ​shown​ ​by​ ​the​ ​banding​ ​pattern​ ​in​ ​the​ ​calcium​ ​images​ ​at 
the​ ​end​ ​of​ ​the​ ​gradient.​ ​​ ​No​ ​significant​ ​differences​ ​can​ ​be​ ​measured​ ​between​ ​the​ ​Btx​ ​and​ ​Saline​ ​samples.  

 

4 Discussion 

It​ ​is​ ​well​ ​known​ ​that​ ​the​ ​developing​ ​and​ ​adult​ ​musculoskeletal​ ​systems​ ​are 

sensitive​ ​to​ ​their​ ​mechanical​ ​environment.​ ​Previous​ ​studies​ ​on​ ​the​ ​developing​ ​enthesis 

found​ ​compromised​ ​mechanical​ ​properties​ ​with​ ​muscle​ ​unloading​ ​[​17​].​ ​However,​ ​few 

studies​ ​have​ ​systematically​ ​examined​ ​the​ ​effects​ ​of​ ​unloading​ ​on​ ​the​ ​multiscale​ ​structure 

and​ ​mechanics​ ​of​ ​the​ ​mature​ ​adult​ ​enthesis.​ ​In​ ​the​ ​current​ ​study,​ ​muscle​ ​unloading​ ​of​ ​the 

tendon​ ​enthesis​ ​for​ ​only​ ​21​ ​days​ ​resulted​ ​in​ ​compromised​​ ​​failure​ ​properties,​ ​including 
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significant​ ​decreases​ ​in​ ​strength​ ​and​ ​toughness​ ​of​ ​the​ ​attachment.​ ​These​ ​results​ ​suggest 

that​ ​the​ ​mature​ ​enthesis​ ​is​ ​highly​ ​sensitive​ ​to​ ​loading,​ ​and​ ​would​ ​quickly​ ​be​ ​at​ ​risk​ ​for 

failure​ ​in​ ​pathologic​ ​settings​ ​of​ ​unloading​ ​(e.g.,​ ​bedrest,​ ​muscle​ ​injury,​ ​spaceflight).  

Unlike​ ​the​ ​failure​ ​properties,​ ​the​ ​elastic​ ​properties​ ​of​ ​the​ ​attachment​ ​remained 

unchanged​ ​with​ ​unloading.​ ​Previous​ ​work​ ​has​ ​shown​ ​that​ ​the​ ​elastic​ ​properties:​ ​stiffness, 

modulus,​ ​and​ ​resilience,​ ​of​ ​the​ ​individual​ ​phases:​ ​tendon,​ ​cartilage,​ ​and​ ​bone​ ​​ ​as​ ​well​ ​as 

the​ ​whole​ ​attachment​ ​decreased​ ​with​ ​unloading​ ​[​11​,​ ​​12​,​ ​​17​,​ ​​38-41​].Mechanical​ ​testing​ ​of 

the​ ​mature​ ​enthesis​ ​showed​ ​no​ ​change​ ​in​ ​the​ ​stiffness​ ​or​ ​resilience​ ​(Fig​ ​1B).​ ​​ ​Although 

the​ ​elastic​ ​properties​ ​remain​ ​unchanged,​ ​the​ ​cross-sectional​ ​area​ ​of​ ​the​ ​tendon​ ​decreased 

while​ ​the​ ​footprint​ ​area​ ​increased​ ​with​ ​unloading​ ​(Fig​ ​1C​ ​and​ ​F).​ ​These​ ​significant 

changes​ ​in​ ​structure,​ ​without​ ​any​ ​associated​ ​changes​ ​in​ ​stiffness,​ ​suggest​ ​that​ ​the 

structural​ ​changes​ ​occurred​ ​in​ ​tissues​ ​that​ ​were​ ​non-load​ ​bearing.​ ​We​ ​suggest​ ​that​ ​the 

change​ ​in​ ​cross-sectional​ ​areas​ ​may​ ​be​ ​redistribution​ ​of​ ​the​ ​non-load​ ​bearing 

supraspinatus​ ​tendon​ ​sheath.​ ​This​ ​collagenous​ ​protective​ ​sheath​ ​surrounds​ ​the​ ​tendon​ ​and 

is​ ​included​ ​in​ ​µCT​ ​measurements​ ​of​ ​tendon​ ​area​ ​but​ ​does​ ​not​ ​participate​ ​in​ ​the​ ​load 

bearing.​ ​As​ ​a​ ​result​ ​the​ ​cross-sectional​ ​area​ ​can​ ​change​ ​without​ ​an​ ​equivalent​ ​change​ ​in 

elastic​ ​properties.  

Beyond​ ​compromised​ ​failure​ ​properties,​ ​the​ ​extent​ ​of​ ​tissue​ ​damage​ ​during 

failure​ ​was​ ​also​ ​significantly​ ​increased​ ​after​ ​unloading.​ ​All​ ​of​ ​the​ ​entheses,​ ​irrespective 

of​ ​loading​ ​environment​ ​prior​ ​to​ ​testing,​ ​failed​ ​by​ ​avulsion​ ​of​ ​mineralized​ ​tissue​ ​from​ ​the 

attachment​ ​site​ ​(Fig​ ​1G).​ ​This​ ​failure​ ​mechanism​ ​has​ ​been​ ​previously​ ​reported​ ​for​ ​the 
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healthy​ ​supraspinatus-to-humeral​ ​head​ ​attachments​ ​under​ ​a​ ​variety​ ​of​ ​loading​ ​conditions 

[​42-44​].​ ​Although​ ​the​ ​failure​ ​mechanism​ ​was​ ​the​ ​same​ ​for​ ​all​ ​samples,​ ​the​ ​failure​ ​area 

increased​ ​with​ ​unloading.​ ​Botox​ ​treated​ ​samples​ ​exhibited​ ​much​ ​greater​ ​loss​ ​of 

mineralized​ ​tissue​ ​(Fig​ ​1G-H).​ ​With​ ​a​ ​larger​ ​defect​ ​in​ ​the​ ​mineralized​ ​tissue​ ​of​ ​the 

humeral​ ​head,​ ​it​ ​will​ ​be​ ​more​ ​difficult​ ​to​ ​perform​ ​successful​ ​repairs​ ​or​ ​experience​ ​proper 

healing​ ​of​ ​the​ ​attachment.​ ​The​ ​increase​ ​in​ ​both​ ​the​ ​failure​ ​risk​ ​and​ ​extent​ ​of​ ​failure​ ​is 

likely​ ​due​ ​to​ ​structural​ ​changes​ ​at​ ​a​ ​number​ ​of​ ​hierarchical​ ​scales.  

At​ ​the​ ​millimeter​ ​scale,​ ​changes​ ​in​ ​the​ ​bone​ ​architecture​ ​due​ ​to​ ​unloading​ ​can 

lead​ ​to​ ​significant​ ​mechanical​ ​consequences.​ ​​ ​It​ ​is​ ​well​ ​established​ ​that​ ​unloading​ ​results 

in​ ​bone​ ​loss​ ​[​1-10​,​ ​​40​,​ ​​41​].​ ​In​ ​the​ ​humerus,​ ​the​ ​bone​ ​loss​ ​due​ ​to​ ​unloading​ ​during 

development​ ​occurs​ ​to​ ​the​ ​greatest​ ​extent​ ​in​ ​the​ ​region​ ​directly​ ​below​ ​the​ ​supraspinatus 

enthesis​ ​[​45​].​ ​This​ ​pattern​ ​is​ ​maintained​ ​in​ ​unloaded​ ​adult​ ​mice.​ ​After​ ​three​ ​weeks​ ​of 

unloading,​ ​the​ ​loss​ ​of​ ​supporting​ ​trabecular​ ​bone​ ​is​ ​massive,​ ​with​ ​a​ ​nearly​ ​40%​ ​decrease 

in​ ​BV/TV​ ​and​ ​a​ ​14%​ ​increase​ ​in​ ​trabecular​ ​spacing​ ​(Fig​ ​2A,C).​ ​If​ ​we​ ​consider​ ​the 

mineralized​ ​fibrocartilage​ ​as​ ​a​ ​circular​ ​plate​ ​that​ ​is​ ​clamped​ ​at​ ​its​ ​edges​ ​by​ ​the​ ​trabeculae, 

the​ ​maximum​ ​deflection​ ​of​ ​the​ ​plate​ ​can​ ​be​ ​calculated​ ​from​ ​the​ ​equation​ ​ −ωmax = qa4

64D  

where​ ​ω​max​​ ​is​ ​the​ ​maximum​ ​deflection​ ​of​ ​the​ ​plate,​ ​q​ ​is​ ​the​ ​applied​ ​force,​ ​D​ ​is​ ​the​ ​flexural 

rigidity,​ ​and​ ​a​ ​is​ ​distance​ ​between​ ​clamps​ ​[​46​].​ ​As​ ​the​ ​trabecular​ ​spacing​ ​increases,​ ​as 

seen​ ​from​ ​the​ ​µCT,​ ​the​ ​distance​ ​between​ ​clamps,​ ​a,​ ​will​ ​increase​ ​resulting​ ​in​ ​an​ ​increase 

in​ ​deflection​ ​proportional​ ​to​ ​the​ ​4th​ ​power.​ ​Such​ ​an​ ​increase​ ​in​ ​deflection​ ​will​ ​increase 

stress​ ​concentrations,​ ​decreasing​ ​strength​ ​and​ ​increasing​ ​extent​ ​of​ ​failure.​ ​This​ ​agrees 
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with​ ​the​ ​experimentally​ ​observed​ ​avulsion​ ​of​ ​mineralized​ ​fibrocartilage​ ​as​ ​well​ ​as​ ​the 

increased​ ​failure​ ​area​ ​in​ ​botox​ ​samples​ ​(Fig​ ​1G-H).​ ​​ ​Loss​ ​of​ ​the​ ​supporting​ ​trabecular 

bone​ ​increases​ ​the​ ​risk​ ​of​ ​failure​ ​at​ ​the​ ​enthesis​ ​by​ ​compromising​ ​the​ ​underlying​ ​bony 

support​ ​structure.  

At​ ​the​ ​micrometer​ ​scale,​ ​unloading​ ​of​ ​the​ ​enthesis​ ​resulted​ ​in​ ​varied 

modifications​ ​in​ ​organization​ ​and​ ​structure​ ​of​ ​the​ ​mineral​ ​within​ ​the​ ​mineral​ ​gradient 

zone.​ ​The​ ​calcium​ ​distribution​ ​across​ ​the​ ​enthesis​ ​measured​ ​via​ ​XRF​ ​indicated​ ​that​ ​the 

gradient​ ​in​ ​mineral​ ​content​ ​was​ ​unaffected​ ​by​ ​changes​ ​in​ ​loading​ ​(Fig​ ​2D).​ ​This​ ​was 

unsurprising​ ​as​ ​previous​ ​work​ ​looking​ ​at​ ​gradient​ ​width​ ​in​ ​developing​ ​mice,​ ​animals​ ​of 

different​ ​sizes,​ ​and​ ​the​ ​effect​ ​of​ ​botox​ ​treatment​ ​on​ ​developing​ ​mice​ ​found​ ​that​ ​the 

gradient​ ​width​ ​is​ ​insensitive​ ​to​ ​the​ ​loading​ ​environment​ ​[​17​,​ ​​22​,​ ​​25​].  

Both​ ​the​ ​botox​ ​and​ ​control​ ​entheses​ ​exhibited​ ​changes​ ​in​ ​crystal​ ​size​ ​and 

orientation​ ​with​ ​increased​ ​mineralization​ ​across​ ​the​ ​micrometer​ ​scale​ ​mineral​ ​gradient 

(Fig​ ​3A-B).​ ​For​ ​both​ ​groups,​ ​the​ ​crystal​ ​size​ ​increased​ ​linearly​ ​with​ ​increased​ ​mineral 

content​ ​(Fig​ ​3B​ ​and​ ​5).​ ​However,​ ​the​ ​crystal​ ​size​ ​of​ ​the​ ​mineral​ ​in​ ​the​ ​botox​ ​samples​ ​was 

significantly​ ​smaller​ ​than​ ​those​ ​in​ ​the​ ​control​ ​crystals.​ ​Beyond​ ​the​ ​size,​ ​the​ ​orientation​ ​of 

the​ ​crystals​ ​was​ ​also​ ​modified​ ​with​ ​unloading.​ ​For​ ​both​ ​groups,​ ​mineral​ ​crystals​ ​were 

misaligned​ ​in​ ​the​ ​areas​ ​of​ ​low​ ​mineralization​ ​and​ ​exhibit​ ​increased​ ​alignment​ ​with 

increasing​ ​mineralization​ ​(Fig​ ​3A​ ​and​ ​5).​ ​However,​ ​unloading​ ​results​ ​in​ ​a​ ​significant 

increase​ ​in​ ​the​ ​misalignment​ ​of​ ​the​ ​crystals​ ​relative​ ​to​ ​the​ ​long​ ​axis​ ​of​ ​the​ ​tendon. 
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To​ ​understand​ ​the​ ​role​ ​that​ ​the​ ​decreased​ ​size​ ​and​ ​alignment​ ​may​ ​have​ ​on​ ​the 

toughness​ ​of​ ​the​ ​attachment,​ ​a​ ​work-of-rotation​ ​model​ ​was​ ​developed.​ ​It​ ​has​ ​previously 

been​ ​shown​ ​that​ ​even​ ​in​ ​densely​ ​mineralized​ ​tissues​ ​such​ ​as​ ​bone,​ ​mineral​ ​crystals​ ​rotate 

within​ ​the​ ​tissue​ ​during​ ​loading​ ​[​32​].​ ​This​ ​rotation​ ​of​ ​the​ ​mineral​ ​crystals​ ​within​ ​the 

collagen​ ​matrix​ ​requires​ ​work​ ​and​ ​can​ ​serve​ ​as​ ​a​ ​means​ ​of​ ​mechanical​ ​energy​ ​absorption. 

This​ ​rotation​ ​may​ ​be​ ​in​ ​part​ ​responsible​ ​for​ ​the​ ​presence​ ​of​ ​a​ ​region​ ​of​ ​increased 

compliance​ ​previously​ ​measured​ ​within​ ​the​ ​mineral​ ​gradient​ ​zone​ ​[​47-49​].​ ​The 

compliance​ ​zone​ ​is​ ​able​ ​to​ ​undergo​ ​significant​ ​deformation​ ​during​ ​loading​ ​allowing​ ​it​ ​to 

absorb​ ​and​ ​dissipate​ ​mechanical​ ​energy​ ​thus​ ​avoiding​ ​catastrophic​ ​failure​ ​[​24​,​ ​​48​]. 

Therefore,​ ​modifications​ ​to​ ​this​ ​compliant​ ​zone​ ​will​ ​decrease​ ​the​ ​toughness​ ​of​ ​the 

enthesis​ ​and​ ​increase​ ​the​ ​risk​ ​of​ ​failure.​ ​To​ ​estimate​ ​the​ ​change​ ​in​ ​energy​ ​absorption​ ​due 

to​ ​crystal​ ​rotation​ ​between​ ​the​ ​botox​ ​and​ ​control​ ​samples,​ ​a​ ​work-of-rotation​ ​model​ ​was 

employed​ ​(Appendix).​ ​The​ ​expected​ ​change​ ​in​ ​angle​ ​with​ ​an​ ​applied​ ​tensile​ ​load​ ​of​ ​F 

was​ ​measured​ ​for​ ​angles​ ​between​ ​0​ ​and​ ​90​o​.​ ​From​ ​the​ ​change​ ​in​ ​angle,​ ​a​ ​work​ ​of 

rotation,​ ​​W​,​ ​was​ ​calculated​ ​according​ ​to​ ​the​ ​formula​ ​​W​=​σrφ​sin(​φ​)​ ​where​ ​σ​ ​is​ ​the​ ​applied 

stress,​ ​​r​​ ​is​ ​the​ ​length​ ​of​ ​the​ ​mineral​ ​crystal,​ ​and​ ​​φ​​ ​is​ ​the​ ​change​ ​in​ ​angle.​ ​The​ ​average 

crystal​ ​size​ ​at​ ​each​ ​location,​ ​r,​ ​was​ ​determined​ ​from​ ​a​ ​linear​ ​fit​ ​of​ ​the​ ​crystal​ ​size​ ​vs. 

position​ ​plots.​ ​​W​​ ​at​ ​each​ ​angle​ ​was​ ​then​ ​weighted​ ​by​ ​the​ ​distribution​ ​of​ ​angles​ ​calculated 

from​ ​the​ ​FWHM​ ​of​ ​the​ ​(002)​ ​XRD​ ​peak​ ​assuming​ ​a​ ​Gaussian​ ​distribution.​ ​From​ ​this,​ ​a 

total​ ​work​ ​of​ ​rotation,​ ​​W​tot​,​ ​could​ ​be​ ​measured​ ​at​ ​each​ ​location.​ ​Although​ ​the​ ​botox​ ​and 

control​ ​samples​ ​both​ ​exhibited​ ​an​ ​increase​ ​in​ ​​W​tot​​ ​with​ ​increased​ ​mineralization, 
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unloading​ ​resulted​ ​in​ ​an​ ​overall​ ​decrease​ ​in​ ​the​ ​​W​tot​​ ​(Fig​ ​3E).​ ​A​ ​decreased​ ​​W​tot​​ ​suggests 

that​ ​at​ ​the​ ​rotation​ ​mode​ ​of​ ​energy​ ​absorption​ ​is​ ​deficient​ ​after​ ​unloading.  

The​ ​residual​ ​strain​ ​and​ ​ε​RMS​​ ​remained​ ​unchanged​ ​with​ ​unloading.​ ​Both​ ​the 

residual​ ​strain​ ​and​ ​ε​RMS​​ ​rapidly​ ​decreased​ ​within​ ​the​ ​first​ ​4​ ​µm​ ​of​ ​increased 

mineralization​ ​after​ ​which​ ​the​ ​values​ ​reach​ ​a​ ​plateau,​ ​irrespective​ ​of​ ​the​ ​loading 

environment​ ​(Fig​ ​3C-D).​ ​This​ ​shift​ ​around​ ​4​ ​µm​ ​suggests​ ​that​ ​a​ ​percolation​ ​threshold 

may​ ​have​ ​been​ ​reached​ ​where​ ​the​ ​mineral​ ​crystals​ ​come​ ​into​ ​contact​ ​and​ ​form​ ​a 

continuous​ ​network​ ​[​24​,​ ​​27​].  

Changes​ ​in​ ​the​ ​mineral​ ​size​ ​and​ ​orientation​ ​at​ ​the​ ​micrometer​ ​scale​ ​are​ ​likely 

caused​ ​by​ ​changes​ ​in​ ​mineral​ ​environment​ ​at​ ​the​ ​nanometer​ ​scale.​ ​Mineral​ ​crystals​ ​can 

be​ ​extrafibrillar,​ ​meaning​ ​that​ ​they​ ​lay​ ​outside​ ​of​ ​the​ ​collagen​ ​fibrils,​ ​or​ ​intrafibrillar, 

meaning​ ​that​ ​they​ ​grow​ ​within​ ​the​ ​gap​ ​zones​ ​of​ ​the​ ​fibrils​ ​[XXX].​ ​Previous​ ​work​ ​has 

shown​ ​that​ ​the​ ​mineral​ ​shifts​ ​from​ ​being​ ​uniquely​ ​extrafibrillar​ ​in​ ​regions​ ​of​ ​low 

mineralization​ ​to​ ​being​ ​both​ ​intra-​ ​and​ ​extrafibrillar​ ​in​ ​regions​ ​of​ ​high​ ​mineralization 

[​26​].​ ​To​ ​examine​ ​if​ ​changes​ ​in​ ​nanometer​ ​organization​ ​of​ ​the​ ​crystals​ ​might​ ​explain​ ​the 

micrometer​ ​changes​ ​in​ ​orientation​ ​and​ ​size,​ ​STEM-EELS​ ​spectral​ ​imaging​ ​was 

performed​ ​across​ ​loaded​ ​and​ ​unloaded​ ​entheses.​ ​In​ ​these​ ​composition​ ​maps,​ ​the​ ​mineral 

appears​ ​to​ ​transition​ ​from​ ​extrafibrillar​ ​to​ ​extrafibrillar​ ​and​ ​intrafibrillar​ ​with​ ​increasing 

mineral​ ​content​ ​across​ ​both​ ​the​ ​loaded​ ​and​ ​unloaded​ ​entheses​ ​(Fig.​ ​4).​ ​It​ ​is​ ​theorized,​ ​that 

since​ ​extrafibrillar​ ​mineral​ ​is​ ​not​ ​bound​ ​within​ ​the​ ​gap​ ​zones​ ​of​ ​the​ ​collagen​ ​fibrils,​ ​it​ ​has 

fewer​ ​restrictions​ ​on​ ​its​ ​alignment​ ​relative​ ​to​ ​the​ ​fibrils​ ​resulting​ ​in​ ​a​ ​more​ ​disordered 
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system.​ ​Conversely,​ ​as​ ​intrafibrillar​ ​mineralization​ ​increases,​ ​mineral​ ​crystals​ ​become 

constrained​ ​within​ ​the​ ​aligned​ ​collagen​ ​network​ ​and​ ​thus,​ ​on​ ​average,​ ​the​ ​crystals 

become​ ​more​ ​aligned.​ ​Due​ ​to​ ​the​ ​limited​ ​resolution​ ​and​ ​spatial​ ​correlation​ ​available​ ​with 

STEM-EELS​ ​it​ ​was​ ​not​ ​possible​ ​to​ ​determine​ ​if​ ​the​ ​transition​ ​between​ ​extra-​ ​and 

intra-fibrillar​ ​mineral​ ​was​ ​modified​ ​in​ ​botox​ ​treated​ ​samples​ ​compared​ ​to​ ​the​ ​saline 

contralateral.  

Finally,​ ​at​ ​the​ ​atomic​ ​scale​ ​the​ ​composition​ ​of​ ​the​ ​mineral​ ​is​ ​altered​ ​with 

unloading,​ ​which​ ​could​ ​participate​ ​in​ ​mechanical​ ​changes.​ ​The​ ​carbonate​ ​levels 

measured​ ​in​ ​the​ ​botox​ ​treated​ ​samples​ ​were​ ​significantly​ ​decreased​ ​compared​ ​to​ ​the 

saline​ ​controls​ ​(Fig​ ​3F).​ ​Bone​ ​mineral,​ ​although​ ​often​ ​described​ ​as​ ​hydroxylapatite,​ ​is 

actually​ ​a​ ​highly​ ​substituted​ ​calcium​ ​apatite​ ​containing​ ​2-8%​ ​carbonate​ ​[​50-52​]. 

Although​ ​this​ ​may​ ​seem​ ​like​ ​a​ ​small​ ​change,​ ​decreased​ ​carbonate​ ​substitution​ ​can 

dramatically​ ​increase​ ​the​ ​modulus​ ​of​ ​bone​ ​mineral[​53​].​ ​Since,​ ​the​ ​enthesis​ ​is​ ​a​ ​composite 

of​ ​mineral​ ​and​ ​collagen,​ ​an​ ​increase​ ​in​ ​the​ ​mineral​ ​stiffness​ ​will​ ​in​ ​turn​ ​increase​ ​the 

stiffness​ ​of​ ​the​ ​gradient​ ​region.​ ​An​ ​increase​ ​in​ ​the​ ​stiffness​ ​of​ ​a​ ​previously​ ​compliant 

zone​ ​due​ ​to​ ​unloading​ ​could​ ​further​ ​decrease​ ​the​ ​attachment’s​ ​ability​ ​to​ ​dissipate​ ​energy 
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and​ ​increase​ ​failure​ ​risk. 

 

Figure​ ​5​ ​Unloading​ ​of​ ​the​ ​enthesis​ ​had​ ​significant​ ​structural​ ​consequences​ ​at​ ​a​ ​number​ ​of​ ​hierarchical​ ​scales.​ ​At​ ​the 
millimeter-scale.​ ​unloading​ ​resulted​ ​in​ ​an​ ​increase​ ​in​ ​footprint​ ​and​ ​failure​ ​area​ ​and​ ​a​ ​decrease​ ​in​ ​tendon​ ​CSA.​ ​At​ ​the 
micrometer-scale.​ ​there​ ​was​ ​a​ ​significant​ ​decrease​ ​in​ ​trabecular​ ​bone​ ​volume,​ ​trabecular​ ​thickness,​ ​and​ ​trabecular 
spacing.​ ​At​ ​the​ ​nanometer-scale,​ ​the​ ​mineral​ ​exhibited​ ​changes​ ​in​ ​organization,​ ​structure​ ​and​ ​composition​ ​with​ ​overall 
decreased​ ​size​ ​and​ ​carbonate​ ​content​ ​and​ ​an​ ​increase​ ​in​ ​misalignment.​ ​​ ​Together​ ​these​ ​lead​ ​to​ ​significantly 
compromised​ ​fracture​ ​properties. 
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5 ​ ​​ ​Conclusions 

The​ ​musculoskeletal​ ​system​ ​is​ ​both​ ​sensitive​ ​and​ ​responsive​ ​to​ ​its​ ​loading 

environment.​ ​​ ​In​ ​order​ ​to​ ​develop​ ​targeted​ ​therapeutics​ ​for​ ​paralysis​ ​or​ ​extended 

exposure​ ​to​ ​microgravity,​ ​it​ ​is​ ​necessary​ ​to​ ​determine​ ​which​ ​features​ ​in​ ​the​ ​complex 

structural​ ​hierarchy​ ​of​ ​the​ ​tendon-to-bone​ ​enthesis​ ​site​ ​are​ ​affected​ ​by​ ​unloading.​ ​Botox 

was​ ​used​ ​as​ ​a​ ​local​ ​paralytic​ ​to​ ​unload​ ​the​ ​shoulders​ ​of​ ​adult​ ​mice.​ ​Unloading 

significantly​ ​increased​ ​the​ ​risk​ ​and​ ​extent​ ​of​ ​failure​ ​of​ ​the​ ​enthesis.​ ​This​ ​change​ ​in 

function​ ​is​ ​related​ ​to​ ​structural​ ​changes​ ​across​ ​hierarchical​ ​scales.​ ​At​ ​the​ ​millimeter​ ​scale, 

trabecular​ ​bone​ ​volume​ ​in​ ​the​ ​humeral​ ​head​ ​was​ ​significantly​ ​decreased​ ​slowing​ ​the 

enthesial​ ​bone​ ​to​ ​undergo​ ​increased​ ​bending​ ​resulting​ ​in​ ​increased​ ​stress​ ​concentrations. 

At​ ​the​ ​micrometer​ ​scale,​ ​unloading​ ​lead​ ​to​ ​decreases​ ​in​ ​crystal​ ​size​ ​and​ ​alignment.​ ​These 

changes​ ​resulted​ ​in​ ​decreased​ ​energy​ ​absorption​ ​in​ ​the​ ​compliant​ ​zone​ ​increasing​ ​the​ ​risk 

of​ ​failure.​ ​At​ ​the​ ​atomic​ ​scale,​ ​mineral​ ​carbonate​ ​content​ ​was​ ​decreased​ ​with​ ​unloading. 

This​ ​change​ ​in​ ​composition​ ​increased​ ​the​ ​stiffness​ ​of​ ​the​ ​crystals​ ​and​ ​thus​ ​the​ ​overall 

composite.​ ​A​ ​stiffer​ ​composite​ ​is​ ​less​ ​able​ ​to​ ​dissipate​ ​mechanical​ ​energy​ ​thus​ ​increasing 

failure​ ​risk.​ ​Hierarchical​ ​changes​ ​at​ ​a​ ​variety​ ​of​ ​scales​ ​affect​ ​the​ ​overall​ ​mechanical 

properties​ ​of​ ​the​ ​enthesis.​ ​Therefore,​ ​it​ ​is​ ​important​ ​to​ ​consider​ ​structures​ ​at​ ​a​ ​variety​ ​of 

scales​ ​when​ ​developing​ ​treatments.  
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Appendix: 

 

To​ ​determine​ ​the​ ​effect​ ​of​ ​crystal​ ​shape​ ​and​ ​orientation​ ​on​ ​the​ ​ability​ ​of​ ​the​ ​enthesis​ ​to 

absorb​ ​energy​ ​a​ ​work​ ​of​ ​rotation​ ​model​ ​was​ ​employed.​ ​For​ ​both​ ​the​ ​unloaded​ ​and​ ​control 

samples​ ​a​ ​linear​ ​regression​ ​was​ ​fit​ ​to​ ​the​ ​calcium​ ​fluorescence​ ​intensity​ ​and​ ​crystal​ ​size 

as​ ​a​ ​function​ ​of​ ​position​ ​across​ ​the​ ​attachment.​ ​The​ ​mineral​ ​content​ ​and​ ​crystal​ ​size​ ​were 

calculated​ ​from​ ​these​ ​fits​ ​at​ ​each​ ​location.  

From​ ​the​ ​plot​ ​of​ ​x-ray​ ​intensity​ ​as​ ​a​ ​function​ ​of​ ​azimuth​ ​it​ ​was​ ​determined​ ​that​ ​the 

distribution​ ​of​ ​crystallite​ ​orientations​ ​followed​ ​a​ ​near​ ​normal​ ​distribution.​ ​The​ ​rotation​ ​of 

a​ ​crystallite​ ​after​ ​the​ ​application​ ​of​ ​a​ ​nominal​ ​load​ ​was​ ​calculated​ ​for​ ​initial​ ​orientation 

angles,​ ​Φ,​ ​from​ ​0​ ​to​ ​90​o​.​ ​Crystallites​ ​were​ ​considered​ ​to​ ​be​ ​contained​ ​in​ ​a​ ​unit​ ​cell​ ​with 

the​ ​following​ ​dimensions: 

 sin⁡(φ)y = r  (1) 

 cos⁡(φ)x = r (2) 

where​ ​r​ ​is​ ​the​ ​crystallite​ ​size​ ​and​ ​ ​ ​is​ ​the​ ​orientation​ ​angle.​ ​Since​ ​we​ ​are​ ​interested​ ​inφ  

relative​ ​behaviors​ ​between​ ​unloaded​ ​and​ ​loaded​ ​systems,​ ​the​ ​applied​ ​stress,​ ​ ,​ ​and​ ​theσ  

cell​ ​modulus,​ ​E,​ ​were​ ​set​ ​to​ ​1​ ​while​ ​the​ ​unit​ ​cell​ ​Poisson’s​ ​ratio,​ ​ν,​ ​was​ ​set​ ​to​ ​0.5 

assuming​ ​the​ ​system​ ​to​ ​be​ ​generally​ ​incompressible.​ ​From​ ​this,​ ​the​ ​change​ ​in​ ​unit​ ​cell 

dimensions​ ​could​ ​be​ ​calculated: 

y∆ = E
σy (3) 

x − ·∆y∆ = ν (4) 
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Knowing​ ​the​ ​deformation​ ​of​ ​the​ ​unit​ ​cell,​ ​the​ ​change​ ​in​ ​crystal​ ​orientation​ ​could​ ​be 

calculated​ ​from​ ​the​ ​following​ ​equation: 

φ∆ = r
cos (x+∆x)−1

− φ (5) 

With​ ​known​ ​crystal​ ​size​ ​and​ ​crystal​ ​rotation​ ​it​ ​is​ ​possible​ ​to​ ​find​ ​the​ ​work​ ​of​ ​rotation​ ​for 

an​ ​individual​ ​crystal​ ​with​ ​an​ ​initial​ ​orientation​ ​angle​ ​of​ ​ :φ  

·∆φ·σsin⁡(∆φ)W = r (6) 

Knowing​ ​the​ ​distribution​ ​of​ ​crystal​ ​orientations​ ​at​ ​each​ ​location,​ ​it​ ​is​ ​possible​ ​to​ ​calculate 

the​ ​intensity​ ​or​ ​mineral​ ​level,​ ​I,​ ​for​ ​each​ ​angle​ ​ :φ  

eI = 2.3548
F W HM√2π

(− ) 2.7725φ2

F W HM2  (7) 

The​ ​intensity​ ​normalized​ ​work​ ​of​ ​rotation​ ​for​ ​each​ ​angle,​ ​W​n​,​ ​is​ ​then​ ​ ​ ​.·IW n = W  

Summation​ ​of​ ​this​ ​energy​ ​over​ ​the​ ​all​ ​ ​ ​provides​ ​the​ ​total​ ​work​ ​of​ ​rotation​ ​for​ ​eachφ  

location​ ​along​ ​the​ ​attachment.  

(φ)W tot = ∑
90

φ=0
W n (8) 
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