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Abstract

The ability to make behavioural inferences from skeletal remains is critical to understanding the 

lifestyles and activities of past human populations and extinct animals. Muscle attachment site 

(enthesis) morphology has long been assumed to reflect muscle strength and activity during life, 

but little experimental evidence exists to directly link activity patterns with muscle development 

and the morphology of their attachments to the skeleton. We used a mouse model to 

experimentally test how the level and type of activity influences forelimb muscle architecture of 

spinodeltoideus, acromiodeltoideus, and superficial pectoralis, bone growth rate and gross 

morphology of their insertion sites. Over an 11-week period, we collected data on activity levels in 

one control group and two experimental activity groups (running, climbing) of female wild-type 

mice. Our results show that both activity type and level increased bone growth rates influenced 

muscle architecture, including differences in potential muscular excursion (fibre length) and 

potential force production (physiological cross-sectional area). However, despite significant 

influences on muscle architecture and bone development, activity had no observable effect on 

© 2014 Elsevier Ltd. All rights reserved.

Corresponding author: Karyne N. Rabey, Department of Evolutionary Anthropology, Duke University, Box 90383, 103 Science 
Drive, Room 108, Durham NC 27708, 919-684-6582, karyne.rabey@duke.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Hum Evol. Author manuscript; available in PMC 2016 January 01.

Published in final edited form as:
J Hum Evol. 2015 January ; 78: 91–102. doi:10.1016/j.jhevol.2014.10.010.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



enthesis morphology. These results suggest that the gross morphology of entheses is less reliable 

than internal bone structure for making inferences about an individual’s past behaviour.
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Muscle fibre; Physiological cross-sectional area; Periosteal growth; Entheses; Exercise; Functional 
anatomy

Introduction

A principal focus of bioarchaeology and palaeontology is to glean information about 

habitual activities of past populations from skeletal material (e.g., Hawkey and Merbs, 1995; 

Hawkey, 1998; Wilczak, 1998a,b; Knüsel, 2000; Eshed et al., 2004; Molnar, 2006, 2010; 

Villotte, 2006; Weiss, 2007, 2010; Havelková et al., 2011; Jurmain et al., 2012). Muscle 

attachment sites (entheses) are used by researchers in fields as diverse as bioarchaeology and 

palaeontology to infer cultural behaviour (Weiss, 2007; Molnar, 2010), technology use 

(Eshed et al., 2004; Marzke et al., 2007; Drapeau, 2008), subsistence strategies (Hawkey, 

1998), labour differences (Churchill and Morris, 1998; Villotte et al., 2010; Weiss, 2010; 

Havelková et al., 2011; Niinimäki, 2011; Niinimäki and Sotos, 2013), social stratification 

(Molnar, 2006; Havelková et al., 2011, 2013; Henderson et al., 2013; Nolte and Wilczak, 

2013), locomotor patterns (Davis, 1964; McGowan, 1979; Eliot and Jungers, 2000; Wang et 

al., 2004; Zumwalt, 2005, 2006), and evolutionary pathways (Davis, 1964; McGowan, 1979; 

Eliot and Jungers, 2000; Wang et al., 2004; Marzke and Shrewsbury, 2006; Drapeau, 2008).

Entheses (i.e., topography of muscle attachment) vary intra- and inter-specifically (e.g., 

differences in size, more or less rugose surface area, differences in location; Zumwalt, 2005, 

2006). This variation in muscle attachment sites has been assumed to reflect differences in 

behaviour and researchers have functionally linked increased bone robusticity and bony 

landmark size with enlarged muscle mass (e.g., Trinkaus, 1976; Rathburn, 1987; Churchill 

and Morris, 1998) and/or elevated muscle use in habitual daily behaviours (e.g., Hawkey 

and Merbs, 1995; Hawkey, 1998; Jurmain et al., 2012). Despite this potential, however, 

surprisingly little is understood about the relationship between the gross appearance of bony 

features and the structure and function of the associated attaching soft-tissues.

While the relationship between muscle activity/size/force and muscle attachment size may 

make intuitive sense, the relationship between behaviour and entheseal morphology may not 

be as straightforward as posited (Hoyte and Enlow, 1966; Antón 1994; Eliot and Jungers, 

2000; Marzke and Shrewsbury, 2006; Schoenau and Fricke, 2008; Cardoso and Henderson, 

2010; Green et al., 2012; Jurmain et al., 2012; Schlecht, 2012). To date, there has only been 

one experimental study that directly tested the relationship between entheseal morphology 

and normal activity. Zumwalt (2005, 2006) quantified and compared enthesis morphology 

and the masses of muscles attached to them between an exercise (running on a treadmill for 

one hour a day, five days a week for 90 days) and sedentary control group of adult female 

sheep. Despite significant differences in muscle masses between the experimental and 

control groups, she found no effect of exercise on any measure of enthesis morphology 

across six attachment sites. She concluded that there is no direct causal relationship between 
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muscle size or activity and attachment site morphology. Zumwalt (2005, 2006) noted, 

however, that the absence of a bony response could be related to the use of skeletally mature 

animals and suggested that future studies should focus on growing subadults, when the 

structural properties of bone are much more malleable (e.g., Biewener and Bertram, 1993, 

Mosley and Lanyon, 2002).

It has been assumed that during growth, muscles and tendons attach primarily to the 

periosteum, and that their Sharpey’s fibres - extrinsic coarse collagen fibres that are 

continuous with the connective tissue of muscles that also anchor them to bone - pass 

through the periosteum and firmly attach to the underlying bone only after longitudinal bone 

growth is complete (e.g., Wilczak, 1998b; Zumwalt, 2005, 2006). Accordingly, most 

entheseal research has focused on adult morphology as it has been presumed that the 

morphology of juvenile muscle attachment sites does not reflect the size or activity of the 

attaching muscle. Contrary to previous assumptions, there is empirical evidence that 

Sharpey’s fibres can be found anchoring the muscle to bone before complete fusion of the 

growth plates (Hoyte and Enlow, 1966; McFarlin et al., 2008; Rabey, 2014).

Prior studies reveal the complexity of influences on muscle attachment site morphology. 

Indeed a number of studies have failed to detect the most basic of relationships, namely, the 

one between a muscle and the presence and/or absence of its attachment site (Bryant and 

Seymour, 1990; Eliot and Jungers, 2000; Marzke and Shrewsbury, 2006; Marzke et al., 

2007). To date, no studies have examined the effects of muscle activity on muscle fibre 

architecture and attachment site morphology. Muscular anatomy is highly labile during an 

individual’s lifetime, particularly in response to changes in exercise regime (Salmons and 

Henriksson, 1981; Asfour et al., 1984; Ishihara et al., 1998; Allen et al., 2001; Lieber, 2002; 

Harber et al., 2012). Likewise, physical activity influences the morphology of bones (e.g., 

Rubin and Lanyon, 1984a), particularly during growth (e.g., Parfitt, 2004; Pearson and 

Lieberman, 2004; Robling et al., 2006). Yet, the relationship between architectural 

parameters of muscle that influence function (e.g., fibre length [Lf,] and physiological cross-

sectional area [PCSA]) and the morphology of associated muscle attachment sites is poorly 

understood. The purpose of this study is to examine how physiologically normal variation in 

activity influences the development of muscle fibre architecture (mass, Lf, PCSA), 

periosteal bone growth, and muscle attachment sites. We therefore tested the hypothesis that 

habitual exercise (running and climbing) influences muscle fibre architecture, bone growth, 

and entheseal morphology during development in mice.

Experimental model

We used an experimental approach to test the influence of exercise regime on the 

development of muscular fibre architecture, periosteal bone growth, and enthesis 

morphology in subadult laboratory mice. Mice are useful models for this study because they 

develop rapidly and the internal architecture of their upper limb muscles is similar to that of 

humans (Mathewson et al., 2012). Subadult mice were chosen because they reach peak bone 

density at approximately four months of age, prior to the timing of epiphyseal closure 

(Beamer et al., 1996; Kilborn et al., 2002). The experimental treatment in this study 

occurred during the most rapid phase of skeletal growth and maturity. Mice also reach 
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sexual maturity and adult body mass size at one and a half months of age (Kilborn et al., 

2002); therefore, the mice in this study were reproductively mature and reached adult body 

mass. The well-documented response of bone tissue to elevated loading environments has 

made mice and other small mammals important models for understanding general 

mammalian bone biology, including bone biology relevant to human health (Enlow and 

Brown, 1958; Kimes et al., 1981; Robling et al., 2006; Elkasrawy and Hamrick, 2010; 

Byron et al., 2011; Burr and Allen, 2013).

Predictions regarding the effect of exercise on muscle fibre architecture, bone growth and 
enthesis morphology

The objective of this study is to determine the effect of exercise on the muscles that attach 

directly to bone, periosteal bone growth, and the attachment site of the muscles. We draw on 

theoretical and empirical relationships to generate a series of predictions regarding the 

effects of exercise and activity level on muscle size and force, on bone growth and 

modeling, and the mechanical link between muscle activity, bone growth, and enthesis size 

and shape. We frame these predictions in terms of the expected differences between exercise 

and control groups. We use this opportunity to explore differences between running and 

climbing groups, as we have no a priori expectations for how these two groups should differ.

Prediction 1. Exercise mice have larger muscle masses and muscle physiological cross-
sectional areas (PCSA), and altered fibre lengths compared with controls

Fibre architecture refers to the arrangement of muscle fibres relative to the force-generating 

axis of the muscle (Gans and Bock, 1965; Gans and Gaunt, 1991; Lieber and Ward, 2011). 

Two muscle architectural variables that are important determinants of muscle function are 

fibre length (Lf) and physiological cross-sectional area (PCSA) (Gans, 1982; Lieber, 2002). 

Fibre length represents the sum of the lengths of the serially arranged sarcomeres within a 

fibre and has been empirically shown to be proportional to a muscle’s maximum excursion 

(range of motion) (Bang et al., 2006; Gokhin et al., 2009) and, by extension, velocity of 

contraction (Bodine et al., 1982; Winters et al., 2011). The PCSA represents the sum of the 

cross-sectional areas of all fibres within a given muscle, and is empirically proportional to 

the maximum force a muscle can generate (Powell et al., 1984). Muscle mass is not a good 

proxy for muscle force. This is because mass does not account for the angulation of fibres 

relative to the muscle’s force-generating axis (pennation angle; Gans, 1982; Bryant and 

Seymour, 1990; Anapol and Barry, 1996; Lieber, 2002), which can influence muscle PCSA. 

Therefore, in addition to muscle mass, we estimated Lf and PCSA as these provide the best 

architectural estimates of a whole muscle’s maximum potential excursion/contraction 

velocity and force. We expect that increased activity will be associated with more powerful 

muscles (Williams et al., 2008), in terms of potential maximum force generation or potential 

excursion/contraction velocity of each individual muscle.

Prediction 2. Exercise mice have faster rates of periosteal bone growth compared with 
controls

Bone remodelling during growth entails differential rates of bone deposition across different 

region of the same bone, as well as local destruction of tissues deposited during earlier 

growth stages. These local variations in bone growth and remodelling processes are thought 
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to produce changes in whole bone structure, which are mechanically appropriate (Enlow, 

1962). Bone growth and remodelling are primary mechanisms by which bones adapt to 

increase mechanical loading, such as the loads experienced during exercise (although the 

responsiveness declines after skeletal maturity) (e.g., Martin et al., 1998; Pearson and 

Lieberman, 2004). Many studies show that (human and non-nonhuman) juveniles who 

exercise build more bone than others who are less active, and the mechanical loading due to 

exercise stimulates periosteal growth prior to skeletal maturity (e.g., Pearson and Lieberman, 

2004). Fluorescent vital labelling of bone in the sample allowed this study to obtain 

quantitative measurements of periosteal bone depositional rates. Given differences in 

activity among the subadult mice, it is expected that the bone growth in the exercise mice 

will have faster growing cortices, especially underlying the deltoid crest, compared with 

controls.

Prediction 3. Exercise mice have relatively larger deltoid crests (entheses) compared with 
controls

Fibrous entheses are mainly found on the shafts of long bones where there is a large surface 

for the muscles to attach. These muscles attach directly to the bone or periosteum and are 

anchored by Sharpey’s fibres (Hems and Tillmann, 2000; Benjamin et al., 2002). In this 

manner, blood vessels from the soft tissue may anastomose with those of the bone (Dörfl, 

1969). Since mechanical stress (e.g., muscle force) experienced by a surface area (e.g., 

enthesis) is proportional to the force applied in each unit area of that surface (Biewener, 

1992), hypertrophy of bony attachments for larger and/or more active muscles is a 

theoretically advantageous mechanism to reduce stress or maintain acceptable stress 

magnitudes. When entheses are subjected to the force of a contracting muscle, blood flow to 

periosteal bone increases, which can stimulate bone growth and increase the size of the 

attachment site to strengthen it (Chamay and Tschantz, 1972; Woo et al., 1981; Hawkey and 

Merbs, 1995; Montgomery et al., 2005). Therefore, increased activity in the exercise groups 

is expected to result in larger entheses. Because the rugosity and shape of entheses have also 

been linked to differences in behaviour and activity level, we also explored differences 

between exercise and controls in enthesis shape. Anthropologists often presume that 

morphological variation of long bone entheses result from frequent, strenuous, habitual 

activity, where muscle contractions are frequently recruited for limb movements (Schlecht, 

2012), but experimental tests are lacking.

Materials and methods

Sample

Thirty female outbred wild-type mice (CD-1, Charles River Laboratory derived, purchased 

from Harlan Laboratories, Indianapolis, IN, USA) consisting of two age groups were 

included in the study. One group comprised newly weaned mice that were 25 days old, and 

the other group comprised mice that were 46 days old. Five mice from both age categories 

were randomly chosen for each of the three experimental groups (10 mice per group) to 

examine the effects of activity and age on muscle fibre architecture and attachment 

morphology. Mice belonging to both age groups were 103 and 124 days old, respectively, at 

the end of the experiment. The mice reached full adult body mass over the duration of the 
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experiment and the experimental treatment occurred throughout the most rapid phase of 

skeletal growth and maturity (Beamer et al., 1996; Kilborn et al., 2002). The two age groups 

were combined in the analyses reported below, in part because there were no significant 

differences between the two in average body mass.

Experimental design

The mice were separated into three groups: (1) control mice (CON) were housed in cages 

with no exercise apparatus, (2) running mice (WHL) were housed in cages containing two 

activity wheels, and (3) climbing mice (CLB) were housed in cages outfitted with a 1 m tall 

wire-mesh tower where water sources were positioned at the top. Experimental mice were 

free to use the exercise wheels or climb up the meshed cages at will, such that muscle 

activity could be investigated within normal, non-pathological limits. The amount of activity 

from the running and climbing groups was recorded during the initial experiment (Green, 

2010; Green et al., 2012). Mice were given three subcutaneous injections containing 

fluorescent bone-labelling dyes at two week intervals during the experiment: 1) Alizarin-red 

(25 mg/kg), 2) DCAF-green (15 mg/kg), and 3) Xylenol-orange (80 mg/kg). These labels 

are incorporated into the mineralizing front of growing bone and represent known time 

points during the duration of the experiment. Thus, they enable the calculation of 

osteogenesis rate as the distance between two adjacent labels divided by the time interval 

(Castanet et al., 2004) (Fig. 1).

The experiment lasted a total of 78 days. On average, CLB climbed approximately 140 m 

per night, while WHL engaged in substantially more exercise, running approximately 1900 

m per night. Anecdotally, the total number of mice climbing at any one time did not appear 

to limit opportunities for other mice, while the number of wheels per cage may very well 

have prevented some mice from running (Green, 2010, Green et al., 2012). Thus, the total 

distance covered by each running mouse may not represent the upper limit of their running 

distance abilities, but still represents a significant amount of activity relative to the climbing 

and control groups. Movements (kinematics) of the forelimb differed significantly between 

the climbing and the running activities (Green, 2010; Green et al., 2012). All experimental 

protocols and procedures received prior approval by The George Washington University 

Institutional Animal Care and Use Committee (IACUC #16-12,7).

Muscles and muscle attachment sites

We analysed spinodeltoideus, acromiodeltoideus, and superficial pectoralis muscles that all 

have a fibrous attachment directly to the periosteum of the deltoid crest. The deltoid crest is 

a clearly defined and prominent ridge on the humerus. The spinodeltoideus inserts along the 

entire lateral surface of the deltoid crest, while the acromiodeltoideus and the superficial 

pectoralis share the medial surface of the prominent ridge (Fig. 2). These muscles are 

important in weight bearing and are critical for stabilization and force production during 

locomotor activities known to be regularly performed by mice (Clarke and Still, 1999). They 

function as the principal protractors and retractors of the humerus, enabling the animal to 

propel itself forward and resist gravitational forces (e.g., to maintain glenohumeral joint 

flexion when standing, walking, climbing or running). These muscles are essential to the 

habitual gaits experienced by all mice in this study. We chose the deltoid crest because it is 
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one of the most commonly studied fibrous attachment sites (e.g., Benjamin et al., 1986; 

Dysart et al., 1989; Bryant and Seymour, 1990; Hawkey and Merbs, 1995; Churchill and 

Morris, 1998; Wilczak, 1998a,b; Eshed et al., 2004; Montgomery et al., 2005; Mariotti et al., 

2007; Drapeau, 2008; Cardoso and Henderson, 2010; Villotte et al., 2010; Niinimäki, 2011; 

Davis et al., 2013; Niinimäki et al., 2013) and rates of osteogenesis in the underlying bone 

can be easily documented (Greene, 1935; Chiasson, 1975).

Dissections and muscle architectural variables

The left forelimb of each individual was dissected under an Olympus S2×12 

stereomicroscope. After removing the skin and superficial fascia, surface pennation angles 

(θ) of the spinodeltoideus, superficial pectoralis, and acromiodeltoideus were measured 

using a reticle accurate to the nearest 0.01 mm (Mathewson et al., 2012). The muscles then 

were removed, cleaned of excess fat and fascia, and submerged in 10% buffered formalin 

for at least 48 hours to ensure complete fixation and a constant specific muscle density 

(Ward and Lieber, 2005). After complete fixation, muscles were weighed to the nearest 

0.001 g.

To adjust for differences in fibre length that occur because the mice were fixed in a variety 

of glenohumeral joint postures, fibre lengths were normalized to a standard sarcomere length 

(Felder et al., 2005). Muscles were chemically digested for up to six hours in 30% nitric acid 

solution and then submerged in saline for 24 hours to arrest the digestion process. Small 

fibre bundles then were manually dissected and isolated under a dissecting microscope and 

in situ fibre length (Lf) was measured using a reticle. Six to 10 fibre bundles per muscle 

were then mounted on glass slides, cover-slipped, and air-dried overnight (Taylor et al., 

2009). Laser diffraction was used to measure in situ sarcomere length (Lieber et al., 1994). 

Three sarcomere length measurements per fibre bundle were obtained. To normalize fibre 

length (NLf), the following equation was used:

NLf = Lf * 2.4 µm / Ls

where Lf (mm) is the in situ measured fibre length, Ls the in situ measured sarcomere length 

(µm) and 2.4 µm is the experimentally determined optimal sarcomere length (length at 

which the maximum tetanic tension is generated) in mouse hind limb muscles (Edman, 

2005). Using the above measurements, physiological cross-sectional area (PCSA) was 

calculated using the following formula:

PCSA = (muscle mass * cos θ) / (NLf * 1.0564)

where 1.0564 (g cm−3) is the specific density of muscle (Mendez and Keys, 1960).

Bone preparation and variables

After dissections, the forelimb of each mouse was skeletonized for measurement of the gross 

morphology of the deltoid crest using a 1% Terg-A-Zyme (Alconox, NY) solution, stored in 

a dark laboratory oven at 45°C with 24-hour solution changes over a period of one week. 

Once the bones were cleaned, humeri were digitally photographed and the following 

variables were measured using Image J software: 1) maximum length of the humerus, 2) 

maximum length and width of the deltoid crest on the lateral and medial side of the crest, 3) 
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the area of both the lateral and medial side of the attachment, 4) crest thickness (at the 

histological section where growth rate measurements were taken), and 5) the distal angle of 

the deltoid crest (Fig. 3).

Histological thin sections were prepared following the procedures in Goldman et al. (1998) 

with some modifications following McFarlin et al. (2008) and Cho (2012) for better 

specimen embedding and mounting. After skeletonization, the humerus was cut transversely 

just distal to the deltoid crest to improve infiltration of the bone during embedding. The 

proximal end of the humerus was then dehydrated in a series of graded ethanol changes, 

followed by clearing in two changes of Methyl Salicylate. The bones were then embedded in 

Caroplastic polyester resin (Carolina Biological Supply, NC) and two histological thin 

sections were prepared for analysis of bone growth rate: 1) at the distal margin of the deltoid 

crest, and 2) at the 25% diaphysis length (Fig. 3). Each embedded block was ground on a 

series of carbomide emery papers (Buehler Ltd., Lake Bluff, IL) to 1200 grit, and the 

prepared surface was mounted to a plastic slide using superglue. Mounted sections were 

ground to a final thickness of 100 ± 5 µm, and the imaging surface was prepared to a surface 

topography of 1200 grit and temporarily cover-slipped for imaging.

Digital montage images of entire bone cross-sections were collected on a Zeiss AxioImager 

microscope configured with an automated LUDL stage (0.1 µm accuracy in ‘X’ and ‘Y’). 

The same field of view images were collected under 40X magnification in brightfield (BF), 

circularly polarized light (CPL), and fluorescence illumination for imaging of Alizarin-red, 

DCAF-green, and Xylenol-orange labels. Images were captured using a Qimaging colour 

CCD camera (40X objective, 1 pixel = 1.346 µm) and an integrated MicroBrightField Stereo 

Investigator system with Virtual Slice, which automates the montaging of entire cross-

sections. Images were then imported to Adobe Photoshop CS3, and superimposed using the 

‘Layers’ function and their transparency adjusted to allow for visualization of relationships 

between fluorescent labels and bone features. The superimposed and flattened images were 

imported into Image J to calculate the rate of periosteal bone growth (Fig. 1). Rates of 

osteogenesis were calculated as the distance between two fluorescent labels over the time 

elapsed (Castanet et al., 2004). In instances where all three fluorochromes were present, a 

total of two measurements could be taken at one location. Not all groups displayed all three 

fluorescent labels (Fig. 4). Thus, we had a more limited sample for this analysis: WHL (n = 

4), CON (n = 8), and CLB (n = 9). Maximum distance measurements were taken within 

each quadrant (anterior, posterior, medial, and lateral) throughout both cross-section levels 

(Fig. 1). These measurements from both cross-sections were averaged to generate an overall 

bone growth rate of the humeral shaft for each individual. In addition, the rate of 

osteogenesis for the bone region immediately underlying the deltoid crest was calculated 

from the cross-section at the distal margin of the deltoid crest.

Statistical analysis

Prior to hypothesis testing, the data were tested for normality using a Shapiro-Wilk test 

(Sokal and Rohlf, 2012). Because the data were not normally distributed, we used 

nonparametric statistical tests to evaluate absolute and relative differences in muscle fibre 

architecture and bony variables among the groups. The nonparametric Kruskal-Wallis test 
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was used to test for a significant effect of activity on all soft- and hard-tissue variables. A 

significant Kruskal-Wallis was followed by two-tailed, pairwise, non-parametric Mann-

Whitney U-tests. Geometric scaling principles were used to evaluate the relationship 

between muscle mass, attachment size, and body size (Zumwalt, 2005, 2006; Payne et al., 

2006; Michilsens et al., 2009): muscle mass was divided by body mass (Mb), lengths were 

divided by (Mb)1/3, and surface areas were divided by (Mb)2/3. Due to multiple comparisons, 

the Dunn-Šidák correction test was used (Sokal and Rohlf, 2012) to reduce the probability of 

making a type 1 error. This method was preferred to the Bonferroni correction, which tends 

to be overly conservative (Sokal and Rohlf, 2012). A total of four tests compared body mass 

(P-values ≤ 0.01 were considered significant at the adjusted Dunn-Šidák level for these 

comparisons), 48 tests compared the soft-tissue variables (P ≤ 0.001), 32 tests compared 

deltoid crest surface morphology variables (P ≤ 0.002), and eight tests compared bony 

histological variables (P ≤ 0.007). All statistical tests were performed using IBM SPSS 

Statistics (version 20.0 for Mac).

Results

Body mass

Body mass varied by activity group (Table 1). The control group had the largest body mass, 

WHL had the lowest body mass, and CLB was intermediate. Post-hoc contrasts were 

significant between the CON and WHL groups (P = 0.001).

Fibre architecture

The exercise and control groups differed in absolute (Table 1) and relative (Table 2) fibre 

architecture variables. Differences among groups were the same for absolute and relative 

variables, except for one exception: CLB mice had the absolutely greatest muscle masses, 

while the WHL group had the smallest muscle masses. These differences were only 

significant for the acromiodeltoideus muscle (P < 0.001). However, none of the relative 

muscle mass values were significantly different between groups (Table 2).

Muscle fibres (Lf; potential maximum excursion/contraction velocity) were relatively longer 

in the WHL group compared with the CON group (Table 2). The relatively shortest fibres 

were in the intermediate intensity CLB group, perhaps reflecting the shorter forelimb 

excursions involved in climbing (Green, 2010; Green et al., 2012) (Fig. 5). Relative muscle 

PCSAs (i.e., potential maximum force output) were greatest for the CLB group but contrary 

to our prediction, smallest for the WHL group (Table 2). Exercise had little effect on muscle 

pennation angles. Pennation did not differ for any muscle between the exercise and control 

groups and only acromiodeltoideus pennation angle differed significantly between exercise 

groups (Table 1).

Periosteal bone growth rate

As predicted, when growth rate measurements collected across all cortices and labels were 

averaged for both histological section levels, the two exercise groups had significantly faster 

periosteal bone growth than the controls (Table 1 and Fig. 6). The WHL group had faster 

rates of bone growth compared with CLB but this difference was not significant following 
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the Dunn-Šidák test (Table 1). Bone growth rates at the deltoid crest (Figs. 4 and 6) were 

significantly faster than growth rates averaged across cortices and cross-sections. The 

exercise mice had faster bone growth rates than the controls under the deltoid crest, but 

these differences were not significant following post-hoc pairwise comparisons (Table 1).

Gross deltoid crest morphology

There were no significant differences (absolute or relative to body mass) among groups in 

any measure of the gross morphology of the muscle attachment site, including length, width, 

area, thickness, and shape (Tables 1 and 2).

Discussion

The results of this study demonstrate that differences in physiologically normal activity 

patterns and levels can influence muscle fibre architecture (e.g., Lf and PCSA) and rate of 

bone growth, yet have no observable effect on the external size and shape of the muscle 

attachment site. Therefore, our findings do not provide empirical support for comparative 

studies linking muscle size and attachment site surface morphology (e.g., Hawkey and 

Merbs, 1995; Hawkey, 1998; Wilczak, 1998a,b; Knüsel, 2000; Eshed et al., 2004; Molnar, 

2006, 2010; Villotte, 2006; Weiss, 2007, 2010; Havelková et al., 2011). Instead, our 

experimental results in mice are consistent with experimental evidence in adult sheep that 

show no effect of exercise on enthesis morphology (Zumwalt, 2005, 2006). Taken together, 

the absence of experimental data in support of the effect of activity on enthesis morphology 

advises caution in attempting to infer activity level and pattern from muscle attachment 

sites.

There are a number of factors besides muscle size and activity that may contribute to the 

development of attachment sites. Bone does not respond to all stimuli, and some stimuli lead 

to different bony responses (Turner, 1998; Burr et al., 2002; Currey, 2002). The extent of 

sex, age, hormone level, and genetics on entheseal response to muscular activity is highly 

debated (e.g., Zumwalt, 2005, 2006; Hamrick et al., 2006; Plochocki et al., 2008; Plochocki, 

2009; Jurmain et al., 2012). The perception of an attachment site itself (i.e., being faint or 

well-developed) can be biased if the observer does not control for normal variation between 

populations or the relative robusticity of the underlying bone (Robb, 1998; Weiss, 2003; 

Zumwalt, 2005, 2006). Further challenges include methodological consistency across 

studies in defining the boundaries of attachment areas, and determining which aspects of the 

muscle attachment site are the most meaningful for the interpretation (Wilczak, 1998b).

Activity and muscle architecture

Our prediction that in comparison to controls, the exercise groups would have relatively 

larger muscle PCSAs, and thus relatively greater force-generating capacity, is supported for 

the climbing group but not the wheel runners. Rather the WHL mice showed a significant 

increase in fibre length, and thus greater excursion (and contraction velocity) potential of the 

muscles. Differences in gait between the exercise and control groups were met by changes in 

the contractile behaviour of individual muscles. The running mice had the relatively longest 

fibres, while the climbing mice had the shortest. Thus, compared with the climbing and 
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control groups, runners had deltopectoral fibres that can shorten (and lengthen) over a 

greater distance (and at higher velocities). These findings are consistent with significant 

kinematic differences observed between the climbing and running groups, including 

significantly more flexed (protracted) shoulders during touchdown and lift-off during 

running (Green, 2010; Green et al., 2012).

It has been theoretically argued (Stern, 1974; Gans, 1982; Biewener and Gills, 1999; Lieber, 

2002, Williams et al., 2008) and empirically demonstrated (e.g., Taylor et al., 2009) that a 

muscle cannot be optimized for both maximum force generation (PCSA) and excursion/

contraction velocity (fibre length). We observed this architectural trade-off among our 

experimental and control groups as activity type significantly influenced the potential 

maximum force-generating capacity of the muscles analysed in this study (Tables 1 and 2; 

Fig. 5). The climbers had muscles comprising relatively larger PCSAs but relatively shorter 

fibres compared with the running and control groups, as might be predicted with the vertical 

activity, where mice regularly moved up and down the cage mesh. In the absence of 

differences in pennation angles, climbing appears to have resulted in an increase in the 

potential force output of the muscles largely by increasing muscle mass (and therefore 

PCSA) without altering the orientation of the fibres relative to the muscle’s force generating 

axis. Overall, fibre architecture data indicate that increased activity was associated with 

more powerful muscles (Williams et al., 2008), in terms of potential maximum force-

generating capacity (climbers) and potential maximum excursion/contraction velocity 

(runners). Control mice had the least powerful muscles among the groups studied here.

Activity and muscle attachment sites

Bone has been shown to be responsive to mechanical stresses, such that elevated amounts of 

activity are expected to influence bone morphology (e.g., Currey, 2002), including the 

muscle attachment site (e.g., Frost, 2003; Thomopoulos et al., 2010, 2011). Tension exerted 

by muscles is presumed to increase blood flow, stimulate local osteogenesis, and increase 

the mass of bone beneath the muscle, thereby producing an elevated area of insertion at a 

fibrous enthesis (Chamay and Tschantz, 1972; Woo et al., 1981; Hawkey and Merbs, 1995; 

Montgomery et al., 2005; Cardoso and Henderson, 2010; Jurmain et al., 2012; Niinimäki et 

al., 2013). Indeed, elevated activity influenced differential periosteal growth in the humerus 

and throughout the deltoid crest (Table 1; Figs. 4 and 6). However, our prediction that 

activity level would have an effect on size of the deltoid crest was not borne out by the data 

(Tables 1 and 2). Although the deltoid crest serves as the attachment site for three large 

powerful muscles, all of which attach directly to the periosteum and anastomose with the 

vessels of the bone (Dörfl, 1969), we found no evidence of entheseal surface hypertrophy 

nor alterations in enthesis shape in response to increased activity. This is despite 

significantly more powerful muscles in both exercise groups, relatively larger PCSAs in the 

CLB and relatively longer fibres in the WHL. Our results concur with Green and colleagues’ 

(2012) data that further highlighted the complexity between muscle mass and the size and 

morphology of the scapular fossae in subadult mice. All of these results call into question 

whether differences in entheseal morphologies among individuals in a species can be linked 

to variation in function and activity (e.g., Hawkey and Merbs, 1995; Hawkey, 1998; 

Wilczak, 1998a,b; Knüsel, 2000; Eshed et al., 2004; Molnar, 2006, 2010; Villotte, 2006; 
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Weiss, 2007, 2010; Havelková et al., 2011), at least for the level of physiological activity 

employed in this study.

It is important to note that our experimental protocol involved voluntary activity designed to 

produce physiologically normal variation in the level and type of activity, and to avoid 

activities that might induce pathology. Some (e.g., Zumwalt, 2005, 2006; Jurmain et al., 

2012) have argued that muscle attachments develop as a protective response to bone injury 

during muscle contraction, and that forceful muscle activity may not impact enthesis 

morphology until they reach pathological levels. If muscle attachment sites develop only in 

response to pathological activity levels, this would limit the usefulness of enthesis 

morphology for inferring differences in normal behaviour or for reconstructing daily activity 

patterns. Whether enthesis morphology changes only in response to pathological activity 

levels requires further investigation and evidence from controlled experiments.

It is well appreciated that bone does not grow by adding new bone to all outer (periosteal) 

surfaces with corresponding removal from all inner (endosteal) surfaces. Rather, bone 

growth is accomplished through a combination of deposition and resorption on the periosteal 

and endosteal surfaces (e.g., Enlow, 1962; Ruff et al., 1994; Currey, 2002). As a result, 

tension from muscles can be associated with simultaneous bone deposition and removal, 

though it may not necessarily change the size or shape of the bony protuberance or crest. 

However, as Hoyte and Enlow (1966) demonstrated, Sharpey’s fibres may be exempt from 

the type of destruction that occurs during bone resorption and remain unaltered even though 

superficial bone tissues are removed. Therefore, Sharpey’s fibres provide an important 

mechanism for anchoring muscle attachments to bone during growth and remodelling of the 

bone surface. This may partially explain why entheseal surface morphology did not change 

in response to activity over time, despite faster periosteal bone growth rate in both exercise 

groups. Further research should focus on examinations of the microstructure of the entheseal 

surface, such as bone modeling and remodelling, as this anatomy has the potential to be 

more labile in response to variations in muscle activity during bone development.

Body size, bone response, and implications for primates and other mammals

In the light of the potential effects of size and scale on bone biomechanics, our results based 

on mice may raise questions about how these findings are relevant to variation in enthesis 

morphology in larger-bodied primates (as well as larger-bodied non-primate mammals). 

Geometric similarity predicts that, due to their small size, mouse skeletons would be 

relatively strong (Rubin and Lanyon, 1984b; Biewener, 1990). Indeed, small mammals are 

often regarded as being overbuilt for their biomechanical loads. However, the relative 

strength of the skeleton allows small mammals to use greater peak forces involved in agile 

locomotion using crouched postures with flexed limbs (e.g., Rubin and Lanyon, 1982, 

1984b; Biewener, 1989, 1990). Importantly, and despite their small size, mice experience 

strain magnitudes comparable to those of larger vertebrates during locomotion (Lee et al., 

2002). The broad similarity in peak strain and bone safety factor in mammals across a large 

size range (Rubin and Lanyon, 1982, 1984b) is likely due to the strong relationship between 

body mass and limb posture (Biewener, 1990); in other words, larger mammals maintain 

comparable strain levels by adopting less flexed limb postures and engaging in less agile 
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locomotion. The fact that small-bodied mammals maintain stress and strain levels 

comparable to large-bodied animals suggests that mice are a reasonable model for 

investigating the relationship between variation in muscle attachment sites and locomotor 

loads and drawing inferences from these results to larger-bodied mammals, including 

primates. Were this not the case, small mammals would likely not serve as such successful 

model organisms for understanding human bone biology (e.g., Robling et al., 2006).

In this study, the observed differences in voluntary exercise were sufficient to induce 

significant changes in muscle fibre architecture and bone growth rates. This indicates that 

mice were not too small for the elevated activity, and the elevated strains and stresses 

associated with it, to elicit a physiological response in the developing muscle and bone 

tissue. Yet, despite this response, activity did not alter the gross morphology (size or shape) 

of associated entheses. Comparative research on primates similarly found no clear 

relationship between muscle fibre architecture and size and shape of forelimb muscle 

attachment sites between species that differ in frequency of daily locomotor and postural 

behaviours (Rabey et al., 2011; Rabey, 2014).

Future research

Of course, the experimental results reported in this study leave open many questions. It 

remains unclear what magnitude or duration of activity may be required to induce alterations 

in enthesis morphology (i.e., is there a dose/response?). Nor is it known how these might 

vary at different attachment sites (e.g., fibrous versus fibrocartilaginous attachments), or 

how enthesis morphology might scale with muscle force or body size. Thus, future studies 

would benefit from experiments aimed at establishing the relationship between magnitude 

and frequency of load and changes in enthesis morphology in mice as well as other smaller- 

and larger-bodied animals. Studies are also needed to examine the scaling relationships of 

enthesis morphology with muscle force and body size in primates and non-primate 

mammals.

Our results indicate that further experiments are warranted to examine the effects of age 

(juveniles, subadults, adults, and aged individuals), sex, and size. Future research should 

include observations of gait parameters (e.g., ground reaction forces, velocity, loading rates) 

and metabolic demands to better interpret changes in the musculoskeletal anatomy. Taking 

together the results of this study and previous work, it is not clear what inferences about 

variation in activity, within a species, can be reliably inferred from the gross anatomy of 

entheses. Current evidence suggests instead that internal bone structure serves as a more 

reliable source of evidence about habitual activity. For example, there is abundant evidence, 

based on controlled experiments, demonstrating that activity influences cross-sectional 

geometry of long bones (e.g., Robling et al., 2006 and references therein) and the structure 

of trabecular bone in joints (e.g., Pontzer et al., 2006). Furthermore, data suggest that 

habitual activity levels also influence other characteristics of bone microstructure such as 

regional bone density (e.g., Zeininger et al., 2011) and the structure of Haversian systems 

and osteocyte lacunae (e.g., Sanchez et al., 2013). The organization of Sharpey’s fibres and 

bone cell lacunae are particularly promising avenues for research into muscle-bone 

interactions that may leave visible traces in skeletal tissue and fossil bones.
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Conclusion

This study demonstrated that variation in activity of subadult mice resulted in differences in 

muscle fibre architecture and periosteal bone growth. These findings are consistent with 

results of previous studies demonstrating that normal variation in activity produces sufficient 

stimuli to cause significant differences in bone as well as muscle fibre architecture (e.g., 

Allen et al., 2001; Lee et al., 2002; Mori et al., 2003; Waters et al., 2004; Hamrick et al., 

2006; Plochocki, 2009; Schmitt et al., 2010; Byron et al., 2011; Green et al., 2012; 

Mathewson et al., 2012). However, variation in activity failed to produce differences in the 

deltopectoral enthesis morphology. These findings suggest that enthesis morphology may 

provide little insight into activity type or level.

A major goal of musculoskeletal research is to understand how behaviour influences bone 

structure. Abundant evidence demonstrates that, both within and between species, the degree 

and nature of activity influences both cross-sectional (e.g., Hamrick et al., 2000; Currey, 

2002; Ruff et al., 2006; Niinimäki et al., 2013; Rabey, 2014) and trabecular bone 

architecture (e.g., Pontzer et al., 2006; Griffin et al., 2010). However, the inter- and intra-

specific relationships between activity and bone strength are complex. Based on the results 

of this study, it is clear that additional studies of how muscle influences enthesis 

development are needed. A lack of understanding of muscle attachment site development 

has led to oversimplified and unsubstantiated interpretations of entheseal morphology and 

activity patterns about past populations. Further knowledge of the development and 

functional significance of entheseal morphology is needed if one is to accurately reconstruct 

behaviour based on entheseal morphology in extant and fossil skeletal samples.
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Figure 1. 
Representation of the superimposed microscopy images showing the fluorescent labelling 

used for bone growth rate calculations. The cross-section on the left is of the distal end of 

the deltoid crest (climbing mouse). Each red square represents location of growth 

calculations (Crest = deltoid crest; Sup = superior; Med = medial; Inf = inferior; Lat = 

lateral quadrant). The image on the right represents the measurements taken on the cranial 

quadrant of the cross section (white arrows). Measurements of distances between all pairs of 

consecutive labels were taken. Individual measurements were then averaged across section 

levels to derive a mean daily growth rate calculated for each individual. Black arrow (right) 

indicates the direction of periosteal bone growth.
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Figure 2. 
Schematic representation of the spinodeltoideus, acromiodeltoideus, and the superficial 

pectoralis muscles measured in the sample along with their attachment location on the 

deltoid crest of the humerus.
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Figure 3. 
Bony variables: A) maximum length of the humerus (L) was measured as the greatest 

distance between the top of the humeral head and the most distant point on the distal 

humerus parallel with the long axis of the bone; * represents histological cut at the proximal 

25% diaphyseal length. Maximum length, width (white arrows), and area (black contours) of 

the deltoid crest, on the lateral (B) and medial side (C) of the crest; D) angle of the crest (θ) 

was measured at the distal edge of the prominent ridge; E) thickness of the crest measured in 

the distal margin of the crest cross-section (**).
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Figure 4. 
Example of the fluorochrome labels at the distal margin of the deltoid crest cross-section for 

each activity group. Bone cross-sections from most wheel-running (WHL) mice preserved 

mainly the last administered Xylenol-orange label. Most climbing (CLB) mice preserved all 

three labels, and controls (CON) showed a more variable pattern in the labels present.
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Figure 5. 
Bivariate plot showing that for a given muscle (A: acromiodeltoideus, B: superficial 

pectoralis, and C: spinodeltoideus), there is an architectural trade-off between potential 

maximum force output (PCSA) and muscle excursion/contraction velocity (Lf). Climbing 

mice (dark circles) are at the top left quadrant of the plots with the shortest fibre length (Lf), 

but largest physiological cross-sectional area (PCSA). The running mice (white squares) are 

usually at the bottom right of the plots with the longest Lf and the smallest PCSA. The 

control mice (grey triangles) are between the two exercise groups and closest to the running 

group. All graphs represent body mass adjusted data.
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Figure 6. 
Box-plot showing per day bone growth rate differences underlying the deltoid crest only 

(right) and the mean differences across both cross-sections (left) for each activity group. The 

running (WHL) group (white boxes) had on average faster rates of osteogenesis than the 

climbing (CLB) group (dark grey boxes) and the control (CON) group (light grey boxes) 

had the slowest periosteal bone growth of all groups. The center vertical line in each box 

marks the median of the sample; the length of each box shows the range within which the 

central 50% of the values fall. Whiskers indicate 10th and 90th percentiles.
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