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Abstract

The bones of the mammalian skull respond plastically to changes in masticatory function. However, the extent

to which muscle function affects the growth and development of the skull, whose regions have different

maturity patterns, remains unclear. Using muscle dissection and 3D landmark-based geometric morphometrics

we investigated the effect of changes in muscle function established either before or after weaning, on skull

shape and muscle mass in adult mice. We compared temporalis and masseter mass and skull shape in mice with

a congenital muscle dystrophy (mdx) and wild type (wt) mice fed on either a hard or a soft diet. We found that

dystrophy and diet have distinct effects on the morphology of the skull and the masticatory muscles. Mdx mice

show a flattened neurocranium with a more dorsally displaced foramen magnum and an anteriorly placed

mandibular condyle compared with wt mice. Compared with hard diet mice, soft diet mice had lower masseter

mass and a face with more gracile features as well as labially inclined incisors, suggesting reduced bite

strength. Thus, while the early-maturing neurocranium and the posterior portion of the mandible are affected

by the congenital dystrophy, the late-maturing face including the anterior part of the mandible responds to

dietary differences irrespective of the mdx mutation. Our study confirms a hierarchical, tripartite organisation

of the skull (comprising neurocranium, face and mandible) with a modular division based on development and

function. Moreover, we provide further experimental evidence that masticatory loading is one of the main

environmental stimuli that generate craniofacial variation.
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Introduction

The form–function relationship of the mammalian skull has

been a long-lasting topic of biological research (Smith,

1993; Schwenk, 2000; De Meyer et al. 2016). The

mammalian skull is formed by units or modules; i.e. traits of

relative degrees of integration or shape covariation based

on their developmental origin or function (Cheverud, 1982;

Goswami, 2007). The skull has been largely divided into two

functional regions: the structures that enclose the brain and

sensory organs (cranial vault and base; referred to as the

neurocranium here to match related literature), and those

related to breathing and feeding, i.e. the rostrum consisting

of the face and the mandible (Cheverud, 1982; Boughner

et al. 2008; Drake & Klingenberg, 2010). The effect of varia-

tions in muscle loads on skull shape has been shown in ani-

mals with genetic alterations of muscle function (muscular

dystrophies) or by altering diet consistency (soft vs. normal,

or ‘hard’ food) (Kiliaridis et al. 1985; Lightfoot & German,

1998; Renaud et al. 2010; Anderson et al. 2014). Hereditary

muscle dystrophies, such as congenital muscular dystrophy

and x-linked dystrophies, are evident already before birth

(Emery, 2002). Thus they have the potential to affect bone
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development from early stages of fetal development (de La

Porte et al. 1999; Rot-Nikcevic et al. 2006). Shifts from hard

to soft food regimens alter masticatory muscle activity and

can affect skull morphology during later stages (i.e. post-

weaning) stages of ontogeny (see discussion in Mart�ınez-

Abad�ıas et al. 2012). For example, it has been shown in rats

and mice that a soft food diet results in a shorter and nar-

rower face, and a shorter mandible with less pronounced

bony processes as compared with their conspecifics fed on a

hard diet (Kiliaridis et al. 1985; Anderson et al. 2014). These

differences can be considered the result of induced postna-

tal changes in masticatory function. In contrast, alterations

in muscle structure and function caused by genetic abnor-

malities, such as laminin a2-deficient dystrophies, have been

associated with shorter, flattened and caudally broader

skulls and shorter mandibles in mice (Lightfoot & German,

1998). Moreover, hyper-muscular mice as the result of myo-

statin-deficiency are brachycephalic with an anteroposteri-

orly elongated mandible (Vecchione et al. 2007).

The commonly used model for studying the human Duch-

enne muscle dystrophy is the mdx mouse (e.g. Spassov et al.

2010; McGreevy et al. 2015). Mdx mice are affected by a

point mutation in the gene encoding for the cytoskeletal

protein dystrophin, leading to loss of functional dystrophin

in skeletal muscles (McGreevy et al. 2015). The muscles of

mdxmice undergo fibre degeneration followed by regener-

ation (Turk et al. 2005), yet they are capable of reaching

normal strength values during the first months of life during

normal physical activity such as running (Wineinger et al.

1998) and biting (Byron et al. 2006). Histologically, mdx

muscles are characterized by a considerable variation in

fibre diameter (Spassov et al. 2010). Although most of these

anomalies in mdx mice have been observed postnatally,

muscle alterations already occur earlier in development, i.e.

prenatally (de La Porte et al. 1999) and immediately after

birth (Torres & Duchen, 1987). Under normal developing

conditions, the effect of masticatory function has been

observed acting on mouse skull shape before 35 days post-

natally (shortly after weaning; Willmore et al. 2006).

The reduction of muscle function from a developmentally

early stage, together with the capacity to overcome the

functional deficiency under physiological demands makes

mdx an excellent model to study skull shape changes associ-

ated with both congenital (i.e. due to a mutation) and

induced (i.e. due to changes in dietary consistency) dimin-

ished muscle function. To date, only one study has looked

at the effect of both factors in mdx mice but the analysis

was limited to the mandible, using two-dimensional outline

geometric morphometrics (Renaud et al. 2010). An assess-

ment of the global effects of muscle function on muscle

and skull morphology offers the possibility to better under-

stand the functional constraints driving the development of

skull shape.

Using muscle dissection, computed tomography imaging

and 3D morphometrics, we assess the effect of altered

muscle function on muscle mass (temporalis and masseter)

and skull shape. We use a murine model of congenitally

altered muscle function (mdx muscle dystrophy) and

reduced muscle function through induced changes in diet-

ary consistency (hard vs. soft food). Both types of altered

muscle function imply reduced chewing muscle strength

and lower occlusal forces, and thus less bone growth due to

a low-strain environment. We predicted that an altered

muscle function produced by either the muscle dystrophy

and/or a soft food consistency would result in shape

changes of both the cranium (i.e. neurocranium and face)

and the mandible, as well as in a reduced masticatory mus-

cle mass. In particular, we expected that the neurocranium,

face and mandible were differently affected by the changes

in muscle function: a soft diet would primarily affect the

face and the mandible rather than the neurocranium,

because the former mice reach adult form later in life and

are under a higher masticatory demand (Diewert, 1985;

Willmore et al. 2006).

Materials and methods

Animals and feeding regimens

Male mice of the wild type strain C57B1/10ScSn (wt, n = 24) and the

inbred strain C57B1/10ScSn-Dmdmdx/J (mdx, n = 24) were bred at

the Central Animal Facility of the University Medicine of Greifswald

(Germany) and held in cages without elements for exercise. As

Duchenne’s syndrome is an X-linked recessive disorder, it mostly

affects men and we therefore choose male mice for our study.

Immediately after weaning (21–24 days of age) the wt and mdx

groups were randomly allocated to receive either hard (normal) or

soft food, resulting in four groups (n = 12 each) for analyses: wt

hard food, wt soft food, mdx hard food and mdx soft food. The

hard food consisted of common pellets and the soft food of the

same pellets homogenized with water in a proportion of 1 : 2.5.

Food and drinking water were provided ad libitum during the com-

plete period of the experiment. All experiments were performed in

accordance with the directive 2010/63/EU of the European Parlia-

ment for the protection of animals used for scientific purposes and

the German animal protection act.

The death of the animals was induced at 100 � 2 days (mean

age = 100.04 days, SD = 1.03) using ether inhalation and rapid cer-

vical dislocation. The temporalis and masseter (superficial and deep)

as well as the soleus muscles were dissected and (wet) weighed. The

soleus muscle was used as a control for non-masticatory-related

effects, as it is typically affected and hypertrophic in mdx mice at

this age (Pastoret & Sebille, 1995). Dissected skulls were fixed in

4.5% formalin solution and stored at 4 °C.

Computed tomography (CT) imaging

The skulls were CT scanned at the Zoological Institute and Museum

of the University of Greifswald on an Xradia MicroXCT-200 system

(Xradia Inc., Pleasanton, CA, USA) at 40 kV and 200 mA, with an

isometric voxel size of 0.025 mm. Data reconstruction was done

using specialist software (XM CONTROLLER and XM RECONSTRUCTOR,

v.8.1.7546, XRadia Inc.) and the resulting images were exported as

TIFF files.

© 2017 Anatomical Society

Muscle function and skull shape, A. Spassov et al. 737



3D image processing and landmark placing

The image stacks were imported in AVIZO 8.0 (FEI, Hillsboro, OR,

USA). Bone and teeth were segmented using a semiautomatic

thresholding approach based on grey-level differences. Surface files

in Polygon format (PLY) were generated and used for landmark

data acquisition.

Using AVIZO, 3D landmarks were placed by the same observer

(A.S.) on the PLY surface of each individual, representing a series of

developmental, anatomical and biomechanically relevant structures

(described in Table 1 and shown in Fig. 1). Landmark placing was

done in two different sessions. The effect of measurement error

was discarded via Procrustes ANOVA (Klingenberg & McIntyre, 1998),

by quantifying the amount of variation caused by repeated land-

mark-placing relative to that caused by differences among individu-

als (Rosas & Bastir, 2004). Subsequently, the landmarks of the two

sessions were averaged.

Landmarks were initially placed on the left and right sides

and the midplane of each individual’s skull. As our study

focused on global shape changes, we did not specifically test for

inherent yet small-scale skull asymmetries. To alleviate any

potential issues, we excluded the effects of asymmetry on the

results by symmetrizing the configurations; corresponding left

and right landmark coordinates were reflected and then aver-

aged. Of these generated symmetric configurations, only the

landmarks on the mid-plane and the right side of the skull were

used in subsequent tests, thus reducing the number of depen-

dent variables. To ensure that skull symmetrization has no effect

on overall shape changes, we performed a principal compo-

nents analysis (PCA) on the matrices of shape variables repre-

senting both the original and symmetrized data. The data

maintained its distribution after symmetrization (data not

shown). The negligible effect of data symmetrization was then

confirmed by a Mantel test on both matrices of shape data.

Statistical and shape analyses

Differences in muscle masses and skull centroid size were assessed

through one-way ANOVAs and Tukey’s test for pairwise comparisons

and verified with non-parametric Kruskal–Wallis and Mann–Whit-

ney tests using PAST (Hammer et al. 2001).

To study the effects of dystrophy and diet on skull shape, geo-

metric morphometric tools were used. The landmarks of the mid-

plane and right side underwent rotation, translation and scaling,

generating Procrustes coordinates which represent the shape of

each individual in subsequent analyses (Hallgrimsson et al. 2015).

Using EVAN TOOLBOX (www.evan-society.org), PCA on shape vari-

ables was first used as an exploratory analysis and also to reduce

the number of dependent variables for statistical testing. Secondly,

the PC scores summarizing up to 75% of the variance in the sample

(PCs 1–8 in the cranium and PCs 1–6 in the mandible) were used to

test between-group differences via multivariate analysis of variance

(MANOVA) and verified with non-parametric MANOVA (Anderson, 2001)

with 10 000 rounds of permutation using PAST. The MANOVA was also

performed on the landmark configurations representing the two

main parts of the cranium (i.e. neurocranium and face). All the

MANOVA results were maintained when using PCs up to 90% of

explained variance, but with a lower statistical power. For this rea-

son, 75% explained variance was chosen.

As the results of this separated MANOVA supported our prediction

of a differential effect of congenital and induced muscle function

on the neurocranium and face, a confirmatory modularity test was

performed (see Results below). The modularity test compares the

degree of covariation (estimated by the RV coefficient) between

the two hypothesized modules and alternative partitions (Klingen-

berg, 2009). Modules tend to have a low RV coefficient in compar-

ison with alternative partitions of the same landmark

configuration. Hence, a low proportion of the 100 000 alternative

partitions tested showing RV coefficients lower than that of the

hypothesized partition suggest an independent variation of the

tested modules (Yerges et al. 2010; Jamniczky & Hallgr�ımsson,

2011). Landmarks defining each module are shown in Table 1. Their

choice was based on definitions used in previous studies of mammal

skull shape variation and modularity (Yerges et al. 2010; Jamniczky

& Hallgr�ımsson, 2011; Anderson et al. 2014). The modularity tests

were performed with MORPHOJ (Klingenberg, 2011).

The statistical power of the tests in this work was > 0.9, as

assessed using G*POWER (Faul et al. 2007).

Visualization of local and general shape changes

Geometric morphometrics offers the possibility to visualize

shape changes in relation to the independent variables, which is

a key analysis in the present study. Surface warpings were used

to depict shape differences with respect to a reference configu-

ration (Hallgrimsson et al. 2015). The latter corresponds to the

mean shape of the wt hard diet group. To this end, the PLY sur-

face of one individual was warped to match the reference con-

figuration, and then this reference surface was warped again to

each of the group means. Warpings were scaled up (six times in

the cranium and four times in the mandible, of which the latter

shows more marked shape changes) to facilitate the visualiza-

tion of shape changes. Surface warpings were performed in

EVAN TOOLBOX.

Results

Measurement error and effect of symmetrization

Procrustes ANOVA results show that the mean squares for

individual variation are significantly greater than the error

for repeated landmark placing (Table 2). Hence, measure-

ment error is negligible and does not have an effect on our

subsequent results.

The Mantel test comparing shape variation in the original

(left and right sides) and the symmetrized landmark config-

uration shows that there is a significant correlation

between both data subsets (cranium: R = 0.98, P < 0.01;

mandible: R = 0.85, P < 0.01). Thus, the symmetrization pro-

cedure aiming to exclude the possible nuisance of asymme-

try and to reduce the number of dependent variables, does

not alter the nature of shape variation in the data.

Muscle mass and skull centroid size

Masseter and soleus mass were significantly different

among all four groups. In particular, masseter mass was

lowest in the soft diet groups, and the soleus mass was lar-

ger in the mdx than in wt mice (Fig. 2, Supporting
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Table 1 Landmarks used for shape analysis and centroid size calculation.

No. Description

Cranium

1 Most rostral end of the internasal suture (F)

2 Intersection between the nasofrontal and internasal sutures (F)

3 Intersection between the coronal and sagittal sutures (N)

4 Most caudal end of the sagittal suture (N)

5 Most caudal point of the foramen magnum and the cranium (N)

6 Point on the occipito-interparietal suture at the intersection with the straight line (from superior) connecting points 4 and 5 (N)

7 Basion (most rostral point of the foramen magnum) (N)

8 Most caudal end of the median palatine suture (F)

9 Most rostral point of the interincisive foramen (F)

10 Most vestibular and low point of the interradicular septum between incisors) (F)

11 Incisor, mesial angle (F)

12 Incisor, distal angle (F)

13 Incisor, most palatal point of the occlusal surface (F)

14 Highest point of the alveolar ridge of the incisor (F)

15 Most rostral point of the premaxilla at the opening of the nasal cavity (F)

16 Intersection between the maxilla, frontal and lacrimal bones (F)

17 Most dorsal and rostral point of the zygomatic process of the maxilla, where the lateral border of the zygomatic arch meets the

infraorbital foramen (F)

18 Lateral end of the coronal suture at the temporal line (N)

19 Intersection between the squamosal, frontal and alisphenoid bones (N)

20 Dorsal end of the suture between the zygomatic process of the maxilla and the zygomatic (jugal) bone (F)

21 Ventral end of the suture between the zygomatic process of the maxilla and the zygomatic (jugal) bone (F)

22 Dorsal end of the suture between the squamosal and zygomatic (jugal) bones (F)

23 Ventral end of the suture between the squamosal and zygomatic (jugal) bones (F)

24 Most caudal point of the insertion of the deep masseter muscle. It appears as a small tubercle in the zygomatic process of the

temporal (squamosal) bone (F)

25 Most caudal and ventral point at the anterior crus of the tympanic bone (N)

26 Dorsal end of the occipito-squamosal suture at the temporal line (N)

27 Most lateral point of the foramen magnum, at the caudal end of the occipital condyle (N)

28 Most lateral end of the union between the basisphenoid and occipital bones, at its ventral face (N)

29 Most lateral end of the maxillo-palatine suture (F)

30 Most distal point on the alveolar ridge of M3 (F)

31 Most caudal point of the palatine fissure (F)

32 Most mesial point on the alveolar ridge of M1 (F)

33 Most ventral point of the suture between the premaxilla and the maxilla (F)

34 Most rostral point of the palatine fissure (F)

35 Most palatal and high point on the alveolar ridge of the incisor (F)

Mandible

1 Tip of the lower incisor

2 Lowest point on the alveolar ridge of the incisor

3 Most ventral and rostral point of the insertion area of the digastric muscle

4 Rostral end of the masseteric ridge

5 Tip of the angular process of the mandible

6 Point on the masseteric ridge perpendicularly projected from half the linear distance between points 4 and 5

7 Most caudal point of the condylar process

8 Point of the concave posterior border of the mandibular ramus, projected perpendicularly from half the linear distance between

points 5 and 7

9 Most caudal point of the articular surface of the condylar process

10 Most rostral point of the articular surface of the condylar process

11 Lowest point of the mandibular notch

12 Tip of the coronoid process

13 Point at the anterior border of the coronoid process, projected perpendicularly to the rostro-caudal axis from the

vestibular sulcus of M2

14 Most mesial point on the alveolar ridge of M1

(continued)
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Information Table S1). After Bonferroni correction, how-

ever, the masseter mass of the wt soft diet group did not

differ from that of the two hard diet groups or from the

mdx soft diet group (Table 3). The centroid size of the cra-

nium was significantly different among all four groups

(Fig. 2, Table S1), but after Bonferroni correction, only the

difference between the two extreme wt hard diet and mdx

soft diet groups was significant (Table 3). Yet, when the

neurocranium and face were analyzed separately, the cen-

troid size of the former differed between wt and mdx irre-

spective of diet (although after Bonferroni correction, the

difference between both hard diet groups and themdx soft

diet group was no longer statistically significant) (Fig. 2,

Tables S1 and 3).

Table 1. (continued)

No. Description

15 Most distal point on the alveolar ridge of M3

16 Most ventral point of the mental foramen

17 Most ventral point of the foramen in the pterygoid fossa

18 Most rostral and ventral point of the mandibular foramen

19 Most caudal and ventral point of the mandibular symphysis

20 Highest point of the alveolar ridge of the incisor

21 Most rostral and dorsal point of the mandibular symphysis

Hypothetical modules: N, neurocranium; F, face.

Fig. 1 Selected landmarks. Hollow landmarks represent points constructed from other landmarks. (A) Cranial landmarks, located on the right side.

The left side is shown as reference. Landmark 9 in ventral view appears superimposed by landmark 11. (B) Mandibular landmarks.

© 2017 Anatomical Society
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Cranial and mandibular shape

Principal components analysis and MANOVA revealed that

each of the four groups displayed different shapes of both

the cranium and mandible (Fig. 3, Tables 4 and 5). Within

the cranium, the shape of the neurocranium was signifi-

cantly different between mdx and wt mice, without distinc-

tion between dietary groups (Tables 4 and 5). In contrast,

the shape of the face and the mandible distinguished all

groups from each other (Tables 4 and 5).

Shape differences among groups were found to be

related to dystrophy, and those related to changes in diet

consistency (red and blue arrows respectively in Fig. 4). The

cranium of mdx mice differed from wt mainly in neurocra-

Fig. 2 Boxplot comparison of muscle mass (upper row) and centroid size (lower row) between groups. HD, hard diet, SD, soft diet. The ranges in

the vertical axes have been independently adjusted to improve the visualization of data variation. The P-values from ANOVA are shown (statistical sig-

nificance P < 0.05) at each plot. Values non-significant after Bonferroni correction are marked with an asterisk. The detailed results of the ANOVA

are shown in Table S1.

Table 2 Procrustes ANOVA for the effect of measurement error on cranial and mandibular shape.

Structure Effect Sum of squares Mean squares 9 107 df F P-value

Cranium Individual 0.0595 73.21 8131 8.59 < 0.01

Repeated landmarking 0.0071 8.52 8304

Mandible Individual 0.0967 172.96 5593 9.18 < 0.01

Repeated landmarking 0.0108 18.85 5712

Ntotal = 48.
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nial traits: flattened base (with respect to the palate) and

vault (a and b in Fig. 4); a more dorsally placed foramen

magnum and a more laterally displaced zygomatic arch

with a more dorsally located rostral end (c and d in Fig. 4).

In contrast, hard diet mice were distinguished from soft diet

mice by facial traits: soft diet mice showed labially oriented

incisors, an extended diastema and a narrow rostrum (e, f

and g in Fig. 4).

In the mandible, mdx differed from wt mice in the verti-

cal extension of the ramus; a more inferiorly and laterally

extended masseteric positioned ridge; a relatively superior

position of the digastric insertion with respect to the lower

border of the ramus; and a relative less caudally extended

condyle (h, i, j and k in Fig. 4). Soft diet mice exhibited a

slight horizontally oriented coronoid process; a gracile alve-

olar process and a condyle with a small articular surface

(l, m and n in Fig. 4). Similar to the face, they had a more

extended diastema and labially inclined incisors (o and p in

Fig. 4; Supporting Information Fig. S1). Wt hard diet mice,

overall, had the most robust mandible, particularly in the

mediolateral direction (Fig. 4).

The modularity test confirmed a differential effect of the

congenital and induced changes in muscle function over

the two main parts of the cranium (Table 6), as suggested

by the MANOVA tests (Table 4). The degree of independent

covariation between the neurocranium and face differed

Table 3 Tukey’s pairwise group comparisons of muscle mass and

centroid size (CS).

Wt

hard

diet

Wt soft

diet Mdx hard diet Mdx soft diet

Wt hard

diet

Masseter

mass*

Soleus mass

Neurocranium

CS

Masseter mass

Soleus mass

Cranium CS

Neurocranium

CS*

Wt soft

diet

Soleus mass

Neurocranium

CS

Mandible CS*

Soleus mass

Cranium CS*

Neurocranium

CS

Mdx hard

diet

Masseter mass

Neurocranium

CS*

Mdx soft

diet

Statistically significant differences are shown (P < 0.05). Non-sig-

nificant values after Bonferroni correction are marked with an

asterisk.

Fig. 3 Cranial and mandible shape differences. Principal components analysis of cranial and mandible shape variables; distribution of individuals

(n = 48, 12 per group) along the first (PC1) and second (PC2) principal components, with the percentage of total variance explained by each axis

shown in parentheses.

Table 4 Results of MANOVA for shape of cranium, neurocranium and

face, and mandible.

Structure

Wilks’

lambda df 1 df 2 F P-value

Cranium 0.0019 24 107.90 34.44 < 0.01

- Neurocranium* 0.0830 21 109.70 7.20 < 0.01

- Face* 0.0022 21 109.70 38.92 < 0.01

Mandible 0.0033 18 110.80 40.35 < 0.01

*Based on the scores of PCs 1–7.

P-values < 0.05 are considered statistically significant. All

P-values < 0.01 after Bonferroni correction.
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markedly among groups. The neurocranium and face of the

wt hard diet group were the most modular, followed by

mdx hard diet and wt soft diet mice; in mdx soft diet mice

these structures were the least modular (Table 6).

Discussion

Our study shows that the congenital (i.e. muscle dystrophy)

and induced (i.e. soft food regimen) changes in muscle

function have distinct effects on both the masticatory mus-

cles and the morphology of the skull. Moreover, within the

skull it has a distinctive effect on the neurocranium and the

rostrum.

Mdxmuscle dystrophy is known to affect skeletal muscles;

however, its effect on the masticatory muscles is less well

studied. Histological parameters suggest some differences

in limb muscles that would make them less susceptible to

damage (Muller et al. 2001; Spassov et al. 2010). A capacity

of the dystrophic masticatory muscles to function under

demand is suggested by our results. Specifically the mas-

seter, which is the main jaw-closing muscle in rodents (Cox

et al. 2012), was significantly larger in the hard diet groups

than in the soft diet groups, irrespective of the mutation.

We also observed this difference in temporalis mass, but it

failed to show statistically significant differences between

groups (Fig. 2, Table S1).

The marked muscle mass and skull shape differences

among the four groups are helpful in understanding the

differential effects of congenital vs. induced changes in

masticatory function on skull shape. Furthermore, these

results demonstrate a modular tendency in shaping the

neurocranium vs. the rostrum, particularly in response to

substantial changes in functional demands (e.g. Klingen-

berg, 2013). Mechanical signals such as those produced by

muscle contraction are essential in bone development. They

act from embryonic stages, and even low-magnitude signals

induce cell differentiation and osteogenesis (Uzer et al.

2015). In mdx mice, although most of the tissue and muscle

function anomalies were observed after 3 weeks postna-

tally (Turk et al. 2005), muscle alterations may already occur

prenatally (de La Porte et al. 1999) and immediately after

birth (Torres & Duchen, 1987). Hence, the congenital condi-

tion in mdx mice most likely affects the neurocranium,

which reaches adult size earlier in life than the face (Leamy

et al. 1999; Willmore et al. 2006). Indeed, our results show

that diet consistency alone has no effect on skull size (Kil-

iaridis et al. 1985); yet the presence of the dystrophy does

affect neurocranial size irrespective of diet.

But why does the dystrophic condition particularly affect

the neurocranium? Neurocranial changes during ontogeny

are strongly related to brain growth. For example, a more

flexed cranial base can accommodate a larger brain, partic-

ularly in the presence of a large face (Lieberman et al.

2008). The more ventrally positioned foramen magnum in

wt mice found here could therefore reflect the develop-

mental relationship between the relative facial/neurocranial

size and cranial base shape. Indeed, in our sample the neu-

rocranium, but not the face, of mdx mice was smaller than

that of the wt mice (Tables 3 and S1). Interestingly, a some-

what similar phenotype (flat cranial vault and medio-later-

ally extended zygomatic arches) to the one observed in

mdx mice was described in adult wt mice following an

acute postnatal treatment with an agonist of the hedgehog

(HH) pathway (Singh et al. 2015). The HH gene family

includes the Indian Hedgehog, which is involved in the ossi-

fication and shape of the cranial vault (Lenton et al. 2011).

It has been shown that the mdx muscle dystrophy is not

capable of efficiently activating the HH signalling pathway

(Pinhasi et al. 2015). Hence a direct, genetically driven effect

of the mdx mutation on bone (and thus skull) development

cannot be completely ruled out and deserves further study.

Despite their different developmental origin and func-

tional role, the bones of the neurocranium and face as well

as of the neck are tightly linked anatomically and develop-

mentally (Esteve-Altava et al. 2015). Thus, beyond the local-

ized effects of brain growth on cranial vault formation, the

potential role of facial and neck muscles on the shape of

the cranial parts at both prenatal and postnatal stages also

has to be considered. Among prenatal muscle-related activi-

ties in mice and rats that could be linked to neurocranial

alterations are head–neck movements, mouth opening and

tongue withdrawal (Narayanan et al. 1971; Suzue, 1996).

Rot-Nikcevic et al. (2006) also described cervical kyphosis in

amyogenic mice fetuses, and a progressive vertebral

misalignment (Laws & Hoey, 2004), particularly a ‘dropped

head’, was observed in mdx mice (Lefaucheur et al. 1995),

which may also be linked to a more dorsally placed foramen

magnum. A dropped head likely imposes functional limita-

tions. As mdx mice have the potential to produce muscle

Table 5 Hotelling’s pairwise group comparisons of cranium, neuro-

cranium and face, and mandibular shape.

Wt

hard

diet

Wt soft

diet Mdx hard diet Mdx soft diet

Wt hard

diet

Cranium

Face

Mandible

Cranium

Neurocranium

Face

Mandible

Cranium

Neurocranium

Face

Mandible

Wt soft

diet

Cranium

Neurocranium

Face

Mandible

Cranium

Neurocranium

Face

Mandible

Mdx hard

diet

Cranium

Face

Mandible

Mdx soft

diet

Statistically significant differences (P < 0.05) are shown. All

P-values < 0.01 after Bonferroni correction.
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contraction and regenerate damaged fibres before adult-

hood (Turk et al. 2005), it is possible that they exert large

forces with the neck–extensor muscles only to maintain a

‘normal’ head–neck relationship that allows for unimpeded

feeding and viewing. The effect of increased dorsal neck

activity on the quadrupedal mammal skull shape has not

yet been dealt with in depth. However, in humans the

skull–neck position has been suggested as a predictor of

craniofacial development, with ‘neck-extenders’ showing a

more vertically developed face and an increased cranial

base angle (Solow & Kreiborg, 1977; Solow & Siersb, 1992;

Leitao & Nanda, 2000).

The neurocranium and face are linked anatomically and

functionally, yet they behave as relatively independent

regions of the cranium in their development (Cheverud,

1982; Boughner et al. 2008; Drake & Klingenberg, 2010).

The modularity test showed that the wt hard diet group,

which can be considered the reference individuals, presents

the most independent variation of both cranial parts; fol-

lowed by the mdx hard diet and wt soft diet groups. In con-

trast, the mdx soft diet cranium is strongly integrated

(Table 6). This result suggests that when there is normal

muscle functioning, the independence between the neuro-

cranium and face is maintained. It is therefore not

Fig. 4 Cranial and mandibular shape changes of wt soft diet, and mdx hard/soft diet group means with respect to the wt hard diet group mean

(undeformed). Red arrows indicate changes related to muscle dystrophy, blue arrows indicate differences related to diet consistency. Specific traits

are marked with lowercase letters and their detailed description is found in the main text. Warpings are magnified six times in the cranium and

four times in the mandible to facilitate visualisation.
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surprising that with the loss of muscle-based functional con-

straints, as in the case of the mdx soft diet mice, the neuro-

cranium and face shape comparatively have a much larger

degree of integration. In other words, under the lack of

masticatory constraints, the face shape could be influenced

by neurocranial, likely brain, development (Boughner et al.

2008).

The shape of the mandible has been shown to be highly

influenced by masticatory function, and is divided in an

anterior, dental portion and a posterior, muscular part

(Cheverud, 2001; Anderson et al. 2014). Using different

rodent species, Zelditch et al. (2009) found that the pattern

and strength of covariation within the mandible is variable,

and concluded that given its function as a lever, the mand-

ible should not be decomposed into parts like the cranium

because it is ‘rather a single connected unit’. Moreover, it

has been shown that during mastication the symphysis, alve-

olar region, condyle, coronoid and angular processes are

under stress (Cox & Jeffery, 2015). In agreement with this

conclusion, we found that, unlike in the cranium, the muta-

tion-related and diet-related features in the mandible are

spatially more overlapped, reflecting a more widespread

effect of the postweaning muscle function than the effect

of the dystrophy, which is less extended in time and likely of

less mechanical intensity. The anterior-posterior condyle

position relative to the angular process as well as the middle

and lower portions of the mandibular ramus distinguished

mdx from wt mice (Fig. 4). This result is analogous to find-

ings in laminin-deficient mice (Vilmann et al. 1985) where

the coronoid process is less affected by the mutation than

are the condyle and angular process. In contrast to the con-

clusions of a previous study (Renaud et al. 2010), however,

our data show that inmdxmice the mandible had an anteri-

orly shifted and shortened condyle rather than a posteriorly

positioned and extended angular process.

Irrespective of the mutation, the shapes of the condyle,

coronoid process and alveolar region distinguished hard

from soft diet groups (see also Sasaguri et al. 1998; Ander-

son et al. 2014). These differences can be accounted for by

the post-weaning growth and development of both the

condyle and angular processes, which are largely depen-

dent on the masseter (Yonemitsu et al. 2007) and lateral

pterygoid muscles (Stutzmann & Petrovic, 1990). Likewise,

the development of the coronoid process is known to

depend upon temporalis muscle (Rot-Nikcevic et al. 2007).

Indeed, here we found that the masseter as the dominant

masticatory muscle in mice (Nakata, 1981) was significantly

lighter in the mice fed on softened pellets than those fed

on hard pellets. As muscle force depends on muscle mass,

the soft food mice may have produced less masticatory

loads, thus providing less mechanical stimuli to the bone

(Ross et al. 2007), resulting in the observed differences in

facial shape. Indeed, despite an overall weak relationship

between muscle force and skull shape in humans, individu-

als with an orthognathic maxilla have larger temporalis

muscles and thus higher muscle forces than prognathic indi-

viduals (Toro-Ibacache et al. 2016).

The effect of diet consistency on masticatory muscle mass

and skull shape beyond the presence of muscle dystrophy

was also reflected by the labially inclined incisors and the

more extended diastemata in the maxilla and mandible of

the two soft food groups (Fig. 4). These differences can also

be seen in the unscaled renderings of the original speci-

mens (Fig. S1) and is in agreement with Kiliaridis et al.

(1985) and Anderson et al. (2014). This configuration sug-

gests an increased outlever arm for biting on the incisors,

effectively reducing bite strength (Samuels, 2009). In fact, as

was shown by Anderson et al. (2014), hard food eaters had

a higher mechanical advantage (i.e. the inlever/outlever

moment arms ratio) than soft food eaters. This is supported

by preliminary observations in our sample that the soft diet

mice had posteriorly more extended mandibular incisors,

with the curve of upper incisors in a slightly more horizon-

tal position compared with the mice fed with normal pellets

(Fig. S1). It is likely that the incisors were worn down less

and at a slower rate in the soft food mice and that the con-

sequent lack in mechanical signal led to an overgrowth at

the cervical loop of the incisor roots below the molars (see

Klein et al. 2008).

In conclusion, our results confirm the prediction that

diminished masticatory function, as the result of a genetic

mutation and an induced dietary shift, resulted in changes

in masticatory muscle mass and skull shape. Within the

skull, shape differences were spatially well defined due to

its modular nature. Within the cranium, the neurocranium

was largely affected by the genetic condition and the face,

as well as most of the mandible and masseter mass, by diet

consistency. It is conceivable that the differential response

of the neurocranium and face is possibly linked to differ-

ences in the onset of altered muscle activity and pattern

and timing of bone development. Although, so far, bone

alterations in mdx mice can be explained by loading-

induced modelling (Schipilow et al. 2013), other effects

related to the mdx mutation that eventually affect bone

developmental pathways cannot be completely ruled out

Table 6 Tests of modularity in the cranium of each group reporting

RV coefficients and the proportion of coefficients of alternative mod-

ules that are lower than the hypothesized ones (low values indicate

stronger modularity).

Structures Group

RV

coefficient

Proportion of

lower RV

coefficients

Neurocranium

vs. face

Wt hard diet 0.67 0.05

Wt soft diet 0.85 0.25

Mdx hard diet 0.60 0.15

Mdx soft diet 0.82 0.71

Ntotal = 48; 12 per group.
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and require further study. The functional plasticity of the

masticatory muscles and the skull, particularly of the face

and mandible, may facilitate dystrophic mice in adopting a

normal facial morphology under a hard diet regimen. Our

study confirms a hierarchical, tripartite organization of the

skull with a modular division of the skull (into neurocra-

nium, face and mandible) based on developmental and

functional constraints, as has been suggested by several

studies dealing with craniofacial integration in mammals in

general and specifically in humans. In particular, one of the

main environmental drivers of human facial variation is said

to be masticatory loading in response to variations in food

consistency. Our study clearly supports this notion.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Table S1. Muscle mass and centroid size (CS) comparisons

between groups.

Fig. S1. 3D renderings of mouse skulls showing the enamel lin-

ing of the incisors and the enamel caps of the molars in four

representative wt/mdx and hard/soft food animals, respec-

tively. The red lines indicate the course of the upper (solid)

and lower incisors (dotted) in the wt soft, mdx hard and mdx

soft diet mice relative to the incisor morphology in the wt

hard diet mouse. Note the differences in inclination in the

maxillary incisors and the length of the mandibular incisors

relative to the molars between the hard food and soft food

mice.
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