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Abstract
It is well recognized that masticatory muscle function helps determine morphology, although the
extent of function on final form is still debated. GDF-8 (myostatin), a transcription factor is a
negative regulator of skeletal muscle growth. A recent study has shown that mice homozygous for
the myostatin mutation had increased muscle mass and craniofacial dysmorphology in adulthood.
However, it is unclear whether such dysmorphology is present at birth. This study examines the
onset and relationship between hypermuscularity and craniofacial morphology in neonatal and
adult mice with GDF-8 deficiency.

Fifteen (8 wild-type and 7 GDF-8 −/−), 1 day old and 16 (9 wt and 7 GDF-8 −/−), 180 day old
male CD-1 mice were used. Standardized radiographs were taken of each head, scanned, traced,
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and cephalometric landmarks identified. Significant mean differences were assessed using a group
× age, two-way ANOVA.

Myostatin-deficient mice had significantly (p<0.01) smaller body and masseter muscle weights
and craniofacial skeletons at 1 day of age and significantly greater body and masseter muscle
weights at 180 days of age compared to controls. Myostatin-deficient mice showed significantly
(p<0.001) longer and “rocker-shaped” mandibles and shorter and wider crania compared to
controls at 180 days. Significant correlations were noted between masseter muscle weight and all
cephalometric measurements in 180 day old Myostatin-deficient mice.

Results suggest in this mouse model, there may be both early systemic skeletal growth
deficiencies and later compensatory changes from hypermuscularity. These findings reiterate the
role that masticatory muscle function plays on the ontogeny of the cranial vault, base, and most
notably the mandible.
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INTRODUCTION
Myostatin is a negative regulator of muscle growth. Inactivation of myostatin has been
useful in producing livestock with dramatic increases in muscle mass, as evidenced by the
Belgian Blue and Piedmontese muscle doubled cattle breeds. An 11-bp deletion in the
coding region of the gene produces a frame-shift mutation which alters one of the hallmark
protein residues common to the TGF-β superfamily. The myostatin knockout mouse, which
shares phenotypic characteristics with these cattle, has a similar mutation in this area of the
gene (Kambadur et al., 1997). The gene is highly conserved across species, and a
spontaneous gene mutation associated with increased muscle mass has been identified in
humans (Schuelke et al., 2004). Transcripts are found early in development and continue in
adulthood where it may play a homeostatic role, since increases in myostatin in adult mice
leads to profound cachexia of muscle tissue (Zimmers et al., 2002). It therefore functions to
inhibit excessive growth of muscle in order to maintain an overall balance of this tissue
relative to adipose tissue.

Myostatin, GDF-8, is a member of the TGF-β domain and utilizes the TGFβr pathway for
signaling. In humans, GDF-8 maps to chromosome 2 (2q 32.2). Orthologs for this gene have
been found in Canis familiaris, Pan troglodytes, Gallus gallus, and most importantly for
research purposes Mus musculus (chromosome 1 27.80cM) (NCBI, 2008). Several isoforms
have been identified and are expressed in both embryonic and mature skeletal muscle.
GDF-8 is a 375- amino acid polypeptide with an N-terminal pro-peptide region and C-
terminal signaling peptide proteolytic processing at the conserved RSRR site resulting in a
12.5 kDa C-terminal mature peptide which can form a GDF-8 active homodimer (Phillip et
al., 2005). GDF-8 has functions in local cytokine and growth factor activity as well as
protein, receptor, and calcium ion bindings (NCBI, 2008).

Myostatin appears early in development, and as somite condensations become
topographically organized it becomes restricted to the myotome layer. In fetal stages
transcripts are found throughout developing muscle. Here myostatin has a profound effect
on the regulation of differentiation pathways for mesenchymal cells. When myostatin
activity is blocked, more cells are committed to myoblast and myotube formation which
results in significantly elevated numbers of muscle fibers in adult muscle. In some muscles
this increase in fiber number approximates 90 percent (McPherron et al., 1997). Average

Vecchione et al. Page 2

Anat Rec (Hoboken). Author manuscript; available in PMC 2011 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fiber diameter of cells is also increased, demonstrating that both hypertrophy and
hyperplasia are responsible for increased muscle mass. Fiber type distributions are also
altered. Knockout mice have decreased numbers of type I fibers and increased numbers of
type II fibers, especially the type IIB, glycolytic fast-contracting fiber (Girgenrath et al.,
2005; Salerno et al., 2004). These adaptations however, do not necessarily lead to
functionally superior muscle. When limb muscles from knockout and wild-type mice are
compared, the myostatin-deficient muscle, although larger, has no relative increase in
maximum tetanic force generation. And when force is calculated per unit area in limb
muscles sampled so far, the myostatin-deficient muscle is actually weaker. This may be
related to irregularities found in the IIB fibers from the knockouts, which have cytoplasmic
inclusions containing tubular aggregates and diminished mitochondrial to nuclear ratios,
suggesting mitochondrial depletion problems during development (Amthor et al., 2007)

The myostatin knockout mouse is of interest to craniofacial biology investigation since its
masticatory muscles have been demonstrated to be significantly larger. The masseter muscle
weighs about 80% more (Vecchione et al., 2007), and the temporalis muscle is
approximately 40% larger than wild-type controls (Byron et al., 2006). Unlike limb muscles
there is an increase in the proportion of type IIA and IIX fibers in temporalis muscle, but the
mean fiber areas are similar between wild-type and knockout. Bite forces are significantly
increased, but when controlled for overall muscle size, the bite force/unit area is similar to
that of the wild-type (Byron et al., 2006). These findings indicate that a consistent amount of
force is applied over a much greater area of the craniofacial skeleton in the myostatin
knockout, and this should in turn, lead to altered biomechanical stress and bony
morphology. This is indeed the case. In previous studies (Byron et al., 2006; Vecchione et
al., 2007), we reported that adult myostatin knockout mice were generally more
brachycephalic, had smaller cranial vault and maxillary lengths, and exhibited significantly
different mandibular shapes with the mandible longer, and shortened in the vertical
dimension compared to wild-type controls. However, it was still unclear if these craniofacial
skeletal abnormalities were related to the GDF-8 knockout condition in the pre- or neonatal
period or were simply a result of postnatal compensatory changes? In this follow-up study
we describe craniofacial morphology from the neonatal developmental stage through
adulthood in order to further typify the interactions between muscle and bone in this model.

MATERIAL & METHODS
Fifteen (8 wild-type control and 7 GDF-8 −/− myostatin-deficient), one day old, and 16 (9
wild-type control and 7 GDF-8 −/− myostatin-deficient), 180 day old, male CD-1 mice were
used in this study. Myostatin-deficient mice were produced by deletion of the C-terminal
region of the myostatin gene in embryonic stem cells as described by McPherron et al.
(1997). All mice were housed together and given food (Harlan TekLad hard rodent chow)
and water ad libitum. Wild-type control and GDF-8 −/− myostatin-deficient mice were bred
and maintained in the Department of Cellular Biology & Anatomy Medical College of
Georgia. Mice were euthanized at one day postnatal or 180 days of age at skeletal maturity
by CO2 overdose according to the protocol approved by the Medical College of Georgia
Institutional Animal Care and Use Committee (IACUC) and body weights were immediately
recorded.

Mice heads were disarticulated and the masseter muscles (Figure 1) were then dissected and
weighed wet to the nearest 0.001g on a Mettler vacumn balance. Heads were then fixed in
10% neutral buffered formalin for 24 hours, and then transferred to 70% ethanol for
radiographic analysis. Lateral and dorso-ventral radiographs were taken using a Faxitron
MX-20 (Faxitron X-Ray Corporation) at 35kV for 250 seconds at 5× magnification with X-
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OMAT V diagnostic film (Kodak). Radiographs were scanned on an AGFA DuoScan using
AGFA FotoLook 3.2 software.

Twelve cephalometric landmarks were identified on the scanned images and a number of
measurements reflecting various craniofacial dimensions were made using Dolphin
Cephalometric Software (Vecchione et al., 2007). Lateral cephalometric landmarks were
identified as follows: Pa (parietal), the most posterior point of the parietal bone; Na (nasion),
the junction of the frontonasal and internasal sutures; Rh (rhinion), the most anterior point of
the nasal bones in the midline; Os (occipito-sphenale), the middle of the sphenoocciptial
synchrondrosis; Fp (fronto-parietal suture), the vertex of the skull at bregma; Ps (pre-
sphenoid), the middle of the presphenoethmoidal synchrondrosis; Ra (ramus), the most
posterior point of the body of the ramus just superior to the angular process; Go (gonion),
the most inferior point of mandibular angular process; Co (condylion), most postero-
superior point of condylar process; I (incisor), the most prominent point between incisal
edges of lower incisors; Op (opisthion), the most posterior rim of foramen magnum; Ba
(basion), the most posterior point of occipital bone anterior to the foramen magnum. Dorso-
ventral cephalometric landmarks were identified as follows: Rh (rhinion), the most anterior
point of the nasal bones in the midline; and Op (opisthion), the most posterior rim of
foramen magnum. Cephalometric measurements that were calculated included: Cranial vault
height (Fp-Os); Cranial vault length (Pa-Na); Craniofacial length (Op-Rh); Cranial base
length (Ba-Ps); Mandibular body length (Ra-I); and Mandibular shape index ((Co-Go/Ra-
I)*100). Landmark identification and measurements were made twice on 20% of the sample
and intraobserver error was assessed by correlation and paired design. Intraobserver
reliability was r=0.90, p<0.001 and there was no significant differences between mean
measurement, t=1.662, df=87, p>0.05.

Mean somatic and cephalometric data were calculated and compared between groups using
a two-way (Group × Age) Analysis of Variance (ANOVA). The relationship between
masseter muscle weight and various cephalometric measurements were assessed using a
Pearson Product Moment Correlation. All data were analyzed using SPSS 15.0 for windows
(SPSS, Inc., Chicago, IL). Differences were considered significant if p < 0.05.

RESULTS
Myostatin-deficient mice had smaller body weights than wild-type controls (by 12.38%) at 1
day of age and greater body weights (by 14.81%) than wild-type controls at 180 days of age
(Figure 2). Body weight in the myostatin-deficient mice was significantly less (Group F =
17.39; p<0.001) at 1 day of age and increased significantly more from 1 to 180 days of age
(Group × Age F = 6.95; p<0.01) compared to wild-type controls (asterisks - Figure 2).
Myostatin-deficient mice also had smaller masseter muscle weights (by 21.15%) at 1 day of
age and dramatically greater masseter muscle weights (by 43.55%) at 180 days of age
compared to wild-type controls (Figures 1 and 2). Masseter muscle weight in the myostatin-
deficient mice was significantly less (Group F = 18.79; p<0.001) at 1 day of age and
increased significantly more (Group × Age F = 86.48; p<0.001) from 1 to 180 days of age
compared to wild-type controls (asterisks - Figure 2).

Qualitatively, as seen on the dorso-ventral and lateral head radiographs (Figures 3 and 4),
myostatin knock-out mice were more brachycephalic, both in the cranial vault and maxilla,
compared to wild-type controls. These differences were more pronounced at 180 days of age
(Figures 3 and 4). Myostatin-deficient mice also showed significantly remodeled mandibular
rami, mandibular bodies, and coronoid processes resulting in a “rocker-shaped” mandibular
morphology compared to wild-type controls at 180 days of age (Figure 4).
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Cephalometric analysis revealed quantitative differences in all six measurements between
the two groups. Wild-type control mice had greater cranial vault height (Fp-Os) and cranial
vault length (Pa-Na) dimensions at both 1 and 180 days of age compared to the myostatin-
deficient mice (Figure 5). Significant group mean differences were noted for the cranial
vault height (F = 3.74; p <0.05) and cranial vault length (F = 16.69; p <0.001) dimensions
(asterisks - Figure 5). Wild-type control mice also had greater craniofacial length (Op-Rh) at
both 1 and 180 days of age compared to the myostatin-deficient mice (Figure 6). Significant
group mean differences were noted for the craniofacial length (F = 5.09; p <0.05) dimension
(asterisks - Figure 6). In contrast, cranial base length (Ba-Ps) (Figure 6) was greater in wild-
type control mice at 1 day of age and greater in myostatin-deficient mice by 180 days of age
(Figure 6). A significant mean group by age interaction was noted for the cranial base length
dimension (F = 5.00; p <0.05) (asterisks - Figure 6).

Wild-type control mice had greater mandibular body length (Ra-I) and mandibular shape
index ((Co-Go/Ra-I)*100) at 1 day of age compared to myostatin-deficient mice (Figure 7).
However, by 180 days of age, both mandibular body length (Ra-I) and mandibular shape
index ((Co-Go/Ra-I)*100) were greater in myostatin-deficient mice compared to the wild-
type control mice (Figure 7). Significant mean group by age interactions were noted for both
the mandibular body length (F = 20.35; p <0.001) and the mandibular shape index (F =
10.02; p <0.01) dimensions (asterisks - Figure 7).

The relationship between masseter muscle mass and the various cephalometric
measurements for both groups and ages were assessed using a Pearson Product Moment
Correlation (Table 1). At 1 day of age, no significant relationships were noted between
masseter muscle weight and any of the craniofacial measures in the wild-type control mice.
In contrast, 1 day old myostatin-deficient mice showed a significant positive correlation
coefficient between masseter muscle weight and cranial base length (Ba-Ps), and a
significant negative correlation coefficient between masseter muscle weight and cranial
vault height (Fp-Os) (table). At 180 days of age, a significant positive correlation coefficient
was noted only between masseter muscle weight and the mandibular shape index ((Co-Go/
Ra-I)*100) in wild-type control mice. In contrast, 180 day old myostatin-deficient mice
showed significant positive correlation coefficients between masseter muscle weight and
cranial vault height (Fp-Os), cranial vault length (Pa-Na), cranial base length (Ba-Ps), and
mandibular ramal height (Ra-I). A significant negative correlation coefficient was found
between masseter muscle weight and mandibular shape index ((Co-Go/Ra-I)*100) (Table 1).

DISCUSSION
Results from the present study demonstrated that myostatin-deficient mice were
significantly different in all dimensions measured compared to wild-type controls mice at
180 days of age. Although all animals were timed-pregnant and harvested on the same day,
1 day old myostatin-deficient mice had slightly, but significantly smaller body weights,
masseter muscle weights, and skeletal sizes than age-matched controls. In contrast, 180 day
old myostatin-deficient mice had dramatically and significantly greater body and masseter
muscle weights, surprisingly, however they still had shorter craniofacial length measures but
longer cranial base and mandibular length measures. These results are similar to those
reported by Byron et al., (2008) who showed that adult myostatin-deficient mice had
significantly shortened and compressed (in an anterior-posterior dimension) temporal bones
and a smaller squamousal suture bevel compared to wild-type controls. These findings
suggest that in this GDF-8 −/− myostatin-deficient mouse model there may be both early
systemic skeletal growth deficiencies and later compensatory changes from
hypermuscularity.
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There were several developmental differences evidenced in the neonates with myostatin
deficiency in comparison to wild-type controls. During this stage both the body weight and
the masseter muscle weight were significantly less in knockouts. In embryonic and early
fetal stages of muscle development tissue hyperplasia predominates. Cells are committed to
a myoblast lineage and their fusion produces increasing numbers of myotubes (Buckingham
et al., 2003). In the late fetal and early neonatal periods these myotubes mature into
individual myofibers, and begin production of large volumes of myofibrillar proteins which
assemble into sarcomeric units. The late fetal and early neonatal period is characterized by
tissue hypertrophy, increasing the size of muscle fibers, with relatively little increase in fiber
number. With myostatin deficiency, the hyperplastic period of muscle development is most
likely lengthened, allowing for increased proliferation of myoblast and myotube
populations. With the hypertrophic stage delayed, the knockout mice had smaller muscle
weights at birth, but with enhanced growth potential due to increased numbers of myofibers.
At birth, masseter muscle fibers from wild-type mice were probably producing greater
amounts of contractile proteins and sarcomeric units, eventually making them heavier. This
also resulted in significant differences in whole body weights, due to overall differences in
muscle tissue maturation. Significant differences in craniofacial dimensions were also
identified. With the loss of myostatin, the delicate signaling balances between cell
proliferation, protein synthesis and tissue interactions and skeletal growth are probably
thrown out of balance in early developmental stages.

Like other members of the TGF-β superfamily GDF-8 primarily uses the TGFβr signaling
pathway in which it elicits function by binding to a family of serine/theronine kinase
receptors followed by activiation of the receptor’s SMAD proteins, which when transolacted
to the cell’s nucleus regulates transcription of target genes, and its receptor Acvr IIB within
muscle. However, many members of the TGF-β superfamily, including GDF-8, also access
other signaling pathways including MAPK, ALK, ERK, JNK, and p38 stress response
pathways to either induce the TGF-βr pathway, i.e. ALK-2 induced activation of SMAD2/3
phosphorylation, or access different pathways associated with those signaling receptors,
which has complicated the biochemical research concerning the myostatin pathway
(Rebbapragada et al., 2003; Tsuchida et al., 2008). Recent research suggests a possible
antagonistic relationship or at least a competing relationship for binding sites, serine/
threonine kinase receptors with at least one isoform of bone morphogenetic protein, BMP-7,
suggesting that although myostatin’s receptor Acvr IIB, is not generally indicated in bone, it
still may have an effect on bone development at the cellular level (Rebbapragada et al.,
2003).

Myoblasts, chondrocytes, osteoblasts and adipocytes develop from a common pool of
skeletal mesenchymal stem cells (Owen, 1988). Recruitment of stem cells through
developmental pathways leading to cell differentiation is a complex phenomenon involving
tightly regulated signaling and binding of growth factors. The TGF-β superfamily of growth
factors is pivotal in cell migration, proliferation, tissue differentiation and morphogenesis.
Of these, the bone morphogenic protein subfamily (composed of at least 15 molecules,
Kingsley, 1994), are essential for cranial base (Dewulf et al., 1995; Kettunen et al., 2006),
and limb morphogenesis (Yi et al., 2000). They also have a direct role in regulation of
protein synthesis in muscle development (Verschueren et al., 1995). The rate of protein
synthesis in skeletal muscle at birth is very high, and declines approximately 50% during the
first three weeks of life (Davis et al., 1989). This decline is influenced in part by the rapidly
increasing levels of BMP2, BMP7 and myostatin which all act as negative regulators of
transcription (Suryawan et al., 2006). Myostatin also has the ability to prevent BMP7 from
binding to its receptor, and therefore acts as a competitive inhibitor for BMP7
(Rebbapragada et al., 2003). These and perhaps many other signaling paths are altered. The
net results of which are subtle changes in the size of the cranial vault, the cranial base and
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mandible. These changes most likely occur through modification of skeletal mesenchymal
stem cell recruitment at key periods of differentiation and proliferation. This would leave
some tissue primordia slightly larger or smaller than would be normal for a particular stage
of development. For all six of the craniofacial dimensions, the myostatin-deficient mice
were significantly smaller. This was probably the end result of increased myoblast
recruitment from the skeletal mesenchymal stem cell pools.

Cranial vault height, cranial vault length, and craniofacial length were all smaller in the
knockout mice at birth compared to wild-type mice, and these differences were maintained
throughout life. These areas encompass the cranial vault and nasal capsule where the
principal joints articulating the skeleton are sutures. Over time, increased forces generated
from muscles like the temporalis and masseter in the knockout mice, are not necessarily seen
as an overall change in cranial morphology. Rather these sutures have inherent ability to
buffer excessive force through the process of increased interdigitation (Jaslow, 1990). This
results in increased bony surface area at the joints, increased extracellular matrix to buffer
forces and increases in bending strength and toughness (Herring and Mucci, 1991). In fact
sutures from our mice have been found to be more anatomically interdigitated, less stiff, and
undergo more displacement under tension than in wild-type sutures (Byron et al., 2004;
Nicholson et al., 2006). So the head and face of myostatin-deficient mice were smaller, and
maintained their relative size through allometric growth. Increased masticatory forces were
also evidenced by changes in the microanatomic complexity of facial and cranial sutural
joints. This adaptation allowed dissipation of increased chewing forces without overall
changes in growth pattern.

Other craniofacial dimensions however did change in relation to their wild-type counterparts
over time. The cranial base in the knockout mice was shorter than in the wild-types at birth,
but the knockout mice obtained a significantly larger size when growth was completed. The
same was true for mandibular length, being shorter at birth and longer in adulthood in the
knockout mice. These changes were most likely influenced by differences in muscle force
during growth, especially since the greatest changes occurred between 80 to 120 days of
maturation, after the muscles had reached full maturity. The cartilaginous tissues producing
the majority of growth in the cranial base and mandible responded to increased muscle force
by growth in a more sagittal rather than vertical direction, making their end shapes longer
than in wild-type animals. This is in agreement with most reports of facial growth which
conclude that increased forces result in shortened faces (Schendel et al., 1980) and deep
bites (Sassouni, 1969). Further, as reported in an earlier study (Vecchione et al., 2007), the
overall shape of the 180 day old myostatin-deficient mouse mandible, compared to the wild-
type control mandible, resembles a unique human jaw morphology described previously in
Polynesian populations (Houghton, 1978; Schendel et al., 1980; Kean and Houghton, 1990).
The effect of hypermuscularity is thought to have resulted in a characteristic mandibular
shape described as a “rocker mandible” (Marshall and Snow, 1956). A rocker mandible
lacks an antegonial notch and the angle of the mandible is convex which results in rocking
when placed on a flat surface. These features of the Polynesian mandible occur at puberty
(Houghton, 1977) when bone shape is altered by local muscular forces (Enlow, 1975). The
Inuit (i.e., Eskimo) skull is also characterized by a large mandible, larger muscle
attachments, and palatal and mandibular tori. It has also been suggested that the distinctive
shape of the Inuit skull is a result of vigorous chewing (Collins’ “hard chewing hypothesis”,
Hylander, 1977). Hylander (1977) also suggested that the Inuit skull is adapted to generate
and dissipate large vertical and biting forces and the masseter muscles are also positioned
more anteriorly which may help generate larger bite forces. These observations also suggest
that hypermuscularity is an important determinant of craniofacial morphology.
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These results suggest that postnatal function activates muscle enlargement, not prenatal gene
expression. This may be viewed as a discordant result given the fact that heterozygote and
homozygote Belgian Blue Cattle are so large at birth that they have to be delivered via c-
section (Casas et al., 2004; Grobet et al., 1997). There are several possible explanations for
why these mice were smaller at birth: 1) There may be a species differentiation in myostatin
even though this pathway is conserved. However, it has been shown that myosin expression
and fiber size in Myostatin-deficient cattle were found to be developmentally delayed
compared to normal muscle development (Martyn et al., 2004). Also, evidence from a
human case (Schuelke et al., 2004) showed that even though the infant was in the 75
percentile for weight and was hypermuscular, a normal birthing process was achieved. 2)
Bellinge et al., 2005 suggest there are at least 6 mutations that cause inactivation of GDF-8
causing hypermuscularity or more specifically the double muscling phenotype of cattle,
which suggests genetic heterogeneity between the murine and bovine models. Single
nucleotide polymorphisms have also been implicated (Pan et al., 2007; Tantia et al., 2006).
The resulting phenotypes of GDF-8 inactivation have also been described as heterogeneous
(Bellinge et al., 2005; Potts et al., 2003; Grobet et al., 1997); 3) It is also unknown if
differences in timing of expression may be due to regulation of genes, cytokines, or other
epigenetic factors associated with the GDF-8 gene, or the TGF-β pathway in general, i.e.
Follistatin regulation (Tellegren et al. 2004); or SMAD (Cassar-Malek et al., 2007; Forbes et
al., 2006); or 4) Finally there may be a question of hyperplasia versus hypertrophy. Evidence
indicates that GDF-8 inactivation phenotypes are hypermuscular mostly due to a hyperplasia
response, with some hypertrophic action (Cassar-Malek et al., 2007; Pan et al., 2007;
Martyn et al., 2004). It may be the case that the murine model displays primarily a resulting
hypertrophic phenotype which may necessitate postnatal function for realization of
muscularity. This point should be further investigated.

Ultimately myostatin-deficient mice had significantly greater body and muscle weight
compared to wild-type controls. Myostatin deficiency produced brachycephalic craniofacial
dimensions, including smaller cranial dimensions, foreshortened midface and a lengthened
mandible which was shorter in vertical dimension. Only some of these differences occurred
as a result of increased muscle force since the cranial and midfacial dimensions were already
evident at birth. Without investigating these earlier stages the developmental influences on
craniofacial morphology could not be ascertained. Hypermuscularity does have a significant
influence over adult skeletal phenotype, but at least for craniofacial growth, early changes in
cellular growth and differentiation have an equal impact on final form.
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Figure 1.
Inferior view of masseter muscles and mandibles from wild-type (WT) control and
myostatin (GDF-8−/−) deficient mice at 180 days of age. Note the extremely large
masticatory musculature in the myostatin-deficient mice (scale in mm).
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Figure 2.
Mean (+/− S.E.) body weight (top) and masseter muscle weight (bottom) by age and group
and the results of statistical analysis. In both graphs, note the significantly lower weights at 1
day of age (asterisks) and the significantly greater weights in the myostatin (GDF-8−/−) -
deficient mice at 180 days of age compared to the wild-type control mice.
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Figure 3.
Dorsoventral radiographs from wild-type control (left column) and Myostatin-deficient
(right column) 1 day (top row) and 180 day old (bottom row) mice. Note the shortened
cranial vault (CV) and maxilla (MX) in the 180 day old myostatin-deficient skull compared
to the wild-type skull producing brachycephaly in the adult myostatin-deficient skull.
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Figure 4.
Lateral radiographs from wild-type control (left column) and myostatin-deficient (right
column) 1 day old (top row) and 180 day old (middle and bottom rows) mice. Note the
shortened cranial vault (CV) and maxilla (MX) in the 180 day old myostatin-deficient skull
compared to the wild-type skull producing brachycephaly in the adult myostatin-deficient
skull. Also note the dramatically altered ramus and coranoid process (CP), and the elongated
and rounded body in the adult myostatin-deficient mandible compared to the wild-type
mandible, producing a “rocker-type” mandibular morphology.
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Figure 5.
Mean (+/− S.E.) cranial vault height (top) and cranial vault length (bottom) by age and
group and the results of statistical analysis. Note the significantly (asterisks) shorter cranial
vault height and length in the myostatin (GDF-8−/−) -deficient mice compared to the wild-
type control mice at both 1 and 180 days of age.
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Figure 6.
Mean (+/− S.E.) craniofacial length (top) and cranial base length (bottom) by age and group
and the results of statistical analysis. Note the significantly (asterisks) shorter craniofacial
length in the myostatin (GDF-8−/−) -deficient mice compared to the wild-type control mice
at both 1 and 180 days of age. In contrast, note the significantly (asterisks) shorter cranial
base length at 1 day of age and significantly greater cranial base length at 180 days of age in
the myostatin (GDF-8−/−) -deficient mice compared to the wild-type control mice.

Vecchione et al. Page 16

Anat Rec (Hoboken). Author manuscript; available in PMC 2011 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Mean (+/− S.E.) mandibular body length (top) and mandibular shape index (bottom) by age
and group and the results of statistical analysis. In both dimensions, note the significantly
(asterisks) smaller means at 1 day of age and significantly greater means at 180 days of age
in the myostatin (GDF-8−/−) -deficient mice compared to the wild-type control mice.
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Table 1

Correlation coefficients between masseter muscle weight and various craniofacial dimensions by Group and
Age.

Dimension\Group WT
1 Day

GDF-8 −/−
1 Day

WT
180 Day

GDF-8 −/−
180 Day

Cranial Vault
Height

−.604 −.975*** −.653 .763*

Cranial Vault
Length

−.636 −.482 −.335 .828*

Craniofacial
Length

−.395 .522 .101 .268

Cranial Base
Length

.360 .972*** −.543 .923***

Mandibular
Ramal Height

.557 .121 −.401 .903**

Mandibular
Shape Index

.224 .572 .709* −.730*

*
= p<0.05;

**
= p<0.01;

***
= p<0.001
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