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1. Summary
Structural and functional trade-offs are integral to the evolution of
the mammalian skull and its development. This paper examines
the potential for enlargement of the masticatory musculature to
limit the size of the endocranial cavity by studying a myostatindeficient mouse model of hypermuscularity (MSTN−/−). The
study tests the null prediction that the larger MSTN−/− mice
have larger brains compared with wild-type (WT) mice in order to
service the larger muscles. Eleven post-mortem MSTN−/− mice
and 12 WT mice were imaged at high resolution using contrast
enhanced micro-CT. Masticatory muscle volumes (temporalis,
masseter, internal and external pterygoids) and endocranial
volumes were measured on the basis of two-dimensional manual
tracings and the Cavalieri principle. Volumes were compared
using Kruskal–Wallis and Student’s t-tests. Results showed that
the masticatory muscles of the MSTN−/− mice were significantly
larger than in the WT mice. Increases were in the region of 17–36%
depending on the muscle. Muscles increased in proportion to each
other, maintaining percentages in the region of 5, 10, 21 and 62% of
total muscle volume for the external ptyergoid, internal pterygoid,
temporalis and masseter, respectively. Kruskal–Wallis and t-tests
demonstrated that the endocranial volume was significantly
larger in the WT mice, approximately 16% larger on average than
that seen in the MSTN−/− mice. This comparative reduction of
MSTN−/− endocranial size could not be explained in terms of
observer bias, ageing, sexual dimorphism or body size scaling.
That the results showed a reduction of brain size associated with
an increase of muscle size falsifies the null prediction and lends
tentative support to the view that the musculature influences
brain growth. It remains to be determined whether the observed
effect is primarily physical, nutritional, metabolic or molecular
in nature.
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2. Introduction

3.1. Samples
All mice were of a C57BL/6J background. Wild-type (WT) mice were provided by Charles River
Laboratories, USA. Myostatin-deficient mice (MSTN−/−) were originally provided by Dr Se-Jin Lee
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3. Material and methods
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The size and shape of most anatomical structures are rarely perfected during evolution and ontogeny
for one specific purpose. More often, the final adult form represents a compromise between various
competing demands superimposed on an underlying inherited bauplan. Mapping the distribution,
nature and scale of these trade-offs is key to understanding, for example, the phylogenetic fidelity of
traits commonly used in taxonomic reconstructions, phenotypic plasticity as well as the canalization
of genetic diversity. Such interactions and trade-offs are particularly prominent in the head region—
it must accommodate, among other things, the demands of the brain, the skull and the jaw muscles
[1–3]. Evidence already exists linking, for example, changes in the orientation of the bony orbits, the
cranial base angle and the angle between the petrous bones with relative differences of brain size [4–10].
Similarly, differences in the size and force production capabilities of the jaw-closing muscles have been
linked to changes in the proportions of, for instance, the face, mandible and calvarium [11–15]. By
contrast, there is comparatively little evidence to evaluate the proposition that the demands of the brain
and masticatory muscles can pervade interceding adaptations of the skull to influence each other [16].
A trade-off between muscle and brain has been alluded to periodically in the literature for more than
a century, typically formulated on the basis of broad trends seen across extant and extinct taxa and
often explained in one of three ways: (i) as an artefact of allometry in which larger species tend to have
proportionately smaller brains and larger masticatory muscles [17], (ii) that an enlarged brain, and the
associated globular calvarium, cannot support enlarged musculature [18], and (iii) that enlarged muscles,
and the forces they generate, constrain expansion of the brain [19,20]. The latter explanation implicit to
Stedman et al.’s paper [16] has been the subject of considerable debate [21] but remains largely untested.
Recently, Cray et al. [22] recognized that the myostatin-deficient mouse [23], with its hypermuscular
phenotype, offered a potentially valuable model for testing the physical constraint hypothesis as it
predicts a significant reduction of brain size with the increase of masticatory muscle size. Other mouse
models have also proven useful in deciphering the relative importance of similar competing demands on
the morphology of the mammalian skull [5,24,25]. The present study uses the myostatin-deficient mouse
model to explore the possible interplay between the soft tissues of the brain within the skull and the
masticatory muscles that envelope the skull.
The myostatin protein is a negative regulator of vertebrate muscle growth and disruption
of the encoding gene results in large increases of skeletal muscle mass [23]. Myostatin signals through
the type IB and IIB activin receptors and induces muscle atrophy by inhibiting the proliferation
of muscle progenitor cells, and by activating proteolytic systems and inhibiting protein synthesis in
mature muscle fibres [26–29]. Myostatin knock-out mice (MSTN−/−), therefore, have an overall increase
in muscle and body mass through a combination of muscle fibre hypertrophy and hyperplasia [30].
Experiments in MSTN−/− mice have been used to infer the biomechanical influence of increased total
muscle force on the skeleton [29,31–36]. Compared with wild-types, increases of absolute skeletal muscle
force are in the region of 30–40% [30,37] and 30–60% increases of absolute bite force have also been
recorded [31,38]. Documented changes of the skull linked to myostatin deficiency in mice include a
compressed temporal bone, shorter cranial vault and longer cranial base [32,33,35]. Cray et al. [22]
found no significant differences of cranial length, width, height and cranial volume in MSTN−/−
mice on a CD1 background. However, the authors were limited by the radiographic methodology
to estimates of cranial volume based primarily on ectocranial linear measurements. The investigation
reported here extends their myostatin-deficient mouse model approach and evaluates the relationship
with measurements of endocranial volume which is more intimately linked to the size of the brain. This
study re-evaluates the hypothesis that enlargement of the masticatory muscles constrains enlargement
of the underlying brain and its surrounding endocranial cavity by testing the null prediction that—the
larger myostatin-deficient mice [22,35] have the same sized, if not slightly larger, endocrania in comparison with
wild-types in order to accommodate the increases of brain size needed to service the motor and proprioceptive
requirements of a larger number of muscle fibres [14,39].
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The head of each mouse was carefully removed and incubated for 10 days in formalin and 10% w/v
I2 KI prior to micro-CT imaging. This approach allows for the imaging of soft and hard tissues at high
resolution (for details, see [40,41]). Specimens were imaged using the 320 kV open-bay X-Tek system
at the University of Manchester (80–105 kV; 85–105 µA; 1440 projections). Data were reconstructed as
isometric voxels with vertices between 32 and 37 µm long. Voxel data were imported into I MAGE J (v.
1.46 [42]) and all volumes were measured independently by two observers using the VolumEst plugin
(v. 20101201). This uses the Cavalieri principle to calculate volumes based on a subset of outlines
manually drawn on orthogonal sets of two-dimensional slices (see also [43]). Volumes measured included
the endocranial cavity and the jaw-closing muscles, namely the masseter, temporalis as well as the
internal and external pterygoids. For convenience, the murine zygomaticomandibularis was considered
part of the masseter. Outlines were taken every 70–350 µm depending on the size of the volume of
interest. To test for a sampling bias, the first observer measured the endocranial volume every third
coronal slice (approx. 105 µm) and the muscle volumes every second coronal slice (approx. 70 µm).
The second observer measured the endocranial volume every tenth coronal slice (approx. 350 µm), the
masseter and temporalis every fifth slice (approx. 175 µm) and the ptyergoids every third coronal slice
(approx. 105 µm).

3.3. Statistics
Volumes from both observers were averaged and variations between MSTN−/− and WT volumes were
then tested for using a standard Student t-test (assuming unequal variances if F-test indicated significant
difference between variances). Data from both observers were then subjected to non-parametric Kruskal–
Wallis tests to determine the significance of the observed differences between MSTN−/− and WT mice
compared with the variance introduced by the observers and by differences of murine age and gender.
All statistical tests were conducted in PAST (v. 3.01 [44]).

4. Results
Figure 1 shows reformatted two-dimensional slices through the head region and figure 2 shows threedimensional reconstructions of the endocranium and masticatory muscles. These figures illustrate
cross-sectional representations of the volumes of interest and give a snapshot of the differences
between the two cohorts. Initial inspection of figure 2 suggests that the selected four-month-old
MSTN−/− mouse (figure 2c) has a smaller endocranial volume as well as larger masticatory muscle
volumes compared with the four-month-old WT mouse (figure 2a,b). Figure 2 also indicates that
the reduction of size affects all regions of the brain, including for example, the petrosal lobules
of the paraflocculus and the olfactory bulbs. Cohort average volumes and standard deviations are
given in table 1.
Figure 3 shows bar plots for averaged muscle volumes in WT and MSTN−/− mice and figure 4
shows a bar plot for endocranial volumes for each group. Table 1 gives the volumes and standard
deviations. The t-tests (table 1) revealed significant differences between WT and MSTN−/− mice for
endocranial volume and total muscle volume. These findings showed that on average MSTN−/− mice
had significantly smaller endocranial volumes and significantly larger masticatory muscles compared
with WT mice. Figure 5 shows a plot of observer averages of total muscle volume and of endocranial
volume for each mouse studied. Datum points are coded for males and females as well as for the different
age groups. At no point was there a significant overlap in the morphospace between the WT and the

.................................................

3.2. Imaging and measurements
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[23] and were backcrossed for several generations on a C57BL/6J background. Genotype of MSTN−/−
mice was determined by polymerase chain reaction-based analysis of DNA obtained from tail biopsies
at the time of weaning [30]. A total of 11 MSTN−/− adult male mice were sampled. To capture the
range of adult variation, from sexual maturity through to osteological maturity, mice were taken at two
(n = 4), four (n = 3) and 17 (n = 4) months postpartum. Twelve WT mice were also sampled. To construct a
broadly representative control sample, and hence provide a conservative test of MSTN−/− differences,
the WT mouse sample consisted of four mixed sex mice (two males and two females) at age-matched
intervals (2, 4 and 17 months). It is important to note that these sample sizes are not designed for reliable
tests between age groups and genders but do capture a large range of murine variability and hence
reduce the risk of falsely rejecting the null prediction.
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(b)

Figure 1. Coronal contrast-enhanced micro-CT slices through the head of four-month-old (a) WT and (b) MSTN−/− mice: red,
endocranial cavity; blue, temporalis; yellow, masseter (including zygomaticomandibularis); green, internal pterygoid; orange, external
pterygoid. Scale bar, 5 mm.

(a)

(b)

cr
ob

cb
pl

(c)

Figure 2. Lateral three-dimensional renderings of the masticatory muscles and endocranium in the (a) WT mouse (four months)
superimposed on a semitransparent skull, (b) WT mouse (four months) and (c) MSTN−/− mouse (four months). Red, endocranium (ob,
olfactory bulb; pl, petrosal lobule; cb, cerebellum; cr, cerebrum); pink, temporalis; transparent blue, masseter; yellow, internal pterygoid;
green, external pterygoid. The distribution of thinner sections of muscle and their fascia across the skull is under-represented owing to
volume-averaging during the three-dimensional rendering process. Scale bar, 10 mm.
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Figure 3. Bar graph plot of muscle volumes for MSTN−/− (light grey) and WT (dark grey) mice with +/− standard deviation error
bars. Results of Kruskal–Wallis tests (table 1) are indicated (ns, not significant; ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001).

Table 1. Endocranial and muscle volumes (mm3 ). N = 24 WT and 22 MSTN−/− for means, s.d. and Kruskal–Wallis tests; N = 12 WT
and 11 MSTN−/− for Student’s t-tests of pooled data.

endocranial

WT
mean
503.3

s.d.
26.1

10.1

1.5

% of total
muscle

MSTN−/−
mean
434.8

s.d.
20.3

% of total
muscle

t-tests

Kruskal–Wallis
test

∗∗∗

∗∗∗

.........................................................................................................................................................................................................................

external pterygoid

5

14.1

3.5

5

∗∗
∗

∗∗

.........................................................................................................................................................................................................................

internal pterygoid

20.5

3.1

11

24.7

4.2

9

temporalis

41.2

10.0

21

64.7

10.8

23

∗∗∗

masseter

119.9

24.9

63

172.0

35.4

62

∗∗∗

total muscle

191.7

37.2

100

275.6

50.7

100

∗∗∗

∗∗

.........................................................................................................................................................................................................................

∗∗∗

.........................................................................................................................................................................................................................

∗∗∗

.........................................................................................................................................................................................................................

∗∗∗

.........................................................................................................................................................................................................................

∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001.

MSTN−/− mice. Results from the non-parametric Kruskal–Wallis tests confirmed that the differences
between MSTN−/− and WT mice were significantly greater than differences attributable to observer
variability and, for example, the age and gender of the mice.

5. Discussion
This study set out to investigate the ability of the murine skull to accommodate increases of masticatory
muscle size while maintaining endocranial capacity. Both WT mice and MSTN−/− mice were examined.
The MSTN−/− mice were characterized by significant increases of masticatory muscle size, allowing us
to test for associated changes of endocranial capacity. The principal findings are discussed below.
Wild-type C57BL/6J muscle proportions (%) reported here were comparable to those reported
by Baverstock et al. [45] for adult WT BALB/c mice. It is interesting to note that the percentage
muscle proportions were similar for the MSTN−/− mice as well. This suggests that the knock-out
had a uniform effect and that enlargement followed the underlying murine pattern. That there were
significant volumetric differences between the WT and MTSN−/− masseter muscles is consistent with
measurements of muscle mass [22,35]. The absolute WT muscle volumes differ compared with those
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Figure 4. Bar graph plot of endocranial volumes for MSTN−/− (light grey) and WT (dark grey) mice with +/− standard deviation
error bars. Result of the Kruskal–Wallis test (table 1) is indicated (ns, not significant; ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001).
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Figure 5. Bivariate plot of pooled endocranial and total muscle volumes for each mouse studied. Circles represent MSTN−/− mice;
squares represent WT mice; light grey is 2-month-old, dark grey is 4-month-old and black is 17-month-old mice; females are marked
with a cross symbol.

reported by Baverstock et al. [45]. This probably reflects shrinkage due to the higher I2 KI concentration
and incubation period used in this study [46]. The inclusion of females in the present WT cohort and the
staining method may have over- or underestimated the true extent of muscle size differences and readers
should refer to the papers cited above.
Measurements of endocranial volume reported here were defined by the rigid, bony walls of
the calvarium (figure 1) and were unlikely to have been affected by I2 KI soft-tissue shrinkage. WT
endocranial volumes were consistent with brain volumes previously reported for the same C57BL/6J
strain and measured using in vivo magnetic resonance imaging [47,48], confirming that endocranial
size is a reasonable proxy for brain size. Findings reported here demonstrated that the WT brain is
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approximately 16% larger than the equivalent MSTN−/− brain. The difference of endocranial size
was evident in the micro-CT sections (figure 1), three-dimensional reconstructions (figure 2) and was
statistically greater than variation due to age, gender and observer variability. The experimental design
accommodated a broad range of brain size variation within the WT cohort in order to secure conservative
tests of significant differences. As such the study design is arguably susceptible to false acceptance of
the null predication but false rejection is less likely. Indeed, because the WT sample contained females,
which on average have smaller brains than males [49] (though see also figure 5), this study may have
underestimated the reduction of brain size in the exclusively male MSTN−/− cohort. The difference of
brain size was almost an order of magnitude above that reported for sexual dimorphism (approx. 2.5%)
and for different C57BL/6J populations [49,50]. That the MSTN−/− mice have smaller brains represents
a significant new finding. Further investigations are needed to confirm whether, as indicated by figure 2,
the observed size reduction is uniform or is concentrated in regions of the brain adjacent to structurally
important parts of the skull (e.g. [51]).
Although it is tempting to attribute the reduction of brain size to the enlargement of the masticatory
muscles, it is important to note that the evidence presented here does not conclusively prove a
direct, structural, link as conceived by, for example, Stedman et al. [16]. There are several alternative
explanations that warrant consideration—especially, if it were subsequently confirmed that regions of the
brain such as the petrosal lobule are also reduced in size and are, as might be imagined for a structure
embedded in the petrous temporal bone [52], less labile to the physical demands of the masticatory
musculature. Simple body size scaling is one such alternative interpretation. Among mammals, brain size
typically scales with negative allometry while the masticatory apparatus scales with positive allometry
or isometry [53,54]. Hence, larger species tend to have larger brains in absolute terms but these appear
smaller when expressed as a proportion of body size. For scaling to account for the absolute reduction
of brain size reported here, the MSTN−/− mice would need to be significantly smaller than the WT
cohort. Average MSTN−/− adult body mass is approximately 20% larger not smaller than equivalent
WT mice [22,35]. Body size scaling seems an unlikely explanation for the absolute reduction of brain
size reported here. It might also be imagined that there is an indirect trade-off in the energetic costs
of building and maintaining these tissues (see premise in [39]) and that the additional burden of the
enlarged musculature constrained the resources available to the developing brain. Typically, the brain
takes nutritional priority under such circumstances (e.g. [55,56]) and maintains a similar proportion of
total body mass. Interestingly, the rerouting of resources to support the nutritional demands of brain
growth may partly explain the lower body fat composition reported for MSTN−/− mice compared
with WT mice [57]. Anabolic agents formed by the MSTN−/− musculature might also influence the
availability and/or structure of lipids within nervous tissue, leading to reductions of brain size. Crosssectional area measurements of the lipid rich myelin sheath in the peripheral nervous system showed
an average increase of 50% for MSTN−/− mice compared with WT mice [39]. Whether myelin area is
also enlarged in the central nervous system remains to be determined, but if corroborated suggests that
the brain should be larger not smaller in MSTN−/− mice. It is also conceivable that myostatin is more
directly involved in brain growth. Studies have found the expression of myostatin in the mammalian
hippocampus, cerebral cortex and the olfactory bulbs [58,59]. Although its exact function in these tissues
remains unclear, Iwasaki et al. [59] have recently speculated that myostatin inhibits neurogenesis. Again,
if correct this would imply that brain size should be comparatively larger in the knock-out and not
smaller as reported here.
One final point to consider is the chronology of any proposed physical, nutritional or metabolic
constraint. It is often reported that the mammalian brain achieves much of its adult size long before
the musculature has had time to grow, limiting the window of opportunity for any putative constraint
to occur during ontogeny [21,60]. The masseter muscle, for example, does indeed lag behind in
control mice, reaching its adult size at around 50–60 postnatal days [22] compared with about 15–18
days for the brain [61,62]. Neonatal C57BL/6J brain volumes reported by Lee et al. [63] are 93 mm3 ,
which is approximately 20% of the WT adult values reported here and elsewhere [47,48]. This implies
that there is a period of accelerated brain growth (approx. 80% of the adult total) that coincides
with the rapid divergence between control and MSTN−/− masseter weights seen from 0 to 28 days
[22] as well as with the transition from placental sustenance to suckling and then to solid food at
around 17–22 postnatal days [64]. It is conceivable that the murine brain is particularly sensitive
to punctuated shifts of muscle size, activity and physiology during this accelerated phase of brain
development rather than the relative timings of size maturation. Further studies of early postnatal
and prenatal samples should help shed light on if and how the masticatory muscles might constrain
brain growth.

Downloaded from http://rsos.royalsocietypublishing.org/ on January 7, 2015

6. Conclusion

8

References
1. Biegert J. 1963 The evaluation of characters of the
skull, hands and feet for primate taxonomy. In
Classification and human evolution (ed. SL
Washburn), pp. 116–145. Chicago, IL:
Aldine.
2. Gould SJ. 1977 Ontogeny and phylogeny. London,
UK: Harvard University Press.
3. Moss ML. 1997 The functional matrix hypothesis
revisited. 4. The epigenetic antithesis and the
resolving synthesis. Am. J. Orthod. Dentofacial
Orthop. 112, 410–417. (doi:10.1016/S08895406(97)70049-0)
4. Bastir M, Rosas A, Stringer C, Cuétara JM,
Kruszynski R, Weber GW, Ross CF, Ravosa MJ.
2010 Effects of brain and facial size on
basicranial form in human and primate evolution.
J. Hum. Evol. 58, 424–431. (doi:10.1016/j.jhevol.2010.
03.001)
5. Marcucio RS, Young NM, Hu D, Hallgrimsson B. 2011
Mechanisms that underlie co-variation of the brain
and face. Genesis 49, 177–189.
(doi:10.1002/dvg.20710)
6. Jeffery N, Davies K, Kockenberger W, Williams S.
2007 Craniofacial growth in fetal Tarsius bancanus:
brains, eyes and nasal septa. J. Anat. 210, 703–722.
(doi:10.1111/j.1469-7580.2007.00725.x)
7. Lieberman DE, Ross CF, Ravosa MJ. 2000 The
primate cranial base: ontogeny, function, and
integration. Am. J. Phys. Anthropol. 2000, 117–169.
(doi:10.1002/1096-8644(2000)43:31+<117::
AID-AJPA5>3.3.CO;2-9)
8. Lieberman DE, Bramble DM, Raichlen DA, Shea JJ.
2009 Brains, brawn, and the evolution of human
endurance running capabilities. In The first humans:
origin and early evolution of the genus homo
(ed. FE Grine), pp. 77–92. Berlin, Germany:
Springer.
9. Ross C, Henneberg M. 1995 Basicranial flexion,
relative brain size, and facial kyphosis in Homo
sapiens and some fossil hominids. Am. J. Phys.
Anthropol. 98, 575–593. (doi:10.1002/
ajpa.1330980413)

10. Kay RF, Ross C, Williams BA. 1997
Anthropoid origins. Science 275,
797–804. (doi:10.1126/science.275.
5301.797)
11. Weijs WA, Hillen B. 1986 Correlations between
the cross-sectional area of the jaw muscles and
craniofacial size and shape. Am. J. Phys.
Anthropol. 70, 423–431. (doi:10.1002/ajpa.
1330700403)
12. Kiliaridis S, Engstr MC, Thilander B. 1985 The
relationship between masticatory function and
craniofacial morphology: I. A cephalometric
longitudinal analysis in the growing rat fed a soft
diet. Eur. J. Orthod. 7, 273–283.
(doi:10.1093/ejo/7.4.273)
13. Mavropoulos A, Kiliaridis S, Bresin A, Ammann P.
2004 Effect of different masticatory functional and
mechanical demands on the structural adaptation
of the mandibular alveolar bone in young growing
rats. Bone 35, 191–197.
(doi:10.1016/j.bone.2004.03.020)
14. Azaroual MF, Fikri M, Abouqal R, Benyahya H,
Zaoui F. 2014 Relationship between dimensions of
muscles of mastication (masseter and lateral
pterygoid) and skeletal dimensions: study of 40
cases. Int. Orthod. 12, 111–124. (doi:10.1016/
j.ortho.2013.09.001)
15. Tsai CY, Yang LY, Chen KT, Chiu WC. 2010 The
influence of masticatory hypofunction on
developing rat craniofacial structure. Int. J. Oral
Maxillofac. Surg. 39, 593–598.
(doi:10.1016/j.ijom.2010.02.011)
16. Stedman HH et al. 2004 Myosin gene mutation
correlates with anatomical changes in the human
lineage. Nature 428, 415–418.
(doi:10.1038/nature02358)
17. Hofer HO. 1969 On the evolution of the
craniocerebral topography in primates. Ann. NY
Acad. Sci. 162, 15–24.
(doi:10.1111/j.1749-6632.1969.tb56343.x)
18. Weidenreich F. 1941 The brain and its role in the
phylogenetic transformation of the human skull.

19.

20.
21.

22.

23.

24.

25.

26.

27.

Trans. Am. Philos. Soc. 31, 321–442.
(doi:10.2307/1005610)
Anthony R. 1903 Introduction à l’étude
expérimentale de la morphogénie. Bull. Mem. Soc.
Anthropol. Paris 4, 119–145.
(doi:10.3406/bmsap.1903.6493)
Trotter W. 1941 The collected papers of Wilfred Trotter.
London, UK: Oxford University Press.
McCollum MA, Sherwood CC, Vinyard CJ, Lovejoy CO,
Schachat F. 2006 Of muscle-bound crania and
human brain evolution: the story behind the MYH16
headlines. J. Hum. Evol. 50, 232–236.
(doi:10.1016/j.jhevol.2005.10.003)
Cray J et al. 2011 Masticatory hypermuscularity is
not related to reduced cranial volume in
myostatin-knockout mice. Anat. Rec. Adv. Integr.
Anat. Evol. Biol. 294, 1170–1177.
(doi:10.1002/ar.21412)
McPherron AC, Lawler AM, Lee SJ. 1997 Regulation
of skeletal muscle mass in mice by a new TGF-β
superfamily member. Nature 387, 83–90.
(doi:10.1038/387083a0)
Hallgrimsson B, Lieberman DE, Liu W,
Ford-Hutchinson AF, Jirik FR. 2007 Epigenetic
interactions and the structure of phenotypic
variation in the cranium. Evol. Dev. 9, 76–91.
(doi:10.1111/j.1525-142X.2006.00139.x)
Lieberman DE, Hallgrímsson B, Liu W, Parsons TE,
Jamniczky HA, Hallgrimsson B. 2008 Spatial
packing, cranial base angulation, and craniofacial
shape variation in the mammalian skull: testing a
new model using mice. J. Anat. 212, 720–735.
(doi:10.1111/j.1469-7580.2008.00900.x)
Thomas M, Langley B, Berry C, Sharma M, Kirk S,
Bass J, Kambadur R. 2000 Myostatin, a negative
regulator of muscle growth, functions by inhibiting
myoblast proliferation. J. Biol. Chem. 275,
40 235–40 243. (doi:10.1074/jbc.M004356200)
Lee SJ et al. 2005 Regulation of muscle growth by
multiple ligands signaling through activin type II
receptors. Proc. Natl Acad. Sci. USA 102,
18 117–18 122. (doi:10.1073/pnas.0505996102)

.................................................

Ethics statement. Animal experiments were approved by the University of Michigan Committee on the Use and Care of
Animals (approval number PRO00003566).
Data accessibility. Muscle and endocranial volume data are available in the electronic supplementary material section.
Acknowledgements. We thank Jennifer Crewe and Mary Blanchard for undertaking the painstaking volume
measurements. Thanks also to the Henry Moseley X-ray Imaging Facility (University of Manchester) for allowing
us to image specimens. C.M. provided the mouse material, participated in the analysis and interpretation of data and
helped draft the manuscript; N.J. conceived of the study, designed the study, coordinated the study and drafted the
manuscript. Both authors gave final approval for publication.
Funding statement. The authors did not receive any direct funding for the work reported here.
Competing interests. The authors have no competing interests.

rsos.royalsocietypublishing.org R. Soc. open sci. 1: 140187

The null prediction that myostatin mice have larger brains in order to service a larger number of muscle
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