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Abstract



The coordinated activity of bone cells (i.e., osteoblasts and osteoclasts) during ontogeny
underlies observed changes in bone growth rates (recorded in bone histology and bone
microstructure) and bone remodeling patterns explaining the ontogenetic variation in bone size
and shape. Histological cross-sections of the mandible in the C57BL/6] inbred mouse strain
were recently examined in order to analyze the bone microstructure, as well as the directions
and rates of bone growth according to the patterns of fluorescent labeling, with the aim of
description of the early postnatal histomorphogenesis of this skeletal structure. Here we use the
same approach to characterize the histomorphogenesis of the mandible in wild specimens of
Mus musculus domesticus, from the second to the eighth week of postnatal life, for the first time.
In addition, we assess the degree of similarity in this biological process between the wild
specimens examined and the C57BL/6] laboratory strain. Bone microstructure data show that
Mus musculus domesticus and the C57BL/6] strain differ in the temporospatial pattern of
histological maturation of the mandible, which particularly precludes the support of mandibular
organization into the alveolar region and the ascending ramus modules at the histological level
in Mus musculus domesticus. The patterns of fluorescent labeling reveal that the mandible of the
wild mice exhibits temporospatial differences in the remodeling pattern, as well as higher
growth rates particularly after weaning, compared to the laboratory mice. Since the two mouse
groups were reared under the same conditions, the dissimilarities found suggest the existence of
differences between the groups in the genetic regulation of bone remodeling, probably as a
result of their different genetic backgrounds. Despite the usual suitability of inbred mouse
strains as model organisms, inferences from them to natural populations regarding bone growth

should be made with caution.

Abbreviations: PW, postnatal week.
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1. Introduction

Bone remodeling refers to changes in size and shape of vertebrate skeletal elements during
postnatal ontogeny (Enlow and Hans, 1996). This mechanism involves the coordinated activity
of two types of bone cells: osteoblasts and osteoclasts (Enlow, 1963; Bloom and Fawcett, 1994;
Baron and Kneissel, 2013). Osteoblasts secrete and mineralize the organic bone matrix, mainly
composed of collagen fibers, and finally get trapped inside cavities within this matrix called
osteocytic lacunae, where they differentiate into osteocytes (Robling and Turner, 2009).
Osteoclasts demineralize and reabsorb the organic bone matrix, leaving concavities in the
resorption front of bones named Howship’s lacunae (Gilbert, 2000). The realization of the final
bone shape and size is determined by the genetic program of bone cells, either inherited
(phylogenetic signal) or species-specific (autapomorphies); however, it is also influenced by
epigenetic factors: mechanical loads exerted by muscles, as well as metabolic and hormonal
factors (Atchley and Hall, 1991; Enlow and Hans, 1996; Cubo et al., 2005; Robling et al.,, 2006;
Baron and Kneissel, 2013; Burr and Allen, 2013).

Bone growth by deposition of periosteal tissue slows down over postnatal ontogeny
(Amprino, 1947). This is concomitant with a gradual transformation of the histological bone
microstructure: fast bone deposition results in woven bone tissue, while parallel-fibered bone
tissue and especially lamellar bone tissue result from slower bone deposition (Amprino, 1947;
de Ricqles, 1975; de Buffrénil and Pascal, 1984; Castanet et al., 2000; Currey, 2002; de Margerie
et al,, 2002). In addition to the analysis of bone microstructure, the labeling of bones with
fluorochrome markers has long been applied to the histological study of the dynamics of bone
growth in vertebrates (Harris, 1960; Frost, 1969; Rahn and Perren, 1971; Meunier, 1972, 1974;
Pautke et al, 2005; van Gaalen et al, 2010). Shortly after their supply in vivo, these vital
fluorescent dyes are naturally fixed to the active mineralization front of the growing bone tissue.
As a result, fluorescent labels appear as lines in histological cross-sections under ultraviolet
light, and these lines actually correspond to the outline of the bone tissue mineralizing front at

the time of the fluorochrome fixation (Pautke et al.,, 2005; van Gaalen et al., 2010). This



methodology allows for calculation of periosteal bone deposition rates, and can inform about the
lack of net bone growth resulting from bone resting or osteoclastic bone resorption (van Gaalen
et al., 2010). The examination of bone microstructure, but also of the directions and rates of
periosteal bone deposition from histological cross-sections, has enabled the study of the
postnatal histomorphogenesis and growth of several skeletal elements in different vertebrate
species, like the long bones in humans and the mandible in mice (Bang and Enlow, 1967; de
Buffrénil and Pascal, 1984; de Margerie et al,, 2002; Martinez-Maza et al, 2012; Gosman et al,,
2013; Cambra-Moo et al,, 2015).

The mandible of the house mouse (Mus musculus) is a bony structure that originates from the
assemblage of several neural-crest-derived morphogenetic units, and represents a key model
system for research on the development, morphology, function, and evolution of complex
morphological structures (Atchley and Hall, 1991; Hall, 2003; Klingenberg et al., 2004; Renaud
et al, 2010; Mufoz-Mufioz et al, 2011; Klingenberg and Navarro, 2012). The early postnatal
histomorphogenesis of the mouse mandible was recently characterized in the classical inbred
mouse strain C57BL/6] (Martinez-Maza et al, 2012). The inbred laboratory mouse strains are
indisputably very valuable and widely-used models in biological research; not only because mice
have a shorter genetic distance with respect to humans than other model organisms, but also
because these strains provide a wide range of different genotypes and phenotypes (Beck et al,,
2000; Wade et al,, 2002; Wade and Daly, 2005). However, the genomes of most classical inbred
mouse strains, including C57BL/6], consist of a mixture of segments from three house mouse
subspecies found in nature and thus do not represent any of these subspecies, although Mus
musculus domesticus is pointed out as having had a major role in the origin of these genetic
mosaics (Bishop et al., 1985; Bonhomme et al., 1987; Boursot et al., 1993; Silver, 1995; Beck,
2000; Wade et al., 2002; Wade and Daly, 2005; Frazer et al., 2007; Yang et al., 2007, 2011; Didion
and Pardo-Manuel de Villena, 2013).

To date, it has not been assessed whether or, if so, how the postnatal histomorphogenesis of

the mandible differs between the C57BL/6] strain and M. musculus domesticus. The aim of the



present study is to explore to what extent this biological process is similar between these two
genetically different but closely related groups of mice. To this end, we first examine the
histological characterization and growth dynamics of the mandible in an ontogenetic series from
the 2nd to the 8th week of postnatal life of wild-derived specimens of M. musculus domesticus.
Then, we compare our results with those obtained by Martinez-Maza et al. (2012) from the

C57BL/6] mouse strain, since the two samples were reared under the same conditions.

2. Materials and methods

2.1. Sample

Ten pregnant wild females of the western European house mouse (Mus musculus domesticus
Schwarz and Schwarz, 1943) were -captured live with Sherman traps between 2009 and 2014 in
Castellar del Valles, Castellfollit del Boix, Nulles, and Santa Perpetua de Mogoda (Northeastern
Iberian Peninsula). In these localities, only populations of M. musculus domesticus with the
standard karyotype (2n=40) have been recorded (Medarde et al, 2012). Animal collection
permits were granted from the Departament d’Agricultura, Ramaderia, Pesca, Alimentaci6 i Medi
Natural of the Generalitat de Catalunya (Government of Catalonia; Catalonia, Spain). Each
pregnant female was housed separately in a standard cage with environmental enrichment, and
placed in an animal room under controlled conditions at Universitat Autonoma de Barcelona
(Barcelona, Spain). Litters were born after a few days, and the day of birth of each one was
noted. Animals were monitored daily, and supplied with water as well as food ad libitum.

To ensure their survival right after birth, the newborns were housed together with their
biological mothers and were not manipulated during their first week of postnatal life. The
sample used in this study consisted of 36 mouse pups that survived this critical period, and
remained alive until euthanasia. The value of this sample is worth noting, since several critical
points conditioned its acquisition. First, the live-trapping of evidently pregnant wild females;

then, their accommodation to the laboratory conditions despite their high susceptibility to



stress; finally, the birth and survival of their pups during the entire process. After all, a sample
size equivalent to that used by Martinez-Maza et al. (2012) was obtained.

In order to match the growth conditions between our mice and those analyzed by Martinez-
Maza et al. (2012), each litter of wild mice was housed together with a foster mother of the
C57BL/6] strain and her own pups from the 7t postnatal day. In each case, own and adoptive
offspring of each wet-nurse female were about the same age. When the final litter sizes exceeded
the average in normal conditions (6-8 pups), some of the biological pups were removed. The
biological litters were not included in this study. In addition to being a standardizing measure,
this fostering strategy was followed due to the better suitability of female mice from laboratory
strains to breed in captivity; wild animals are more sensitive to stress in captive conditions and,
therefore, stress affects more severely their breeding performance (Wallace, 1976). Water and
the same diet supplied by Martinez-Maza et al. (2012) to their sample, consisting of standard
rodent pellets, were supplied ad libitum in all cages. Thus, the two mouse groups under
comparison were fed the same diet before and after weaning, a developmental milestone
typically occurs around the 21st postnatal day that in the house mouse.

Mouse pups were allowed to grow until they were two to eight weeks old. Sample sizes were
balanced according to weeks approximately as in Martinez-Maza et al. (2012): 2 weeks, n=6; 3
weeks, n=7; 4 weeks, n=7; 5 weeks, n=6; 6 weeks, n=4; 7 weeks, n=3; 8 weeks, n=3. Specimens
were euthanized by cervical dislocation. Due to the existence of populations of M. musculus
domesticus with Robertsonian translocations in Northeastern Iberian Peninsula (Medarde et al,,
2012), all mice were karyotyped in order to avoid the potential inclusion of animals with this
chromosomal rearrangement in our study. Karyotypes were obtained from marrow cells of the
femurs and dyed with Wright stain (Ford, 1966; Mandahl, 1992). Chromosomes were identified
under a light microscope (Nikon Eclipse 50i) according to the Committee on Standardized
Genetic Nomenclature for Mice (1972). As expected, all specimens had the standard karyotype,
and will be named “wild mice” hereafter. We will refer to the specimens of the C57BL/6] strain

analyzed by Martinez-Maza et al. (2012) as “lab mice”.



2.2. Histological analyses of bone microstructure and growth dynamics

The characterization of the postnatal histomorphogenesis of the mandible in wild mice was
approached through the analysis of its internal microstructure and growth dynamics (i.e.,
directions and rates of bone growth) from histological cross-sections, in accordance with
Martinez-Maza et al. (2012). In order to examine and quantify the dynamics of bone growth,
intraperitoneal injections of the fluorochrome Xylenol Orange (80 mg kg1 of body weight, pH=7)
were supplied in vivo to all specimens. As indicated by Rahn and Perren (1971), this fluorescent
dye reacts in the same way the fluorochrome dicarboxymethyl aminomethyl fluorescein (DCAF),
used by Martinez-Maza et al. (2012), does. Therefore, both dyes can be used indistinctly without
having any consequence on the results; the only difference is that Xylenol Orange labels the bone
in orange instead of green. Because of the relatively high mortality rate among mice of the
C57BL/6] strain when a fluorescent dye was supplied right after birth (own data), all mice in the
present study received the first injection of Xylenol Orange at the end of the 1st PW (i.e.,, 7t
postnatal day). Injections were then administered weekly to each specimen, and ceased exactly
one week before euthanasia (e.g, the 4-week-old specimens received three injections,
specifically at the end of the 1st, 2nd, and 3rd¢ PW, and were sacrificed one week after the last
injection).

Mandibles were dissected; the left and right dentary bones were then separated at the
mandibular symphysis and carefully cleaned by hand. The 36 right dentary bones were
dehydrated in graded ethanol, defatted in trichloroethylene and acetone, dried at 38-40°C in a
stove, and embedded in a polyester resin. Using a diamond-tipped circular saw, histological
cross-sections of 100pm (* 10pum) thickness were obtained from four mandibular regions,
following Martinez-Maza et al. (2012): diastema, first molar, second molar, and ascending ramus
at the level of the condylar and angular processes (Fig. 1). After being ground and polished, each

thin section was mounted on a slide. All the histological cross-sections were observed with an



inverted fluorescent microscope (Zeiss Axiovert 35), and photographed under natural light as
well as ultraviolet light with a digital camera coupled to the microscope.

The pictures taken under natural light were examined to identify and map the spatial
distribution of woven and parallel-fibered bone tissue in the different subregions of periosteal
bone defined in each mandibular cross-section (Fig. 1). Woven bone tissue is characterized by
collagen fibers with a low ordered spatial arrangement, and randomly distributed rounded
osteocytic lacunae (Fig. 2). Parallel-fibered bone tissue shows a parallel arrangement of collagen
fibers, and flattened osteocytic lacunae in an ordered disposition (Fig. 2). The distribution of
these two types of bone tissue, observed in more than half of the specimens of the same age, was
noted, which allowed us to establish a general histological pattern for each mandibular region in
each PW.

The pictures taken under ultraviolet light were examined to determine the directions and
rates of periosteal growth of the four mandibular regions throughout ontogeny, using a Xylenol
Orange labeling. The presence in the periosteum of the fluorescent label corresponding to the
last injection of fluorochrome, together with new non-labeled bone tissue added in its periphery,
was associated with bone deposition during the last week of life (Fig. 3). The absence of the
fluorescent label corresponding to the last injection could be associated either with bone
resorption resulting from osteoclastic activity in the periosteal or endosteal bone surface (Fig. 3)
(Enlow and Hans, 1996), or with resting bone (i.e., cessation of growth), during the last week of
life. Because the local loss of fluorescent label from the endosteal bone surface was linked to
periosteal bone deposition in the immediately surrounding areas, it was considered to result
from osteoclastic activity instead of a resting bone surface. In order to identify the phenomenon
responsible for the absence of fluorescent label from the periosteal bone surfaces, a histological
analysis of the mandibular surfaces was conducted, bearing in mind that Howship’s lacunae are
a direct indicator of osteoclastic activity (Martinez-Maza et al., 2010). Following this method, we
also supplemented the information regarding the processes underlying the absence of

fluorescent labeling in lab mice (see Martinez-Maza et al., 2012) by using another ontogenetic



series of the C57BL/6] strain. Several subregions, according to sets of observation points, were
established in the four mandibular regions to simplify the examinations of the labeling (Figs. 4-
7). The patterns of presence and absence of fluorochrome detected in more than half of the
specimens of the same age were noted, so that a general labeling pattern was established for
each mandibular region in each PW.

When periosteal bone deposition occurred during the last week of life, periosteal growth
rates were calculated. To this end, the distance between the most peripheral fluorescent label in
the histological cross-sections, corresponding to the last injection of fluorochrome, and the
periosteal bone surface was measured with the image processing package Fiji, a distribution of
Image] (Schindelin et al., 2012). Measurements were taken at different points, which covered the
whole outline of the histological cross-sections, following Martinez-Maza et al. (2012) (Figs. 4-
7). An effort was made to assess and reduce measurement error, because it affects linear
measurements and could lead to biased growth rates (Bailey and Byrnes, 1990). Following
Rasmussen et al. (2001), inter-observer error was minimized by standardizing the
measurements, and training the person who obtained them from the sample of wild mice (JMV)
under the strict supervision of the person who performed them in the sample of lab mice (CMM).
In order to evaluate intra-observer error, three replicates of all measurements were performed
by the same person (JMV) in a subsample of ten individuals. A model II one-way ANOVA, with
measurements as the dependent variables and ‘individual’ as the factor, was performed to test
whether variation among individuals was higher than among replicates (Arnqvist and
Martensson, 1998). Statistical significance was corrected with the sequential Bonferroni
correction (Holm, 1979; Rice, 1989). Because variation among individuals significantly exceeded
variation among replicates (P<0.01 in all measurements), intra-observer measurement error
was considered negligible and measurements were obtained once from all individuals by the
same person (JMV). Daily rates of periosteal bone growth (um day-1) corresponding to the last
week of life were obtained dividing the distances by 7 (i.e., the number of days elapsed between

the last fluorochrome injection and euthanasia). Adjacent measurement points showing similar



growth rates along ontogeny were grouped, which led to the delimitation of different subregions
in each mandibular region as in Martinez-Maza et al. (2012) (Figs. 4-7). The mean periosteal
growth rate of each mandibular subregion was calculated for each specimen, by averaging the
growth rates corresponding to the measurement points comprised, even if bone deposition was
not the only or main activity detected. The mean growth rates of each subregion were then
further averaged among the specimens of the same age, and the standard deviations for the
mean values were obtained.

Mean bone growth rates of all mandibular subregions were compared between wild and lab
mice of the same age. The values corresponding to the sample of lab mice studied by Martinez
Maza et al. (2012) were recalculated from raw data available. Given that the Shapiro-Wilk W test
revealed that data generally deviated significantly from a normal distribution (P<0.05), the non-
parametric Mann-Whitney U test was used for the comparisons. Statistical significance was

subjected to sequential Bonferroni correction (Holm, 1979; Rice, 1989).

3. Results

3.1. Mandibular microstructure

Wild mice exhibited woven bone tissue alone in the dorsal and ventral parts of the diastema,
in the lingual side of the two molar regions, as well as in the labial side of the condylar process,
during the whole study period. This histological pattern was also found in the labial and ventral
sides of the two molar regions, as well as in the lingual side of the condylar process, between the
2nd and 5t PW, and in the ventral ascending ramus from the 2nd to the 4th PW (Table 1). Parallel-
fibered and woven bone tissues were found together from the 2nd PW in the lingual side of the
diastema, and from the 5t PW onwards in the labial side of the diastema and the ventral
ascending ramus. From the 6t PW, both tissue types were also detected in the labial and ventral
sides of the first molar region, as well as in the lingual side of the condylar process (Table 1). The

histological results corresponding to lab mice can be found in Table 1 within Martinez-Maza et
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al. (2012). The differences detected between the two mouse groups under comparison are

summarized in the following subsections.

3.1.1. Diastema region

Although the two groups generally showed both types of bone tissue in the labial side over
ontogeny, the presence of woven or parallel-fibered bone alone had a different timing in each
group. In the lingual side, wild mice exhibited woven bone in its dorsal half and parallel-fibered
bone in its ventral half most of the time, while lab mice displayed parallel-fibered bone alone

especially from the 6t PW onwards.

3.1.2. First molar region

Wild mice exhibited a central area of parallel-fibered bone surrounded by woven bone, in the
labial and ventral sides, from the 6th PW onwards. From the 3rd PW, lab mice displayed parallel-
fibered and woven bone respectively in the dorsal and ventral halves of the labial side, and only
parallel-fibered bone in the lingual side. Woven bone was found in the ventral area of lab mice

most of the time.

3.1.3. Second molar region

In wild mice from the 7t and 8t PW, the labial side displayed a central area of parallel-
fibered bone surrounded by woven bone. In lab mice, the labial side exhibited parallel-fibered
and woven bone respectively in the dorsal and ventral halves from the 4t PW. Only lab mice

exhibited parallel-fibered bone in the lingual side from the 4t PW.

3.1.4. Ascending ramus region

Wild mice from the 5t PW onwards showed woven bone surrounding a central area of

parallel-fibered bone in the ventral ascending ramus, while lab mice started displaying both
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types of bone tissue in this region from the 6t PW. The condylar tip began to exhibit the two

types of bone tissue in the 6th PW in wild mice, but in the 8t» PW in lab mice.

3.2. Mandibular growth dynamics

Endosteal bone resorption in wild mice was detected during the initial weeks in the diastema
and the two molar regions. Instead, periosteal bone resorption was more evident towards the
end of the study period, particularly in the molars alveoli and the ventral half of the ascending
ramus (Table 2, and Figs. 4-7 for the visualization of the mandibular subregions). The mean
rates of periosteal bone growth in all mandibular regions of wild mice were relatively higher at
the beginning of the study period than towards its end (Table 3, Figs. 4-7). The original results
corresponding to lab mice can be found in Figs. 4-5 and within the text in Martinez-Maza et al.
(2012), but are also represented here in the same format as those of wild mice (Tables 3 and 4,
Figs. 4-7). A summarized comparison between the two groups is provided in the subsections

below.

3.2.1. Diastema region

Endosteal bone resorption in wild mice was observed in the ventral half of the labial side and
the ventral area (points 6-8 and 9-11) from the 2nd to the 4t PW, but just until the 3rd PW in the
ventro-lingual area (points 9-14) of lab mice (Tables 2 and 4). Absence of fluorescent labeling
was detected in the dorsal area (points 1-3) and dorsal half of the lingual side (points 15-18) of
wild mice between the 6t and 8th PW, but only in the latter region in lab mice from the 4t PW
onwards (Tables 2 and 4). Resting bone surface seemed to be responsible for this pattern, as no
Howship’s lacunae were detected.

Diastema growth accelerated more evidently in wild mice in the 3rd PW, while it suddenly
slowed in the 4t PW and gradually decelerated afterwards in both groups. The ventro-labial
area (points 6-11) grew at a comparatively greater speed in both groups, particularly during the

initial weeks (Fig. 4, Table 3). Wild mice exhibited significantly (P<0.05) higher mean growth
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rates in the lingual side (points 12-18) during most of the study period, and in the ventro-labial

area in the 8th PW (Fig. 4, Table 3).

3.2.2. First molar region

Endosteal bone resorption was detected in the whole ventral half (points 6-14) of wild mice
just during the 2nd PW, but in the ventro-lingual area (points 9-14) of lab mice until the 3rd PW
(Tables 2 and 4). Periosteal bone resorption was identified in the dorsal half of the lingual side
(points 15-17) from the 5t and 6th PW onwards in wild and lab mice, respectively. Absence of
fluorescent labeling in this region was also observed in wild mice between the 2nd and 4th PW,
likely due to resting bone, as well as in lab mice from the 3rd to the 5t PW, although in this case
the cause could not be ascertained (Tables 2 and 4).

Growth of the first molar region slowed down gradually over ontogeny in both groups,
although some subregions occasionally showed slight growth accelerations, like the ventral and
lingual sides (points 9-11 and 12-17) of wild mice in the 3rd PW. Bone growth rates of the
ventro-labial area (points 6-8 and 9-11) were comparatively higher over ontogeny in both
groups (Fig. 5, Table 3). The mean growth rates of the lingual side (points 12-17) were usually

significantly greater among wild mice (P<0.05; Fig. 5, Table 3).

3.2.3. Second molar region

Endosteal bone resorption in wild mice was detected above the mandibular crest of the labial
side (points 4-5) and in the ventral area (points 8-10) just during the 2rd PW, while in lab mice it
was observed in the ventro-lingual area (points 8-12) until the 3rd PW (Tables 2 and 4).
Periosteal bone resorption was observed in the dorsal half of the lingual side (points 13-14) in
wild and lab mice, from the 5% and 6t PW onwards respectively. This remodeling activity was
also identified in the dorsal half of the labial side (points 1-3) of wild mice during the whole

study period (Tables 2 and 4).
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An increase in the growth rate of the whole second molar region in wild mice, but of its
ventral area (points 6-10) in lab mice, was detected in the 3rd PW. Growth deceleration in the 4t
PW was steeper in wild mice, and a gradual growth slowdown was observed in both groups
thereafter. The ventral area grew comparatively faster over ontogeny in both groups (Fig. 6,
Table 3). The mean growth rates of the labial and lingual sides (points 1-5 and 11-14) were often
significantly higher in wild mice (P<0.05). The ventral area grew significantly faster in lab mice

in the 5t PW, but in wild mice, in the 7t PW (P<0.05; Fig. 6, Table 3).

3.2.4. Ascending ramus region

Absence of fluorescent label from the periosteal bone surface, of unknown cause, was
detected in the labial side of the condylar tip (points 1-3) in both groups from the 4t PW
onwards, and in its lingual side (points 17-20) only in wild mice from the 5t: PW (Tables 2 and
4). The lingual side of the ventral half of the ramus (points 12-16) displayed periosteal bone
resorption from the 6t PW onwards in wild mice, but from the 4t PW in lab mice. In the 6th and
8th PW, only wild mice exhibited periosteal bone resorption in the labial side of the ventral half
of the ramus (points 6-9) (Tables 2 and 4).

The analysis of the bone growth rates was constrained by the limited fluorescent labeling.
Bone deposition rates generally increased in the 3¢ PW, and a sudden growth slowdown in the
4t PW was followed by a gradual growth deceleration, in both mouse groups (Fig. 7, Table 3).
Apart from the lingual side of the condylar tip (points 17-20), all subregions grew significantly

faster (P<0.05) among wild mice in several weeks (Fig. 7, Table 3).

4. Discussion

4.1. Bone remodeling and dynamics of mandibular growth

The patterns of fluorescent labeling revealed that the wild and lab mice under comparison
exhibited endosteal bone resorption, together with relatively fast periosteal bone deposition, in

the ventral half of the diastema and of both molar regions at the beginning of the study period.
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The combination of these two remodeling activities indicated a prominent downward growth of
the anterior mandibular region in both groups. Different gene regulatory networks have been
suggested to underlie mandibular growth and dental development. Nonetheless, these two
processes must be synchronized in order to guarantee the functional viability of the mandible
and teeth (Fraser et al,, 2009; Paradis et al,, 2013). The eruption of the effective adult mouse
dentition (i.e., incisors and the first two pairs of molars) is complete around the 21st postnatal
day (Swiderski and Zelditch, 2013). Furthermore, tooth roots are generated later than crowns,
and roots formation chronologically coincides with dental eruption (Jheon et al, 2013).
Therefore, the increase in height, by ventral bone drift, of the diastema as well as the first and
second molar regions would be expected to last until the end of the 3r¢ PW in the house mouse.
Indeed, the lab mice analyzed by Martinez-Maza et al. (2012) displayed ventral cortical drift in
the anterior region of the mandible up to the end of the 3rd PW. Thus, in that case the above
mentioned spatio-temporal synchronization between dental development and mandibular
remodeling is supported, as also observed in other works with inbred mouse strains (Lungova et
al,, 2011; Swiderski and Zelditch, 2013). Instead, the wild mice analyzed in the present study did
not show evident ventral drift of the molar region beyond the 2nd PW, although their diastema
underwent notable ventral growth until the 4t PW. These between-group differences in the
timing of remodeling of the distal part of the mandible suggest between-group differences in the
timing of tooth development. Particularly, our results indicate that molar development might be
more accelerated in wild mice, compared to lab mice. When qualitatively analyzing the pattern
of dental eruption in the sample of wild mice used in the present study and in a different
ontogenetic series of the C57BL/6] strain from the 2nd to the 8t PW, eruption of the molars and
incisors appeared to be slightly faster among wild mice. In particular, a relatively greater portion
of the molars and incisors crowns had emerged through the alveolar bone in wild mice both in
the 2nd and 3rd PW. Nevertheless, tooth eruption appeared to be complete in both mouse groups
by the 4t PW (own data available under request). Therefore, these patterns of dental

development seem to be congruent with the remodeling patterns of the molar region detected
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and compared in this study. However, the different timing of eruption of the incisors does not
seem to explain the between-group differences in the remodeling of the diastema region. In that
case, and bearing in mind that mouse incisors show horizontal position and continuous growth
throughout life, it might be that the incisors were relatively thicker in wild mice. If so, the ventral
cortical drift of the diastema should indeed last longer in wild mice for the mandible to host the
incisor roots. However, some other reasons may also explain the differences in the remodeling
pattern of the diastema observed between the two groups, which would require further
investigation.

Deposition and resorption activities in bone surface respectively face and oppose the
direction of bone growth (Enlow and Hans, 1996). Also, even slight changes in bone deposition
rates can result in notable differences in the final size and shape of bones (Robling et al., 2003).
Therefore, the uneven distribution of the two remodeling activities, together with the
differences in the speed of growth, detected in the different regions of the mouse mandible over
ontogeny are very likely to contribute to the ontogenetic morphological variation of this bony
structure (Robinson and Sarnat, 1955; Bang and Enlow, 1967). The wild and lab mice under
comparison differed in the specific timing and spatial distribution of both periosteal and
endosteal bone resorption activities in each mandibular region. Furthermore, periosteal bone
deposition particularly in the labial and lingual surfaces of the mandible tended to be
significantly faster in wild mice from the 3rd¢ PW onwards, which suggests a greater widening
and, thus, robustness of the dentary bone in M. musculus domesticus after weaning. Therefore,
these between-group dissimilarities in mandibular remodeling, resulting in evident between-
group differences in the directions and magnitude of mandibular growth, would likely account to
some extent for between-group variation in mandibular morphology. Accordingly, the recent
detection of variation in mandibular growth and form between M. musculus domesticus and the
C57BL/6] strain during early postnatal ontogeny, through bone surface and geometric
morphometric analyses, indeed pointed to differences in the remodeling process, probably of

genetic nature, as a possible causing factor (Martinez-Vargas et al.,, 2017).
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The presence of periosteal resorption in the molar region was restricted to the molar alveoli
in both groups of mice. However, while the spatial pattern of this remodeling activity would
result in the lateral displacement of molar alveoli in lab mice, it would result in the narrowing of
this mandibular region in wild mice. Given that molar eruption was complete by the time these
resorption patterns were noticed, the displacement, but especially the narrowing of the molar
alveoli, could be aimed at fitting the mandible to the lesser width of the molar roots, compared
to the molar crowns. This notion seems to be supported by the fact that the above mentioned
remodeling pattern was detected earlier in the molar region of wild mice, bearing in mind that,
as stated, molar development appeared to be faster in wild mice than in lab mice.

Periosteal bone resorption in the ascending ramus appeared to be restricted to its ventral
half in both mouse groups, since the cause behind the absence of fluorescent labeling in the
condylar tip could not be ascertained. Nevertheless, different growth directions of this
mandibular region could be deduced in each group. In wild mice, the condylar tip stopped
growing on its labial side in the 4t» PW, and stopped widening from the 5% PW onwards, while
the ventral part of the ramus narrowed from the 6t PW. Instead, lab mice displayed medial
growth at the condylar tip and lateral growth of the ventral part of the ramus since the 4t PW,
which implied a vertical arrangement of this mandibular region (Martinez-Maza et al,, 2012).
Despite these between-group differences in the remodeling pattern of the ascending ramus, both
wild and lab mice lacked fluorescent labeling in this mandibular region from the 4t PW
onwards, that is to say, after weaning. Given that weaning implies a shift towards a solid diet, it
also means the onset of active gnawing and chewing. As a result, the fiber properties of the
masticatory muscles change, and the mechanical load on the mandible, but especially on the
ascending ramus, increases (Shida et al,, 2005; Suzuki et al,, 2007). The deformation of the bone
matrix caused by the local tissue strains is detected by mechanosensors, which foster bone
deposition or resorption depending on whether the muscular loading respectively exceeds a
certain threshold or not (Robling et al., 2006; Robling and Turner, 2009; Enomoto et al., 2010;

Baron and Kneissel, 2013; Burr and Allen, 2013). Accordingly, the notable change in the
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remodeling pattern of the ascending ramus in both mouse groups after the 4t PW could be the
reflection of the response of this mandibular region to the new post-weaning mechanical loads.
Although muscular loading might be expected to increase after weaning, the presence of bone
resorption activity may be reflecting the fact that probably not all masticatory muscles promote

post-weaning bone deposition in this mandibular region (Herring, 2011).

4.2. Relationship between bone growth and bone microstructure

The comprehensive interpretation of both the examinations of bone tissue types and the
quantifications of periosteal bone growth in the mandible of M. musculus domesticus indicates
that our results support Amprino’s rule (1947), as happened with the lab mice analyzed by
Martinez-Maza et al. (2012). The temporal succession from woven to parallel-fibered bone
tissue was observed, since the proportion of woven bone tissue was greater during the first few
weeks and parallel-fibered bone tissue was more extensive by the end of the study period.
Furthermore, the relationship between bone growth rate and bone tissue type established in
Amprino’s rule (1947) was detected, since the highest growth rates were observed during the
initial weeks of postnatal growth. Likewise, growth rates over ontogeny were relatively higher in
the mandibular areas that retained woven bone tissue. The observation of the ranges of growth
rates associated with each histological pattern revealed that the upper threshold was higher
when only woven bone tissue was deposited, compared to when parallel-fibered bone tissue
was also present. However, the lower threshold happened to be quite the same regardless of the
histological characterization. Therefore, the ranges of growth rates ascribed to each histological
pattern were wide and overlapped between them, in agreement with previous observations
(Castanet et al., 2000; de Margerie et al., 2002, 2004; Starck and Chinsamy, 2002). Consequently,
the present work supports that histological characterization of bones might not always be an
unequivocal predictor of bone deposition rates, and that therefore Amprino’s rule should be
carefully considered, as also suggested by prior studies (Castanet et al., 2000; de Margerie et al,,

2002, 2004; Starck and Chinsamy, 2002). Nevertheless, the fact that M. musculus domesticus and
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the C57BL/6] mouse strain showed similar ranges of growth rates associated with each
histological pattern suggests that the relationship between bone microstructure and the speed

of bone deposition is quite conserved between these two mouse groups.

4.3. Temporospatial pattern of histological maturation

The fact that the histological transformation from woven to parallel-fibered bone tissue over
ontogeny is correlated with a certain slowdown in bone growth makes this histological change
to be regarded as a reflection of bone maturation (de Ricqlés, 1975; Currey, 2002). The shift
from woven to parallel-fibered bone in the C57BL/6] mouse strain took place first in the
diastema and the two molar regions, and later in the ascending ramus region. This
temporospatial difference in the histological characterization of the mandible suggested a
distinct developmental pattern between its anterior and posterior regions (Martinez-Maza et al,,
2012). As a result, this finding was interpreted as supporting the modular organization of the
mouse mandible into the alveolar region (bearing the teeth) and the ascending ramus (serving
as the main attachment region for masticatory muscles) from a histological point of view
(Martinez-Maza et al, 2012), in accordance with previous studies with developmental or
covariational focuses (Atchley and Hall, 1991; Klingenberg et al, 2003; Mufioz-Mufioz et al,,
2011; Burgio et al,, 2012). Unlike in the laboratory mouse strain, in M. musculus domesticus the
histological patterns of bone maturation of the diastema and the two molar regions were found
to be asynchronic, whereas synchrony was detected between both molar regions and the
ascending ramus region. Therefore, under the same rationale of results interpretation for the
C57BL/6] strain, the timing of histological maturation of the different regions of the mandible in
M. musculus domesticus during early postnatal ontogeny would not support the abovementioned
modular organization at the histological level. However, in both mouse groups the sampling of
mandibular sections was relatively limited. Particularly, the histological sampling of the
ascending ramus region was sparse compared to that of the distal part of the mandible.

Therefore, this fact precludes an accurate assessment of synchrony in the patterns of histological
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maturation among the different subregions of the ascending ramus region, and across the entire
mandible. Consequently, this limitation restricts the distinction among different hypotheses of
modularity, and therefore cautions against making strong statements about the existence or
inexistence of any kind of histological modularity in the mouse mandible. The assessment of
which hypothesis of modularity, if any, might be validated in each mouse group at the
histological level would likely require a more thorough sampling of mandibular sections in
future studies. Nevertheless, the results of the present work reveal that, following the protocol
established by Martinez-Maza et al. (2012), the temporospatial pattern of histological
maturation of the mandible actually differs between the C57BL/6] strain and M. musculus
domesticus. Despite this discrepancy, the temporal pattern of change from immature (woven) to
more mature (parallel-fibered) bone tissue seemed to follow an anteroposterior gradient in both
mouse groups, which suggests that the polarity of mandibular maturation might be also
conserved between M. musculus domesticus and the C57BL/6] strain. Again, though, a more

exhaustive sampling of mandibular sections would be needed in order to validate this notion.

5. Conclusions

The present study provides evidence that the histomorphogenesis of the mandible during
early postnatal life differs to some extent between natural populations of M. musculus domesticus
and the C57BL/6] inbred laboratory strain. Particularly, these two mouse groups differ in the
directions, timing, and rates of growth, as well as in the spatiotemporal pattern of distribution of
bone tissue types, characterizing early postnatal mandibular development. However, the link
between bone microstructure and the speed of bone deposition, together with the
anteroposterior gradient of histological maturation of the mandible, appear to be common
features to both mouse groups. Bearing in mind the equivalent growth conditions of the wild and
laboratory mice under comparison, the dissimilarities detected between their patterns of
mandibular histomorphogenesis likely result from the inherent genetic differentiation between

the two groups. Their distinct genomic constitutions might have resulted in variation in the
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genetic regulation of mandibular remodeling and dental development, as well as probably in
differences in bone sensitivity to perceive mechanical stimuli and in bone ability to transform
these stimuli into responses from bone cells (see Judex et al,, 2002; Robling and Turner, 2002,
2009). The differences here reported caution against the over-extrapolation of results from
laboratory animals to natural populations, particularly regarding the patterns of postnatal bone

growth.
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Figure captions

Fig. 1. Localization seen from the lingual side (top) and appearance under natural light (bottom)
of the histological cross-sections of the Mus musculus domesticus mandible: (A) diastema
region; (B) first molar region; (C) second molar region; (D) ascending ramus region at the

level of the condylar and angular processes. Upper scale bar: 5mm; lower scale bar: 1mm.
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D MANUSCRIPT

Fig. 2. Bone tissue types identified in the histological cross-sections of the mandible of Mus
musculus domesticus: (A) woven bone tissue; (B) parallel-fibered bone tissue. Scale bars:

100pm.
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Fig. 3. Patterns of fluorescent labeling resulting from bone deposition and resorption activities.
The presence of fluorescent label in the periosteal region and accretion of bone tissue in its
periphery evidences periosteal bone deposition. The absence of fluorescent label due to bone
resorption can occur from the endosteal (left) and periosteal (right) bone surfaces. Scale bar:

1mm.
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Fig. 4. Histological cross-section of the diastema region under ultraviolet light with the
measurement points (left), and periosteal bone growth rates (mean * standard deviation, in
um day-1) of its different subregions in each postnatal week (right): (A) dorsal region and
dorsal half of the labial side (points 1-5); (B) ventral half of the labial side and ventral region
(points 6-11); (C) lingual side (points 12-18). BGR = bone growth rate. Scale bar: 1mm.

Numerical values are displayed in Table 3.
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Fig. 5. Histological cross-section of the first molar region under ultraviolet light with the
measurement points (left), and periosteal bone growth rates (mean * standard deviation, in
pum day-1) of its different subregions in each postnatal week (right): (A) dorsal half of the
labial side (points 1-5); (B) ventral half of the labial side (points 6-8); (C) ventral region
(points 9-11); (D) lingual side (points 12-17). BGR = bone growth rate. Scale bar: 1mm.

Numerical values are displayed in Table 3.
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Fig. 6. Histological cross-section of the second molar region under ultraviolet light with the
measurement points (left), and periosteal bone growth rates (mean * standard deviation, in
pum day-1) of its different subregions in each postnatal week (right): (A) labial side (points 1-
5); (B) ventral region (points 6-10); (C) lingual side (points 11-14). BGR = bone growth rate.

Scale bar: 1mm. Numerical values are displayed in Table 3.
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Fig. 7. Histological cross-section of the ascending ramus region at the level of the condylar and
angular processes under ultraviolet light with the measurement points (left), and periosteal
bone growth rates (mean * standard deviation, in um day-1) of its different subregions in each
postnatal week (right): (A) labial side of the condylar process (points 1-3); (B) labial side of
the ventral part (points 4-9); (C) ventral region of the angular process (points 10-11); (D)
lingual side of the ventral part (points 12-16); (E) lingual side of the condylar process (points

17-20). BGR = bone growth rate. Scale bar: 1mm. Numerical values are displayed in Table 3.
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Table 1

Distribution of bone tissue types most frequently observed in the mandible of wild mice in each

postnatal week.

Mandible region and subregion

Diastema First molar Second molar Ascending ramus
P C
w d ve li ve |l
lab lin lab ven lab la | Clin | Vlab | Vlin
or n n n n
b
2n w/pf pf/
w w w w w w w | w w | w w w
d /w w
3r pf/
w | w w w w w w w | w w | w w w
d w
4 pf/
w | w w w w w w w | w w | w w w
h w
5t pf/ w/pf | w/pf
w | pf/w | w w w w w wo|w w | w
h w /w /w
6! pf/ w/pf | w/pf pf/ w/pf | w/pf | w/pf
w | pf/w | w w w w w
h w /w /w w /w /w /w
7t w/pf w/pf | w/pf w/pf w/pf | w/pf | w/pf
w w | w w w | w w
h /w /w /w /w /w /w /w
8t w/pf pf/ w/pf | w/pf w/pf w/pf | w/pf | w/pf
w w w w | w w
h /w w /w /w /w /w /w /w

PW: postnatal week; n: sample size; dor: dorsal; lab: labial; ven: ventral; lin: lingual; C lab: labial side of the

condylar process; C lin: lingual side of the condylar process; V lab: labial side of the ventral half; V lin:

lingual side of the ventral half; w: woven bone tissue; pf: parallel-fibered bone tissue; pf/w - w/pf/w:

woven and parallel-fibered bone tissues observed in the same region, clockwise.
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Table 2
Pattern of presence and absence of Xylenol Orange labeling most frequently observed in each

mandible region, subregion, and postnatal week among wild mice.

Mandible Mandible Postnatal week

region subregion 2nd 3rd 4th 5th 6th 7th 8th
1-3
4-5
6-8

Diastema

9-11

1214 PR

15-18 LA

RS HA AT
RS HA S AN

First 6-8

molar 9-11

12-14
15-17

Second 6-7

molar 8-10

11-12

13-14

Ascending 6-9

ramus 10-11

White: presence of fluorescent labeling, indicating bone deposition; black: absence of fluorescent labeling,
likely due to periosteal bone resorption; gray: absence of fluorescent labeling, likely due to endosteal bone
resorption; black and white stripes: absence of fluorescent labeling, likely due to resting bone; black and
white grid: absence of fluorescent labeling, unknown cause. Mandible subregions are set based on the

localization of the points used to calculate the bone growth rates (see Figs. 4-7).
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Table 3

Periosteal bone growth rates (mean #* standard deviation, in pum day-1) of the mandible of wild

and laboratory mice along ontogeny. For each postnatal week, upper row corresponds to wild

mice and lower row to lab mice.

Mandible region and subregion
Pl Diastema First molar Second molar Ascending ramus
L {n
6- 12- 9- 12- 6- 11- 10- | 12- |17-
1-5 1-5 | 6-8 1-5 1-3 (49
11 18 11 |17 10 14 11 16 20
4.6 5.0 2.0
7.3+ | 4.2+ 10.0 | 9.5+ | 3.6+ 3.8+ | 10.3 | 3.1% 6.4+ | 2.3+ | 2.6+ | 0.9+
6] | 1. +1. +1.
21 |14 +43 (6.6 |13 14 [+21 |12 00 |06 |00 |[1.2
2n 6 3 8
d 3.2 |10.7 | 2.3 49 |15.7 | 8.0+ | 3.0+ 6.9+ | 4.4+ | 2.8+ 0.3+ | 0.1+ | 0.0+ | 0.0+ | 0.8
6] | 0. [ +5.2 | 1.7 1. | 262 | 7.6 |04 26 |52 |21 04 |01 |(0.0 [0.0 |=0.
8 9 6
5.2 4.3 4.8
10.9 | 4.5% 8.7+ | 11.0 | 4.2% 4.2+ | 12.6 | 4.3% 2.7+ | 8.2+ | 119 | 6.8%
71 | 1. +1. +1.
3.1 | 1.7* 3.6 |+3.8|1.2% 0.5* | £3.2 | 1.0* 1.0* | 3.0 | £7.0 | 3.0
3r 6 8 5
d 42 |83+ | 1.9+ 3.0 |87+ |7.6% |2.1% 2.4+ | 8.8+ | 2.4+ 0.9+ | 4.2+ | 5.2+ [ 57+ | 3.5
6 |+1. [ 2.7 |1.2* 0. |14 |16 |0.8* 0.5* | 1.7 | 0.3* 0.9* | 0.8* (3.5 |13 | 0.
5 8 4
3.6 2.3 4.1
6.8+ | 2.7+ 4.6+ | 5.5+ | 2.2% 24+ | 58+ [ 1.8+ 2.1+ [ 3.8+ | 59+ | 3.7+
71 | 1. +1. +1.
2.1 | 1.0% 27 |27 |13 1.2 (20 |09 1.2 |17 |21 |11
4t 2 3 9
h 2.7 | 6.6+ | 1.1+ 1.9 | 4.6+ | 4.8+ | 1.8+ 1.8+ | 6.3+ | 2.1% 1.1+ | 2.4+ | 3.6 | 3.2+ | 2.6
8| |+1. |23 | 04* #0. |15 |25 |07 08 |20 |07 09 |09 (|23 |15 |=0.
3 7 8
2.3 2.1 4.0
6.1+ | 2.3+ 41+ | 4.2+ | 1.4+ 2.4+ | 4.7+ | 1.3+ 0.5+ | 3.5+ | 4.9+ | 3.9+
6| | +0. +1. +1.
1.3 | 1.4* 1.8 |13 |11 0.4* | 0.7% | 1.2 1.1 (13 |20 |1.2*
5t 5 0 3
h 2.8 | 4.2+ | 0.6+ 1.6 |53+ | 7.1+ | 1.8+ 14+ | 7.1+ | 1.6% 0.5+ | 2.2+ | 2.8+ | 1.5% | 2.3
6/ | +0. [3.0 | 0.4* 0. | 1.7 |26 |03 0.6* | 1.7* | 0.4 06 |12 |12 |[0.5* |+l
6 7 1
2.1 1.4 3.0
4.4+ | 1.4+ 3.5+ | 4.7+ | 2.2% 1.9+ | 4.7+ | 2.4+ 3.1+ | 3.5+ | 6.3+ | 4.1+
4| | 1. +1. £0.
1.6 |02 0.6 |03 |0.7* 05 |07 |08 29 |11 |3.0% | 1.2*
6t 3 0 7
h 1.5 | 3.5+ | 0.8+ 1.3 | 3.5+ | 3.4+ | 1.0+ 1.5+ | 3.6+ | 1.1+ 0.8+ | 1.8+ | 1.5 | 1.2+ | 2.1
4| [+0. |09 |09 0. | 1.8 |14 |0.2* 03 |10 |07 0.2 |0.7 |0.9%*%|0.2*% | £0.
1 5 2
1.5 1.6 3.1
7t 2.6+ | 1.0+ 2.8+ | 3.0+ | 1.5% 1.0+ | 3.7+ | 2.6+ 2.3+ | 2.6% | 3.8+ | 2.2+
31 | 0. +0. £0.
h c 03 |09 g 04 |0.6 |O0.2% 0.6 |0.2* |0.3* 21 | 0.4* | 04* | 0.6 9
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1.4 |25+ [ 0.5% 1.1 | 2.7+ | 2.8+ | 1.0% 1.4+ | 2.7 | 1.0% 0.7+ | 1.4+ | 0.6 | 1.2+ | 1.9
3] |x0. {08 |[0.1 0. |1.1 | 0.6 |0.1* 0.6 |0.2* | 0.4* 0.7 | 04*|0.3* | 03* | £0.
2 3 8
1.5 0.4 2.7
3.5+ | 1.0+ 1.8+ | 3.4+ | 1.8+ 1.4+ | 2.8+ | 1.7+ 1.9+ | 3.0+ | 3.3+ | 1.3%
3] | #1. +0. +0.
1.2* | 0.3* 16 (01 |03 06 |11 |02 00 (08 |15 |12
8t 2 7 8
h 3] 107 | 1.4+ | 0.0% 1.1 | 1.4+ | 1.6 | 0.7% 1.2+ | 2.2+ | 0.4+ 1.0+ | 09« | 1.1+ | 0.7+ | 1.4
0. | 0.5*% | 0.0* 0. |08 |12 |0.5 03 (05 |04 1.0 |06 |07 |01 |=0.
1 5 4

*Bone growth rates significantly different between wild and lab mice (Mann-Whitney U test and

sequential Bonferroni correction, P<0.05). PW: postnatal week; n: sample size. Mandible subregions

(number ranges) are set based on the localization of the points used to calculate the bone growth rates

(see Figs. 4-7).

40




Table 4

Pattern of presence and absence of Xylenol Orange labeling most frequently observed in each

mandible region, subregion, and postnatal week among lab mice.

Mandible

region

Mandible

subregion

Postnatal week

3rd

4th 5th 6th 7th gth

Diastema

1-3

4-5

6-8

9-11

12-14

15-18

"
SRS AT
TR
AN SIS

P

First

molar

Second

molar

Ascending

ramus

10-11

12-16

17-20

White: presence of fluorescent labeling, indicating bone deposition; black: absence of fluorescent labeling,

likely due to periosteal bone resorption; gray: absence of fluorescent labeling, likely due to endosteal bone

resorption; black and white stripes: absence of fluorescent labeling, likely due to resting bone; black and

white grid: absence of fluorescent labeling, unknown cause. Mandible subregions are set based on the

localization of the points used to calculate the bone growth rates (see Figs. 4-7).
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