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Abstract

If we wish to understand whether development influences the rate or direction of morphological
evolution, we must first understand the developmental bases of morphological variation within
species. However, quantitative variation in adult morphology is the product of molecular and
cellular processes unfolding from embryonic development through juvenile growth to maturity.
The Atchley-Hall model provides a useful framework for dissecting complex morphologies into
their component parts as a way of determining which developmental processes contribute to
variation in adult form. We have examined differences in postnatal allometry and the patterns of
genetic correlation between age-specific traits for 10 recombinant inbred strains of mice generated
from an intercross of LG/J and SM/J. Long bone length is closely tied to body size, but variation
in adult morphology is more closely tied to differences in growth rate between 3 and 5 weeks of
age. These analyses show that variation generated during early development is overridden by
variation generated later in life. To more precisely determine the cellular processes generating this
variation we then examined the cellular dynamics of long bone growth plates at the time of
maximum elongation rate differences in the parent strains. Our analyses revealed that variation in
long bone length is the result of faster elongation rates of the LG/J stain. The developmental bases
for these differences in growth rate involve the rate of cell division and chondrocyte hypertrophy
in the growth plate.

Keywords
Growth plate; Long Bone; Mouse; Evo-Devo; Quantitative Genetics

Introduction

Variation in long bone length underlies much of the diversity in mammalian locomaotion.

Relatively elongated long bones allow bats to fly and modern horses greater sprint speeds
compared to their ancestors (Simpson ‘63). Relatively short long bones, on the other hand,
provide mammals such moles and shrews with superior burrowing abilities. It is clear that
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natural selection has repeatedly acted on long bone morphology throughout mammalian
evolutionary history. But, what were the specific developmental mechanisms that natural
selection acted upon to generate this diversity? How complex were the developmental and
genetic responses to natural selection? Answers to these questions depend on the patterns of
genetic variation within populations. We need to identify such variation patterns to
understand how developmental and genetic constraints impact the course of morphological
evolution.

Much attention has been given to uncovering the specific developmental and molecular
mechanisms underlying morphological variation among mammals (e.g. Hallgrimmson et al.
‘02, Young and Hallgrimmson ‘05, Rolian ‘08, ‘09, Rolian et al. ‘09, Sears ‘09, Schmidt and
Fischer ‘09) and many other metazoan lineages (e.g. Carroll ‘01, Brakefield ‘03, Carroll “08,
Moczek ‘09, Wagner and Lynch “10). However, much of our understanding of
developmental evolution has been generated using comparisons among distantly related
species. At these time scales it can often be difficult to reconstruct the specific target of
natural selection due to the accumulation of additional changes associated with later natural
selection. To improve our ability to relate development (proximate causation) to
morphological evolution (ultimate causation), greater appreciation of the processes
underlying intraspecific variation is needed because this is the variation that serves as the
fodder upon which natural selection acts.

Long bones are an ideal model system to dissect the developmental origins of adult variation
because they are of great evolutionary importance and have long served as a developmental
model system (e.g. Kronenberg ‘03, Farnum ‘07, Butterfield et al ‘10). However, long bone
length has a complex developmental origin comprised of processes occurring from early
development through postnatal growth. Thus understanding the genetic and developmental
architecture of adult variation will require a thorough analysis many developmental stages in
search of those that show a heritable, statistical correlation with adult morphology.

The Atchley-Hall model (Atchley and Hall ‘91) combines developmental and quantitative
genetic perspectives into a single model of morphological evolution that provides a useful
framework for modeling developmental variation in quantitative traits (Figs 1, 2). To
simplify the study of complex structures, the Atchley-Hall model first dissects adult
morphology into a series of developmental modules. In their empirical example, Atchley
and Hall break the development of the mouse mandible into seven modules, representing the
separate condensations that generate the mandibular body processes. Each module is then
partitioned into a series of “developmental units”, or the smallest quantifiable developmental
process (Fig. 1, e.g. cell division, cell size, timing of initiation, etc.). Thus, adult
morphology can be modeled as the combined product of many developmental units, their
interactions with one another, and their interaction with the surrounding environment. This
model draws an explicit correlation between early development and adult morphology. Hall
(“03) later hypothesized that cellular condensations act as modular units of evolutionary
change, implying a genetic (statistical) correlation between adult morphology and processes
acting at the earliest stages of skeletal development.

Variation in long bone length can, however, arise throughout ontogeny, either by modifying
the proportions of the original mesenchymal condensation or through later allometric growth
(Huxley “32). While developmental processes are sure to vary at any stage, variation
generated late in life may simply negate earlier events, making them irrelevant to the
patterns observed in adult form. Conversely, changes to early processes, such as altering the
number of cells in a condensation, could have drastic effects on growth rates later in
development. Incorporation of multiple time points can be incorporated into the traditional
Atchley-Hall model by examining genetic correlations among different life stages and adult
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form (Fig. 1, 2), leaving the developmental units at each time independent of those at other
stages. Examining the genetic correlations among age-specific traits will determine the
specific time in development that would respond to natural selection on adult morphology
and allow for more precise determination of the developmental origin of variation in adult
form.

The Atchley-Hall model can be easily applied to any skeletal element derived from
endochondral ossification or revised for other non-skeletal structures with a basic
understanding of development. We have applied this expanded Atchley-Hall model to the
study of the developmental bases of long bone length variation in the inbred mouse strains
LG/J and SM/J. Whether variations in murine long bone primordia length or embryonic limb
dimensions relate to adult limb size is unknown (Barham and Clarke ‘08, Yang ‘09).
Examination of variation in the parental strains alone lacks the power needed for
quantitative genetic analysis so we have examined growth series of ten recombinant inbred
(RI) strains of mice generated from LG/J and SM/J inbred lines. Use of Rl lines is a
powerful tool for studies of development because individuals within each RI strain are
genetically identical, allowing for pseudo-longitudinal studies of phenotypes requiring
terminal procedures. Finally, to more precisely determine the cellular basis of this variation,
we examined the histomorphology of long bone growth plates between 3 and 5 weeks, the
time of maximum difference in growth rate, in the parental strains.

Murine long bone development

During embryonic development, after initial patterning and formation of the limb bud,
mesenchymal stem cells aggregate and differentiate to form single cartilaginous anlagen, the
precursors to limb long bones (Hall and Miyake *00). This single bar divides at the site of
future joints to form the proximal to distal cartilaginous precursors of the long bones. As
ossification begins, a bony collar surrounds the anlagen and expands towards the ends of the
bone, establishing a growth plate. From this time on, proximal-distal lengthening occurs
through the process of endochondral ossification occurring within these growth plates.

Growth plates are located between the epiphysis and diaphysis at either end of the long
bones and are organized into distinct cellular zones: the reserve zone, the proliferative zone,
and the pre-hypertrophic and hypertrophic zones (Fig. 3). Chondrocyte proliferation (cell
division) and hypertrophy (change in cell size and shape) are the primary means by which
mammalian long bones lengthen, with hypertrophy thought to contribute most to elongation
(Hunziker and Schenk “89, Wilsman et al. “‘96a, b). During endochondral ossification the
cartilage template produced by growth plate chondrocytes is filled in with bone following
hypertrophic chondrocyte death and ensuing blood vessel invasion (reviewed in Kronenberg
‘03).

Variation in adult long bone length can result from variation generated during limb bud
patterning influencing the initial dimensions of the anlagen or through differential rates of
long bone elongation via the action of growth plates at either end of the bone. For the
purposes of our model, we have simplified mouse ontogeny into four pre-adult stages:
embryonic development and morphogenesis, neonatal, and later juvenile growth. These
loosely correlate with major changes in life history, the first marking the completion of
morphogenesis, then birth and the transition between IGF2- and IGF1-mediated growth,
weaning when the mouse begins to independently feed, and, finally, skeletal maturity.
Events unfolding during morphogenesis can be modeled as originally proposed by the
Atchley-Hall model whereby the number of cells, timing of condensation, mitosis rate, rate
of cell death, and hypertrophy all contribute to the final proportions of the condensation
(Figs 1). Growth plates at either end of the long bone are known to differentially contribute
to adult long bone length and need to be modeled independently (Digby ‘16, Payton ‘32).
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Due to similarities in mechanisms of endochondral ossification, similar developmental
processes (number of cells, rate of matrix synthesis, hypertrophy, etc.) affect rates of long
bone elongation as affect the proportions of the initial condensation (Hunziker and Schenk
‘89, Wilsman et al. “96a, b). These complex processes can be approximated using simple
histomorphological measurements of the growth plate (see below).

LG/J and SM/J skeletal variation

Methods

An excellent model for examining variation in skeletal formation are the LG/J and SM/J
mouse strains, two inbred strains of mice selected for differences in adult body size
(Goodale ‘41, MacArthur ‘44). QTL have been mapped for numerous adult skeletal
dimensions including mandibular, scapular, vertebral, sacral, cranial, and limb measures
(Leamy et al. ‘02, ‘98, Klinenberg et al. ‘04, Kenney-Hunt et. al ‘06, ‘08, Norgard et al. ‘08,
‘09). The observed differences in phenotypes between LG/J and SM/J can be attributed
mainly to the QTL for those traits, although differences caused by maternal effects may also
contribute to the variation observed between strains (Wolf et al, ‘02, Peripato and Cheverud
‘02, Peripato et al. ‘02). LG/J and SM/J exhibit significant variation in long bone length,
differing by 2mm or approximately 13-19% of adult bone length (see below). For adult long
bone lengths, heritability estimates and genetic correlations are very high, indicating strong
common genetic control over variation in bone elongation processes across the different
long bones. Thus, the previously identified 40 QTL for long bone lengths (Norgard et al.
‘08, ‘09) and their interactions must cause the observed differences in LG/J and SM/J adult
long bone lengths by acting on specific processes of skeletal development or post-natal
growth. At this time the precise timing and mechanisms by which these QTL act is
unknown.

To examine the ontogenetic bases of adult long bone length variation we first describe the
patterns of long bone growth and divergence between the parental stains, LG/J and SM/J.
We then examine differences in postnatal growth, postnatal allometry, age-specific patterns
of heritability within each sex among 10 RI lines, and the patterns of genetic correlation
between age-specific traits. After narrowing in on the developmental period when
divergence between the strains begins, we examine the cellular histomorphology and
dynamics of the proximal tibial growth plate.

Animal Strains

The inbred mouse strains LG/J and SM/J (Jackson Laboratory, Bar Harbor), were used in
this study. LG/J was selected for large body size at 60 days and has an average adult weight
of ~40 g (Goodale *41), while SM/J was selected for small body size at 60 days and has an
average adult weight of ~20 g (MacArthur *44). Both strains have been maintained by
brother-sister mating for the last 60+ years. SM/J animals also maintain forced
heterozygosity in the agouti gene region (A%/a) to offset the low survival of pups born to a/a
genotypes (Hrbek et al. ‘06). These two strains are completely homozygous (except for the
agouti region in SM/J) and are polymorphic at ~1/3 of tested SNP markers. Males and
females were maintained separately at a constant temperature of 21°C and with a 12-hour
light-dark cycle. All mice were weaned at three weeks post partum into cages of five
animals or fewer and fed Purina PicoLab Rodent Chow 20 (Purina, catalog number 5353) ad
libitum. All work was performed with approval by the Washington University IACUC.

The recombinant inbred (RI) lines used in this study were derived from a cross of the LG/J,
and SM/J. Creating RI lines from strains exhibiting extreme variation in body size has the
advantage of increasing the genetic diversity of the experimental population. Since the initial
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cross of these parental strains, Cheverud and colleagues have clearly documented relatively
high levels of genetic variation in morphological, physiological, and behavioral traits (Hrbek
et al. ‘06, Kenney Hunt et al. ‘08, Norgard et al ‘08, ‘09 and reference therein).

The RI strain set formed from the cross of LG/J and SM/J was initiated with 55 strains.
These stains were established and maintained using two males and two females per
generation from the F, to the F7 generation. To maximize inbreeding, the RI lines were
thereafter maintained strictly by brother-sister mating. At approximately Foq, the strains
were considered fully inbred and by F3q had reached an inbreeding level of F > 0.9863
(Hrbek et al. “‘06). A gradual loss of strains was observed, associated with increased levels of
inbreeding and homozygosity at the agouti locus (Hrbek et al. ‘06). At the time of this study,
10 strains survive, ranging from Fsg to F4g. To maintain consistency, strain numbers used in
this manuscript correspond to the strain identification numbers used in the original cross
(Hrbek et al. “06).

Specimen collection and whole mount long bone measurements

To determine the timing of morphological divergence, we collected, skeletonized, and
measured mouse specimens for one prenatal time point, day E17.5, and four postnatal time
points associated with important changes in growth or physiology: at birth; three weeks,
when pups are weaned; six and ten weeks, when growth begins to slow and the skeleton is
approaching maturity, respectively. Newborn specimens were weighed within six hours of
their birth, euthanized with an IP injection of sodium pentabarbitol and fixed immediately in
10% buffered formalin for 4—7 days. Older specimens were euthanized with carbon dioxide
and frozen until skeletal preparation. Specimens were cleared and stained using standard
methods (Dingerkus and Uhler ‘77). To expedite clearing, we removed excess muscle from
the specimen manually. All specimens were then stored in 100% glycerol with thymol until
the time of measurement.

We measured four long bones, the femur, tibia, humerus, and radius, for all specimens. The
ulna, rather than the radius, was measured for analysis of the parental strains. Eight newborn
and embryonic (E17.5) specimens were measured per strain. Sexual dimorphism is not
present until after three weeks of age (Kramer et al “98), therefore newborns were not sexed
and are used in both the male and female analyses of the RI lines. Four to six specimens per
sex per strain were measured for later time points. Long bones from post-weaning
specimens were dissected and measured using digital calipers to the nearest 0.01mm or
measured from scaled digital photographs taken with a Nikon DN100 camera mounted on a
Nikon SMZ1000 dissecting microscope and measured using Image J (Rasband *97,
Abramoff, et al ‘04). Body size was estimated using mass, which was measured weekly on a
digital balance to the nearest 0.01gms.

Growth Plate Collection and Processing

To examine the cellular bases of long bone growth variation we also examined the growth
dynamics of the proximal tibia growth plate. This growth plate contributes the most to final
tibia length and therefore is ideal for these more detailed studies (Digby ‘16, Payton ‘32).
Three days prior to sacrifice, 3-5 week male animals (cohort sizes listed in Supplemental
Table 2) were injected with 5 mg oxytetracycline (OTC) per kg body weight. Following
sacrifice, the growth plate of the left proximal tibia was split longitudinally and embedded in
EMbed-812 (Wilsman et al. “‘96). Sections 1 um thick were visualized at 40X total
magnification on a Nikon Eclipse E800 microscope using a Nikon Plan Apo 10X/0.45
objective lens (Nikon, catalog number MRD00100) with a DAPI filter (excitation 358 nm,
emission 461 nm).
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Growth Plate Histomorphological Measurements

Growth rate of the proximal tibia was estimated by measuring the distance from the OTC
signal in the metaphyseal bone to the chondro-osseous junction (COJ) in unstained growth
plate sections. Five vertical measurements running from leading edge of the COJ to the
leading edge of the OTC were spaced evenly throughout the sample, averaged, and divided
by 3 days to generate a growth rate measurement (in um/day) for a randomly chosen growth
plate section. This measurement was repeated three times and averaged to generate the most
robust estimate of growth rate.

As a first approximation for the cellular dynamics of long bone growth plate, growth zone
heights were measured on polychrome-stained growth plate sections of the proximal tibial
growth plate. These measurements are known to positively correlate with rates of long bone
growth and serve as good proxies for underlying processes such as rates of mitosis,
apoptosis, and hypertrpohy (e.g. Wilsman et al. ‘96, ‘08). Images were captured to
encompass the full growth plate, including the proliferative (PZ) and hypertrophic (HTZ)
zones (Fig. 3c); the pre-hypertrophic zone was very small in both strains and was not
quantified. Heights of the PZ, HTZ, and full growth plate were measured using ImageJ
(Rasband ‘97, Abramoff, et al ‘04).

Statistical analyses

Due to the non-linearity of postnatal growth caused by time-specific physiologic processes,
we divided the period of postnatal growth into three phases — early (0—3wk), middle (3—-
6wk), and late growth (6—10wk) — for the purposes of studying the genetics of long bone
growth. Multivariate patterns of heritability and correlation were also calculated in a
combined analysis of long bone lengths among all ages and sexes. All growth and allometry
data used to compare RI lines were log transformed before analysis. To standardize
differences in scale, long bone lengths were compared to log((body size)Y/3). All statistical
analyses were performed in SYSTAT 10.2.

Variation among RI strains and sexes was examined at each age using the two-way mixed
model ANOVA:

Y=p+Sex;+Strain;+(Sex; " Strain;)

where an individual’s phenotype (Yijj) is the sum of the grand mean (), the deviation due to
the ith sex, the jth strain, and the interaction between the factors. The interaction term in this
analysis can be interpreted as a measure of genetic variation in sexual dimorphism. Sex is
considered a fixed factor while Strain is modeled as a random variable. When the interaction
term fails to reach significance, it is removed from the model and the analysis run a second
time using just the two main effects.

To better understand the developmental bases of adult variation, we also examined variation
in growth rate (long bone length vs. time) and allometry (long bone length vs. body size)
among the RI strains. Variation in growth rate among the RI strains was examined using the
model:

Y=p+Sex;+Strainj+Age, +(Age, " Strain;)

where Age is considered a fixed factor (0, 3, 6, or 10 wks). A significant interaction term
implies that there is significant variation in growth rate among the RI strains. Growth
allometry was modeled similarly:
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Y =p+Sex;+Strain;+Weight, +(Weight *Strain;)

As above, significance in the interaction term implies that there are significant differences in
growth allometry among the RI strains.

Variance in long bone length among the RI strains (c%;) represents the total genetic variance
across strains including additive, dominance, and epistatic components (Falconer and
Mackay ‘97). Trait specific strain variance is calculated by:

0?4=(MSg — MS;)/n

where MSg; is the mean square for Strain, and MS; is the residual, or error, mean square.
When calculated from a mixed-model ANOVA this variance can be considered pooled
across the other factors in the model, such as sex. Because sample sizes range from 6-8 per
strain per age, n represents the average number of specimens among strains, typically 7.8.
From this the broad-sense heritability can be calculated:

2 2 2 2
H trait=0"5t/ (0 st+0"1)

or the variance among strains divided by the total phenotypic variation. The variance and
broad-sense heritability of the interaction terms is computed as:

o ine=(MSin — MS;)/n

where n represents the average number of specimens per strain per age-group, or four to six
specimens per sex.

Multivariate analyses examining data across sexes, ages (or weights), strains, and all their
interaction terms were also performed. Multivariate analyses of heritability provide a more
accurate measure of significance by taking into account the correlations between characters.
Due to the lack of sexual information on newborn specimens, they were excluded from this
analysis. From these, multivariate heritability and genetic correlations were also calculated
and verified with the univariate heritability measures. Similar to the above analyses, this was
done as a three-way mixed model ANOVA:

Y=p+Sex;+Strain;j+ Age, +(Age, " Strain;)+(Age, *Sex;)+(Sex; " Strain;)+(Strain;" Age, * Sex;)

Genetic correlations among long bone measurements at different ages and adult body size
were calculated with the average strain-age-specific values for each strain using the Pearson
Product Moment Correlation. Significant correlations imply that variation in these traits has
a common genetic basis. A one-tailed probability and the Bonferroni, correction for multiple
comparisons were used to determine whether these correlations are significantly greater than
zero. Correlations were also examined using Spearman Rank Order Correlation.

Variation in growth plate function was also evaluated using a multi-way ANOVA in the LG/
J and SM/J parental strains. The contributions to variability due to age, strain, sex, and their
two- and three-way interactions were determined by first testing against a full model, with
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family nested within the three-way interaction to account for environmental maternal
effects:

Y=p+Strainj+Age, +(Age, "Strainj)+Family(Age" Strain)

The models describing growth rate and proportions of growth plate are as follows:

Proximal Tibial Growth Rate=y+Strainj+Age;
Growth plate shape=y+Strain;+Age, +(Age, *Strain;)

Bone growth in the parental strains: whole mount

No significant strain differences in bone lengths or elongation rates were observed in utero
or for the first postnatal week (Fig. 3, Supp. Table 1, 2). Between birth and 1 week of age,
the humerus and femur diaphyses of both strains grew at ~1.8 mm/wk, while the ulna and
tibia diaphyses grew slightly faster at ~2.6 mm/wk. All bones grew faster during the earliest
periods, with peak growth occurring between birth and 1 week of age. Family effects were
significant from day E17.5 to 1 week of age, indicating that environmental effects (uterine
effects, nursing effects, etc.; Fig. 2) play a greater role in generating long bone length
variation at these early stages than the genotypic differences between LG/J and SM/J.

At 2 weeks of age, the humerus and femur were significantly longer in LG/J than in SM/J.
By weaning (3wks), all long bones were significantly longer in LG/J than in SM/J (Supp.
Table 1). During weeks 2 to 5, LG/J bones grew between 0.20 and 0.74 mm/wk faster than
SM/J bones, but the timing of peak elongation rate varied between skeletal elements (Fig. 3,
Supp. Tables 1, 2). The greatest difference in ulna elongation rate between the strains
occurred at 3 weeks (0.74 mm/wk faster in LG/J). Humerus and femur showed the greatest
elongation rate difference between strains at 4 weeks (0.51 and 0.64 mm/wk faster in LG/J
than SM/J, respectively). Tibia showed the most elongation rate difference at 5 weeks (0.69
mm/wk faster in LG/J at 5 weeks of age). The growth rates for LG/J and SM/J long bones
slowed greatly and growth rate differences between the strains became much smaller after 4
weeks as the long bones approached their adult proportions, at around 6 weeks.

RI lines: Quantitative genetic analysis of growth differences

Age-specific long bone length data and their standard deviations were calculated for each RI
strain and sex (Fig. 4, Supplementary Tables 3-5). Heritable variation in long bone length
was significant at each of the four postnatal time points ranging from 30% to 70% (Table 1).
Significant sexual dimorphism was present at all later time points, but significant genetic
differences in sexual dimorphism among strains (sex * strain) were only present at 3 weeks
(P =1 x 10712). This may be due to sexual dimorphism arising earlier in some strains than
others. Variation among strains at birth was calculated with a simplified model not including
sex or the interaction term because sex is unknown for these individuals.

Elongation rates (mm/week) were calculated for each sex and strain based on the average
age-specific values of each long bone (Table 2, Supp. Table 3-5). Consistent with the
analysis of the parental strains, the fastest rates of growth occur between birth and three
weeks, gradually slowing through the later ages. Considerable variation in long bone growth
rate is present among strains and among the different long bones. Multivariate tests confirm
significant genetic variation in growth rate during each growth period. Heritable variation in
growth rate declines from approximately 50% from birth to three weeks, to about 30%
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between weeks 3 and 6, to less than 15% between six and ten weeks (Table 2, 4). As can be
seen in Fig. 5, growth rates are quite variable, with the relative ordering of strains changing
from age to age, especially at earlier ages.

Rl lines: Allometric variation

Genetic variation in allometry (HZst) is generally lower than that found for growth rate, in
part because the long bone lengths vary with body size in a coordinated fashion (Fig. 5,
Table 3, 4). During the early phase of growth, no significant genetic variation was found in
the allometry of any long bone. In the late phase, genetic variation in allometry only
accounts for a small amount of total variation for the radius (H%g= 0.14). However,
significant genetic variation in allometry was found for the tibia and radius during the
middle phase of growth (H%,+=0.30) indicating that a significant portion of long bone
elongation is locally regulated. Genetic variation in allometry is significant in each growth
period using the multivariate test. Inspection of the canonical correlations reveals that the
radius has a different allometric pattern than the other long bones and, therefore, is likely
driving the significance of this multivariate pattern.

The slope of the allometric regression informs us about the relationship between body size
and limb length. When plotted against scale-corrected body size, a slope of one, or isometry,
implies that the growth of the body and long bone is proportional. From 0-3 weeks, the long
bones consistently have slopes significantly greater than 1.0 (1.4 < k < 1.8). Long bones
grow approximately isometrically from 3-6 weeks (0.75 < k <1.15, significance for
difference in isometry varies) and significantly less than isometry from 6-10 weeks (0.20 <
k < 0.55). This indicates that the skeleton is growing significantly faster than body size early
but significantly slower after six weeks (Fig. 5).

Rl lines: Genetic correlations age-specific traits

The genetic correlation among long bone elements is greatest between long bones of the
same age (r >0.9, Table 5). Weaker, but still high, correlations (r >0.8) were found among
long bones of six and ten week old individuals. Moderate to high correlations (0.5 to 0.8)
were found among the variation at three weeks and variation at later time points.
Correlations between newborns and later ages were generally weak (r <0.4) and were never
significantly greater than a correlation of zero. Males and females exhibit similar patterns.

Bone growth in the parental strains: histomorphological analysis

To analyze the cellular dynamics of a growing long bone we examined the growth plate of
the proximal tibia for LG/J and SM/J mice at 3, 4, and 5 weeks of age, the period of
maximum difference in elongation rate between the strains. The proximal tibial growth rate
was approximately 35-40 um/day greater in LG/J than in SM/J throughout this period (Fig.
6, Table 6), with the SM/J proximal tibia growing, on average, at only ~75% the rate of LG/
J proximal tibia. Growth rate decelerated with age for both strains, by ~16% at 4 weeks and
~32% at 5 weeks relative to the 3 week growth rate. The linear decrease in growth rate in
both strains during this period suggests that the fastest growth rates occur at or before 3
weeks of age, consistent with previous analyses.

Consistent with the proximal tibia growth rates, total growth plate heights in LG/J animals
were ~72% greater than in SM/J animals, with a greatest differences at 3 and 4 weeks (~100
um). Differences at 5 weeks were considerably less, only ~50um, and are associated with
the reduction in growth rate. When strain-based differences were ignored, growth plate
height decreased 5% at 4 weeks and 20% at 5 weeks, relative to 3 week heights, indicating
that reduction in growth plate height occurs rapidly as mice approach skeletal maturity. In
both strains PZ and HTZ height decreased between 3 and 5 weeks (Figure 8, Table 6). We
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observed little to no decrease in total growth plate, PZ, or HTZ heights between 3 and 4
weeks of age in LG/J animals (Figure 7). But, all three measures gradually decrease in SM/J
mice over this time. SM/J growth zone heights were, on average, only 80% of LG/J PZ
heights and 63% of LG/J HTZ heights. In particular, it appeared that LG/J growth plates
decreased in size at a slower rate than those from the SM/J mice (Fig. 7). Taken together
these results suggest that the degree to which chondrocytes hypertrophy, as indicated by
HTZ height contributes a great deal to long bone length variation between these strains.

Discussion

Long bones of adult LG/J and SM/J inbred mouse strains vary by approximately 13% in
total length. The developmental basis of this variation, while complex, appears isolated to a
relatively narrow window of ontogeny between three and six weeks of age. The observation
of significant family effects at younger ages (< 2 weeks) is not surprising and indicates that
maternal or general environmental differences can potentially play an important role in
skeletal development at early stages in the mouse (Fig. 2). Exactly how and to what extent
levels of parental attention and neonatal nutrition affect growth at early ages is unknown for
these strains, but their effects on bone length appear to decline by 2—-3 weeks of age.
Heritable, genetic variation is present at all postnatal stages, but only variation generated
between 3 and 6 weeks actually correlates with adult morphology. In most cases, sexually
dimorphic differences in bone length were not observed in these strains prior to 3 weeks of
age. Significant variation in the rate of bone growth is present and highly significant at all
stages of development but appears most significant to the generation of adult variation
between 3 and 5 weeks of age. Mechanistically, it appears that differences between LG/J
and SM/J are caused by two processes: 1) LG/J maintains faster initial whole bone
elongation rates than SM/J, beginning around 1-2 weeks of age, and 2) LG/J delays the
linear reduction in proximal tibial growth rate and growth zone heights observed in SM/J
mice from 3-5 weeks.

Murine growth and development

Genetic studies of murine growth in total body size (mass) have typically found a low
correlation between early post-natal body weight and adult body weight (e.g. Falconer et al.
‘78, Cheverud et al. *83, Riska et al. ‘84, Atchley and Zhu *97). Our results for long bone
length are consistent with these studies and with previous longitudinal studies of murine
growth in the LG/J by SM/J intercross (e.g. Cheverud et al. “96, Kramer et al. ‘98, Vaughn
et al. “99). Further illustrating the physiological and genetic dissociation between early and
late development, Cheverud et al. (‘96) and Vaughn et al. (*99) discovered distinct QTLs
responsible for variation in early and late phases of growth in the LG/J by SM/J intercross.
Given that selection for increased or decreased body size was performed at 60 days (8.5wks)
in these strains, there is no a priori reason to assume the selection affected developmental
processes at any particular time. Selection simply acted on the developmental variation with
the strongest genetic correlations to body size at 8.5 weeks.

In previous work on bone lengths in LG/J and SM/J, 40 unique genomic regions (QTL)
associated with multiple or individual adult long bone lengths were discovered (Kenney-
Hunt et al. ‘06, Norgard et al. ‘08, ‘09). QTL mapping in a phenotypically normal
population, such as the intercross derived from LG/J and SM/J, leads to identification of
QTL with very small effects on the phenotype (<10% the total phenotypic variance or about
0.25 SD units), allowing identification of genetic regions that modulate bone growth and
elongation. Based on our results, most of these QTL are predicted to affect whole body size,
general skeletal growth, or endochondral ossification rather than early embryonic
development.
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Previous studies on mammalian growth plates have indicated that cellular enlargement in the
hypertrophic zone contributes most to daily elongation in the growth plate, with
hypertrophic cell volume and shape changes during growth deceleration a major cause of the
differential growth observed between proximal and distal radial and tibial growth plates
(Breur et al. *91, Wilsman et al. “‘96a, ‘08, Stokes et al. ‘02). Given the close relation of
hypertrophy to growth plate elongation, it is probable that the observed length differences
between LG/J and SM/J are caused at least in part by differential regulation of hypertrophy,
with evidence provided by the greater than 50um difference in hypertrophic zone heights
observed from 3-5 weeks between LG/J and SM/J. The contributions of proliferation,
although smaller, are no less important; changes in the duration of G1 are also correlated
with differential growth (Wilsman et al. ‘96b). Given that proliferative zone heights are ~50
um greater in LG/J at 3 weeks and then decrease to roughly the same height as in SM/J by 5
weeks, proliferation most likely also plays a role in growth differences between strains. A
limitation of this study is the indirect relationship of growth plate zone heights to kinetic
activity or linear growth; an increase in growth rate may be coupled with a decrease in
growth plate height (Hall ‘05). Limitations aside, the combination of measuring whole bone
lengths, proximal tibial growth rate, and proximal tibial histomorphology provides a
preliminary glimpse into the kinetics involved in modulating bone length between the LG/J
and SM/J strains. This work has set the stage for more detailed analysis of growth kinetics at
3-5bweeks of age where we are now examining the relative contributions to growth of both
hypertrophic and proliferative chondrocytes, including cell cycle duration, matrix synthesis,
and cellular shape change and enlargement. To elucidate the molecular bases of this
variation, we are also examining the differential regulation of circulating growth factors and
their downstream targets. Once complete, these studies should provide a thorough
understanding of the developmental origins of adult variation in long bone length.

Mammalian long bone variation and the response to natural selection

The genetic correlation among age specific traits allows us to predict the developmental
stage that would respond to natural selection if it were to act on adult morphology. While
heritable variation is present at all developmental stages, only developmental processes
acting between three and five weeks would respond if natural selection were to act on adult
limb length. Contrary to the prediction of Hall (‘01), early development does not appear to
correlate with adult limb length variation between LG/J and SM/J. While our analysis is
limited to a single species and population we can use these results to predict the how limb
length variation has evolved among rodents and other mammalian taxa. For example, Rolian
(“‘08) suggested that variation in length among long bones in outbred CD-1 mice is the result
of variable numbers of proliferating chondrocytes early in development (prior to birth).
Consistent with this observation, Rolain (*08) also suggested that long bone length variation
between Meriones unguiculatus, the Mongolian gerbil, and CD-1 mice, is the due to an
increase in the frequency of cell division. The differences in our findings may reflect
differences among mouse strains or simply differences in our methodology: cross sectional
comparisons between long bones versus pseudo-longitudinal genetic analysis. It will be
interesting to further explore variation among other mouse strains and rodent species to test
these conflicting observations. Consistent with both sets of observations, Chiroptera, the
bats, reprogram early limb patterning and, later, increase levels of chondrocyte hypertrophy
to generate their extremely elongate long bones. (Sears et al. ‘06, Ray and Capecchi ‘08,
Cretekos et al ‘08, Farnum et al “‘08a, b, Hockman et al. ‘08, ‘09), although the precise
sequence of developmental evolution has not yet been determined.

The genetic correlations among the different long bone lengths are quite high, generally
above 90%, consistent with previous studies in the Advanced Intercross population formed
from the same parental strains (Kenney-Hunt et al, ‘06, Norgard et al, ‘08, ‘09). The level of
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morphological integration is quite high indicating a common set of genetic variants affecting
the lengths of all the limb long bones. This suggests that the genetic factors responsible for
the observed variation are either in general growth factors and/or in local growth plate
responses to those factors. It also suggests that these local responses are similar at each
growth plate and that growth dynamics studied at any one growth plate are likely to be
similar to those operating at all long bone growth plates.

The strong integration observed among the long bones would constrain the independent
evolution of fore- and hindlimbs under differential selection on the two limbs. In order for
independent adaptation of the limbs, the observed strong correlations must be overcome or
reduced. Indeed, species that have differentially adapted limbs often have lower levels of
long bone integration across limbs (Hallgrimsson et al, ‘02; Hallgrimsson and Young, ‘05;
Rolian, ‘09). Pavlicev et al (‘08) showed that there is genetic variation in the level of
integration between limb bone length and body weight in the LG/J by SM/J Advanced
Intercross Line. With independent selection on fore- and hindlimb lengths, this variation in
integration (Wagner et al, ‘07; Pavlicev et al, ‘10).

Conclusion and prospective

Great progress has been made towards understanding the developmental and molecular
bases of morphological evolution (e.g. Carroll ‘01, Brakefield ‘03, Carroll ‘08, Moczek ‘09,
Wagner and Lynch “10). Some authors have declared that this progress has led to the next
great synthesis of biological disciplines, bringing together experimental developmental
biology and evolutionary theory, fields which have been largely separated since the early
20™ century (Carroll ‘01, Whitefield ‘08). However, evolutionary-developmental biology
has been slow to embrace population genetics and the analysis of quantitative traits, two
hallmarks of traditional evolutionary theory. In fact, quantification of experimental results
remains rare in most experimental studies of development (Cooper and Albertson ‘08). If
both evolutionary and developmental biologists are to embrace this proposed synthesis in
the coming years, explicit incorporation of these factors is critical.

The Atchley-Hall model, with the incorporation of ontogenetic variation, provides a useful
conceptual and analytical framework to study the developmental bases of quantitative
variation. Analytically, this model provides a detailed approach to study the quantitative
genetics of ontogenetic variation. With a basic understanding of development this
framework can be easily applied to most structures and organs. Unfortunately, this approach
is not widely applicable to non-model species. Conceptually, however, its power is not lost.
First, it is important to determine the time in development when variation associated with
adult morphology arises (Fig. 1). As we have shown, early development does not always
correlate with variation in adult morphology, which appears to be the assumption in many
studies of comparative developmental biology. Narrowing the timing of divergence will also
allow for better predictions of the potential sources of environmental variation (Fig. 2). As
we, and others, have shown, early mammalian development is susceptible to variability in
the mother’s environment. Later processes, while less affected by maternal effects, are more
prone to external forces that may induce a phenotypic plasticity as a response.

Levels of gene expression can vary greatly with limited, downstream phenotypic effect
(Yucel and Small ‘06, Oleksiak et al ‘02; ‘05, Crawford and Oleksiak ‘07). Only 30-50% of
expression variation is heritable (narrow-sense) and only for 10-50% of the genes known to
have variable expression (reviewed in Stamatoyannopoulos ‘04, Gibson and Weir ‘05).
Therefore, once the period of divergence has been narrowed, it is then useful to examine
which cellular-level processes (the “development units”) occurring at that time contribute to
patterns of variation. Variation in rates of long bone elongation, for example, can result from
many different processes (Fig. 1). Once these cellular level processes are better understood it
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may be possible combine mapping and candidate gene approaches to dissect the molecular
regulation causing the variation. Without such a conceptual breakdown it would be nearly
impossible to convincingly dissect the effects of the numerous QTL on long bone length
variation between LG/J and SM/J mouse strains. Our analyses have shown that many of the
previously mapped QTL are likely to affect global skeletal growth and that very little of the
variation is due solely to genetic variation altering locally acting signaling molecules.
Therefore, later, more detailed studies should examine the ways in which global signaling
molecules become locally interpreted.

We have documented that variation in long bone length is the result of variation in postnatal
growth processes, not early morphogenesis as predicted (Hall *03). This research is an
important step towards understanding the genetic and molecular basis of morphological
variation in murine long bone length. If selection were to act solely on adult morphology in
these mice, the response to selection would only be visible during the middle phase of
growth, not during embryogenesis. If we consider one of the objectives of evo-devo to better
understand the developmental bases of evolutionary change, not just to understand the
evolution of development, then more studies such as this are necessary in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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associated with variation in long bone length at different stages. The heavy arrows represent

genetic interactions between stages while the light arrows represent the influence of the
stage-specific environments on the developing long bone. The complete complement of

genetic and non-genetic effects is best modeled in Fig. 2.
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Figure 2.

A summary of the genetic and non-genetic effects influencing long bone length variation as
predicted from the Atchley-Hall model. Our model stresses the importance of examining
genetic and environmental effects on long bone development at all stages: embryonic
development, early, and late stages of juvenile growth. Solid lines represent direct effects on
the skeletal phenotype while dashed lines represent interactions among the various elements.
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Figure 3.

The average lengths (in mm) of the humerus, ulna, femur, and tibia at various ages are
shown for LG/J (solid line) and SM/J (dotted line) animals. Males and females are
represented approximately equally for each age in the cohort (cohort sizes listed in
Supplemental Table 1), with 3 extra males included in the 3-5 week age categories. E refers
to 17.5 days post conception, and 0 refers to the day of birth; all other ages are given in
weeks. Day E17.5-1 week lengths are diaphysis lengths, while 2-6 week lengths are
epiphysis-to-epiphysis lengths. Standard deviations are shown by vertical bars and are listed
in Supplemental Table 1.
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Figure 4.

Examples of growth curves for body size and long bone length for male and female
individuals of RI strains of mice. Curves plotted with spline curves fit to the average size of
all individuals at each age. Take note of the variation among strains within each plot.
Significant variation in growth rate was found at early, middle, and late phases.
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Figure 5.

Examples of allometric variation for the male femur (left) and tibia (right) among the RI
lines plotted as the expected values at birth, three, six, and ten weeks against scale corrected
body size. Significant allometric variation was not detected in the femur. Significant
allometric variation was found in the middle phase of tibia growth.
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Figure 6.

The proximal tibial growth rates (um/day) of the LG/J (dotted line) and SM/J (solid line)
strains of mice from 3-5 weeks of age are plotted. Growth rates were determined by
oxytetracycline injection and subsequent histological measurement of the proximal tibiae of
animals at 3, 4, and 5 weeks of age (n = 5-7 animals, listed in Table 7).
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Figure 7.

A section of the proximal tibia of a 3-week-old LG/J male used to determine the heights of
the growth plate and growth zones. A section is shown with (A) and without (B) lines drawn
at the reserve-proliferation boundary (R-P; top line), proliferative-hypertrophic boundary (P-
H; middle line), and chondro-osseous junction (COJ; lower line). The heights (um) of the
proximal tibial growth plates of LG/J and SM/J strains of mice from 3-5 weeks of age (n =
5-7) are illustrated (C). The height of the bar represents the total growth plate height, the
heights of the light gray portion of the bars represent the heights of the hypertrophic zone,
and the heights of the dark gray portions of the bars represent the heights of the proliferative
zone. Numerical values and cohort sizes for this data is given in Table 7.
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Table 1
Heritable variation among strains

Heritable variation among strains (H%;) organized by age and long bone pooling across sexes. Genetic
variation in sexual dimorphism (Sex; x Strain;) was only found in three-week-old individuals and was likely
the result of dimorphism arising at different times among strains. Significant probabilities highlighted in bold.

Newborn o2 o2t HZ Pst
Femur 0.003 8.9E-04 0.36 5.4E-05
Tibia 0.002 0.001 0.63 1.6E-11
Humerus 0.001 5.9E-04 050 6.3E-08
Radius 0.001  7.5E-04 0.64 3.8E-12
Multivariate test statistic 1.0E-12

3 week o2 o’y Hi Pst
Femur 0.002 0.001 0.73 1.1E-07
Tibia 0.001 0.001 077 3.5E-09
Humerus 0.001 8.3E-04 0.74 6.0E-08
Radius 0.001  7.9E-04 0.66 3.9E-06
Multivariate test statistic 2.3E-28

6 week o2 o’ H% Pst
Femur 0.009 0.003 0.34 0.01
Tibia 8.8E-04 54E-04 061 4.9E-05
Humerus 6.3E-04 3.0E-04 048  0.001
Radius 0.001  6.9E-04 0.67 7.4E-06
Multivariate test statistic 4.1E-16

10 week 02, o H% Pst
Femur 0.004 0.002 050 0.001
Tibia 45E-04 2.1E-04 048  0.001
Humerus 7.4E-04 4.1E-04 056 3.4E-04
Radius 45E-04 16E-04 036  0.001
Multivariate test statistic 3.0E-15

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2012 March 20.



Page 25

Sanger et al.

NIH-PA Author Manuscript

¢0-36°¢ 90-3€V o1snels 1se) aleleAnIniA
€00 €10 S0-3€Y ¥0-3¢'8 €¢°0 S0-398 v0-3LE snipey
¢00 ST'0  S0-3r's 90-IT€ GE0 ¥0-3ILT v0-36V snJswnH
ST0 100 910 S§0-3€'S  ¥0-3¢€ elqrL
020 vO-3TT 820 v0-3ET ¥0-38Y AnwisH
s samNI a:mwb 1y umNI umNb nmb M33M 0T-9
€1-3¢T €1-3¢T onsnels 3sa) areleAl} NN
80-3T¢C £¥0 Ev'0 €1-Ir'T  SE0 v0-IP'S ¥0-396 snipey
S§0-307  0€0 0€0 T1-316 9710 v0-3T¥ ¥0-3C'8 snJswnH
§0-3€¢  TEO 1€0 vI-ar't 10 v0-36'S 1000 elqiL
90-38'S  ¥E€0 vE0 €1-39G  ST0 v0-3L'S 1000 Anwis4
wis was 1y s o 54 BH ¥,0 4.0 99M 9—¢
81-3€'S 0c¢-ave o1snels 158} AleleAnIniA
¢r-36'S €90  ¥0-30°L ST-A0T 290  T000 €000 snipey
01-39¢  6V0 v0-3aT¥ GI1-38T 190 +0-399  T000 snJswnH
T7-38T ¢S50 ¥0-35°L €T-AET LSO ¥0-IT6 <000 elqlL
0T-3¢'T 050 ¥0-3L'S 60-30T 8y0 v0-3€'S 1000 AnwisH
ansy aszI a:mub 8y Bh ¥.0 aub SY99M £—0

*aL1) JAAO S8SL3108p alel YIMO0IB Ul UONELIBA 9|qelLIay 1.y 810N 'SY88M U3) pue XIS Usamlaq
SJUSLUBJa qUIII8I0) a1 Ul Ajuo Ing ‘safe || 1 punoy sem a)es YIMmodB ul uoleLIeA JuediLuBIs ayed YIMoiB ul saoualailip 1) Bunssl WAQONY Wolj sijnsay

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

9181 YImoab uress eiuaied

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2012 March 20.



Page 26

Sanger et al.

NIH-PA Author Manuscript

€00 00 o11s11e)s 1591 a1elieAllNIA
00 10 10 €00 €T0 S0-Ir'e ¥0-39°¢C snipey
oro GE0 90-399 v0-30'v snJswnH
g0 S¢'0 90-3¥'8  ¥0-3v'C elqlL
600 900 G0-38'€  ¥0-39°€ AnwsH
Wy W WSy By W0 %0 oam 0T-9
80-3T'¢C ¢1-36°L J11S17B1S 158) d1elIeAl NN
¥0-3€°¢ 9¢0 v0-3T'T 90-3€¢ G0 vO-3TT VO3V snipey
800 100 9T'0 S0-ar’e +0-30V sniswnH
Y0-3T'T 8¢°0 v0-aT'T 80-366 T¥0 ¥O-3ITT VO-36°C eiqrL
8T0 100 GT'0 S0-30C 1+0-38°€ JAnwisH
was wos s g 8y BH 15,0 4.0 »9aM 9—¢
¥0-3G°€ €1-3r'8 o11s11.IS 1S9 drelIeAn|N|A
S0 60-30'T 90 ¥0-30°'S T00°0 snipey
890 60-30'T 90 ¥0-3T9 T00°0 snJswnH
T T7-36'8 870 ¥0-36'9 T00'0 elqiL
780 L0-30v L€0 ¥O-3IT'L 2000 AnwsH
was g wis, g ws o 8y Bh 15,0 aub SY99M £—0

€9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

“(%0£>) uoIeLEeA
alqeay 03 d1M| Aj9AIIR[S] P3INGLIUOD ‘PUNOY UBUYM ‘PUE SeJ SeM UOITRLIEA JUBdIHUBIS *A1BWO|[B Ul S90USIBHIP 104 BUNSS) WAONY WOl SHNSaY

Answoje aull 1y

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2012 March 20.



1duasnue Joyiny vd-HIN

Sanger et al. Page 27

Table 4
RI line growth and allometry MANOVA

Results from the multivariate analysis of variance for growth (A) and allometry (B) among the RI lines
showing the multivariate heritability and probability for each. Significant values are highlighted in bold.

Growth HZ Pst Hp Psttp
Femur 0.37 4.30E-07 0.12 0.03
Tibia 0.48 9.10E-11 0.16 0.006
Humerus 0.48 1.00E-09 0.17 1.30E-04
Radius 0.46 1.00E-09 0.27 0.01
Multivariate test statistic 4.20E-22 1.70E-10

Allometry H2 Pst Hwt  Pswt
Femur 0.32 110E-05 0.23 6.40E-04
Tibia 0.41 1.20E-10 0.28 1.10E-06
Humerus 0.19 3.10E-03 . 0.08
Radius 0.44 4.00E-09 0.36 5.50E-07
Multivariate test statistic 1.80E-14 1.70E-10
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