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Terrestrial acclimation and exercise lead to bone functional
response in Polypterus senegalus pectoral fins

Trina Y. Du* and Emily M. Standen

ABSTRACT

The ability of bones to sense and respond to mechanical loading is
a central feature of vertebrate skeletons. However, the functional
demands imposed on terrestrial and aquatic animals differ vastly.
The pectoral girdle of the basal actinopterygian fish Polypterus
senegalus was previously shown to exhibit plasticity following
terrestrial acclimation, but the pectoral fin itself has yet to be
examined. We investigated skeletal plasticity in the pectoral fins of
P. senegalus after exposure to terrestrial loading. Juvenile fish were
divided into three groups: a control group was kept under aquatic
conditions without intervention, an exercised group was also keptin
water but received daily exercise on land, and a terrestrial group
was kept in a chronic semi-terrestrial condition. After 5 weeks, the
pectoral fins were cleared and stained with Alcian Blue and Alizarin
Red to visualize cartilage and bone, allowing measurements of
bone length, bone width, ossification and curvature to be taken for
the endochondral radial bones. Polypterus senegalus fin bones
responded most strongly to chronic loading in the terrestrial
condition. Fish that were reared in a terrestrial environment had
significantly longer bones compared with those of aquatic
controls, wider propterygia and metapterygia, and more ossified
metapterygia and medial radials, and they showed changes in
propterygial curvature. Exercised fish also had longer and
more ossified medial radials compared with those of controls.
Polypterus senegalus fin bones exhibit plasticity in response to
novel terrestrial loading. Such plasticity could be relevant for
transitions between water and land on evolutionary scales, but key
differences between fish and tetrapod bone make direct
comparisons challenging.

KEY WORDS: Amphibious fishes, Mechanical loading, Pectoral
radial bones, Skeletal plasticity

INTRODUCTION

The vertebrate skeleton provides structural support for organs and
other soft tissues, and much of its form and structure reflect its
mechanical environment. In most vertebrates, the skeleton is
composed of bone, a highly dynamic tissue that undergoes
growth, resorption and replacement during an individual’s
lifetime. Although genetics determine a bone’s basic shape and
properties, much of skeletal development is influenced by
epigenetic factors, including mechanical loading, nutrition,
temperature and pathology (Hall, 2005).
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Mechanical loading is one of the most important determinants of
bone phenotype (Biewener and Bertram, 1994; Carter et al., 1996).
For example, observations in paralysed organisms (Hall and
Herring, 1990) and mutants with disrupted muscle development
(Nowlan et al., 2010) have demonstrated that bone development is
significantly impaired by the absence of loading from muscle
activity. Gravitational loading is also important for normal bone
maintenance and growth (Carmeliet and Bouillon, 2001), with
astronauts losing as much as 1-2% of bone mass per month in space
(Lang et al., 2004). Mechanical loading that leads to increased or
novel deformation of bone tissue can also cause dynamic bone
modelling and remodelling through a process called bone functional
adaptation (Chamay and Tschantz, 1972; Lanyon and Rubin, 1985,
Burr et al., 2002). This ability of bones to sense and respond to a
mechanical stimulus allows the skeleton to accommodate changes
in functional demands throughout the lifetime of an organism.

The specific impacts of mechanical loading on bone development
are complex, depending on factors such as species, sex, disease,
nutrition, which bone and which region of bone is being loaded, and
properties of the loading regimen (Iwamoto et al., 1999; Hsieh et al.,
2001; Hamrick et al., 2006; Ruff et al., 2006; Skerry, 2006;
Plochocki et al., 2008). However, some general rules of bone
functional adaptation have become apparent after decades of
experimental study in mammals and birds (Turner, 1998; Burr
etal., 2002). Increasing strain beyond a habitual level typically leads
to increased bone formation, whereas decreasing strain leads to bone
resorption. Dynamic and cyclically applied loads, in particular, are
the primary drivers of functional adaptation, whereas static loading
typically has no or even negative effects (Lanyon and Rubin, 1984;
Robling et al., 2001). Additionally, the number and frequency of
loading events, as well as the duration, pattern and gradient of strains
also affect bone adaptation (Gross et al., 1997; Judex et al., 1997,
Hsieh and Turner, 2001; Warden and Turner, 2004).

The vast majority of studies examining the effects of mechanical
loading on bone development have been undertaken in tetrapod
models. However, interest in fish bone is increasing, both because of
the emerging applications of fish models for human health and for
studying the evolution and diversity of bone mechanosensory
systems in general (Apschner et al., 2011; Witten and Hall, 2015;
Hall and Witten, 2018). Like those of tetrapods, fish skeletons have
a high capacity to respond to changes in mechanical loading.
Exercise generally promotes bone formation in fish, with swim-
training leading to greater osteoblastic activity, earlier ossification
and higher mineral content than in non-exercised fish (Deschamps
etal., 2009; Totland et al., 2011; Fiaz et al., 2012; Griinbaum et al.,
2012). Other examples of loading-induced skeletal plasticity in fish
include diet-induced plasticity in teeth and jaw bones (Meyer, 1987;
Huysseune et al., 1994; Albertson et al., 2003; Gunter et al., 2013;
Gunter and Meyer, 2014), and plasticity in vertebral columns of fish
afflicted with spinal deformities, such as scoliosis and lordosis
(Kranenbarg et al., 2005; Witten et al., 2005; Cardeira et al., 2015).
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Vertebrates that live on land must have skeletons that resist the
force of gravity as well as stresses induced by weight-bearing
activities such as running and jumping. In contrast, most aquatic
organisms experience relative weightlessness in the water and the
majority of forces experienced by their skeletons are generated by
muscle contractions. In this context, the skeletons of amphibious
vertebrates may provide new opportunities to understand the
relationship between skeletal plasticity and loading, because
moving between water and land imposes a wide range of
functional demands. Amphibious fish, in particular, play a key
part in understanding the role of bone functional adaptation across
the fin-to-limb transition and the evolution of weight-bearing
appendages. The mechanical responsiveness of the tetrapod
skeleton is often thought to have evolved in response to the
increased gravitational loading experienced by the first tetrapods
(Clack, 2012). However, recent experiments rearing amphibious
fishes on land have begun to demonstrate that the fish skeleton is
capable of responding to weight bearing in an adaptive manner,
similar to tetrapods (Standen et al., 2014; Turko et al., 2017).

In this study, we examined skeletal plasticity in the pectoral fins
of Polypterus senegalus, an African freshwater fish from the family
Polypteridae, notable for their phylogenetic placement as the most
basal extant actinopterygians. The capacity of P. senegalus to
tolerate terrestrial conditions for prolonged periods of time (Standen
etal., 2014; Du and Standen, 2017) makes it a useful system to study
the effects of terrestrial weight bearing on fish skeletons and their
evolutionary implications. Notably, previous work in P. senegalus
demonstrated that terrestrial acclimation leads to plastic
modification of the pectoral girdle bones, resembling the
morphology of fossil stem tetrapods, suggesting that phenotypic
plasticity could have played a facilitating role during the fin-to-limb
transition (Standen et al., 2014). Girdle bones, such as the cleithrum,
were the focus of this prior study because of their shared presence in
fossil proto-tetrapods. However, their dermal origin and indirect
involvement in aquatic or terrestrial locomotion limit their ability to
inform us about the evolutionary origins of bone functional
adaptation in weight-bearing limbs.

The pectoral fins of Polypterus are particularly apt for
comparison with tetrapods because of their relevant morphology
and function. Like that of other actinopterygians, their fin skeleton is
composed of two main components, an initially cartilaginous
endoskeleton that connects the fin to the pectoral girdle, and an
exoskeleton composed of dermally derived fin rays. Polypterus
pectoral fins retain the plesiomorphic tribasal condition for fishes
with a propterygium, mesopterygium and metapterygium making
up the ‘basal’ radials of the fin endoskeleton (Cuervo et al., 2012).
Polypterus pectoral fins are distinct in that both the propterygium
and metapterygium have elongated, rod-like shapes, with a broad
triangular mesopterygium between them (Davis et al., 2004).
Polypterus also possess a fan of smaller rod-like ‘medial’ radial
elements distal to the three basal radials (Fig. 1). These elongated
basal and medial radials are, in our opinion, more comparable in
shape to tetrapod long bones than those of other fishes (for example,
see fig. 1 of Metscher et al., 2005). Additionally, the pectoral fins
are heavily muscled (Wilhelm et al., 2015) and actively loaded
during both swimming and terrestrial locomotion. On land,
P. senegalus exhibit a contralateral gait, planting their pectoral
fins on the ground in combination with body undulations to produce
forward thrust (Standen et al., 2016).

Here, we quantified the effect of novel mechanical loading on the
size, shape and ossification of the radial bones in the pectoral fins of
P. senegalus across the water—land boundary under two different

4

ropterygium

Metapterygium

Fin rays
0.5 mm

Fig. 1. Example of a cleared and stained Polypterus senegalus left
pectoral fin. Major skeletal elements are labelled, including the three basal
radials (propterygium, mesopterygium and metapterygium), the fan of medial
radials and the fin rays. The fin is shown in lateral view, with the head to the left
and tail to the right. Cartilaginous tissue is stained blue and ossified tissue is
stained red. Note the fused and damaged medial radials indicated with
asterisks. These types of abnormal bones were excluded from the analysis.

loading regimes. In the first condition, fins experienced primarily
static loading from terrestrially induced hypergravity; and in the
second, fins experienced primarily dynamic loading from terrestrial
exercise.

MATERIALS AND METHODS

Data collection

Juvenile Polypterus senegalus Cuvier 1829 (all under 12 c¢cm total
body length) were acquired from the pet trade (Mirdo Importations
Canada, Inc.) and quarantined for 2 weeks prior to the beginning of
experimental treatment. All fish were individually housed and
randomly assigned into a control group (n=13) or one of two
treatment groups (exercise and terrestrial, n=6 each). Animals in the
control and exercise groups were reared in standard aquatic
conditions, with exercise group fish experiencing a slightly
smaller aquatic area through the placement of a terrestrial exercise
surface within the tank, which reduced swimming activity. Exercise
group fish experienced a single daily exercise period when they
were removed from the water and induced to travel approximately
30 cm over a smooth substrate to elicit dynamic loading of the fins.
The terrestrial group was reared in a chronically semi-terrestrial
condition similar to previous experiments (Standen et al., 2014; Du
and Standen, 2017) with gravel substrates and a water depth of
~3 mm. Terrestrial fish experienced raised water levels for a few
minutes each day to facilitate feeding and cleaning.

Although the terrestrially acclimated fish could move freely
inside their tanks, and thus may have also experienced some
dynamic loading, we assume that the fins of terrestrially reared fish
experienced primarily static loading through passive ground
contact. This assumption is supported for two reasons: first,
terrestrial fish remained relatively stationary inside their hiding
structures (T.Y.D. and E.M.S., personal observation), and second,
their fins were probably unloaded when they did move, as previous
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work has demonstrated that P. senegalus predominantly use axial-
driven locomotion on gravel substrates, with relatively little
engagement of the pectoral fins (Standen et al., 2016).

Water temperature was maintained at 26°C for the duration of
the experiment. Fish were fed a mix of frozen beef heart and
sinking pellets 5 times per week, and food consumption was
monitored such that all groups received the same amount of food.
We did not distinguish between male and female individuals, as
P. senegalus do not exhibit secondary sexual characteristics as
juveniles (Bartsch et al., 1997). There were no significant
differences in body length between groups at the end of the
experiment (F,,,=1.121, P=0.344) and body size was not
considered further in the analysis.

Following 5 weeks under experimental conditions, fish were
euthanized via immersion in a lethal concentration (420 mg 17!) of
MS-222 solution. Pectoral fins were then removed, preserved in
formalin, and cleared and stained with Alcian Blue and Alizarin Red
to visualize cartilage and bone according to a conventional protocol
(Fig. 1). Cleared and stained fins were photographed under a Leica
M60 dissection microscope using a MC170 HD camera. The best-
quality fin from either the left or right side was photographed, but all
right fins were left-reflected for the analysis. All experiments
were performed under University of Ottawa animal care protocol
BL-1934. The investigators were not blind to the group allocation
during the experiment or when assessing the outcome.

Measured variables
Total bone length, bone width, proportion ossified and curvature
were measured for the propterygium, metapterygium and medial
radials. Total length was measured as the linear distance between the
ends of'the cartilaginous epiphyses of each bone. Proportion of bone
ossified was calculated as the ratio between the length of the ossified
section of bone (stained red) and total bone length (Fig. 2). Bone
width was measured at the midpoint of the ossified section of bone.
For the medial radials, curvature was calculated as the ratio
between the maximum subtense and the length of the chord
connecting the proximal and distal end of the ossified section of
bone. Maximum subtense was considered to be the distance from
the point of maximal curvature along the medial axis to the chord
(Fig. 2). We used geometric morphometrics to compare the
multivariate shape of the propterygium and metapterygium
because they have more complex shapes compared with the

Total length

Maximum subtense /
N

Medial axis Width
Fig. 2. Diagram of a typical fin bone from P. senegalus and its measured
variables. The ossified region is shaded grey. The thin dashed line denotes
the distance between the proximal and distal extents of ossified bone used to
calculate the proportion of bone ossified and curvature of the medial radials.
Radial width was measured at the midpoint of the ossified section of bone.
Maximum subtense was measured as the distance between the point of
greatest curvature along the medial axis (dotted line) of the bone and the thin
dashed line.

medial radials. Twenty-five equally spaced landmarks were
digitized along the medial axis of the propterygium and
metapterygium (Fig. 2). A generalized Procrustes analysis was
then performed to remove scale, position and orientation using the
gpagen function in the geomorph package for R (https:/cran.
r-project.org/package=geomorph). The first and last points were
used as fixed landmarks and the others were used as semi-
landmarks. Semi-landmarks were aligned by sliding them along
their tangent directions so that the bending energy between the
points of the curve was minimized (Bookstein, 1997). All bone size
and shape measurements were collected using Fiji (Schindelin et al.,
2012) and are available from the Dryad digital repository (https://
doi.org/10.5061/dryad.Ovt4b8gwc).

Statistical analysis

For all univariate variables measured on the propterygium and
metapterygium, the effect of treatment was tested with ANOVA.
ANOVA contrasts were used to make pairwise comparisons
between control—exercise and control-terrestrial groups. Linear
mixed effects models were used to test the effect of treatment on
medial radials, as each fin contains multiple medial radials. This
was implemented using the /me function in the nlme package
for R (https:/CRAN.R-project.org/package=nlme). Treatment was
considered a fixed main effect and individual was included as a
random effect to account for non-independence between multiple
radials measured from fins of the same individual.

For multivariate bone shape, we performed Procrustes ANOVA
with the aligned shape vertices as the response variable and
treatment as a categorical variable. Procrustes ANOVA differs from
a standard ANOVA because the sum-of-squared Procrustes
distances is used as the measure of sums of squares (Goodall,
1991). This analysis was performed using the procD.Im function in
geomorph. A residual randomization permutation method (Collyer
and Adams, 2018; https:/cran.r-project.org/web/packages/RRPP)
was used with 999 iterations to evaluate the significance of all tests
described above. The pairwise function in the RRPP package v0.5.2
for R (Collyer and Adams, 2018; https:/cran.r-project.org/web/
packages/RRPP) was used to make pairwise comparisons between
control-exercise and control-terrestrial groups. All statistical
analyses were performed in R v3.5.3 (http:/www.R-project.org/).

RESULTS

Compared with control fish, terrestrial fish had significantly longer
and wider propterygia (P<0.007; Fig. 3A,D, Table 1) as well as
metapterygia (P<0.014; Fig. 3B,E, Table 1). Exercised fish did not
differ from controls in length or width of either the propterygium or
metapterygium (P>0.281; Fig. 3A-D, Table 1). Both exercise and
terrestrial groups had significantly longer medial radials than
control fish (P<0.036; Fig. 3C, Table 1), but showed no difference
in width (P>0.432; Fig. 3F, Table 1).

There was no difference in propterygium ossification for either
exercise or terrestrial groups compared with controls (P>0.153;
Fig. 3G, Table 1). For the metapterygium, terrestrial fish had a
greater proportion of ossification compared with the control group
(P=0.005; Fig. 3H, Table 1), but there was no difference between
exercised and control fish (P=0.064). For the medial radials, both
exercise and terrestrial groups were more ossified than the control
group (P<0.023; Fig. 31, Table 1).

Curvature
There were no differences in curvature ratio of the medial radials

(control: 0.0456+0.0287, exercise: 0.0438+0.0296, terrestrial:
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Fig. 3. Univariate measurements of P. senegalus bone size and ossification. (A—C) Bone length, (D—F) bone width and (G—I) proportion of bone ossified for
propterygium (left), metapterygium (middle) and medial radials (right). Boxes indicate means and 95% confidence intervals. Approximate confidence intervals for
fixed effects were calculated for the medial radials using the intervals function in the nime package for R (https:/CRAN.R-project.org/package=nime). P-values
are indicated by asterisks (*P<0.05, **P<0.01, ***P<0.001). All data points for each group are plotted (control n=13, exercise n=6, terrestrial n=6).

0.0455+0.053; means+s.d.) nor in the multivariate shape of the
metapterygium (Table 2). There was a significant difference in
multivariate shape of the propterygium between terrestrial
fish and controls (Table 2). In terrestrial fish, the typical ‘S’
shape of the propterygium was more pronounced compared with
that of control fish, and the point of maximum curvature
shifted distally compared with that of the average control
propterygium (Fig. 4).

DISCUSSION

Fin bones respond to static loading

Plastic responses were apparent for all bones and measured
variables under the chronic terrestrial condition, in contrast with a
limited effect of terrestrial exercise, which only elicited a response
in the medial radials. This suggests that static and dynamic loading
had different effects on the fin skeleton, with static loading due to
chronic gravitational loading causing a greater response than
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Table 1. Total bone length, bone width and ossification for pectoral fin bones of Polypterus senegalus following a 5 week treatment in control,

exercise or terrestrial conditions

Length (mm) Width (mm) Ossification (proportion)
Control Exercise Terrestrial Control Exercise Terrestrial Control Exercise Terrestrial
Propterygium 2.10+0.194 2.13+0.121 2.36+0.164 0.215+0.022 0.214+0.024 0.251+0.021 0.7394+0.026  0.744+0.040 0.759+0.013
Metapterygium  3.87+0.243  3.86+0.244  4.19+0.235 0.229+0.022 0.239+0.017 0.259+0.013  0.823+0.023  0.841+0.011  0.851+0.006
Medial radials 1.51£0.337 1.64+0.366 1.68+0.380 0.132+0.023 0.130+0.019  0.128+0.018 0.655+0.066 0.689+0.075 0.712+0.068

Data are meanszs.d.

dynamic loading due to terrestrial locomotion. Intriguingly, this
contradicts classic experiments in avian and mammalian long
bones, which found that bones only respond to dynamic loading
(Lanyon and Rubin, 1984; Robling et al., 2001).

One possible explanation for this discrepancy is the structural
distinctiveness of fish bone relative to typical tetrapod bone. The
cellular mechanism of mechanosensation in tetrapod bone relies on
the generation of fluid flow through a system of canals, called the
canicular network, in response to bone deformation (Burger et al.,
1995; Bonewald and Johnson, 2008; Bonucci, 2009). The pressure
from this fluid flow on osteocytes leads to a downstream signalling
cascade resulting in changes in the number and activity of
osteoblasts and osteoclasts, the cell types responsible for
depositing and resorbing bone, respectively (Hall, 2005). The
magnitude of bone functional response is determined by the rate of
fluid flow, which in turn is proportional to the strain rate and
magnitude (Turner et al., 1994, 1995; Mosley and Lanyon, 1998;
Aiello et al., 2015). In this way, it has been proposed that only
dynamic loading can generate the cyclic loading and relaxation
required for fluid flow within bones, and thus alter the rate of bone
deposition (Burr et al., 2002).

However, this may not be the case in fish. Although we know
that fish bone is capable of responding to mechanical loads to a
similar degree to bones of mammals and other tetrapods, it
remains unclear whether this mechanism involves osteocytes. In
contrast to tetrapods, the bones of many teleost species lack
osteocytes altogether (Shahar and Dean, 2013), and even the
cellular bones of non-teleost fish, such as Polypterus, have
reduced numbers of osteocytes with few canaliculi of limited
connectivity (Totland et al., 2011; Dean and Shahar, 2012). In the
absence of the typical tetrapod mechanotransduction system, the
unique capacity of dynamic loads to induce bone plasticity in
tetrapods may not apply to fish. Rather, alternative mechanosensors
such as chondrocytes, osteoblasts or bone lining cells could
contribute to unique responses to loading in fish bones (Hall and
Witten, 2018).

Table 2. Pairwise comparisons of multivariate propterygium and
metapterygium shape in P. senegalus following a 5 week treatment in
control, exercise or terrestrial conditions

Distance between

means Effect size P
Propterygium
Control versus exercise 0.022 —0.298 0.522
Control versus terrestrial 0.060 2.618 0.013
Metapterygium
Control versus exercise 0.016 —0.952 0.821
Control versus terrestrial 0.048 0.905 0.180

Distance between least squares means for each group across permutations is
shown.
Effect size was calculated as standard deviates of the sums of squares.

Given the substantial differences in experimental design between
the work presented here and the classic experiments of Lanyon and
Rubin (1984) and Robling et al. (2001), which directly loaded
isolated bones, we should also compare our findings with studies on
chronic hypergravity. In these experiments, study organisms are
typically placed inside a centrifuge to expose them to various levels
of g-force, comparable to our terrestrial group of P. senegalus. In
general, the results of hypergravity experiments have been mixed,
showing support for both a suppressing effect of constant
centrifugation on bone growth and potential osteogenic effects,
depending on the magnitude of centrifugation and type of bone in
question (Martinez et al., 1998; Vico et al., 1999; Aceto et al., 2015;
Canciani et al., 2015; Gnyubkin et al., 2015). Direct comparisons of
static versus dynamic hypergravity are rare, presumably because of
difficulties in subjecting animals to dynamic centrifugation for
extended periods of time. However, a few experiments in isolated
fish tissue cultures have shown positive osteoblastic responses to
both types of loading but variable effects on osteoclastic function,
including an enhanced ability of dynamic hypergravity to suppress
osteoclast activity (Suzuki et al., 2008; Kitamura et al., 2013; Yano
et al., 2013).

Alternatively, one possible explanation for our relative lack of
response to exercise is that the regimen we used was not sufficiently
intense to stimulate bone growth. In this experiment, fish were
motivated to walk 30 cm per day, which is equivalent to 5-10
contralateral fin stroke cycles. To place this in context, several
mammalian studies have found observable changes in bone
structural parameters after only a few (1-10) repetitions of high-
impact activities (Forwood et al., 1996; Umemura et al., 1997,
Honda et al., 2001). In planning this experiment, we assumed that,
given the rapid onset of fatigue in these fish (T.Y.D. and EM.S.,
personal observation), that any form of terrestrial locomotion could
be considered high impact. However, comparisons of walking in
salamanders and mudskippers show similar ground reaction forces
(Kawano and Blob, 2013), suggesting that terrestrial locomotion in
amphibious fishes may be more like walking than jumping in
relative intensity. Repeating the experiment with longer or more
frequent bouts of exercise could elicit a greater response.

Dorsal
Proximal Distal
Ventral Control
Terrestrial
-

Fig. 4. Average difference in propterygium shape between control and
terrestrial P. senegalus. Control, grey solid line; terrestrial, black dashed line.
The difference is magnified 2x to facilitate visualization.
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Increased loading results in longitudinal growth of fin bones
Another noticeable difference between our findings and most
mammalian studies is that terrestrially acclimated P. senegalus
exhibited increased longitudinal bone growth. Most mammalian
studies have recorded non-significant (Canciani et al., 2015;
Gnyubkin et al., 2015) or negative (Amtmann and Oyama, 1973;
Smith, 1975; Wunder et al., 1979; Martinez et al., 1998; Vico et al.,
1999) effects of artificial hypergravity on bone growth, as well as
negative effects of direct static compression (Robling et al., 2001;
Stokes et al., 2007; Ohashi et al., 2002). This difference could be
related to how fish fin bones are loaded in nature compared with
tetrapod long bones. Axially applied compressive loading of
mammalian long bones has been shown to inhibit elongation,
potentially due to alterations of the growth plate (Robling et al., 2001;
Stokes et al., 2007; Ohashi et al., 2009). However, this scenario is not
directly applicable to Polypterus or other fishes as fin bones are
virtually never loaded in pure axial compression either in the water or
on land, which likely reduces the effects on the growth plate. Other
potential differences between fish and mammalian bones that could
influence the impact of loading on longitudinal growth are that fish
bones have indeterminate growth, a more variable arrangement of
chondrocytes in the growth plate (Farnum, 2007) and a greater
reliance on periosteal ossification over endochondral ossification
compared with mammals (Witten and Huysseune, 2007).

Medial radials exhibit unique responses to increased loading

The only bones that responded to the exercise treatment were the
medial radials, which increased in length and ossification. This
localized response may be due to the position of the pectoral fins
while contacting the ground during terrestrial locomotion. Previous
examinations of high-speed video (Standen et al., 2016) have shown
that, on smooth surfaces, P. senegalus uses both its body and
pectoral fins to lift its head off the ground and move forward. This
involves abduction of the pectoral fin until it is perpendicular to the
body wall. The fin is then planted on the ground and used as a pivot
point to rotate and support the body. During this fin-plant phase, the
fin rays and the distal region of the fin lobe containing the medial
radials are in direct contact with the ground (Fig. 5). As seen in
mudskippers (Kawano and Blob, 2013), this likely induces strong
medial ground reaction forces on the fin, resulting in high bending,
shear and torsional stresses. The stronger response of the medial
radials to exercise could be due to their more direct exposure to
ground reaction forces compared with the propterygium and

Fig. 5. lllustration of the position of the pectoral fin bones of P. senegalus during
the fin-plant phase of terrestrial locomotion. The left image shows the initiation of
the fin-plant followed by the forward pivoting movement of the head and body
over the fin in the right image. Images are adapted from Standen et al. (2016)
and based on high-speed videos. The depicted images take place
approximately halfway through one fin stroke cycle, where a cycle is defined as
starting when the nose is at its maximum amplitude towards the right. However,
the timing and duration vary between fish (see Standen et al., 2016). The
propterygium is red, the metapterygium is blue, and the medial radials are black.

metapterygium, which may be buffered from stress by the medial
radials and adjacent connective tissues.

Despite strong responses in terms of length and proportion of
ossification, medial radial width did not respond to any treatment of
increased loading. We hypothesize that this may be related to
variability in the number of medial radials across individuals. As for
many other actinopterygians, radial bones in Polypterus fins
originate as subdivisions of a single cartilaginous disc during
development (Bartsch et al., 1997; Dewit et al., 2011). The number
of medial radials that are formed can vary between individuals, and
in our study ranged from 13 to 16. We found that medial radial width
was significantly correlated with the number of radials per fin,
where fins with fewer radials also had wider radials (Pearson’s
r=—0.17, P=0.003). To examine the relative importance of the total
number of medial radials in determining their mean width, we
compared several models of medial radial width using the second-
order Akaike information criterion (AICc, AIC corrected for small
sample sizes), computed using the A/Ccmodavg package for R
(https:/cran.r-project.org/package=AICcmodavg). We found that a
model with no fixed treatment effect but with individual and radial
number as random effects has the lowest AICc value, indicating that
it is the best-supported model (Table 3). This suggests that medial
radial width is predominantly determined by the number of radials
present in the fin, which may make it difficult to detect any effects of
loading on width.

Mechanical consequences

Based on our findings, different hypotheses emerge regarding the
mechanical and functional consequences of the observed changes in
the fin. The increased ossification of the metapterygium and medial
radials, as well as the increased bone width of the propterygium and
metapterygium, may contribute to increased stiffness. This would
be consistent with a hypothesis that fin bones exhibit adaptive
plasticity in response to gravitational loading. A stiffening effect of
terrestrial acclimation has also been demonstrated in the gill arches
of the amphibious mangrove rivulus (although, interestingly, not in
Polypterus) (Turko et al., 2017, 2019). Conversely, the increased
length of bones potentially reduces their strength in bending. Such a
reduction in bending strength would appear to be maladaptive for
resisting the increased ground reaction forces on land.

Changes in the observed shape of the propterygium, captured
through the use of geometric morphometrics and sliding semi-
landmarks, are also intriguing. In general, long bone curvature is
considered a functional paradox (Bertram and Biewener, 1988)
because curvature reduces strength in bending (Biewener, 1983).
However, curvature could lead to potential tradeoffs with more
predictable patterns of stress (Bertram and Biewener, 1988; Jade
et al., 2014) or increased mechanical dampening which dissipates
energy from loading (Dodge et al., 2012). The particularities of the
shape change in the terrestrial group of P. senegalus, namely the
distal shift of the point of greatest curvature and the accentuation of
its “‘S” shape, may also have consequences for the lines of action of

Table 3. AlCc results for models of medial radial width in P. senegalus

Candidate model k AlCc AAICc w log(L)

Width ~ 1+ (FishID/#Radials) 4 145444 0 0.56 731.29
Width ~ Treatment + (1|FishID) 5 -1453.10 1.34 0.30 731.65
Width ~ Treatment + (1|ID/#Radials) 6 -1451.01 3.43 0.11 731.65

AlCc, Akaike information criterion (corrected); AAICc, difference between the
AlCc of a given model and the AICc of the model with the lowest AICc; w,
Akaike weight; log(L), log-likelihood; k, estimated parameters.
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the abduction and rotational muscles that insert on its dorsal and
lateral surfaces (Wilhelm et al., 2015).

Future directions
Whether the changes observed in the experimentally loaded groups
of P. senegalus actually have any mechanical or functional
consequences remains to be seen, and will need to be the subject
of further investigation. This includes testing of material properties
of the bones themselves, as well as analyses of the forces
experienced by the fins during aquatic and terrestrial locomotion.
Future studies would also benefit from the collection of longitudinal
data in these fish. Because of the constraints of our chosen method
for visualizing the fin skeleton, we only compared differences
between groups at the end of the 5 week treatment period, with the
assumption that there was no significant variation between groups
present prior to the beginning of the experiment. Although the random
assignment of fish to experimental groups mitigates this possibility, it
is likely that individual fish will exhibit different growth responses to
loading. Thus, there would still be considerable value in visualizing
bone morphology pre- and post-treatment to gain more direct
measurements of how increased loading affects fin bone growth.
Radiographic imaging through traditional x-ray or in vivo CT
scanning (Koba et al., 2013) as well as the use of markers for bone
formation such as fluorochromes (Erben, 2003) are some potential
approaches to visualizing bone shape and condition prior to treatment.
Future work should also consider how bone plasticity in fish
works in the context of other tissues present in the fin. In general,
fish exhibit a greater variety of skeletal and connective tissue types
compared with mammals, including an increased role of cartilage in
load-bearing elements (Witten et al., 2010). Compared with
mammalian long bones, ossified tissue comprises relatively little
of the fin radials. The majority of the radials are composed of an
inner rod of cartilage that is only thinly sheathed by periosteal bone
around the bone shaft (Witten and Huysseune, 2007). The
contribution of this internal cartilage to the mechanical properties of
the structure as a whole is unknown. How a diverse complement of
tissues interacts in response to load, especially in a structure with as
complex a function and arrangement of skeletal elements as the pectoral
fin leaves many questions for the future and highlights the need for
more studies of skeletal responses to mechanical loading in fish.

Conclusions

The ability of skeletal systems to respond to changing mechanical
loads throughout life is clearly advantageous for individual
organisms, but there is also increasing evidence that such
phenotypic plasticity may play an important evolutionary role as
well (West-Eberhard, 2003; Wund et al., 2008; Moczek et al.,
2011). One of the reasons why we are interested in studying skeletal
plasticity in Polypterus is to gain insight into how the ancestral fish
body plan responded to the challenges experienced by the first
vertebrates to venture onto land. In this study, we sought to
determine whether the pectoral fin bones of P. senegalus are capable
of exhibiting a plastic response to weight bearing that may facilitate
a terrestrial lifestyle. Acclimation to chronic terrestrial loading
results in increases in the length, width and ossification of fin radial
bones. This also occurs, to a lesser extent, following short bouts of
daily exercise on land. Whether this type of plasticity is relevant on a
functional or evolutionary scale remains unanswered. However, it is
clear from this and other studies that fish skeletons have an
advanced capacity to sense and respond to novel mechanical
loading as drastic as the transition from a buoyant aquatic
environment to a weight-bearing terrestrial one.
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