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Abstract

Mechanical signals play an integral role in the regulation of bone mass and functional adapta-

tion to bone loading. The osteocyte has long been considered the principle mechanosensory

cell type in bone, although recent evidence suggests the sensory nervous system may play a

role in mechanosensing. The specific signaling pathways responsible for functional adaptation

of the skeleton through modeling and remodeling are not clearly defined. In vitro studies sug-

gest involvement of intracellular signaling through mitogen-activated protein kinase (MAPK),

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), and mammalian target of rapamy-

cin (mTOR). However, anabolic signaling responses to bone loading using a whole animal in

vivo model have not been studied in detail. Therefore, we examined mechanically-induced sig-

naling events at five time points from 0 to 24 hours after loading using the rat in vivo ulna end-

loading model. Western blot analysis of bone for MAPK’s, PI3K/Akt, and mTOR signaling, and

quantitative reverse transcription polymerase chain reaction (qRT-PCR) to estimate gene

expression of calcitonin gene-related protein alpha (CGRP-α), brain-derived neurotrophic fac-

tor (BDNF), nerve growth factor (NGF), c-jun, and c-fos in dorsal root ganglion (DRG) of the

brachial intumescence were performed. There was a significant increase in signaling through

MAPK’s including extracellular signal-related kinase (ERK) and c-Jun N-terminal kinase (JNK)

in loaded limbs at 15 minutes after mechanical loading. Ulna loading did not significantly influ-

ence expression of the genes of interest in DRG neurons. Bone signaling and DRG gene

expression from the loaded and contralateral limbs was correlated (SR>0.40, P<0.05). How-

ever, bone signaling did not correlate with expression of the genes of interest in DRG neurons.

These results suggest that signaling through the MAPK pathway may be involved in load-

induced bone formation in vivo. Further characterization of the molecular events involved in

regulation of bone adaptation is needed to understand the timing and impact of loading events,

and the contribution of the neuronal signaling to functional adaptation of bone.
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Introduction

Bone has the remarkable ability to continuously change shape and mass in response to a wide

variety of mechanical loads [1]. This process has been described as functional adaptation pri-

marily via a mechanism known as mechanotransduction, where cells sense physical stimuli,

convert them into biochemical signals, and ultimately trigger a cellular response [2–4]. Osteo-

cytes play a central role in this process due to their abundant distribution throughout bone,

connections with other bone cells, and responses to stimulation or targeted ablation [5–7] (for

reviews on osteocyte mechanotransduction [2,8,9]). Strain amplification must form part of the

regulatory mechanism since physiological in vivo bone strain (<0.5%) is lower than that

described to stimulate bone cells cultured in vitro (1–10% strain) [2,10–15]. Despite this adap-

tive ability, failure and associated accumulation of fatigue damage from cyclic loading of bone

is common [13,16–18]. The precise cellular machinery that senses and enacts an adaptive

response remains incompletely understood, thus increasing our knowledge in this area is

important for comprehensive understanding of adaptative failure of bone.

Signaling events in bone have been studied using a variety of in vitro cell culture and in vivo
animal models. In vitro osteocyte and osteoblast cell culture are designed to mimic physiologic

events occurring with bone such as fluid flow, stretch, or deformation. Mechanical stimulation

and fluid flow lead to upregulation of growth factors and activation of signaling pathways im-

portant for load-induced bone formation [2]. In particular, the phosphatidylinositol 3-kinase

(PI3K)/protein kinase B (Akt) pathway and the mitogen-activated protein kinase (MAPK’s)

are important for regulation of osteoblastic cell proliferation and differentiation [19–24].

These kinases then upregulate c-fos, c-jun, and activator protein-1 (AP-1) transcription factor

which, in-turn, binds to mechanosensitive genes [25,26]. In vivo models are relatively non-

invasive and allow for studying the entire bone/organ [27]. Measurement of bone strain, histo-

morphometry of bone accrual or loss in response to loading, unloading, or a pharmacologic

treatment is typically determined using an in vivo model [28,29]. Bone tissue may also be eval-

uated using immunohistochemical staining or molecular techniques, such as in situ hybridiza-

tion or gene expression, to study specific signaling pathways [28]. Despite the collection of

knowledge on bone adaptation, more work is needed to thoroughly understand the inter- and

intra-cellular signaling pathways that are activated by in vivo bone loading.

Load-induced bone formation has historically been regarded as a local site- and strain-spe-

cific phenomenon [30–32]. However, it has been proposed that a cross-talk mechanism

enabling communication between bones within the skeleton exists [33,34]. Similar to osteo-

cytes, sensory and sympathetic nerve fibers form a dense network in the periosteum and

underlying bone tissue and, as such, are well positioned to sense changes in mechanical load-

ing. Sensory fibers in bone may have regulatory effects on bone modeling and remodeling

through release of neuropeptides and other signaling molecules into the bone microenviron-

ment [34–37]. Neurotransmitters including calcitonin gene-related peptide (CGRP), brain-

derived neurotrophic factor (BDNF), substance P (SP), vasoactive intestinal peptide (VIP) and

neuropeptide Y (NPY) are released from these fibers to act on a wide variety of receptors on

bone cells [38]. In particular, recent evidence by Tomlinson et al. suggests that mechanical sig-

nals increase nerve growth factor (NGF) expression in osteocytes, activating neurotrophic

kinase receptor 1 (TrkA) sensory nerves, resulting in bone formation [39]. The entire mecha-

nism by which in vivo bone loading potentially modulates neuronal networks and their impact

on bone cell signaling remains to be determined.

Therefore, the purpose of this study was to examine the anabolic signaling events using a

rat ulna end-loading model after in vivo bone loading, and determine if cross-talk between

bones and the nervous system can be identified. Specifically, we investigated PI3K/Akt,
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MAPK, and mTOR signaling pathways in bone and determined the levels of CGRP-α, BDNF,

c-jun and c-fos gene expression in DRG neurons in response to load. Bone loading resulted in

an early increase in signaling through ERK and JNK; however, no corresponding effect in

DRG neurons was identified for the candidate genes.

Materials and methods

Animals

A homogenous group of 67 young, male Sprague-Dawley rats (body weight, 296–376 g; age, 79

±6 days) was used for the study. The rats were purchased from Harlan, Inc., and individually

housed at the University of Wisconsin-Madison, School of Veterinary Medicine Animal Care

Facility until the experiments were conducted. Rats were provided with food and water ad
libitum.

Ethics statement

All procedures performed in the experiments were conducted with the approval of the Animal

Care & Use Committee, School of Veterinary Medicine, University of Wisconsin-Madison

(V1148).

Experimental design

Initially, a time course study was undertaken using 16 rats to determine the optimal time for

analysis of mechanically-induced signaling events after ulna loading. Eight time points of 0,

15, 30 minutes, 1, 2, 6, 12, and 24 hours after loading were selected based on previous mechan-

ical signaling events in other tissues and existing in vitro literature (n = 2 rats/time point). At

each time point, the right ulna of one rat underwent mechanical loading and the second rat

was sham-loaded. Rats were randomly chosen from the colony for group designation. An

additional three rats were treated with insulin (5 IU/kg i.p., Humulin R, Novo Nordisk, Prince-

ton, NJ) 15 minutes before euthanasia to serve as positive controls for the phosphorylation

kinases in the PI3K/Akt/mTOR and MAPK signaling pathways [40].

Based on data from the time course study, time points of 15 minutes, and 1, 6, 12 and 24

hours after ulna loading were selected as the most informative regarding analysis of mechani-

cally-induced signaling events after ulna loading. An additional 48 rats were then used for

these time points. Load and sham group sizes were n = 3, respectively, at 15 minutes and 1

hour, and n = 6 at 6, 12, and 24 hours.

In vivo ulnar loading

In vivo loading of the right ulna was performed under isoflurane-induced anesthesia. Our

group has previously used this model and shown that it induces functional adaptation in

loaded and non-loaded bones [34]. Briefly, the right antebrachium of each rat was placed

between horizontal oriented loading cups fixed to the loading platen and actuator of a materi-

als testing machine (Model 8800 DynaMight, Instron, Canton MA, USA) using a 250 N load

cell (Honeywell Sensotec, Canton, MA, USA) (Fig 1). The distance between the actuator cup

and the load cell cup was manually adjusted until −0.5 N was applied to the ulna to hold it in

position. Axial compression of the antebrachium accentuates the natural mediolateral curva-

ture of the ulnar diaphysis, translating the compressive force into a bending moment maximal

near the mid-shaft [41,42]. The relationship between peak load and initial peak strain in this

rat end-loading model was previously determined [34]. Cyclic compressive load was applied to

the right antebrachium for 1,500 cycles at a peak strain of -3750με using a haversine waveform

Load-induced bone and sensory nerve signaling
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at 4Hz and a peak load of -18.0N. The single period of in vivo loading lasted for 6.25 minutes.

Glycopyrrolate (0.01 mg/kg sc) was given 15 minutes before induction. For analgesia, butor-

phanol (0.5 mg/kg sc) was given 15 min before induction and again immediately after loading.

Rats were ambulatory within 20 min of recovery from anesthesia.

Tissue sample collection

Tissue samples were collected under terminal general anesthesia. The right and left ulnae were

excised, bone ends were cut to remove the articular surfaces, and cold PBS-soaked gauze was

used to remove remaining adherent musculature from the bones leaving the periosteum intact.

Collection time and handling of bones was minimized (<1 minute) to ensure consistency

among groups. Bones were placed in 2ml microtubes, and immediately frozen in liquid nitro-

gen. Ulnae were stored at—80˚C. Each frozen bone was ground under liquid nitrogen using a

mortar and pestle, then homogenized with a Polytron in a buffer containing 40mM Tris

(pH 7.5), 1mM EDTA, 5mM EGTA, 0.5% Triton X-100, 600mM β-Glycerolphosphate, 1M

NaF, 1M Na3VO4, 10mg/ml Leupeptin, and 0.2M Phenylmethanesulfonyl Fluoride (PMSF).

Homogenates were centrifuged at 4,000 g for 5 min and the supernatant was saved for analysis

at -80˚C.

After excision of the ulnae, rats were prepared for perfusion and collection of dorsal root

ganglia (DRG) under terminal general anesthesia. The heart was approached by median ster-

notomy and a 22-gauge inflow needle was placed in the left ventricle. The right auricle was

then incised for egress flow. Approximately 50ml of sterile 0.9% NaCL was perfused into the

circulation until fluid flow from the egress needle was clear. Rats were then perfused with 75ml

of RNAlater1 solution (Sigma-Aldrich, St. Louis, MO). A continuous dorsal laminectomy

from C1-T2 was made to expose the dorsal nerve roots of the spinal cord. Right and left DRG

were collected from the brachial intumescence (C6-T2). DRG were placed in tubes containing

2ml of RNAlater1. The brain was exposed using a combined dorsal-suboccipital craniectomy.

Right and left trigeminal ganglia were excised and placed in tubes containing RNAlater1, to

serve as an internal control tissue from a ganglion receiving sensory input that is not associated

with a limb.

Fig 1. Schematic diagram of the rat ulna end-loading model. The right antebrachium was placed horizontally in

loading cups attached to the materials testing machine. The medio-lateral diaphyseal curvature of the rat ulna is

accentuated through axial compression, most of which is translated into a bending moment. Reproduced from [42]

with permission from John Wiley & Sons.

https://doi.org/10.1371/journal.pone.0192760.g001
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Western blot analysis of bone tissue

Markers for signaling through mTOR [P-p70s6k(389) and total p70], PI3K [P-PKB(473) and

P-PKB(308)], and MAPK’s [P-JNK(183/185) and P-ERK(202/204)] were evaluated at several

time points in bone. Supernatant protein concentration of each sample was determined by the

DC protein assay (Bio-Rad Laboratories, Hercules, CA), and equivalent amounts of protein

from each sample were analyzed on a Western blot as previously described [43]. Briefly, sam-

ples were dissolved in Laemmli buffer and subjected to electrophoretic separation by SDS-

PAGE on 7.5% acrylamide gels. After separation, proteins were transferred to a PVDF mem-

brane, blocked with 5% powdered milk in Tris-buffered saline, 1% Tween 20 (TBST) for 1

hour, washed for 10 minutes in TBST, followed by an overnight incubation at 4˚C with pri-

mary antibody. After overnight incubation, membranes were washed for 30min in TBST and

then probed with an anti-rabbit antibody in 5% milk TBST for 45 min at room temperature.

Primary antibodies for P-JNK(183/185) (#4671S), P-ERK(202/204) (#9101S), P-PKB(473)

(#9271S), P-PKB(308) (#9275S), and total p70 (#2708) were obtained from Cell Signaling

(Danvers, MA). The primary antibody for P-p70S6k(389) (#11759) was obtained from Santa

Cruz Biotechnologies (Santa Cruz, CA). The peroxidase-conjugated anti-rabbit antibody (#PI-

1000) was obtained from Vector Laboratories (Burlingame, CA). After 30 min of washing in

TBST, the blots were developed on film using ECL (Pierce, Rockford, IL, USA) or ECL Plus

(Amersham, Piscataway, NJ). Images were captured using conventional exposure radiography.

Select membranes were rinsed, antibodies removed with stripping buffer (Restore, Thermo

Fisher Scientific, Rockford, IL), and re-incubated with a different primary antibody and pro-

cessed as described above. At the end of the Western blot analyses, the PVDF membranes were

stained with Coomassie Blue to verify equal loading of protein in all lanes. Densitometric mea-

surements of each blot were carried out with ImageJ (NIH, Bethesda, MA).

qRT-PCR for DRG gene expression

RNA was isolated from DRG using TRIZOL (Invitrogen, Carlsbad, CA). Total RNA was puri-

fied using standard RNA clean-up reagents (Invitrogen, Carlsbad, CA). cDNA was prepared

from total RNA by using the Superscript III first-strand synthesis system (Invitrogen, Carls-

bad, CA). A melt-curve analysis was performed to check for primer-dimer formation.

qRT-PCR was performed for expression of CGRP-α, BDNF, NGF, c-jun and c-fos using stan-

dard Taqman primers (Assay-on-Demand, Applied Biosystems); 18S rRNA was used as the

housekeeping gene (Table 1). The additional TaqMan oligonucleotide probe was required to

anneal between the two primers in order to generate a fluorescent signal. Duplicate PCR reac-

tions were performed and internal cDNA controls were used to check that Ct values are consis-

tent between assays. Gene expression in right and left trigeminal ganglia were used as internal

controls. Analysis of DRG qRT-PCR data was performed using the 2−ΔΔCT method [44].

Statistical analysis

Statistical analyses were performed using GraphPad Prism (Version 6.00, La Jolla, CA, USA).

The Kolmogorov-Smirnov test was used to determine whether sample data were normally dis-

tributed. All values are expressed as mean ± standard deviation. The right ulna of the sham-

loaded animal was used as control for evaluation of mechanical loading effects. The effect of

loading was analyzed using the Student’s t test for unpaired data for comparison of the loaded

limb (right) in the load group with the right limb in the sham group. In the load group, the

loaded and contralateral limbs were also compared using the Student’s t test for paired data.

The Spearman rank correlation statistic (SR) was used to determine whether changes in bone

signaling after load was correlated with DRG gene expression. Data were assessed at individual
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time points and also combined to evaluate the effect of load or limb for correlation analysis.

Differences between groups were considered significant when P<0.05.

Results

We developed an in vivo whole animal model that enables determination of the effects of

mechanical loading on various signaling events in bone and nerve tissue. Protein extraction

from each ulna yielded a concentration of 3.74±1.6μg/μl, which was sufficient to perform west-

ern blot analysis for the signaling pathways of interest. Protein extraction from DRG neurons

did not yield an adequate quantity of protein (0.5–1.3μg/μl); therefore, gene expression was

estimated using qRT-PCR from DRG tissue.

Effect of mechanical loading on protein kinase phosphorylation

Mechanical loading resulted in a cascade of protein kinase phosphorylation events evident

early after loading (Figs 2 and 3). Phosphorylation of ERK (P-ERK1/2) was significantly

increased in the loaded ulnae at 15 minutes after loading (Fig 3A) compared to sham and con-

tralateral limbs. A trend for activation of signaling through ERK was evident in loaded ulnae

compared to contralateral limbs at 1 hour (P = 0.12) (Fig 3A). Activation of ERK signaling was

not significantly different at any later time points. Phosphorylation of JNK (P-p54JNK) was

significantly increased in the loaded ulnae at 15 minutes after loading compared to sham limbs

(Fig 3B); however, no difference was noted at any later time points in either limb. No signifi-

cant effects of load were identified in the PI3K/Akt/mTOR pathway [P-p70(389), P-PKB(473),

or P-PKB(308)] in loaded or contralateral limbs (Fig 3C).

Gene expression in DRG neurons

No significant differences in gene expression in response to loading were noted for CGRP-α,

BDNF, c-jun or c-fos at any time point in DRG from loaded limbs. Trends were noted at 12

hours after loading in contralateral limbs for higher expression of BDNF (P = 0.09) and

CGRP-α (P = 0.19).

Correlation of bone signaling and DRG neuron gene expression

Bone signaling and DRG neuron gene expression from loaded right and contralateral left

limbs were correlated (SR = 0.40–0.73, P<0.05). There were mild positive correlations between

Table 1. Oligonucleotide primers for quantitative real-time reverse-transcriptase-polymerase chain reaction.

mRNA Targets Primer Type Oligonucleotides (5’ to 3’) Amplicon Size (bp) Sequence Reference

BDNF Forward AAAACCATAAGGACGCGGACTT 22 Rapanelli et al. 2010 [45]

Reverse AAAGAGCAGAGGAGGCTCCAA 21

CGRP-α Forward GCATGGCCACTCTCAGTGAAG 21 Laboratory of Dr. Muir, University of Wisconsin-Madison

Reverse CCTGACTTTCATCTGCATATAGTTCTG 27

NGF Forward TGCATAGCGTAATGTCCATGTTG 23 Squillacioti et al. 2009 [46]

Reverse CTGTGTCAAGGGAATGCTGAA 21

c-fos Forward TCCACTGCCTGGGACAGAA 19 Rapanelli et al. 2010 [45]

Reverse CGCAGCGATCTTCATCAAAC 20

c-jun Forward CGGCCCCGAAACTTCTG 17 Rapanelli et al. 2010 [45]

Reverse GTCGTTTCCATCTTTGCAGTCA 22

18S rRNA Forward CGCCGCTAGAGGTGAAATTCT 21 Laboratory of Dr. Svaren, University of Wisconsin-Madison

Reverse CGAACCTCCGACTTTCGTTCT 21

https://doi.org/10.1371/journal.pone.0192760.t001
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PKB308 and PKB 473 phosphorylation in bone (Table 2). In loaded limbs, DRG neuron c-fos

expression was correlated with both CGRP and BDNF gene expression. However, no signifi-

cant correlations were found between bone signaling and expression of the panel of candidate

genes of interest in DRG at the time points examined (Table 2).

Discussion

We demonstrate the ability to detect signaling events in bone tissue in vivo using the rat ulna

end-loading model and Western blot analysis. We also quantified downstream products using

qRT-PCR to estimate expression of a panel of candidate genes in spinal cord DRG thought to

be involved in bone functional adaptation. Load-induced bone formation was associated with

phosphorylation of several protein kinases, evident at different time points after mechanical

loading in rats. Activation of MAPK signaling (P-ERK and P-JNK) appears rapidly after load-

ing and diminishes rapidly over time. However, PI3K/Akt/mTOR pathway [P-PKB and P-p70

(389)] signaling did not appear to be altered by the loading protocol employed in this study.

Similarly, no significant changes were identified in our panel of candidate genes associated

with neuronal signaling, or in correlations with bone kinase signaling.

Fig 2. Representative Western blots for bone signaling at 15 minutes after loading. Insulin treatment served as

positive control. Paired right and left limbs from Sham and Loaded rats were compared (n = 3/group).

Phosphorylation of ERK and JNK were significantly increased in the loaded right ulnae at 15 minutes after loading

compared to sham and contralateral limbs. The upper band was quantified for P-p54JNK.

https://doi.org/10.1371/journal.pone.0192760.g002

Load-induced bone and sensory nerve signaling
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Fig 3. Signaling events in bone after a single period of mechanical loading. A cyclic compressive load was applied to the right antebrachium for 1,500 cycles at

a peak strain of −3750με using a haversine waveform at 4Hz and a peak load of −18.0 N. Significant increases were noted in phosphorylation of ERK and p54JNK

in the right loaded ulnae compared to sham controls as measured by Western blot analysis. All data is expressed as a percentage of the right sham control limb.

https://doi.org/10.1371/journal.pone.0192760.g003
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Bone has a remarkable ability to alter its mass and architecture in response to changes in its

local environment. Various mechanical stimuli have been shown to influence bone cell metab-

olism and activate signal transduction in bone cells in vitro, including the MAPK’s, WNT/β-

catenin, calcium ions, integrins, nitric oxide and prostaglandins [47]. Limited data describing

signaling events in living tissue exists. Most studies have used in vitro models studying manip-

ulation of the mechanical environment of osteoblasts and osteocytes in cell culture, or immu-

nostaining of bone tissue after mechanical stimulation [28,48]. Use of an in vivo model to

investigate signaling responses in bone tissue in response to loading is likely to be important to

future work. Loaded and non-loaded bones were analyzed at various times after a mechanical

stimulus that has been shown to induce functional adaptation in multiple bones and was based

on previous work in our laboratory [34]. Bone tissue was prepared to limit iatrogenic activa-

tion of signaling molecules. Signaling responses were examined in pathways important for

bone adaptation by Western blot analysis, normalized to control tissue of similar time points

after sham loading. This technique yielded adequate protein concentration from the ulnas of

rats, and we could identify signaling events in all pathways examined. The time points chosen

for the study were based on pilot data, as prior knowledge of the timeline of mechanically

induced signaling events in bone in vivo is very limited. We expected that some signaling

events would be very rapid. Investigation of additional time points, particularly later times,

may be informative with regards to signaling responses in non-loaded bones. Alternative load-

ing regimens, including different levels of peak strain, different numbers of load cycles, periods

of rest [49], or repeated bouts of loading, have been shown to impact molecular responses and

load-induced bone formation [49,50], and would have been interesting to examine using this

model.

In the present study, the most consistent and notable impact of mechanical stimulation was

increased signaling through JNK and ERK shortly after loading. ERK, JNK, and p38 are the best

studied members of the MAPK family and have a central role in regulation of bone mass.

MAPK’s mediate bone formation through differentiation of both osteoblasts [51] and osteocytes

[8,21,52]. ERK, in particular, regulates a wide breadth of transcription factors including early

(RUNX2) and late (ATF4) stage osteoblast differentiation, suggesting the role may vary based

on stage and anatomic location [51]. ERK signaling is episodic in nature [53]. and returns to

basal levels after prolonged loading [54], which may impact detection over a time course study.

The lack of a load effect on signaling through the PI3K/Akt/mTOR pathway was unex-

pected. In vitro work suggests that Akt signaling is one of several key pathways important for

Table 2. Correlation of bone signaling activity and DRG gene expression in loaded limbs. There were mild positive correlations between PKB308 and PKB473 bone

signaling. In loaded limbs, expression of genes examined was related. No correlations were found between bone signaling and DRG gene expression. Spearman rank (SR)

correlation values listed for combined loaded right and left limbs. Shading represents significant correlations, darker indicating stronger correlation value.

p70 JNK ERK PKB473 PKB308 BDNF CGRP c-fos c-jun NGF

-0.24 0.17 0.44 0.10 -0.18 -0.24 -0.51 -0.22 -0.24 p70

0.32 -0.22 0.11 0.00 0.09 0.14 -0.12 0.16 JNK

0.20 0.39 0.03 0.02 0.06 0.10 0.09 ERK

0.46 0.02 -0.05 0.18 0.31 -0.16 PKB473

0.19 0.15 0.10 0.39 -0.09 PKB308

0.86 0.53 0.82 0.51 BDNF

0.53 0.76 0.49 CGRP

0.79 0.63 c-fos

0.42 c-jun

NGF

https://doi.org/10.1371/journal.pone.0192760.t002
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bone cell differentiation, function, and survival [55]. A trend for increased signaling activity

was observed in p70(389) and P-PKB(473) at 12 and 24 hours after load during the initial time

course portion of the experiment. However, this response was not consistent when additional

animals were studied at these time points.

Identification of significant loading effects was influenced by data variation within individ-

ual time points and signaling pathways. Mechanical signaling machinery can be exquisitely

sensitive to any iatrogenic stimulus. Although mechanical loading, tissue collection and pro-

cessing was efficient and meticulous, variation in bone collection technique or time may have

contributed to data variance as some variation in the concentration of protein extracted from

the ulna of similar sized rats found. Load-induced bone formation in the rat ulna after end-

loading is greatest in the mid-diaphysis where strain is concentrated [41,56]. Peak strain is

experienced 1-2mm distal to the midpoint of the ulna and reduces substantially along remain-

ing the ulnar length of the bone [57]. The entire ulna was used for this work, to maintain con-

sistency, ease of tissue collection, and ensure an adequate tissue volume for analysis. It is

possible that use of the entire ulna may have reduced the signaling response detected in our

study. Protein isolation from only the mid-diaphysis of the ulna may aid the detection of sig-

nificant loading effects. Alternative strategies such as in situ hybridization may provide support

in correlation of a molecular response to a tissue level response.

Early signaling events were only detected in loaded bones. Similarly, the pattern of bone sig-

naling and DRG neuron gene expression was similar between right and left limbs of individual

animals for all pathways and genes studied. A neuronal mechanism is one possibility that may

be responsible for such effects [33,34]. To begin to address this hypothesis, we quantified

expression of candidate genes in DRG from the thoracic limb brachial intumescence at each

time point studied, between 15 minutes and 24 hours after loading for a panel of candidate

genes. It might be expected that activation of MAPK signaling through ERK and JNK in ulnar

bone would be associated with up-regulation of c-fos and c-jun expression in DRG sensory

neurons. However, this was not supported by our data. It is also possible the signaling timeline

in bone is different than the timeline in neuronal tissue. Recent work by Tomlinson and others

has provided more support for the role of sensory nerves in functional adaptation of the skele-

ton. NGF expression was increased in osteocalcin-expressing cells from the ulnar bone surface

of mice at 1 and 3 hours after mechanical loading [39]. Similarly, mRNA expression of NGF

from the central portion of the ulna by qRT-PCR was increased at 3 and 24 hours in loaded

limbs [39]. We were unable to identify similar correlations of NGF gene expression with bone

signaling in our study. Further work studying gene expression in the ulna diaphysis in our rat

model appears warranted.

In a pilot study, the yield of protein for Western blot analysis from the cervical intumes-

cence DRG in rats was limited. Consequently, we chose to pursue analysis of gene expression

from neuronal tissue using qRT-PCR to examine downstream products from relevant signal-

ing pathways. Use of more sophisticated and comprehensive methods for detecting RNA prod-

ucts such as microarrays or RNA-Seq may be useful to analyze the transcriptome in DRG,

periosteum, and bone from loaded and contralateral limbs. Upregulation of Wnt signaling

among other genes at 3 hours and at 24 hours in cortical bone has been demonstrated using

this approach [58]. Ultimately, protein expression would need to be assessed to confirm

changes in gene expression affect the target protein. Since the periosteum is densely innervated

with sensory nerve fibers, examination of this tissue in the region of the most prominent adap-

tive change may also provide useful information on the neuronal contribution to bone adapta-

tion [59].

Several limitations of this study exist. The time course experiment was chosen to identify

time points with increased signaling activity in various pathways. Activation of signaling can
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be transient. Consequently, peaks of signaling activity may occur in between or beyond the

selected time points used in the study. A trend towards increased activity was noted at several

time points. However, sample sizes precluded identification of additional significant findings.

Post hoc power analysis revealed a group sizes of>20 animals per time point would be needed

to achieve significance for the effect of loading on these trends. Selected pathways were studied

based on previous in vitro work. Other pathways, such as Sost/Sclerostin, Wnt/ β catenin, or

NGF/TrkA signaling [28,39,58], are also important for load-induced bone formation and

could be studied in more detail in vivo using our experimental approach.

In conclusion, our findings from this study extend knowledge of bone mechanotransduc-

tion beyond results of in vitro models. It is clear the skeletal responses to mechanical loading

are complex, particularly when considering the whole animal model in which neurovascular

responses to bone loading are intact. Signaling by the MAPK pathway appears to be an impor-

tant early component to bone mechanotransduction, but the role of other signaling pathways

and sensory innervation needs further investigation. Further characterization of the molecular

events involved in functional adaptation using this model is needed in future work.
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