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ABSTRACT 

 

Perlecan/HSPG2 (PLN), a large Heparan Sulfate Proteoglycan found residing 

in the osteocytic pericellular matrix (PCM) is a major component of the transverse 

tethering elements present in the lacunar-canalicular system that help relay mechanical 

signals. Previous studies have shown that PLN deficiency alters pericellular space and 

attenuates bone anabolic response to loading. Here, we use a transgenic mouse model 

with reduced Pln expression (termed hypo) that mimics the conditions of human 

Schwartz-Jampel Syndrome to study PLN’s role in osteocytic mechanosensing. We 

hypothesize that the presence of PLN in the PCM is essential for induction of a 

sustained bone anabolic response to load and that its absence in the lacunar-canalicular 

(LCS) space of hypo animals would alter their mRNA expression profile after loading 

when compared to wild type (WT) controls subjected to the same loading conditions. 

19-week-old WT and hypo male mice were subjected to uniaxial-tibial compressive 

loading for either one session in one day or seven sessions on consecutive days and 

euthanized 24 hours post-load. RNA was extracted from the loaded and non-loaded 

tibiae of both WT and Hypo animals and the steady state mRNA levels of various 

bone cell marker genes and matrix proteins were compared using a real-time PCR 

approach.  Among the genes studied, only Pln, and a couple of matrix 

proteinases (Mmp2 and Mmp9) showed significant difference at baseline (non-loaded 

conditions) between hypo mutant and WT control bones. One bout of loading was 

sufficient to induce a significant increase in the mRNA expression level of several 

markers of bone anabolism: prostaglandin E2 (Ptgs2 aka as Cox-2), the alkaline 



 xi 

phosphatase enzyme (ALP), the membrane-associated RANK ligand (RANKL), and 

osteoprotegerin (OPG). This anabolic response to load was only observed in WT but 

not in PLN-deficient bones. Interestingly, repetitive loading (over a week period) 

significantly increased the transcript levels of, type I collagen (COL1A1) in both WT 

and hypo animals.  In contrast, transcripts encoding for E11/podoplastin (gp38) which 

is the earliest osteocyte marker observed as the osteoblast differentiates into an osteoid 

and PLN transcripts themselves were upregulated only in WT animals.  Additionally, 

Mmp2 and Mmp3 transcripts were upregulated upon loading only in hypo animals, 

suggestive of an increased resorptive bone phenotype in mutant animals vs. WT 

controls. Together, these results suggest that PLN-deficient animals are less 

mechanoresponsive and that PLN plays an essential function in the anabolic response 

that load and formation of functional osteoid in which osteocytes are embedded. The 

significant increase in gene expression of organic matrix components (collagen type I 

and PLN) with the sustained loading regimen even in the hypo mutant animals puts 

emphasis on the importance of loading exercises to maintain good bone health. 
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Chapter 1 

INTRODUCTION 

1.1 Bone 

Bone is a highly specialized and dynamic connective tissue, which provides 

physical support for internal soft tissues and playing a vital role in body movements 

and storage of minerals. It is a complex living tissue that constantly undergoes 

remodeling throughout the lifetime in response to mechanical and hormonal signals 

[1]. The two forms of bone observed, cortical (compact) bone and cancellous (spongy) 

bone, respond and adapt to mechanical stimuli based on their specific structural and 

mechanical properties [2]. 

The two types of bone are trabecular or cancellous bone and cortical or 

compact bone. Trabecular bone is porous and spongy, accounts for 20% of the total 

bone mass and mainly occur in the ends of the long bones and flats bones such as the 

pelvis or cranial bones. Compact bone comprises 80% of the skeletal bone mass, is 

less porous and denser than the trabecular bone. 

Bone remodeling is a process by which the integrity of the skeleton is 

maintained. Bone is continuously remodeled by three types of cells: osteoblasts, 

osteoclasts and osteocytes. Osteoblasts are fully differentiated cells derived from 

mesenchymal stem cells and are responsible for the formation, deposition and the 

mineralization of the bone tissue [3]. The development and maturation of the 

osteoblasts require the presence of growth factors such as bone morphogenetic 

proteins (BMPs), fibroblast growth factors FGFs or insulin-like growth factor IGFs, 
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and transcription factors such as Runx2. The post-proliferative mature osteoblasts 

express high levels of alkaline phosphatase, bone sialoprotein, osteopontin and 

osteocalcin, which also mark the mineralization phase. The mature osteoblasts are 

responsible for the secretion of the osteoid or bone matrix, composed of the collagen 

type 1, glycoproteins (osteocalcin and proteoglycans) and other non-collagenous 

matrix proteins. These osteoids undergo mineralization to form new bone [4, 5].  

Osteoclasts are giant multinucleated cells derived from the monocyte-

macrophage lineage and are responsible for bone resorption. Osteoclastogenesis is a 

process resulting in the activation of immature osteoclasts. Osteoclast precursors 

express Receptor Activator for Nuclear factor κB (RANK) in response to the 

Macrophage Colony Stimulating Factor (M-CSF) [6]. The membrane protein RANK 

ligand (RANKL) produced by the osteoblasts activates the RANK receptor and 

osteoclastogenesis [7].  

The preosteoblasts bone lining cells are flat elongated cells that upon 

mechanical stimulation can induce bone formation by differentiating into osteoblasts. 

These cells also possess some resorptive functions and aid in digestion of the 

mineralized matrix by the osteoclasts [8]. 

Matrix metalloproteinases (MMPs), secreted by all the bone cells especially by 

osteoclasts, are zinc dependent proteolytic enzymes, which consists of many subtypes 

including collagenases (MMP1, 8, 13), gelatinases (MMP2, MMP9), and stromelysins 

(MMP 3,10,11). MMPs play a role in bone remodeling [9]. Bone resorptive signals or 

bone formation signals regulate the secretion and degradation of MMPs which either 

activate or sequester these enzymes to contribute to bone matrix degradation during 

remodeling [10]. 
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Osteocytes, the most abundant cells in the bone tissue, are formed as 

osteoblasts become embedded in the  the bone matrix secreted by them. These cells 

occupy the cavities called lacunae and project slender cell processes through the 

canaliculi in the matrix to connect to adjacent cells [1]. These osteocytes are involved 

in bone remodeling, ion- exchange between cells and serve as primary 

mechanosensory cells. [11] 

1.2 Extracellular matrix in bone: 

About 65% of the adult bone mass is comprised of inorganic components of 

hydroxyapatite crystals made primarily of calcium and phosphorous. These crystals 

are tightly packed around the collagen fibers and account for the hardness of the bone. 

Organic components and water make the remaining 25% of the bone mass. The 

organic components contribute to structure, flexibility and increased tensile strength of 

the bone. The adequate combination of the organic and inorganic phases provides 

bone strength and makes it less brittle. Collagen type 1 is the major organic part (about 

90%), and therefore the major building block of the bone matrix. The remaining 

organic matter is non-collagenous matrix proteins and this includes the proteoglycans 

(perlecan and aggrecan), glycosylated proteins (alkaline phosphatase, osteopontin, 

sialoproteins, fibronectin) and carboxylated proteins (osteocalcin, protein S). Although 

the exact role of these proteins are not fully understood, they have been suggested to 

play a role in the regulation of mineral deposition [12]. This study in particular is 

focused on studying the role of perlecan in the bone and its function in 

mechanosensation and gene response to load. 



 4 

1.3 Bone and Mechanotransduction 

Mechanical stimulation is essential for the proper growth and development of 

the skeleton [13].  The process by which mechanical signals transmitted from an 

external stimulus are converted into a cellular response through gene expression is 

defined as mechanotransduction [14].  Exercise is a potent anabolic stimuli, increased 

Bone Mineral Density (BMD) has been reported in athletically trained individuals 

when compared to their untrained counterparts. For example, tennis player have 

increased BMD in their serving arms [15]. While exercise promotes bone growth, 

there is bone loss in the case of disuse, which is known to be associated with 

decreased BMD [16]. Disuse induced bone loss is studied in microgravity 

environments and prolonged immobilization, where a decrease in periosteal bone 

growth and increase in endosteal resorption is observed [17]. Hence, additional 

mechanical loading can be employed to externally regulate the bone remodeling cycle 

to prevent bone loss in suitable environments. 

1.4 Osteocyte and PCM 
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Figure 1.1: Bone cell types interaction. Osteocytes communicate with other bone 
cells by forming an extensive network with osteoblasts and osteoclasts 
that aid in cell-cell communication. Image used with permission from [6] 

Osteocytes have been identified as the major mechanosensory cells in bone. 

They make 90-95% of the total bone cells. The location of the osteocytes in the matrix 

and their dendritic network makes it ideal for mechanosensation [18-20]. These 

osteocytes perceive the mechanical signal and transduce it to the end effector cells. 

Fluid shear stress (FSS) that was typically estimated at the cell surface was 

found to be the most effective mechanical stimuli in inducing a cellular- level response 

in bone [18]. More recent in vitro studies on MLO-Y4 cells demonstrated that cyclic 

hydraulic pressure stimulation induced production of cyclooxygenase-2 (COX-2), 

RANK ligand (RANKL), and osteoprotegerin (OPG), a protein secreted by osteoblasts 

and known for its protective effect on bone tissue [21]. 

Osteocytes receive information through strain derived fluid flow within the 

canaliculi network and initiate responses, based on the magnitude of the load, that are 

transmitted to other bone cells like osteoblasts and osteoclasts (Figure 1.1). This fluid 

flow activates osteocytes, which produces ATP, nitric oxide (NO), Wnt proteins, bone 

morphogenetic proteins, prostaglandins, sclerostin (sost), dentin matrix protein 1 

(DMP1), E11/gp38,  matrix extracellular phosphoglycoprotein (MEPE) and RANKL 

that regulate the activity of osteoblasts and osteoclasts [20, 22-26].  

The pericellular matrix (PCM) lies between the plasma membrane of the 

osteocytes and the mineralized extracellular matrix and houses the ectodomains of the 

integral membrane glycoproteins, proteoglycans and glycolipids. The PCM has 
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multiple roles, from mechanosensing function to cell-cell, cell-ligand and cell-ECM 

interactions as well as transportation of waste and nutrients to various parts of the 

bone tissue facilitating metabolism. This matrix forms transverse fibers, which support 

the cell processes in the canaliculi and  and also captures drag forces from the 

surrounding fluid flow. The fluid drag force may act to excite osteocytes [27, 28]. 

Although the nature of the osteocyte PCM is not well characterized, it was identified 

that perlecan/Hspg2 contributes to maintenance of the lacuna-canalicular space and is 

contained in the PCM fibers [28, 29]. 

1.5 Perlecan/HSPG2 

Perlecan is a large multidomain heparan sulfate proteoglycan (Figure 1.2) 

found in the basement membrane of all organs as well as connective tissue. PLN is 

extracellularly secreted and consists of a protein core of  >400 kDa and has five 

distinct domains[30]. Domain I has three and domain V has one glycosaminoglycan 

(GAG) binding sites. Domain II is similar to the cholesterol-binding region of the 

LDL receptor. Domain III has a structure resembling the laminin A motif. Domain IV 

is the largest of PLN’s five domains containing 14 repeats of IgG like motifs ( refer 

Figure 1.2) [31, 32].  

Perlecan supports various biological functions, including cell adhesion, growth 

factor binding, and modulation of apoptosis [33]. These diverse functions of PLN is 

due to the ability if the glycosaminoglycan (GAG) side chains and the five domains to 

interact with a variety of growth factors [30]. PLN is present in high quantities in 

developing and adult cartilage as well as bone marrow stromal cells [34]. In cartilage 

and bone, PLN modulates bioavailability of growth factors [34], contains binding sites 

for many ECM components (such as laminin, integrins, and collagen IV) [35], inhibits 
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mineralization of  bone and  regulates chondrocyte differentiation in developing bones 

[33], maintains the integrity of the osteocytic PCM in bone LCS [28].   

 

 

 

 

Figure 1.2: Perlecan. Structure of PLN protein indicating the five domains and the 
GAG attachment sites in domain I and V.  Image used with permission 
from [28]. 

1.6 Perlecan-deficient mouse model 

A genetic mouse model that mimics human Schwartz-Jampel Syndrome (SJS), 

a rare autosomal recessive disorder, was developed and characterized [34, 36].  The 

PLN null mutation was embryonically lethal hence a G to A point mutation, which 

changes the cysteine residue at 1532 to tyrosine, along with a neomycin resistance 

cassette inserted downstream at intron 36 to develop a hypomorphic (hence the name 
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‘hypo’ is used to refer the PLN deficient mutant animals) mutation. This hypomorphic 

mutation alters the transcription of the Hspg2 gene and results in a knock-down 

expression of PLN.  The altered transcription resulted in truncated mRNA variants and 

decreased levels of full-length mRNA transcripts that translated to a fully functional 

PLN protein. Adult mice harboring this PLN hypo mutation exhibited a phenotype 

characterized by dwarfism, muscle weakness, shortened and thickened bones, altered 

bone microarchitecture and delayed bone formation as illustrated in Figure 1.3 [28, 34, 

37, 38]. The mutant mice also exhibit a flattened face and an eye phenotype, which 

progressively degenerates upon aging. PLN immunostaining at embryonic stage E18.5 

showed that most of the PLN present in the mutant is retained intracellularly in the 

endoplasmic reticulum instead of being secreted in the PCM as seen in the wild type  

(WT). Perlecan deficiency also cause early and abnormal mineralization in the 

mutants compared to the WT controls [37]. Additionally, It was also found that mice 

with reduced expression of PLN had lower pericellular area and lesser tethering 

elements per canaliculus as compared to WT mice [28]. 
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Figure 1.3 Bone phenotypic comparison of representative wild type and PLN 
hypo mutant animals. Whole mount stainings of a wild type (left panel) 
and PLN mutant (right panel) new born animals show skeletal 
abnormalities and developmental delay in mice harboring the PLN 
C1532Yneo mutation relative to wild type control. Image used with 
permission from [34]. 

A working model based on the hypothesis that PLN serves as a load-sensing 

antenna in the osteocytic PCM was developed. This model (Figure 1.4) depicts the 

differences between the PLN molecule distribution in the pericellular LCS near the 

osteocytic cell process of both WT control and hypo animals [27].   
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Figure 1.4: Working model. A model depicting the PLN fibers acting as load sensing 
antennae comparing the pericellular matrix (PCM) fibers and space in 
WT (CTL on top) and PLN mutant (hypo at the bottom) animals. Image 
used with permission from [27]. 

A recent study using the above mentioned mouse model, showed that the hypo 

animals were less responsive to in vivo compressive loading with a peak load of 8.5N 

at 4 Hz, with five sessions over 10 day. At the peak load of 8.5N, the strain was 

quantified to be 1200µε, which falls in the bone-remodeling window and is anabolic to 

the bone, at the anterior-medial surface. A significant increase in cortical bone polar 

moment inertia and a reduction in the mineral apposition rate in adult (3.5 month-old) 
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WT bones upon loading whereas such anabolic responses were not observed in PLN-

deficient mutant bones. This attenuated responsiveness to mechanical stimulation was 

attributed to the sparse PCM fiber density observed in the perlecan-deficient hypo 

animals [27]. 

The aim of this study was to investigate the effect of PLN deficiency on bone’s 

mechanosensitivity and gene response to experimental load. The hypothesis of the 

study is that “decreased bone sensitivity to load in PLN-deficient mice will result in 

reduced expression of anabolic markers of bone formation in PLN mutants vs. age-

matched control animals when subjected to dynamic loading”. The above-mentioned 

PLN-deficient animals were used to study the changes in the gene expression profile 

following mechanical loading compared to WT controls. 
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Chapter 2 

MATERIALS AND METHODS 

2.1 Animals 

Perlecan-deficient hypo mice (C1532Yneo mutant) were obtained from Dr. 

Katherine Rodgers and were backcrossed onto the C57BL6/J background strain. The 

resulting homozygous C1532Yneo mutant animals were bred in the animal facility at 

the University of Delaware. Animal care and handling were performed in accordance 

with the University of Delaware Institutional Animal Care and Use Committee 

guidelines. 

2.2 In-vivo tibial loading 

19-week-old hypo male mice (n=4-6) and age-matched C57BL/6J males (WT, 

n=5-10) were subjected to a single session of in vivo loading of the left tibia (8.5N 

peak load, 1200 cycles, 4 Hz with 0.1s resting period) using an Electroforce LM1 

TestBench loading system (Bose Corporation, Eden Prairie, MN) as described in [27] 

( Refer Figure 2.1, panel A). The contralateral right limbs served as non-loaded 

controls. Animals were euthanized 24 hours post-loading with anesthesia overdose and 

cervical dislocation. 
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Figure  2.1: In vivo loading mouse model and regimen used in the study. (A) 
Radiograph showing the position of the mouse knee joint held for loading 
using the Bose ElectroForce loading apparatus. Image used with 
permission from [39] (B) Loading regimens used in the study:  1-day 
loading -The left tibia of the animals was loaded for 1 day (arrow) and 
sacrificed (dot) after 24 hours (B, top; WT n=10 and hypo n= 6).  7-day 
loading -The left tibia of the animals was loaded every day for 7 days 
(arrows) and sacrificed (dot) after 24 hours (B, bottom; WT n= 5 and 
hypo n= 4). The right tibia was used as the non-loaded control. 
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2.3 Bone loading regimen 

In-vivo loading was performed for two time courses. In the one-day loadings, 

the animals were subjected to one session of tibial loading and sacrificed 24 hours post 

load. In the seven-day loadings, the animals were subjected to one session of tibial 

loading per day for 7 consecutive days and sacrificed 24 hours following the last 

session of loading (Refer Figure 2.1, panel B). 

2.4 RNA isolation 

Left and right tibiae were rapidly dissected out and cleansed of surrounding 

soft tissues. The entire tibiae were flash-frozen in liquid nitrogen. The frozen bone 

samples were pulverized using a mortar and pestle in liquid nitrogen. The total RNA 

was isolated using TRIzol® Reagent (Thermo Fisher Scientific, MA, USA) and the 

RNeasy® Mini kit (Qiagen, CA, USA). The quality of the resulting RNA was checked 

using NanoDrop™ and obtaining the 260/280-absorbance ratios. The extracted RNA 

was treated to remove any DNA contamination using the TURBO DNA-Free™ kit 

(Ambion, Thermo Fisher Scientific, MA, USA). The RNA samples were stored in -

80°C prior to performing cDNA synthesis and quantitative PCR analysis. An aliquot 

of RNA sample was reverse transcribed to 500 ng cDNA (20 µL) using iScript 

cDNA™ synthesis kit (Bio-Rad Laboratories, CA, USA). 

2.5 Quantitative PCR analysis  

16 genes were selected, including genes associated with early response to 

mechanical load, mature bone cell and bone cell differentiation markers (Alkaline 

Phosphatase (Alp), Prostaglandin-endoperoxide 2 (Pge2) synthase also known as 

cyclooxygenase -2 (Ptgs2 or Cox-2), E11 (also known as gp38 or podoplanin), Runt-

related transcription factor 2 (Runx2), Receptor Activator of Nuclear Factor-kappaB 
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Ligand (RANKL) and Osteoprotegerin (Opg) ), genes associated with bone matrix 

protein synthesis (Collagen type I alpha 1 chain (Col1a1), Osteocalcin (Ocn or Bglap), 

Osteopontin (Opn), Dentin Matrix Protein 1 (Dmp1), and Perlecan/Hspg2 (Pln) ) as 

well as  genes of matrix metalloproteinases associated with metabolic activities 

(MMP2, MMP3, MMP9, MMP12, MMP13). Quantitative PCR experiments were 

performed using Power SYBR® Green PCR mastermix (Applied Biosystems, Thermo 

Fisher Scientific, MA, USA) on an Applied Biosystems Quantstudio 3 machine. 

Primers were custom-ordered as oligonucleotides (Invitrogen/Thermo Fisher 

Scientific) (sequences in Table 2.1) or as pre-made mastermixes (SA Biosciences, 

Qiagen, CA, USA). The expression level of each gene relative to the housekeeping 

gene (GAPDH) was first calculated as the differential cycle threshold (Ct) values 

(ΔCt) for each sample. To test whether hypo/WT bones responded to loading, paired 

Student’s t-tests were performed on the ΔCt values of the loaded and non-loaded 

(paired) samples within either hypo or WT groups. To test whether the responses to 

loading differed across the two genotypes (hypo and WT), fold changes (loaded/non-

loaded) were calculated using the 2^-ΔΔCt method and compared for statistical 

differences using an unpaired Student’s t-test. To test whether hypo and WT gene 

expression differed at non-loaded baseline and after loading, ΔCt values were 

compared (unpaired Student t-test, hypo vs. WT). Data were expressed as mean ± 

standard error of the mean (SE). Statistical analysis was performed in MS Excel with a 

significant value of p ≤ 0.05. 
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Genes Forward 5’-3’ Reverse 5’-3’ 
Alp TGAATCGGAACAACCTGAC CCACCAGCAAGAAGAAGC 
Co1a1 GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC 
Cox2 Catalog number: PPM03647E (SA Biosciences) 

Dmp1 
CCCAGTTGCCAGATACCACAATA
C 

GCTGTCCGTGTGGTCACTATT
T 

E11 CAGTGTTGTTCTGGGTTTTGG 
TGGGGTCACAATATCATCTT
CA 

GAPDH GTGCCAGCCTCGTCCCGTAGA 
TGCCGTTGAATTTGCCGTGA
GT 

MMP2 Catalog number: PPM03642C (SA Biosciences) 
MMP3 Catalog number: PPM03673A (SA Biosciences) 
MMP9 Catalog number:PPM03661C ( SA Biosciences) 
MMP12 Catalog number: PPM03619F (SA Biosciences) 

MMP 13 GCCCTATCCCTTGATGCCATT 
AGAGCTCAGCCTCAACCTGC
TG 

Ocn(Bgla
p) CTGACCTCACAGATGCCAAG GTAGCGCCGGAGTCTGTTC 

Opn 
CAGCTGGATGAACCAAGTCTGGA
A 

ACTAGCTTGTCCTTGTGGCTG
TGA 

Opg 
GAATGCCGAGAGTGTAGAGAGG
ATAA 

CGCTGCTTTCACAGAGGTCA
AT 

Pln(Hspg
2) CCCACTCTTGGACCCTGATA ATAGCTCCTCCTCTCCTGGGC 
Rankl ATCGGGAAGCGTACCTACAG GTGCTCCCTCCTTTCATCAG 

 

Table 2.1: Sequences and sources of the primers for all the genes used in real-time 
PCR studies. 
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Chapter 3 

RESULTS 

3.1 Baseline mRNA expression levels in Perlecan-Deficient mutant compared to 
WT animals 

To investigate if there were any major changes at non-loaded conditions 

between the two genotypes, mRNA transcripts levels at baseline (absence of any 

external stimuli) were studied  (Figure. 3.1). Quantification of major bone matrix 

proteins mRNA expression levels all showed relatively minor fold changes in mutant 

vs. control bones. Specifically, Col1a1 and Opn transcripts showed 2-fold and 1.5-fold 

decrease in hypomorphs relative to WT, respectively. Dmp1 and Bglap showed no 

change between the genotypes. Hspg2 (Pln), which is transcribed into a proteoglycan 

secreted extracellularly in bone tissue, was down-regulated at the mRNA level 

(p=0.05) with a significant 2-fold decrease in hypo animals compared to the WT 

controls. In contrast, a glypoprotein known to be at the cell surface of osteocytes, E11, 

was up-regulated with a 1.6-fold increase in transcripts in hypo mutants relative to WT 

controls. Transcript levels of Alp, Ptgs2 (Cox-2), Runx2, RANKL and Opg were less 

than 1-fold at baseline levels in hypo vs. WT, respectively. Generally, the matrix 

metalloproteinases (MMPs) analyzed in this study such as MMP3, MMP9, MMP12, 

MMP13 transcripts were expressed to a lesser extent in hypo relative to WT as 

indicated by 2-, 3-, 2.5-, 1.5-fold decrease, respectively. MMP9 is the only MMP 

analyzed for which this decrease was found to be significantly lower in hypo (p= 0.04) 

than in WT controls. Conversely, MMP2 was slightly, but significantly (p=0.03), up-
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regulated with an increase of around 1.25-fold in mutant vs. WT.  
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Figure 3.1:  Changes observed in the baseline mRNA expression levels in adult 
hypo animals compared to age-matched WT controls. Transcript 
levels of all the genes were measured in duplicates or triplicates using 
real-time PCR in 19 week-old WT (n=10) and hypo (n=6). Fold 
changes (hypo vs. WT) were calculated using the ΔΔCt method using 
GAPDH as the housekeeping gene. Error bars represent standard 
error of the mean (SE). * indicates a p ≤  0.05 a significant difference 
in fold change between the WT and hypo bones.  
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3.2 Effect of mechanical loading on bone matrix genes within and between the 
WT and PLN mutant genotypes  

  

To investigate the early and late responses of the genes expressing bone matrix 

proteins, the left tibia of the WT and hypo animals were loaded under the 1-day and 7-

day regimens (Fig 3.2). The right tibia was used as the non-loaded control. We 

measured and compared the changes in the mRNA levels of established matrix genes 

known to be of expressed in bone col1A1, Bglap, Opn, Dmp1 and Hspg2(PLN) 

between the WT and hypo animals. Both at day 1 and day 7, the loaded WT animals 

had higher mRNA levels for Pln with fold increase of around 2.7- fold and 3.2- fold 

(loaded vs. non loaded), respectively compared to the hypo animals which only 

showed an increase of 0.73- and 1.6- fold upon loading for 1 day and 7 day post-load, 

respectively. Among all the genes studied, the effect of mechanical loading across 

genotypes was only found to be significantly different for Hspg2 (Pln) transcripts. 

More specifically, a single session of loading showed a significant increase in relative 

levels of Hspg2 (Pln) mRNA transcripts in WT vs. hypo, and a similar trend was 

observed after 7 days of loading without reaching statistical significance.  

In addition, there were no significant changes in the levels of other genes upon 

one day of loading within each of the two genotypes. In contrast, there was a 

significant increase following 7 days of loading in the levels of collagen type 1 

mRNAs both in WT and hypo animals, and in the levels of Hspg2 (Pln) in WT 

animals. 
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Figure 3.2: Effect of 1-day (Panel A) and 7-day (Panel B) mechanical loading on 
mRNA levels of bone matrix proteins. Transcript levels of all the 
genes were measured in duplicates or triplicates using real-time PCR 
from 19 week-old WT (day 1 n=10, day 7 n=5) and hypo (day 1 n=6, 
day 7 n=4) male tibiae 24 hours after final session of loading. Fold 
changes (loaded vs. non-loaded) were calculated using the ΔΔCt 
method using GAPDH as the housekeeping gene. Error bars 
represent standard error of the mean (SE). # indicates p ≤  0.05 
within the genotype (loaded vs non-loaded, hypo or WT); * indicates 
a p ≤  0.05 a significant difference in fold change between the WT and 
hypo genotypes. 
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3.3 Effect of mechanical loading on bone activity/formation markers within and 
between the WT and PLN mutant genotypes 

To investigate the early and late response to mechanical loading on cell 

activity/formation markers, the left tibia of the WT and hypo animals were loaded 

under the 1-day and the 7-day regimens, respectively (Fig 3.3). The right tibia was 

used as the non-loaded contralateral control. The changes in the mRNA levels of the 

well-established mechanosensitive and bone formation marker genes Alp, Ptgs2, E11, 

Runx2, Rankl and Opg were measured and compared within each genotypes (loaded 

vs. non loaded) and between WT and hypo loaded animals. There was a significant 

increase in Ptgs2 mRNA levels in both WT and hypo with around 5- and 7-fold 

increases, respectively following one day of mechanical loading. One-day loading also 

had the tendency to increase E11 transcript levels up to around 5-fold in WT and 2-

fold in hypo animals. Alp, Opg and Rankl transcripts were only increased in WT bones 

by 2.7-, 3.0-, and 1.6- while the fold changes observed in hypo animals were not 

significantly changed with 1.7-fold increase in Opg and no changes observed in Alp 

and Rankl.  

 For the day 7 experimental group, although the Ptgs2 mRNA levels displayed 

a visible increase in response to loading in WT with an approximate 7.0-fold in loaded 

vs. non-loaded bones, the hypo animal bones showed no such dramatic response and 

had only a 2-fold response upon loading. This differential in response for Ptgs2 did 

not reach statistical significance between WT and hypo animals. Except for an 

increase in E11 mRNAs in loaded vs. non-loaded WT bones, none of the other studied 

markers showed a significant difference in expression levels following seven days of 
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consecutive loading. Hypo animals showed no significant response in any of the cell 

activity marker genes upon seven days of loading. 
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Figure 3.3: Effect of 1-day (Panel A) and 7-day (Panel B) mechanical loading on 
mRNA levels of bone cell activity markers. Transcript levels of all 
the genes were measured in duplicates or triplicates using real-time 
PCR from 19 week-old WT (day 1 n=10, day 7 n=5) and hypo (day 1 
n=6, day 7 n=4) male tibiae 24 hours after final session of loading. 
Fold changes (loaded vs. non-loaded) were calculated using the ΔΔCt 
method using GAPDH as the housekeeping gene. Error bars 
represent standard error of the mean (SE). # indicates p ≤  0.05 
within the genotype (loaded vs non-loaded, hypo or WT); * indicates 
a p ≤  0.05 a significant difference in fold change between the WT and 
hypo genotypes. 
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3.4 Effect of mechanical loading on bone catabolic marker genes within and 
between the WT and Pln mutant genotypes  

To investigate the early and late catabolic response to mechanical loading, the 

changes in the mRNA levels of the catabolic enzymes- matrix metalloproteinases 2, 3, 

9, 12 and 13 were measured and compared within each genotype (loaded vs. non 

loaded) and between WT and hypo animals following mechanical loading (Fig 3.4). A 

significant 6.5-fold increase in MMP3 mRNA transcripts observed in WT bones when 

subjected to short term loading (1-day) was reduced by more than half (around 3-fold 

increase) after long-term loading (7 days). Interestingly, whereas no transcriptional 

increase was found for MMP3 in mutant animals during short term loading, a 

significant 8-fold increase was measured in MMP3 gene expression after 7 days of 

loading. The effect of loading on the expression of MMP2 transcripts after one day is 

significantly different between the genotypes. On the other hand, 7 days of loading 

showed an increase in transcript levels of MMP2 in both the genotypes but no 

statistical significance was observed. In hypo animals, however, the effect of long-

term loading (7 day) was significant when compared to the contralateral control limbs. 

MMP12 transcripts were up-regulated by nearly 5-fold in WT and 5.5-fold in hypo 

after one day of loading but remained near steady state levels in both WT and hypo 

animal bones after 7 days of loading. In WT animals, the transcript levels of MMP9 

and MMP13 were increased by 1.7- and 2.0-fold upon one day loading while seven 

consecutive days of loading did not have a severe effect on the expression levels of 

these mRNAs (1.25-fold decrease for MMP9 and 1.2-fold increase for MMP13). 

Similar responses to short term and long term loading were observed for the MMP9 

transcripts in hypo animals. Long term loading induced an increase in MMP13 



 29 

transcript levels by 1.7-fold in loaded vs. non-loaded mutant bones whereas no 

noticeable change were observed after one day of loading. 
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Figure 3.4: Effect of 1-day (Panel A)and 7-day (Panel B) mechanical loading on 
mRNA levels of catabolic activity markers. Transcript levels of all 
the genes were measured in duplicates or triplicates using real-time 
PCR from 19 week-old WT (day 1 n=10, day 7 n=5) and hypo (day 1 
n=6, day 7 n=4) male tibiae 24 hours after final session of loading. 
Fold changes (loaded vs. non-loaded) were calculated using the ΔΔCt 
method using GAPDH as the housekeeping gene. Error bars 
represent standard error of the mean (SE). # indicates p ≤  0.05 
within the genotype (loaded vs non-loaded, hypo or WT); * indicates 
a p ≤  0.05 a significant difference in fold change between the WT and 
hypo genotypes. 
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Chapter 4 

DISCUSSION 

Perlecan/HSPG2 is a naturally occurring large heparan sulfate proteoglycan 

(HSPG) found in the ECM of cartilage, bone, most connective tissues and basal 

laminae. It plays an important role in maintaining normal homeostasis, cell adhesion, 

proliferation, embryo implantation and development and modulation of growth factors 

activity. Studies have shown that Perlecan is essential for proper endochondral 

ossification and that deficiency of perlecan in the adult mutant mice (hypo) results in 

short stature and altered growth of bones [34, 37]. Perlecan is secreted into the 

pericellular space from the osteocytes and is known to interact with the matrix proteins 

(Collagen Type I, fibronectin and osteopontin) and cell surface molecules (integrins 

and CAMs).  Previous studies from our lab included the PCM fiber density 

measurements and dynamic histomorphometric analysis. PCM fiber density was found 

to be decreased with perlecan deficiency and the hypo animals experience decreased 

fluid drag force on loading. Histomorphometric measurements on the tibia of 

mechanically loaded WT animals showed a significant increase in bending stiffness, 

cortical polar moment intertia (Ct. pMOI) and periosteal mineral apposition rate 

(Ps.MAR). While the hypo animals, did not show any such anabolic responses for the 

same loading scheme. Hence, a working hypothesis that PCM fibers comprising of 

perlecan serve as load sensing antennae regulating cellular stimulation and response to 

external mechanical stimuli was developed [29]. 
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Here, we examine the role of perlecan in the regulation of bone 

mechanosensation using the perlecan deficient mouse model and in vivo tibial 

mechanical loading model. We used the dynamic mechanical loading as it is a potent 

anabolic stimulus for the formation of new bone [14]. Also the gene expression 

patterns following mechanical loading in bone have been extensively studied and are 

well established in bone cell cultures and WT animal models [40, 41]. Here we 

compare our results with some already published research on bone mechanical loading 

(Table 4.1) 
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Gene studied 1 day - Mechanical loading Repetitive Mechanical 

loading (Up to 8 days) 
Our 
Results- 
Fold 
change 

 Trends observed in 
published research 

Our 
Results- 
Fold 
change 

Trends observed 
in published 
research 

Collagen type 
I alpha 1 
chain 
(Col1a1 ) 

1.6   ~0.5 fold (2 fold 
decrease) after one day 
ulna loading [40] 

3.2  ~3.5 fold 
increase upon 8 
days ulna loading 
in rats [40], ~6 
fold increase on 
5 days tibial 
loading in mice 
[42] 

 Osteocalcin 
(Bglap) 

1.5 ~1.2 fold increase after one 
day ulna loading in rats 
[40] 

1.3 ~1.6 fold 
increase upon 8 
days ulna loading 
in rats [40] 

Osteopontin 
(Opn) 

1.3 Fluid flow induced 
increase in mRNA 
expression observed in 
mineralizing 2T3 cells  
[26] 

1.1 N/A 

Dentin 
Matrix 
Protein 1 
(Dmp1) 

1.5  Increased expression upon 
in bone formation and 
resorption sites after 24 
hours in tooth movement 
model [43] 

1 Increased 
expression upon 
in bone 
formation and 
resorption sites 
continuous 
loading in tooth 
movement model 
[43] 

Alkaline 
Phosphatase 
(Alp) 

2.7 ~1.2 fold increase after one 
day ulna loading in rats 
[40] 

1.5 ~1.6 fold 
increase upon 8 
days ulna loading 
in rats [40] 

Cyclo-
oxygenase 2 ( 
Cox-2 or 
Ptgs2) 

5 ~1.5 fold increase after 4 
hours after mechanical 
load [44] and fluid flow 
induced expression of cox-
2 was observed in MC3T3 

7 N/A 
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cells starting from 4 hours 
[45] 

E11 4.8 Early responses (2-4 
hours) by increase in 
mRNA expression in 
response to fluid flow in 
MLOY4 cells [26] 

5.3 N/A 

Runx2 1.3 Mechanical loading 
induced  increased 
expression in MC3T3 
cells. [46] 

1.3 N/A 

RANKL 1.6 Osteocyte induced 
osteoclastogenesis was 
observed upon mechanical 
loading [47] 

1.5 N/A 

MMP2 1.3 ~1.2 fold increase after one 
day ulna loading in rats 
[40] 

2.7 ~1.6 fold 
increase upon 8 
days ulna loading 
in rats [40] 

MMP3 6.3 4 hours compressive 
loading increased mRNA 
levels in osteoblasts [48] 

3.3 N/A 

MMP9 1.8 ~1.2 fold increase after one 
day ulna loading in rats 
[40],  

0.8 ~1.6 fold 
increase upon 8 
days ulna loading 
in rats [40] 

MMP13 2.1 Magnitude dependent 
upregulation observed in 
MC3T3 cells [49] 

1.2 N/A 

Table  4.1: Comparison of our findings with published mechanical loading studies 
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Before studying the effect of loading on the WT and PLN deficient mice, we 

analyzed the differences in the baseline gene expression profiles (non-loaded bones 

after 1-day loading) between the WT and hypo animals. As expected and previously 

reported, perlecan transcript levels were significantly lower in hypo bones compared 

to the age-matched WT animals at baseline [34]. Although the matrix protein and cell 

activity marker genes were decreased compared to the WT controls in the hypo 

animals, there was no significant change in these genes between the genotypes at 

baseline (no experimental load condition).  

Cyclooxygenase-2 (Cox-2 or Ptgs2), an enzyme known to be an indicator of 

pro-inflammation, is also well described as one of the early response gene markers 

expressed following mechanical loading and is believed to be an important mediator 

of bone anabolic response to load [50, 51]. Consistent with its previously described 

expression in response to load, WT (n=10) and hypo (n=6) animal bones showed 

increased expression of Ptgs2 transcripts 24 hours after a single loading bout. While 

the response to load for this gene is preserved in WT (n=5) after 7 days of loading, 

hypo (n=4) animals show a milder expression of Ptgs2 transcripts following repetitive 

loading. This suggests that the hypo animal bones may have desensitized and are not 

as mechanoresponsive than WT upon multiple loading sessions in the absence of an 

integral PCM that does not contain appropriate levels Pln. It is noteworthy to report 

that Ptgs2 mRNA levels were found to be also increased in the non-loaded 

contralateral tibia after seven days of repetitive loading (data not shown). Though this 

may be indicative of a systemic effect from sustained tibial loading due to diffusible 

pro-inflammatory signals reaching the non-loaded tibia, no such conclusion can be 

made at this time because of the important variation in expression data observed for 



 37 

this particular gene. Additional samples as a well as measurement of circulating 

prostaglandins in the blood stream are needed to confirm this assumption as previous 

studies indicate that prostaglandins mediate anabolic effects of mechanical loading on 

bone via  induction cox-2 expression pathways [52]. 

Perlecan deficiency induces differentiation of bone progenitors cells in-vitro 

and also increases terminal differentiation in bone of hypo animals compared to WT, 

showing that Pln acts as an inhibitor of differentiation and mineralization [37].  

Osteocalcin (Bglap) gene up-regulation in hypo animals upon seven days of loading is 

consistent with the observation that increased mineralization is a characteristic of 

muscular-skeletal tissues in which Pln is misexpressed. Supporting the above-

mentioned result, Pln is known to directly interact with calcium phosphate mineral 

from bone extracts [53] and also increased expression of Pln was found to prevent 

vascular calcification in cardiac tissue [54]. 

Genes encoding for bone forming proteins such as matrix proteins are known 

to be mechanically-responsive with consecutive sessions of loading and generally 

show an increase in their response on multiple bouts of loading [40, 42].  Hence, the 

transcripts encoding for the most abundant matrix protein found in bone, Col1a1, are 

significantly increased in WT animals after seven days of loading but not after 24 

hours. Interestingly, a significant increase in Col1a1 transcripts is also observed in the 

Pln hypo animals after seven days of loading.  

Another important marker of bone remodeling, the Alp enzyme, has also been 

reported to be increased in cells and rodent bones as an early response following load 

[40, 55]. The 2.5-fold increase for Alp transcript seen in WT after one bout of loading 

was attenuated, but not abolished, after multiple days of loading. Unlike WT, hypo 
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animals did not show any significant changes in the mRNA expression levels of Alp 

following mechanical stress at both the studied time points. This result is another 

indicator of reduced responsiveness of hypo animals after both short term and 

prolonged mechanical stimulation. Additionally, a 3-fold increase in the Alp transcript 

levels in the control (non-loaded) tibia after 7 days of loading was observed (compared 

to the nonleaded day 1) indicating a systemic effect caused by mechanical loading of 

one limb that might have resulted in an increased Alp levels in the other.  However, 

the observed result could have been the result of the increased variation among the 

animals used in the day 7 loading study. Previous study that investigated the systemic 

effect following ulna loading reported an increase in bone formation response in the 

long bones that were not loaded. They suggest this could be the result of neuronal 

regulation as no such bone formation responses were observed in animals subjected to 

load with neuronal blocking [56]. 

E11, an osteocyte specific protein, increases as a result of mechanical strain 

and is essential for the elongation of osteocytic dendritic processes and normal bone 

function [26]. In vitro cell culture studies show that E11 mRNA transcripts are 

increased on fluid flow stimulation [46]. In line with previous studies, E11 transcripts 

are increased immediately after first session of loading and this effect is sustained up 

to seven consecutive days of loading. Contrastingly, hypo animals’ response to load 

was increased only with long term loading. This is indicative of hypo bones 

adaptability to prolonged mechanical stimuli with an increasing number of osteoblasts 

being embedded in the matrix.  

Effect of fluid flow induced mechanical stimulation on primary cultures and 

cell lines showed that an external load induces a decrease in the expression of markers 
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of osteoclastogenesis (RANKL/Opg and TRAP) [55, 57]. Ongoing TRAP staining 

studies (performed by Mr. Ashutosh Parajuli, University of Delaware, Department of 

Mechanical Engineering, data not shown) indicate that osteoclast activity is higher in 

hypo animals compared to WT animals of the same age when mice are experiencing 

normal physical daily activity and are not experimentally loaded. Gene expression 

patterns of RANKL and Opg do not reveal such a trend at non-loaded and loaded 

conditions in hypo animals. We suspect an alternative pathway causing an increase in 

osteoclast activity through TRAP and not through RANKL/Opg.  

The regulation of matrix metalloproteinases (MMPs) is essential for bone to 

respond to external mechanical stress. MMPs are necessary for the normal canalicular 

formation and function in bone [58, 59]. MMP2, MMP3, MMP9, MMP13 were shown 

to be mechanosresponsive previously [40, 48, 49, 55, 58]. MMP9, a marker of bone 

remodeling, was significantly reduced in PLN mutants at non-stimulated conditions 

indicating a decreased tendency of load-induced bone remodeling. Interestingly, the 

significant MMP3 mRNA increase seen in WT as a result of activation of remodeling 

pathways is not observed in Pln-deficient bones after 24 hours but is significantly 

increased in Pln mutants after seven bouts of loading. The lack of initial 

responsiveness in Pln mutant bones appears to be counteracted after prolonged 

stimulation. This compensation in mutant may occur through delayed activation of 

matrix molecules gene expression and may be associated with increased signaling 

kicking in at a later time point as seen with increased transcript levels of Col1a1 in 

hypo animals after 7 days of loading (but not after short term loading). This delayed 

activation in the mutants suggests a function of perlecan in activation of catabolic 

pathways upon load stimuli. 
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 Mechanical loading based bone formation and resorption is based on the 

magnitude of the strain that the bone tissue is subjected to. Bone formation is known 

to occur at sites of high local mechanical strain and bone resorption is known to occur 

at sites of low local mechanical strain [60]. In our study, the induced peak strain was 

quantified to be at 1200µε at the anterior-medial surface. This leads to an uneven 

loading response on the Bone Multicellular Units (BMUs) present on the anterior 

surface of the bone compared to BMUs on the posterior surface. This could be a 

possible explanation for the trend and variations observed on mechanical loading with 

the mRNA levels of MMPS. 

An exciting novel finding is that Pln gene expression is upregulated upon tibial 

loading in the WT control animals. The increase in perlecan expression upon loading 

was observed after 24 hours and was sustained after multiple days of loading similar 

to the anabolic marker: collagen type 1. This further corroborates PLN’s proposed 

function as an important player in bone responsiveness and as a late response gene to 

mechanical loading. While short-term loading had no effect on the low steady-state 

expression levels of PLN transcripts in Hypo animals, repetitive loading for seven 

days did increase the mRNA expression levels in the loaded limbs than the non-loaded 

limbs. Although not significant, these results indicate that repetitive loading can 

initiate compensatory rescue signals to increase the mRNA levels of genetically 

deficient genes, further emphasizing the importance of weight bearing exercises. 

The present study involved in vivo mechanical loading experiments with 

animal subjects and thus had some limitations. Firstly, the inter-sample variability as 

observed with high standard deviations in the fold change values within the same 

genotype (both WT and hypo). This variability served as one of the reasons for not 
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observing statistical significance in most of the mRNA transcript expression data 

among the animals of the same genotype and also between the WT and hypo. This can 

be overcome by increasing the number of animals studied in each group. Secondly, the 

whole bone was used for mRNA analyses, transcripts from many confounding cells 

(mesenchymal stem cells, bone marrow cells, endothelial cells, adipocytes, etc.) were 

also included and studied, instead of just the bone cells. It was recently studied that the 

cortical and cancellous bones show different gene expression profiles in response to 

mechanical loading [41]. This drawback can be addressed by performing further 

studies on RNA extracted from bones with bone marrow cells flushed out. 

An unbiased RNA sequencing (RNAseq) approach was adopted to 

complement the current study and perform a genome-wide comparative gene 

expression analysis in WT vs. hypo mutant bones after both short term and long term 

loading. Currently, only the 24hr post one bout of loading data were collected. The 

results identified by RNAseq showed similar trends as observed with our individual 

gene approach for Cox2, Bglap (OCN) and MMP3. The study also identified that WT 

animals were more responsive to load with a total of 55 genes being differentially 

expressed after one bout of loading while hypo animals expressed only 14 genes that 

were different with no gene overlapping between the hypo and WT groups (Fig. 4.1).  
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Figure 4.1: Venn diagram showing the number of differentially expressed genes 
between loaded and non-loaded tibiae in WT (left) and hypo (right) 
mice (FDR < 5%). Arrows (%) indicate proportion of genes that 
were more highly expressed in loaded (red) or non-loaded (green) 
bones. The RNA library preparation and sequencing was performed 
at the University of Delaware Sequencing & Genotyping Center Core 
Facility and the data analysis was conducted by Mr. Shaopeng Pei 
(University of Delaware, Department of Mechanical Engineering). 
Image Courtesy: Mr. Shaopeng Pei. 

The RNAseq study that will identify differential gene expression pattern after 

seven days of loading in both the genotypes is ongoing. This information will provide 

a more complete assessment of the effect on long term mechanical stimuli on WT and 

hypo animal bones, thereby creating a full picture of how differently the hypo animals 

respond to mechanical stimulation relative to control animals. 

4.1 Final conclusions: 

Perlecan is an essential component of the ECM and plays a vital role in 

maintaining the tissue homeostasis and development. Here, we show that the hypo 

animals (harboring bone tissue deficient in perlecan) show altered mechanosensitivity 

compared to the WT control animals. This suggests a role for perlecan as an organizer 

of the PCM and also indicates an important role in cellular mechanosensation, and 

regulation of the downstream signaling events. Consistent with this idea, a recent 

study reported that knockdown of Pln in the PCM of cartilage reduced stiffness of 

both cartilage cells and interstitial matrix, and therefore disrupted mechanical 

properties of embedded cells and negatively impacted signaling in the altered tissue 

[61]. 
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The significant increase in perlecan with loading similar to the other anabolic 

genes in the WT mice, suggests that perlecan is a mechanoresponsive gene similar to 

collagen 1. Although the hypo mice were less sensitive to mechanical loading 

compared to the WT, repetitive loading resulted in the increase of some of the 

anabolic genes (collagen 1 and perlecan itself). This further emphasizes that regular 

exercise (analogous to the sustained loading) is essential to maintain good bone health 

and could potentially compensate for any imbalance in the tissue by activating the 

synthesis machinery (even in genetically-deficient states). One of our laboratory 

ongoing studies is to analyze the effect of unloading (hindlimb suspension) in hypo 

animals vs. WT controls. It will be interesting to compare and contrast the expression 

profiles obtained with the dynamic mechanical loading model (described here) and the 

suspension study results. 

4.2 Future directions: 

The RNAseq data obtained at day 1 has given detailed information with the 

changes in gene expression in the WT and hypo with respect to loading. It has also 

allowed us to identify novel mechanosensitive genes. Therefore, the next step is to 

perform the RNAseq analysis after seven days of loading and compare the gene 

expression profiles with the present real-time PCR results between the WT and hypo 

animals. This will further allow the identification and understanding of underlying 

mechanisms and the variation in the results we observe in this study.  

By studying the effects of age, younger animal bones were found to be more 

mechanoresponsive and anabolically active compared to the older animals [62]. In this 

study, hypo and WT animals of ages 19-20 weeks (around 5 month-old) were selected 

to be mechanically loaded, as the PLN hypo animals show delayed skeletal 
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development compared to WT animals of younger age [34]. It will be interesting to 

study the response to load in the hypo animals with increasing age. Also, only the 

male animals were used in this study. Considering that bone conditions such as 

osteoporosis are prevalent in aging females, it will be important to perform studies 

using female animals in order to take into consideration the gender based differences 

resulting from perlecan deficiency and mechanical loading. 

In this study, we used the contralateral non-loading limb as the control for 

comparing with the loaded limbs. However, this could have obscured the real 

differences between the loaded and unloaded conditions especially because of 

systemic effects that likely arise after repetitive sustained loading. Therefore, future 

studies should focus on studying the systemic effects of tibial loading and include 

control non-loaded limbs from animals that were not subjected to loading to study the 

same. Also other physiologically relevant mouse model of loading such as treadmill 

running model, loading and unloading hindlimb suspension studies will further 

establish and demonstrate the role of perlecan in bone mechanosensation. 
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