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Abstract 

 

Bone is the second most transplanted tissue in the body, with approximately 2.2 million 

bone graft procedures performed annually worldwide. Currently, autogenous bone is the gold 

standard for bone grafting due to its ability to achieve functional healing; however, it is limited 

in supply and results in secondary injury at the donor site. Tissue engineering has emerged as a 

promising means for the development of new bone graft substitutes in order to overcome the 

limitations of the current grafts. In this research project, the specific approach for bone tissue 

engineering involves seeding osteoprogenitor cells within a biomaterial scaffold then culturing 

this construct in a biodynamic bioreactor. The bioreactor imparts osteoinductive mechanical 

stimuli on the cells to stimulate the synthesis of an extracellular matrix rich in osteogenic and 

angiogenic factors that are envisioned to guide bone healing in vivo. Fluid flow, which exerts a 

hydrodynamic shear stress on adherent cells, has been identified as one of the strongest stimuli 

on bone cell behavior. It has been shown to enhance the deposition of osteoblastic matrix 

proteins in vitro, and is particularly important for the delivery of oxygen and nutrients to cells 

within large scaffolds suitable for bone tissue regeneration. In particular, dynamic flow profiles 

have been shown to be more efficient at initiating mechanotransductive signaling and enhancing 

gene expression of osteoblastic cells in vitro relative to steady flow. However, the molecular 

signaling mechanisms by which bone cells convert hydrodynamic shear stress into biochemical 

signals and express osteoblastic matrix proteins are not fully understood. Therefore, the overall 

goal of this research project was to determine the effect of dynamic fluid flow on 

mechanotransductive signaling and expression of bioactive factors and bone matrix proteins.  

In the first study, an intermittent flow regimen, in which 5 min rest periods were inserted 

during fluid flow, was examined. Results showed that signaling molecules, mitogen activated 

protein kinases (MAPKs) and prostaglandin E2, were modulated with the flow regimen, but that 

expression of bone matrix proteins, collagen 1α1, osteopontin, bone sialoprotein (BSP), and 

osteocalcin (OC), were similar under continuous and intermittent flow. Thus, this study 
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suggested that variation of the flow regimen modulates mechanotranductive signaling. In the 

second study, four flow conditions were examined: continuous flow, 0.074 Hz, 0.044 Hz, and 

0.015 Hz pulsatile flow. This study demonstrated that pulsatile flow enhances expression of BSP 

and OC over steady flow. Similarly, bone morphogenetic protein (BMP)-2 and -7 were enhanced 

with pulsatile flow, while BMP-4 was suppressed with all flow conditions, suggesting that the 

mechanism by which fluid flow enhances bone matrix proteins may involve the induction of 

BMP-2 and -7, but not BMP-4. In the third study, the molecular mechanism by which fluid flow 

simulates expression of BMPs was examined. Results from this study suggest that this 

mechanism may involve activation of MAPKs, but BMP-2, -4, and -7 are regulated through 

multiple different signaling pathways.  

Overall, the results from this research demonstrate that dynamic flow modulates 

mechanotransductive signaling and expression of osteoblastic matrix proteins by osteoblast cells. 

In particular, BMPs, important for formation in vivo, were shown to be induced by fluid flow. 

Therefore, this work may be beneficial in understanding and developing 3D perfusion culture 

systems for the creation of a clinically effective engineering bone tissue. 
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Chapter 1: Introduction 

 

1.1 Significance 

Every year there are approximately three million musculoskeletal procedures performed 

in the United States, and about half of these procedures involve bone grafting [1]. In fact, bone is 

the second most transplanted tissue in the body, with approximately 2.2 million bone graft 

procedures annually worldwide. Bone graft procedures are needed to repair skeletal defects 

caused by trauma, surgery, tumors, implant revisions, infections, and congenital defects [2]. The 

worldwide market for tissue regeneration products was estimated at $4.8 billion in 2008 and is 

projected to double by 2013 [3]. The growth of this market is driven by technological advances 

and an ageing active population. 

There are four essential elements required of bone grafts for bone regeneration: 

osteoinduction, osteoconduction, osteointegration, and osteogenesis [2, 4, 5]. Osteoinduction is 

the recruitment of immature, undifferentiated cells and the stimulation of these cells into bone-

forming osteoblasts often through the presence of growth factors or application of physical 

stimuli. Osteoconduction is the ability to support bone growth on a surface, during which pores, 

channels, and blood-vessels are formed within bone. Osteointegration is the direct contact of 

living bone to graft material. Finally, osteogenesis is the formation of new bone by osteoblastic 

cells within the graft material. 

The three main types of bone grafts include autogenous, allogeneic, and synthetic. 

Autogenous bone grafts are the current “gold standard” in bone grafting because they possess all 

four essential bone graft properties [2]. Autogenous bone is taken directly from the patient, 

requiring two separate surgical procedures for harvesting and implantation. The ilium is the most 

frequent donor site accounting for one-third of all cases [6]. However, autogenous bone is in 

limited supply. In 2003, there was an estimated 20,000 musculoskeletal tissue donors in the 

United States which was not enough to cover the approximately 500,000 bone graft procedures 

performed [4]. Autografts also result in painful secondary injury, additional operating time, and 

donor-site morbidity from harvesting with up to 53% of these surgical explantations result in 

chronic pain lasting more than three months [6, 7].  

Allografts, harvested from cadaveric sources, are the most commonly used alternative to 

autografts [8]. Allografts contain all the essential elements of a bone graft except osteogenesis. 
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There are no viable cells to offer osteogenic properties, which may result in incomplete 

integration with the host tissue. During the method of preparation cells are removed in order to 

reduce the host’s immune response and disease transfer. The main advantage of allografts is 

increased availability in various shapes and sizes and the avoidance of donor-site morbidity [4]. 

However, allografts are also associated with increased risk of viral transmission, bacterial 

infection, and fractures.  

Finally, synthetic materials, such as ceramics, collagen, noncollagenous proteins, 

bioactive glass, and biodegradable polymers, are advantageous because of their unlimited 

availability. However, synthetics lack both osteoinductive and osteogenic properties, and thus 

suffer from poor integration and eventual mechanical failure [2, 8].  

All of the current bone graft options come with inherent limitations; which has led to the 

need for the development of new bone graft substitutes. To date, no ideal bone substitute has 

been developed. An ideal bone graft must possess both unlimited availability like synthetics and 

osteoinductive and osteogenic properties like autografts. The field of tissue engineering holds 

great promise for the development of new bone graft substitutes. Tissue engineering uses an 

interdisciplinary approach that combines engineering and life sciences with the goal of 

facilitating the natural bone healing process through the implantation of a bioactive tissue 

engineering construct. Our specific approach for engineering a bone graft material involves 

seeding osteoprogenitor cells within a biomaterial scaffold then culturing this construct in a 

biodynamic bioreactor. However, before such a construct can be developed, it is important to 

understand the biology of bone and the mechanotransduction pathways involved in the 

mechanical response of osteoblast cells. 

 

1.2 Bone Biology 

Bone is a critical organ in the human body that is primarily composed of bone tissue but 

also includes marrow, blood vessels, cartilage, and periosteum. Bone tissue is a dense, porous, 

mineralized tissue. More than 90% of the bone tissue volume is the extracellular matrix, which 

consists of both organic and inorganic components and is responsible for the mechanical 

properties of bone. Bone tissue performs several essential functions in the maintenance of body 

systems including: protecting internal organs, providing support for body shape and muscle 
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attachment for movement, generating blood cells for immunoprotection and oxygenation, and 

storing calcium and phosphate ions [9]. 

 

1.2.1 Bone Structure 

 Mineralized bone tissue exists in two different architectures: cortical (compact) and 

trabecular (cancellous) (Figure 1.1) [9-11]. Cortical bone makes up 80% of the skeleton. It 

comprises the outer layer of bone and is dense and compact with 10% porosity. Cortical bone has 

a slow turnover rate and a high resistance to bending. Thus, it mainly functions to provide 

mechanical strength and protection, but can also participate in metabolic processes. Trabecular 

bone, which makes up 20% of the skeleton, has a sponge-like porous composition and is found in 

the bone interior. Trabecular bone has a higher metabolic rate, lower modulus of elasticity, and 

lower compressive strength than cortical bone. It is mainly involved in metabolic processes such 

as calcium homeostasis. 

Bone tissue can consist of woven or lamellar arrangements [9, 12]. Lamellar bone is 

strong, consisting of stacked layers of mineralized collagen fibers (or lamellae) parallel to other 

fibers in the same layer. The fibers run in perpendicular directions in alternating layers 

(analogous to plywood), providing mechanical strength. In contrast, woven bone is weak, with 

randomly oriented collagen fibers. Woven bone is laid down during development and fracture 

healing, and is replaced with lamellar bone. Thus, a very small amount of woven bone is present 

in the adult skeleton. 
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Figure 1.1: Organization of bone. [fair use]  
SEER Training Modules, Structure of Bone Tissue. US National Institutes of Health, National Cancer 
Institute. Accessed August 30, 2009. <http://training.seer.cancer.gov/anatomy/skeletal/tissue.html> 

 

1.2.2 Bone Components 

Mineralized bone tissue consists of several components that interact with one another to 

create the complex, organized structure. The two main components are bone cells and the 

extracellular matrix [9-11]. The three types of bone cells in bone tissue that are derived from 

osteoprogenitor cells are bone lining cells, osteoblasts, and osteocytes. Bone lining cells are 

inactive osteoblasts. They are flat, thin, and elongated cells that cover the bone surfaces where no 

remodeling takes place. Osteoblasts are responsible for bone formation through the synthesis and 

secretion of an organic extracellular matrix. They are derived from bone lining cells which are 

recruited to the necessary site where they proliferate and differentiate into new bone. Osteocytes 

are mature bone cells and account for more than 90% of the bone cells. They are derived from 

osteoblasts are entirely embedded within the mineralized extracellular matrix, and exhibit a 

stellate or dendritic morphology. Individual osteocytes reside within cavities, called lacunae, and 

maintain physical contact with neighboring cells via membrane processes that extend through 

narrow channels in the mineralized bone matrix called canaliculi. Communication between 

osteocytes, osteoblasts, and bone lining cells is thought to regulate the formation and resorption 

of bone.  

The extracellular matrix is composed of both an organic and inorganic component, and is 

responsible for the mechanical properties of bone [12]. The inorganic matrix contains minerals, 
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such as calcium and phosphorous salts, arranged in crystal-like structure. The inorganic matrix 

provides compressive strength and serves as an ion reservoir. The organic part of the matrix 

consists mainly of type I collagen fibers which give bone its strength and ability to resist failure 

in tension. The organic matrix also includes growth and differentiation factors, such as bone 

morphogenetic proteins and transforming growth factor-β, which affect cell behavior, and 

noncollagenous proteins, such as osteocalcin (OC) and bone sialoprotein (BSP), which are 

involved in matrix organization and mineralization.  

Extracellular fluid fills the void spaces between the cells and the extracellular matrix 

molecules [12]. These void spaces deform in response to mechanical load, with some increasing 

in volume while others decrease leading to differences in pressure which results in interstitial 

fluid flow. Additionally, canaliculi (which run between lacunae and permit the transport of 

molecules between osteocytes) are filled with fluid which flows in response to mechanical 

deformation of bone tissue creating shear stresses and streaming potentials. Importantly, 

osteocytes are able to sense and respond to these phenomena. 

 

1.2.3 Bone Formation in Vivo 

During the process of development bone is formed by two processes: endochondral 

ossification and intramembranous ossification. Both processes involve the transformation of pre-

existing connective tissue into bone tissue. Endochondral ossification involves the formation of 

long bones through a cartilage intermediate that serves as a model for the bone that follows [13]. 

Mesenchymal cells differentiate into chondroblasts, which generate hyaline cartilage matrix, and 

a membrane called the perichondrium develops around the cartilage model. The cartilage model 

grows in length and diameter as the chondrocytes proliferate and secrete a cartilage matrix. Some 

of the mid-region hypertrophic chondrocytes burst releasing substances that raise the pH of the 

matrix which causes calcification of the cartilage. Calcification reduces the nutrient supply to the 

other mid-region chondrocytes causing the cells to die and small cavities to form. Next, a 

nutrient artery penetrates the perichondrium which stimulates the osteogenic cells to differentiate 

into osteoblasts. The osteoblasts lay down compact bone under the perichondrium called the 

periosteal bone collar. The periochondrium then becomes the periosteum. Capillaries grow into 

the cartilage model and stimulate the formation of a primary ossification center where bone 
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tissue replaces cartilage tissue. Osteoblasts deposit spongy bone which is replaced by compact 

bone.  

Intramembranous ossification forms flat bones in the skeleton without a cartilage 

intermediate [12, 13]. Bone formation begins with the aggregation of preosteoblasts followed by 

a proliferation period to provide a sufficient amount of cells for tissue formation. The cells 

differentiate into osteoblasts and secrete organic bone matrix. When the osteoblasts are 

completely surrounded in bone matrix they become osteocytes. The osteocytes are now located 

in the lacunae and are interconnected by canaliculi. Minerals are deposited in the matrix and the 

matrix becomes calcified. The bone matrix develops into columns called trabeculae that fuse 

together to form a network of spongy bone. Red bone marrow forms in the spaces between the 

trabeculae. Compact bone is replaced with spongy bone on the surface while spongy bone 

remains in the center. 

 

1.2.4 Bone Remodeling 

Bone undergoes remodeling throughout life, such that old bone is continuously being 

replaced by new tissue in order to repair damage from everyday stresses [9, 11]. During the 

remodeling process, bone is resorbed by osteoclasts while new bone is formed by osteoblasts. 

There are four main phases in bone remodeling: activation, resorption, reversal, and formation. 

(1) Activation occurs when hormonal or physical stimuli signal mononuclear monocytes and 

macrophages to fuse together into multinuclear osteoclasts at the remodeling site. (2) Resorption 

occurs when osteoclasts begin to remove the matrix and mineral components of bone and form a 

cavity on the surface. (3) Reversal occurs when osteoclasts divide back into mononuclear cells. 

These mononuclear cells then prepare the surface for new osteoblasts to begin bone formation by 

and provide signals for osteoblast differentiation. (4) Formation occurs when osteoblasts fill in 

the resorption cavity with new bone. The new bone is mineralized and is then covered by a 

protective layer of bone lining cells. 

 

1.3 Mechanotransduction in Bone 

The skeleton’s primary mechanical function is to provide rigid levers for muscles to act 

against as it holds the body upright and allows for efficient locomotion [14]. For example, bones 

are exposed to thousands of mechanical repetitive loads each day to which the skeleton can adapt. 
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This process of bone adaptation involves the detection of micromechanical signals by the 

individual bone cells contributing to the bone remodeling process, in which a net increase in 

bone occurs in regions of high stress and a net loss of bone occurs in regions of low stress. This 

well accepted process is known as Wolff’s Law [15, 16]. Current research efforts have focused 

on identifying the biophysical and intracellular signals that are generated by mechanical loads 

and determining how they regulate the process of bone remodeling.  

 

1.3.1 Bone Adaptation to Mechanical Loading 

When load is applied to the skeleton mechanical force occurs in the cellular environment. 

These forces include strain across the cell’s substrate due to deformation of the hard tissue, 

pressure in the intramedullary cavity and within the cortices, shear stresses through canaliculi 

which cause drag over the cells, and electrical fields (streaming potentials) as interstitial fluid 

flows past charged bone crystals [16]. The cells that comprise bone tissue have the ability to 

sense this mechanical loading and adapt to it with appropriate changes in the bone architecture 

[17].  

Three characteristics have been identified that describe bone adaptation to mechanical 

stimuli. First, bone adaptation is driven by dynamic rather than static loading. Experimental 

studies have shown that dynamic, but not static, strains increase bone formation [18, 19], and 

that the frequency and strain rate of dynamic loading are important determinants of bone 

adaptation [20, 21]. For example, studies using a four point bending model showed bone 

formation increased at frequencies of 0.5 to 2 Hz [20] and increased proportional to strain rate 

from 0 to 0.039 s-1 [21]. In addition, evidence suggests that fluid flow is the primary loading 

mechanism responsible for mechanochemical signal transduction in bone cells [14, 18]. Second, 

only a short duration of mechanical loading is necessary to initiate an adaptive response. 

Extending the loading duration has a diminishing effect on further bone formation [17]. This 

second rule is known as the case of diminishing returns and has been demonstrated using a 

jumping rat model, which found that 5-jumps a day increased bone mass versus groups of 10-, 

20-, 40-, and 100-jumps per day [22]. Third, bone cells accomodate to a normal mechanical 

loading environment, making them less responsive to routine loading signals [17]. Bone 

adaptation is described as “error-driven”, such that if the daily loading stimulus increases or 

decreases compared to normal loading then osteoblast or osteoclast activity, respectively, 
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increases. Thus, abnormal strains produced during unusual loading situations drive structural 

changes, as opposed to strains from routine daily activities like walking or running.  

 

1.3.2 Mechanotransduction  

 Mechanotransduction is the mechanism by which physical forces are converted into 

cellular responses. Mechanotransduction in bone has been divided into four stages: (1) 

mechanocoupling, (2) biochemical coupling, (3) transmission of signal, and (4) effector cell 

response [14, 23, 24]. Mechanocoupling is the transduction of macroscopic mechanical forces 

applied to bone into microscopic local mechanical forces sensed by osteocytes. Normal loading 

of bone (e.g. bending, compression) causes deformation of the bone tissue and generates pressure 

gradients within the lacuna-canalicular spaces of bone that drive interstitial fluid flow, generate 

streaming potentials, and exert hydrodynamic shear stress on osteocytes [14, 25].  

Biochemical coupling is the transduction of local mechanical signals into biochemical 

responses (e.g. gene expression, protein activation). There are four primary, independent but, 

interacting mechanosensors that are involved in biochemical coupling in bone: stretch-sensitive 

ion channels, integrin adhesion receptors, guananine nucleotide binding proteins (G-proteins), 

and the cytoskeleton [16, 26]. (1) Ion channels open in response to physical forces, such as, 

stretch or pressure, and allow ions like Ca2+, K+, and Na+ to flow in and out of cells. These open 

channels can activate intracellular enzymes and initiate membrane depolarization by the 

subsequent opening of voltage-gated ion channels. (2) Integrins are membrane spanning proteins 

that link the cell to its extracellular environment. They bind to parts of the extracellular matrix 

(i.e. osteopontin, fibronectin, collagen) and are activated by the deformation of these 

extracellular binding partners. (3) G-proteins are receptor activated proteins that are bound to the 

inside of the cell membrane. Mechanical forces can activate G-protein coupled receptors and 

bring about conformational changes to the G-proteins, allowing them to initiate signaling 

cascades. (4) The cytoskeleton is a fundamental structural unit composed of a network of 

microfilaments and microtubules. When the cytoskeleton is deformed, it creates more docking 

and activation sites for focal adhesions, which act as mechanical linkages to the extracellular 

matrix. Mechanical stimulation causes also changes in cytoskeletal organization producing 

different cellular responses.  
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Transmission of signal occurs between the sensor cells and the effector cells, i.e. the 

osteocytes in the mineralized bone matrix that sense mechanical stimuli deliver biochemical 

signals to osteoblasts or osteoclasts that can form or resorb bone [14]. The most common 

intermediates for cell-to-cell communication are prostaglandins and nitric oxide (NO). Numerous 

studies in vitro have shown that mechanical stimuli induce the production of prostaglandins and 

NO [27-29]. Concurrently, the inhibition of prostaglandin and NO synthesis in vivo has been 

shown to suppress new bone formation in response to mechanical stimulation [30, 31]. 

Finally, effector cell response is the tissue-level response to mechanical loading, in which 

osteoblasts form new bone tissue and osteoclasts resorb bone tissue [14]. The formation of bone 

tissue is marked by stages of extracellular matrix development, secretion of alkaline phosphatase 

and production of type I collagen, and mineralization, secretion of non-collagenous proteins such 

as bone sialoprotein and osteocalcin. During bone resorption, osteoclasts dig tunnels in old bone 

tissue degrading the mineralized extracellular matrix and releasing calcium into the bloodstream.  

It is clear that bone cells are sensitive to their mechanical environment, and that bone 

tissue can adapt to mechanical loading. However, a question that still remains unanswered is how 

the individual bone cells sense mechanical signals. Mechanotransduction involves multiple 

pathways that still have yet to be fully understood. Further understanding of the molecular basis 

by which bone responds is needed to determine how to engineer a bone substitute which can 

facilitate healing. One important stimulus is fluid flow, which has been shown to induce the 

expression of bone matrix proteins by osteoblasts.  

  

1.4 Effects of Fluid Flow on Osteoblasts  

Fluid flow has been identified as one of the strongest mechanical stimuli on bone cell 

behavior in vitro [29, 32, 33]. It is important in the tissue engineering strategies because it can 

deliver oxygen and nutrients to cells seeded within porous scaffolds, as well as, induce 

expression of bone-related extracellular matrix proteins [34, 35]. However, the underlying 

mechanisms responsible for the latter effect are not well understood. The following sections 

summarize what is known about the effects of fluid flow on osteoblasts, including molecular 

mechanisms and dynamic flow regimes. 
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1.4.1 Fluid Flow in Bone 

In vivo, the lacunar-canalicular network is filled with interstitial fluid which flows in 

response to mechanical deformation of the bone tissue. Normal physiological activity generates 

dynamic fluid flow patterns in response to the deformation of the mineralized matrix [16], and 

theoretical models predict that this fluid flow produces shear stresses of 0.8 to 3 Pa [36]. Also, 

fluid flow in bone tissue in vivo accomplishes three important tasks: transportation of nutrients to 

the osteocytes in the mineralized matrix, elimination of the metabolic waste, and exertion of 

physical forces on the cell processes [37]. 

Three mechanisms have been proposed to explain the means by which fluid flow in bone 

cells stimulates osteoblastic differentiation and activates signaling pathways: hydrodynamic 

shear stress [38], chemotransport [39], and streaming potentials [40]. Shear stress is the 

tangential force generated by the velocity gradient in laminar fluid flow. Streaming potentials are 

stress-generated electric potentials which are produced when an electrolyte flows along a 

charged surface (i.e. interstitial fluid along bone matrix). Chemotransport is the transport of 

chemical factors, such as oxygen and nutrients, within the fluid. Several studies have tried to 

decouple flow effects of shear stress and chemotransport by systematically varying the medium 

viscosity. Varying viscosity allows chemotransport to stay constant while shear stress is varied. 

Bakker et al. used this approach to show that the production of nitric oxide (NO) and 

prostaglandin E2 (PGE2) increase with increasing hydrodynamic shear stress [27]. Similarly, 

Reich et al. showed that cyclic adenosine monophosphate (cAMP) production increases with 

medium viscosity [38]. Finally, a three dimensional study showed that calcium deposition and 

matrix mineralization increases as viscosity increases [41]. Because viscosity affects shear stress 

more strongly than chemotransport or streaming potentials, these studies suggest that shear stress 

is the primary mechanism for stimulation by fluid flow. 

 

1.4.2 Mechanotransduction Pathways 

The exact mechanism by which fluid flow induces expression of osteoblastic matrix 

proteins is not fully understood, but several early events in the signaling pathway have been 

identified. Initiation of shearing flow induces a rapid increase in intracellular calcium [42, 43], 

activation of mitogen-activated protein kinases (MAPKs) [44-46], release of nitric oxide (NO) 

[27, 47] and prostaglandin E2 (PGE2) [27, 47-49], and expression of numerous genes including c-
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fos [42, 50] and cyclooxygenase (COX)-2 [44, 51]. These early events contribute to osteoblastic 

differentiation. It has been shown that long-term exposure of osteoblastic cells to shearing flow 

stimulates the expression of bone matrix proteins osteopontin (OPN), bone sialoprotein (BSP), 

and osteocalcin (OC) [35, 52] and increased mineralized matrix deposition [34, 41].  

Figure 1.2 illustrates a few of the possible signaling pathways activated by fluid flow 

which may lead to the stimulation of bone specific genes. For example, stretch-activated ion 

channels release calcium in response to fluid flow which, in turn, synthesizes PGE2 which 

activates extracellular regulated kinase (ERK). ERK and c-jun kinase (JNK) activate c-fos and c-

jun subunits of AP-1 respectively. AP-1 then binds to the promoter regions of several bone 

related genes including type I collagen α1 (Col-1α1), alkaline phosphatase (ALP), OC, and OPN. 

The following paragraphs describe these signaling molecules activated by fluid flow in more 

detail. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Simplified mechanistic model of flow-induced expression of osteoblastic genes 
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Prostaglandins (PGs) are lipid-derived hormones that are involved in bone remodeling 

[53], and have been shown to induce proliferation and maturation of osteoblasts [54]. Numerous 

PGs have been identified; however PGE2 has been shown to the most osteoinductive. PGs are 

produced by osteoblasts in response to fluid flow [49]. PGs are synthesized from fatty acids such 

as arachidonic acid. The rate-limiting step in this process is mediated by COX-1 and COX-2. 

COX-1 is constitutively expressed while COX-2 in inducible. In addition, PGE2 has been shown 

to induce production of cAMP [38] and stimulate ALP activity and matrix mineralization [55]. 

MAPKs belong to a family of intracellular serine/threonine kinases that are involved in 

numerous signal transduction pathways of various cell types including osteoblasts [56]. They 

respond to fluid flow by phosphorylating and activating transcription factors, which regulate 

gene expression and cell function [57]. The MAPKs include three families: ERKs, p38 MAPKs, 

c-jun kinases (JNK). ERK is activated by PGE2 [58], calcium transients [59], and signaling via 

focal adhesion kinase (FAK) [60]. ERK activates the transcription factors Elk [46] and AP-1 

subunits c-Fos and c-Jun [61, 62]. In addition, ERK activity is involved in shear-induced gene 

expression of COX-2 [44], OPN [45], and Col-1α1 [46]. p38 is involved in the activation of the 

AP-1 subunit Jun B [61] and expression of Osterix [63], OPN [45], and COX-2 [64]. JNK is 

known to activate the AP-1 subunit c-Jun, and has been involved in the shear-induced gene 

expression of OPN and Col-1α1 [46]. All three MAPK families (ERK, p38, and JNK) have been 

shown to be transiently activated by shearing flow [45, 46]. 

 Transcription factors are proteins that bind to promoter elements upstream of genes and 

either facilitate or inhibit transcription. Through this process they control and regulate gene 

expression. The transcription factors AP-1 and Osterix are known to be involved in proliferation 

and osteoblastic differentiation. The AP-1 transcription factor family consists of numerous 

homodimers and heterodimers, such as c-Jun and c-Fos [65, 66], that have binding sites in the 

promoter regions of several bone-related genes, including Col-1α1, ALP, OC, and OPN [67]. 

Recently, the Osterix (Sp7) transcription factor has been identified as critical to the formation of 

mineralized bone tissue in vivo [68]. Its expression is stimulated by Runx2 [69], BMP-2 [70, 71], 

and mechanical strain [72], and is suppressed by TNF-α [73]. Little is known about the gene 

targets for Osterix; however, the promoter region for BMP-2 is known to have multiple binding 

sites for the transcription factor Sp1 [74] that activate gene expression [75] and may be targets 

for Osterix.   
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1.4.3 Dynamic Fluid Flow  

Osteoblastic cells have been shown to be more responsive to dynamic flow than to steady 

flow [39, 46, 76]. Oscillatory and pulsatile flows are the most common dynamic fluid flow 

regimens that have been studied in vitro. Both oscillatory and pulsatile flow profiles consist of 

sinusoidal oscillations in flow rate; however oscillatory flow has a mean flow rate of zero while 

pulsatile flow has a non-zero mean flow rate and minimum flow rate of zero (Figure 3).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Illustration of steady, pulsatile, and oscillatory flow regimens 

 

Oscillatory fluid flow has been shown to induce calcium mobilization [45, 76], activate 

ERK and p38 MAPKs [45, 77], stimulate PGE2 production [78], and increase OPN and OC 

mRNA expression [45, 76] relative to steady flow. ERK signaling has been shown to play a 

significant role in the regulation of Col-1 and OPN under oscillatory flow. Additionally, gap 

junctions have been shown to regulate increases in OPN in response to oscillatory flow [79]. 

Oscillatory flow has been suggested to regulate insulin-like growth factor-I (IGF-I) signaling in a 

protein kinase C (PKC)-ζ-dependent manner [80]. Focal adhesion kinase (FAK) signaling has 

also been shown to be necessary for the induction of osteoblastic markers by oscillatory flow 

[81].   

Pulsatile fluid flow has similar effects as oscillatory flow. It increases the influx of 

calcium through calcium channels [82], release of NO and PGE2 [27, 83], and ERK 

phosphorylation [84] compared to steady flow. In addition, pulsatile flow may be more 
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stimulatory than oscillatory flow. Jacobs et al. showed that calcium transients were stronger with 

pulsatile flow than with oscillatory flow [39].  

Bone cells have also been shown to be sensitive to the frequency of the dynamic flow 

regimen. Jacobs et al. showed a decrease in cell responsiveness with increasing frequency from 

0.5 Hz to 2.0 Hz for both pulsatile and oscillatory flow [39]. NO synthesis also has been shown 

to increase with frequency of pulsatile flow from 1 Hz to 9 Hz [83], while PGE2 production has 

been shown to increase with frequency of oscillatory flow from 1 Hz to 2 Hz [28]. The 

mechanism for the frequency sensitivity is not understood, but has been postulated to stem from 

the viscoelastic behavior of the cells [85]. Because cells are viscoelastic, they may be less stiff 

and more deformable at lower loading rates [86]. 

The insertion of rest periods during shearing flow have been shown to be important for 

restoring mechanosensitivity to cells and maximizing osteogenic effects of mechanical loading 

[87]. The insertion of 10 second rest periods every 10 loading cycles during oscillatory fluid flow 

has been shown to increase the mRNA expression of OPN [88]. Another study using oscillatory 

flow found that a 10 min rest period was required to recover the percentage of cells responding 

to fluid flow and a 15 min rest period was required to recover calcium oscillation magnitude [89]. 

The use of an intermittent flow regimen (5 min flow/5 min rest) increased accumulation of PGE2 

relative to steady flow [90]. 

 

1.4.4 3D Perfusion 

 To date, the vast majority of studies involving fluid flow on bone cells have concerned 

one dimensional flow over planar cultures of osteoblastic cells. However, the translation of two 

dimensional studies into 3D studies is needed for the development of materials to repair bone 

defects. Specifically, perfusion culture is needed to deliver oxygen and nutrients to the cells 

seeded within the scaffold without which cell viability is significantly decreased at a distance 

greater than 1 mm from the surface into the scaffold [91].  

The perfusion culture of porous biomaterial scaffolds has been used to induce the 

production of a bone-like extracellular matrix and maintain cell viability throughout the scaffolds 

[34, 41, 92]. Flow perfusion of porous scaffolds has been shown to induce ALP activity, mineral 

deposition, and OPN expression [34, 41, 93]. In addition, flow perfusion induces the deposition 

growth factors VEGF, BMP-2, FGF-2, TGF-β1, and PDGF in porous scaffolds [94]. Little work 
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has been done to characterize the effects of dynamic perfusion in 3D culture. Two studies 

showed increased PGE2 release from cell-seeded scaffolds at early time points (1-48 hrs) with 

oscillatory [95] and pulsatile perfusion [96]. A third study reported a more uniform cell 

distribution within the scaffold and a significant increase in ALP activity with oscillatory flow 

relative to steady flow after six days of culture [97]. However, there have been no studies to date 

that have examined the effects of the frequency of oscillatory or pulsatile flow in 3D perfusion 

culture. 

 As alluded to previously, 3D perfusion can be an important component of a tissue 

engineering strategy because it can deliver oxygen and nutrients to cells, maintain a uniform 

distribution of cells within large porous scaffolds, and provide stimuli to induce deposition of a 

bone-like extracellular matrix. The following section provides a broad overview of bone tissue 

engineering and shows where 3D perfusion culture fits into a general strategy. 

 

1.5 Bone Tissue Engineering Strategy 

Tissue engineering in broad terms has been described as “an interdisciplinary field that 

applies the principles of engineering and the life sciences toward the development of biological 

substitutes that restore, maintain, or improve tissue function” [98]. Specifically applied to bone 

tissue, the ultimate goal is to facilitate the natural bone healing process through the implantation 

of a bioactive tissue engineered construct. This bioactive implant is envisioned to be a 

combination product consisting of a biomaterial scaffold, bioactive molecules, and 

osteoprogenitor cells. The biomaterial scaffold is intended to fill the skeletal defect and provide 

extensive surface area for cell attachment and void volume for new tissue formation. The 

bioactive molecules are intended to initiate and guide formation of new bone tissue. Finally, the 

osteoprogenitor cells are envisioned to respond to the bioactive factors and deposit a bone-like 

extracellular matrix within the scaffold that will initiate bone remodeling in vivo. Our approach 

for engineering a bone graft material involves seeding osteoprogenitor cells within a biomaterial 

scaffold then culturing this construct in a biodynamic bioreactor. Here, the addition of bioactive 

molecules is replaced with mechanical stimulation in a bioreactor. Thus, the bioreactor imparts 

osteoinductive mechanical stimuli on the osteoprogenitor cells to stimulate the synthesis of an 

extracellular matrix rich in osteogenic and angiogenic factors that are envisioned to guide bone 
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healing in vivo. The following sections describe the roles of scaffolds, cells, and mechanical 

stimuli in bone tissue engineering. 

 

1.5.1 Scaffolds 

 Scaffolds function as delivery vehicles for cell transplantation and as three dimensional 

templates for tissue regeneration, and thus their architecture should mimic that of natural bone 

tissue. They must possess an interconnected pore network to permit cell infiltration, diffusion of 

nutrients, and removal of wastes. Bone formation requires a minimum pore size of 100 µm, with 

an optimum pore size of 300 to 700 µm [99]. Additionally, scaffolds should be fabricated from 

biocompatible and biodegradable materials, and possess chemical properties to support cell 

adhesion and sufficient mechanical strength to withstand implantation and in vivo stresses [7, 

100].  

Many biomaterials have been used to form scaffolds for bone tissue engineering 

including polymers, ceramics, metals, and composites [101]. Polymer materials are divided into 

natural polymers and synthetic polymers. Natural polymers, such as, collagen [102], fibrinogen 

[103], bacteria cellulose [104], and chitosan [105], are biocompatible and mimic the extracellular 

matrix in bone. However, natural materials suffer from poor mechanical properties. Synthetic 

polymers, such as, poly(lactide-co-glycolide) acid (PLGA) [106], poly(α-hydroxy acids) [107], 

and poly(ε-caprolactone) [108], can be altered to achieve specific chemical and mechanical 

properties for the desired application. Ceramics, including hydroxyapatite [109] and β-tricalcium 

phosphate [110], are osteoconductive and osteoinductive, but are brittle and degrade slowly. 

Metals, such as, titanium [111], stainless steel [112], and aluminum [113], are mechanically 

strong but are not biodegradable. Composites of two or more materials incorporate the attractive 

properties of each material. For example, hydroxyapatite/PLGA composites possess the 

osteoconductive properties of hydroxyapatite and biodegradability of PLGA [114]. 

An advantage of polymeric biomaterials is the broad variety of processing methods that 

can be used to process them into porous scaffolds. These include solvent casting/particulate 

leaching [107], thermal phase inversion [115], gas foaming [116], microsphere sintering [117], 

and rapid prototyping [118]. (1) Solvent casting/particulate leaching involves dispersing porogen 

particles within a polymer solution [119]. Porogen particles can be inorganic salts, sugar crystals, 

or paraffin wax. The mixture is cast in a mold and the solvent is removed by evaporation or 
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lyophilization. The porogens are then dissolved away to obtain an interconnected pore structure. 

Scaffold porosity can be altered by changing the size of the porogens and porogen/polymer 

concentration. (2) Thermal phase inversion uses temperature to induce the separation of two 

phases [119]. A polymer is dissolved in a solvent at a high temperature. Liquid-liquid or solid-

liquid phase separation is induced by lowering the solution temperature. Removal of the solvent-

rich phase leaves a porous polymer scaffold. The pore morphology can be controlled by the 

phase separation conditions, but the pores are small and often not interconnected. (3) Gas 

foaming involves the saturation of the polymer with high pressure carbon dioxide (CO2) [119]. 

When the pressure is released, rapid nucleation and expansion of the dissolved CO2 results in the 

formation of polymer foams with high porosities, but poor interconnectivity. The advantage of 

this method is that it does not use organic solvents or high temperatures to fabricate polymer 

foams. (4) Microsphere sintering technique involves thermally fusing polymer microspheres 

together insides a mold [117]. The average pore diameter can be controlled by changing the size 

of the microspheres and high interconnectivity can be achieved. However, the porosity is lower 

than other fabrication techniques which gives the scaffold higher mechanical strength but lower 

void volume available for tissue ingrowth [106]. (5) Rapid prototyping techniques use computer-

aided design (CAD) to produce complex 3D scaffolds [119]. One such technique, called 3D 

printing, generates scaffold components by ink-jet printing a liquid binder onto sequential 

powder layers while following the scaffold profile generated by CAD. The scaffold properties 

can be controlled by adjusting the operating conditions. However, the scaffolds tend to have low 

porosity, low mechanical strength, and the feature sizes are typically a few hundred microns in 

dimension. 

 

1.5.2 Osteoprogenitor Cells 

The role of cells in tissue engineering strategies is to generate an extracellular matrix on 

the scaffold surfaces that will initiate healing in vivo. Osteoprogenitor cells are ideal for bone 

tissue engineering applications because they are immature cells that can be easily isolated from 

donor tissue (to minimize the risk of tissue rejection), expanded in large quantities in vitro, and 

differentiated into the osteoblastic lineage [120]. Thus, small volumes of osteoprogenitor cells 

may be used to generate large volumes of bone. In contrast, mature osteoblasts have a limited 
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proliferation capacity and therefore significantly larger volumes are required to facilitate healing 

[121]. 

Osteoprogenitor cells can be derived from mesenchymal stem cells (MSCs) that reside 

within bone marrow, bone periosteum, muscle, fat, and synovial fluids [122]. Bone marrow 

stromal cells (BMSCs) – MSCs derived from bone marrow – are multipotent cells capable of 

differentiating into multiple lineages including osteoblasts [123], chondrocytes [124], adipocytes 

[125], and fibroblasts [126]. Development of the osteoblastic phenotype can be achieved by 

culturing BMSCs in medium supplemented with dexamethasone, ascorbic acid, and β-

glycerophosphate [127].  

Osteoblastic differentiation of BMSCs in vitro is marked by three sequential phases: 

proliferation, extracellular matrix development, and matrix mineralization (Figure 1.4) [128].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Timeline of stages of osteoblastic differentiation 
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osteocalcin (OC), and osteopontin (OPN) and the deposition of a calcium/phosphate mineral 

[132]. This developmental sequence can be used to monitor the process of osteoblastic 

differentiation and evaluate osteogenic culture strategies. 

 

1.5.3 Osteoinductive Stimuli  

The ability for BMSCs to differentiate into osteoblastic cells and deposit a bone-like 

extracellular matrix depends on the conditions of the microenvironment (Figure 1.5). Importantly, 

these conditions – which include physical forces, signaling factors, and cell interactions with 

substrates and adjacent cells – can be controlled by careful design of the biomaterial scaffold and 

the culture conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Environmental stimuli acting on an osteoprogenitor cell in vitro 
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These different mechanical stimuli result in different biochemical responses suggesting that there 

may be an advantage in using a combination of stimuli to induce osteoblastic differentiation.  

Signaling factors that stimulate the osteoblastic differentiation of osteoprogenitor cells in 

vitro include hormones (glucocorticoids and prostaglandins) and extracellular matrix (ECM) 

components (growth and differentation factors). Dexamethasone, a synthetic glucocorticoid used 

to treat inflammatory conditions, has been shown to increase alkaline phosphatase activity [138], 

expression of osteocalcin (OC) and bone sialoprotein (BSP) [139], and matrix mineralization 

[140]. Prostaglandin E2, a lipid hormone synthesized from arachidonic acid by the 

cyclooxygenase enzyme, has been shown to increase bone nodule formation and alkaline 

phosphatase activity [141]. Bone morphogenic proteins (BMPs), members of the transforming 

growth factor (TGF)-β superfamily, are the most commonly studied osteoinductive cytokines. In 

particular, BMP-2, -4, and -7, are highly osteogenic, have been shown to stimulate OC and BSP 

expression [142]. Fibroblastic growth factor-2 (FGF-2) enhances ALP activity and 

mineralization in BMSCs [143, 144]. Vascular endothelial growth factor (VEGF) promotes 

angiogenesis and acts directly on osteoblasts to promote proliferation and differentiation [145]. 

 Cell interactions with substrates and adjacent cells are also important for the osteoblastic 

differentiation of osteoprogenitor cells. Biomimetic interfaces that resemble the extracellular 

matrix can be constructed by immobilizing adhesion proteins and other stimulating factors onto a 

biomaterial substrate. These biomimetic interfaces are capable of interacting with integrin 

adhesion receptors, and directing assembly of focal adhesion contracts, cell spreading, and 

organization of an actin cytoskeleton [146]. For example, the immobilization of the arginine-

glycine-aspartate (RGD)-containing peptide, a common adhesive motif, on tissue culture 

polystyrene has been shown to increase mineralization of BMSCs [147]. Concurrently, cell-cell 

interactions occur via connexin and cadherin proteins. Connexins assemble to form gap junctions, 

that permit the intercellular transport of small signaling molecules [148], while cadherins bind 

cells together and support the formation of connexin gap junctions [149]. Connexin mediated cell 

connectivity may be critical for bone matrix deposition as the inhibition of gap junctions 

decreases ALP activity, OC synthesis, and mineralization [150].  

 It is important to recognize, that out of all the stimuli mentioned above, physical forces 

can be regulated using a bioreactor culture system. Therefore, the following section concerns 

bioreactors for bone tissue engineering.  
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1.5.4 Bioreactors 

In tissue engineering, bioreactors provide an in vitro environment for the growth of 

engineered tissue by delivering osteoinductive stimuli. Specifically, bioreactors are used to 

impart different physical forces, such as, shear stress [92], cyclic stretch [151], and hydrostatic 

pressure [152], which imitate mechanical stimuli that occur in vivo. Evidence suggests that 

specific modes of mechanical loading may direct the differentiation of multipotent cells along 

specific lineages [153]. Thus, bioreactors have been designed to meet particular criteria for 

different tissues including bone, cartilage, tendon, and cardiovascular systems. For example, 

cyclic stretch is known to upregulate ligament-related genes such as collagen and TGF-β [154] 

while shear stress is known to upregulate bone-related genes such as OPN and BSP [35].  

Bioreactors that generate hydrodynamic shear stress are widely used in bone tissue 

engineering. Common bioreactors that induce shear stress by fluid flow include spinner flasks 

[34, 91], rotating wall vessels [155, 156], and perfusion systems [92, 93]. These bioreactors 

attempt to overcome the mass transport limitations (inherent in static culture) by using forced 

convection to deliver oxygen and nutrients to the cells. Spinner flasks employ a simple stirring 

mechanism to mix the medium around the scaffolds. Cell survival and differentiation is increased, 

but mineralization is limited to the perimeter of the scaffold [12]. Rotating wall vessels consist of 

inner and outer cylinders which rotate at low shear stresses and generate microgravity conditions. 

However, minimizing the effects of gravity which results in low mechanical signals does not 

stimulate osteoblastic differentiation [12]. Perfusion bioreactors deliver medium to cells within 

porous scaffolds, eliminating the mass transport limitations found in spinner flasks and rotating 

wall vessels. They improve cell distribution throughout 3D scaffolds and increase alkaline 

phosphatase activity, osteopontin expression, and mineralization [34, 91].  

Two dimensional model bioreactor systems are also used to study the osteoinductive 

effects of shearing flow [39, 51, 90, 157]. One example of a model system is the parallel-plate 

flow chamber which employs unidirectional fluid flow to generate a uniform shear stress at the 

cell surface [35]. Model systems offer several advantages over 3D bioreactors. For example, 

there are no mass transport limitations which are found in the static culture of 3D substrates, and 

the environmental conditions can be easily controlled. 
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1.6 Conclusions 

There is a definite need for the development of new bone graft substitutes which 

overcome the limitations of the current options (autografts, allografts, synthetics). The field of 

tissue engineering is promising for the development of new bone graft substitutes. Tissue 

engineering uses an interdisciplinary approach combining osteoprogenitor cells, biomaterial 

scaffolds, and osteogenic stimuli to create a construct which can facilitate the natural bone 

healing process. As evidence presented in this chapter suggests, there are many stimuli that affect 

the osteogenic response of osteoprogenitor cells in the in vitro culture environment including 

soluble factors, intracellular contact, and physical forces. Fluid flow has been identified as one if 

the strongest mechanical stimuli on bone cell behavior, and is particularly important for the 

delivery of oxygen and nutrients to cells within large scaffolds suitable for bone tissue 

regeneration. However, before such a clinically applicable construct can be developed, it is 

important to understand the effects of fluid flow on mechanotransduction pathways and gene 

expression by osteoblast cells. An understanding of the molecular signaling mechanisms by 

which bone cells convert shear stress into biochemical signals and express osteoblastic matrix 

proteins is a key deficiency in the literature. Therefore, in this project, these biochemical 

pathways will be studied using simplified two dimensional model systems, and the results can be 

used to help better design 3D culture experiments in order to develop an appropriate graft for 

bone tissue regeneration in vivo. 
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Chapter 2: Experimental Plan 

 

2.1 Objective 

The overarching goal of this research is to develop tissue engineered bone materials by 

culturing osteoprogenitor cells within porous biomaterial scaffolds under perfusion which will 

induce the deposition of an extracellular matrix (ECM) rich in bioactive factors. Fluid flow, 

which exerts a hydrodynamic shear stress on adherent cells, has been shown to enhance the 

deposition of osteoblastic matrix proteins in vitro. It is also important for the delivery of oxygen 

and nutrients to cells within scaffolds. In particular, dynamic flow profiles, such as, pulsatile and 

oscillatory flow, have been shown to be more efficient at initiating mechanotransductive 

signaling and enhancing gene expression of osteoblastic cells in vitro relative to steady flow. 

However, the molecular signaling mechanisms by which bone cells convert hydrodynamic shear 

stress into biochemical signals and express osteoblastic matrix proteins are not fully understood. 

Therefore, the objective of this research was to (1) determine the effect of different dynamic 

fluid flow regimens on mechanotransductive signaling and expression of ECM proteins and (2) 

probe the signaling pathways by which shearing flow stimulates expression of bioactive factors 

in the ECM.  

 

2.2 Aim 1: Effect of Dynamic Fluid Flow 

The goal of the first two studies was to determine if (1) intermittent flow and (2) pulsatile 

flow conditions would be effective in developing a tissue engineering bone substitute by 

examining the effect of these two different flow regimens on osteoblastic differentiation of 

BMSCs. In the first study (Chapter 3), the effect of intermittent flow on activation of 

mechanotransductive signaling pathways and expression of osteoblastic matrix proteins was 

determined. BMSCs were cultured on planar glass substrates in the presence of osteogenic 

factors for 6 days then exposed to either continuous or intermittent (alternating 5 min periods of 

flow or no flow) for durations of 30 min to 24 hrs. Cell layers were analyzed for phosphorylation 

of ERK and p38, synthesis of prostaglandin E2, and expression of mRNA for Col1α1, OPN, BSP, 

and OC. 

In the second study (Chapter 4), the effect of pulsatile flow frequency on the expression 

of osteoblastic matrix proteins and osteogenic growth and differentiation factors was determined. 
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To accomplish this, BMSCs were seeded on planar glass substrates in the presence of osteogenic 

factors for 6 days and then exposed to 24 hrs of shearing flow using parallel-plate flow chambers 

(PPFCs). Four flow conditions were examined: continuous flow, 0.074 Hz pulsatile flow, 0.044 

Hz pulsatile flow, and 0.015 Hz pulsatile flow. After cessation of flow, cell layers were cultured 

statically for an additional 13 days and then assayed for expression of bone ECM proteins 

Col1α1, OPN, OC, and BSP. In addition, immediately following cessation of flow cell layers 

were analyzed for expression of markers of mechanical stimulation, OPN and COX-2, and 

growth and differentiation factors BMP-2, -4, -7, TGF-β1, and VEGF-A.  

 

2.3 Aim 2: Characterization of Mechanotransductive Signaling Pathways 

An interesting observation that emerged from aim 1 was that fluid flow was found to 

stimulate induction of BMP-2 in a manner that was sensitive to the perfusion regimen. Because 

BMP-2 is known to facilitate bone healing in vivo and may regulate osteoblastic differentiation 

in vitro, the goal of second aim of this project (Chapter 5) was to probe the molecular mechanism 

by which fluid flow simulates BMP-2 expression. To accomplish this, MC3T3-E1 

osteoprogenitor cells were seeded onto planar glass substrates and exposed to steady flow and 1 

Hz pulsatile flow. Immediately following fluid flow, cell layers were characterized for 

phophorylation of ERK, p38, JNK, and FAK, activation of transcription factors AP-1 and Sp1, 

and induction of BMP-2, BMP-4, BMP-7, and VEGF-A. Additionally, cells were treated with 

PD98059 to inhibit ERK activity, and the effects of fluid flow on phosphorylation of protein 

kinases and gene expression of growth factors in the presence of this inhibitor were examined. 

 

2.4 Aim 3: Creation of a Bioluminescence Reporter Cell Line 

An intrinsic limitation with biochemical assays which characterize osteoblastic 

differentiation is that they require destruction of the engineered tissue construct. However, if the 

cells growing within the scaffold were engineered to include a reporter gene that could non-

destructively be detected then it would be possible to monitor osteoblastic differentiation. 

Therefore, the objective of aim 3 (Chapter 6) was to create a stable cell line containing BMP-2 

luciferase which can be used to monitor BMP-2 expression during perfusion culture. Fluid flow 

has been shown to induce growth factors using endpoint measurements. Bioluminescence 

imaging is used to nondestructively visualize the induction of target genes within three 
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dimensional materials without destruction of the scaffold. In order to image luciferase reporter 

genes, the DNA plasmid needs to be integrated into the host chromosome. To accomplish this, a 

BMP-2 luciferase reporter plasmid was modified and stably transfected into MC3T3-E1 cells 

such that the reporter plasmid remains in the genome of the cell and its daughter cells. The stable 

cell line was tested with a dual luciferase reporter gene assay to confirm successful incorporation 

of the luciferase reporter gene. 
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3.1 Abstract 

Perfusion culture of osteoprogenitor cells seeded within porous scaffolds suitable for 

bone tissue engineering is known to enhance deposition of a bone-like extracellular matrix, and 

the underlying mechanism is thought to involve flow-induced activation of mechanotransductive 

signaling pathways.  Basic studies have shown that mechanotransduction is enhanced by impulse 

flow and may be mediated through autocrine signaling pathways.  To test this, an intermittent 

flow regimen (5 min on/5 min off) – that exerts impulses on adherent cells and permits 

accumulation of secreted factors in the cell microenvironment – was compared to continuous 

flow for its ability to stimulate phosphorylation of ERK and p38, synthesis of prostaglandin E2 

(PGE2), and expression of mRNA for collagen 1α1 (Col-1α1), osteopontin (OPN), bone 

sialoprotein (BSP), and osteocalcin (OCN).  Studies were performed using bone marrow stromal 

cells (BMSCs) cultured in osteogenic media, and parallel-plate flow chambers were used to exert 

a shear stress of 2.3 dyn/cm2 on cell layers.  Results show that continuous flow significantly 

enhanced phosphorylation of ERK and p38 after 30 min relative to intermittent flow, while 

intermittent flow significantly increased accumulation of PGE2 in the circulating medium by 24 

h relative to continuous flow.  Neither continuous nor intermittent flow affected mRNA 

expression of Col-1α1 and OPN after 4 h, but when monolayers were stimulated for 24 h and 
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then allowed to differentiate under static conditions for an additional 13 days, expression of Col-

1α1, OPN, BSP and OCN under continuous and intermittent flow were similar and significantly 

elevated relative to static controls.  This study demonstrates that the variation of perfusion 

regimen modulates mechanotransductive signaling. 

 

3.2 Introduction 

 Bone marrow stromal cells (BMSCs) are an attractive ingredient in the development of 

engineered bone tissues suitable for the repair of skeletal defects [158].  When cultured in vitro 

in the presence of the osteogenic factors dexamethasone, β-glycerophosphate, and ascorbic acid, 

these cells undergo a process of differentiation that is marked by the expression of bone matrix 

proteins osteocalcin (OCN), osteopontin (OPN), and bone sialoprotein (BSP) after two weeks in 

culture, followed by the deposition of a calcium phosphate mineral [130].  Concurrently, the 

application of mechanical stimuli such as hydrodynamic shear stress [35, 48], mechanical strain 

[23, 29, 159], and hydrostatic pressure [136] have been shown to enhance expression of bone 

matrix proteins in vitro.  Hydrodynamic shear stress, in particular, is exerted on cells when 

perfusion is used to deliver oxygen and nutrients to cells within porous biomaterial scaffolds [91, 

160].  Thus, perfusion culture serves two important purposes for in vitro development of an 

engineered bone tissue: delivery of oxygen and nutrients, and application of an osteoinductive 

mechanical stimulus. 

 The mechanisms by which hydrodynamic shear stress induces expression of osteoblastic 

matrix proteins are not understood, but several early events in the signaling pathway have been 

identified.  In osteoblastic cells, the initiation of shearing flow induces a rapid and transient rise 

in cytosolic calcium [42, 43], activation of mitogen-activated protein (MAP) kinases ERK and 

p38 [44, 45], expression of numerous genes including c-fos [42, 50] and cyclooxygenase (COX)-

2 genes [44, 161], and the release of prostaglandin E2 (PGE2) into the culture medium [48, 49, 

161].  These early responses, in turn, may contribute to osteoblastic differentiation.  First, PGs 

are known to induce proliferation and maturation of osteoblasts [54] and exogenous PGE2 has 

been shown to stimulate alkaline phosphatase (ALP) activity and matrix mineralization [55].  

Second, COX-2 is involved in the synthesis of prostaglandins (PG) from arachidonic acid, so its 

induction by flow should enhance PG-mediated differentiation.  Third, c-fos is a subunit of the 

activator protein-1 (AP-1) transcription factor that has binding sites in the promoter region of 
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osteoblastic genes, including collagen 1α1 (Col-1α1), ALP, OCN, and OPN [67].  Thus, its 

induction by mechanical forces [61] and activation by phosphorylated ERK [62], may contribute 

to expression of these osteoblastic matrix proteins.  Indeed, shearing flow has been shown to 

stimulate mRNA expression of OPN and Col-1α1 – as well as COX-2 – in osteoblastic cells 

through ERK-dependent pathways [44, 46]. 

 Previous studies have shown that as little as 30 min of shearing flow leads to enhanced 

expression of OCN, OPN, and bone sialoprotein (BSP) by osteoprogenitor cells [35, 52].  

However, concern exists that extended periods of steady flow may undermine development of an 

osteoblastic extracellular matrix.  First, fluid flow induces a reorganization of the actin 

cytoskeleton [42] that may diminish cell viability [162] and cell retention [48].  Second, 

continuous flow may block critical autocrine signaling pathways by depleting the cell 

microenvironment of secreted signaling factors (e.g., PGE2 [55], ATP [163]).  In contrast, 

intermittent application of flow may enhance matrix development relative to steady flow.  First, 

intermittent halting of flow should facilitate cell retention by providing quiescent periods during 

which cells can re-establish their adhesive contacts and re-assemble their actin cytoskeletons.  

Second, halting flow should periodically restore autocrine cell signaling via PGE2.  Third, based 

on published evidence that dynamic flow strengthens calcium transients [50, 89], elevates PGE2 

release [95], and increases ERK phosphorylation [84] relative to steady flow, 

mechanotransductive signaling is expected to be enhanced when flow is rapidly initiated and 

halted. 

 In this study, the effect of steady and intermittent flow on activation of 

mechanotransductive signaling pathways and expression of osteoblastic matrix proteins was 

examined.  BMSCs – developed from rat bone marrow explants – were cultured on planar glass 

substrates in the presence of osteogenic factors, and exposed to 2.3 dyn/cm2 shear stress using 

parallel-plate flow chambers (PPFCs).  This stimulus was either applied continuously or 

intermittently (alternating 5 min periods of flow and no flow) for durations of 30 min to 24 h, 

and the intermittent regimen was selected based on evidence that osteoblastic cells need recovery 

periods of at least 5 min to efficiently respond to flow impulses [89].  Phosphorylation of ERK 

and p38, secretion of PGE2 and vascular endothelial growth factor (VEGF), and expression of 

COX-2, OPN and Col-1α1 were measured during the application of flow.  In addition, a set of 
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cell layers that were exposed to 24 h of shearing flow, were allowed to differentiation statically 

for additional 13 days, and then assayed for expression of Col-1α1, OPN, BSP and OCN. 

 

3.3 Materials and Methods 

3.3.1 Materials 

 Materials and chemicals were obtained from Fisher Scientific (Pittsburgh, PA) and 

Sigma-Aldrich (St. Louis, MO) unless otherwise indicated.  Culture medium was αMEM with 

10% fetal bovine serum (Gemini Bioscience, Calabasas, CA) and 1% antibiotic/antimycotic 

(Invitrogen, Bethesda, MD).  Osteogenic medium was culture medium supplemented with 10 nM 

dexamethasone, 2 mM β-glycerophosphate, 0.13 mM ascorbate-2-phosphate, and 25 mM 

HEPES.  Rabbit anti-phospho-p44/p42 MAP kinase (Thr202/Tyr204), rabbit anti-p44/p42 MAP 

kinase, rabbit anti-phospho-p38 MAP kinase (Thr180/Tyr182), and rabbit anti-p38 MAP kinase 

were purchased from Cell Signaling Technology (Beverly, MA).  Rabbit anti-rat osteopontin was 

purchased from Assay Design (Ann Arbor, MI).  Horseradish peroxidase (HRP)-conjugated goat 

anti-rabbit and goat anti-mouse antibodies were purchased from Zymed (San Francisco, CA).  

HRP-conjugated goat anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). 

 

3.3.2 Bone Marrow Stromal Cells  

 Bone marrow stromal cells were developed from 125-150 g male Sprague-Dawley rats 

(Harlan, Dublin, VA) as described elsewhere [164].  Cells were expanded 14 days in culture 

medium, enzymatically lifted using trypsin/EDTA, and seeded at 2.1×104 cells/cm2 onto 75 mm 

× 38 mm fibronectin-coated glass slides [35].  The following day, denoted as day 0, culture 

medium was replaced with osteogenic medium.  Cells were cultured statically for 6 days to 

achieve a confluent monolayer of immature osteoblasts, and then subjected to shearing flow. 

 

3.3.3 Parallel-Plate Flow Chamber 

 PPFCs, connected to a constant hydrostatic head system, were used to exert a uniform 

well-defined shear stress at the cell surface [35, 165], and individual monometers and pinch 

valves were used to monitor and adjust flow rate for each PPFC.  For intermittent flow, a 

programmable microprocessor (Parallax, Rocklin, CA) was used to open and close a solenoid-
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controlled pinch-valve at 5 min intervals.  The flow system was operated at 37°C within a 5% 

CO2 incubator at a shear stress of 2.3 dyn/cm2.  This shear stress is similar to those used 

previously [35, 52], and is a compromise between higher shear stresses – that have been argued 

to be more physiologically relevant for osteocytes within lacuna-canalicular spaces [36] – and 

lower shear stresses that will minimize the extent of cell detachment under flow.  Each flow loop 

– consisting of a reservoir, tubing, and 3 PPFCs held approximately 40 mL of osteogenic 

medium.  During the 24 h flow experiments 0.5 mL samples of medium were collected from the 

reservoir for measurement of PGE2 and replaced with fresh osteogenic medium.  Upon 

completion of flow, the PPFCs were disassembled and the cell-seeded slides removed.  To assay 

for immediate effects of fluid flow (e.g., phosphorylation of ERK and p38), cell layers were 

collected mechanically.  To assay for expression of bone matrix proteins – which typically do not 

appear until after 2 to 3 weeks in osteogenic media – slides were placed into fresh Petri dishes 

and allowed to continue to differentiate for an additional 13 days cultured under static conditions. 

 

3.3.4 Western blots for osteopontin and phosphorylated MAPKs 

 Osteopontin and phosphorylated MAPKs (ERK and p38) were determined by western 

blot analysis [35].  Briefly, cell lysates were separated on a 7.5% polyacrylamide gel and 

transferred to polyvinylidene difluoride membranes.  For determination of OPN, membranes 

were probed with anti-OPN (1:500) followed by an HRP-conjugated secondary antibody 

(1:15,000), and protein bands visualized by chemiluminescence (Supersignal West Pico, Pierce, 

Rockford, IL) to Kodak X-Omat film.  Membranes then were stripped, probed with HRP-

conjugated anti-GAPDH (1:500), and bands visualized.  For determination of phosphorylated 

MAPKs, membranes were probed with anti-phospho-p44/p42 (1:1000) or anti-phospho-p38 

(1:1000) followed by an HRP-conjugated secondary antibody (1:15,000), and protein bands 

visualized.  Membranes then were stripped, probed with anti-p44/p42 (1:1000) or anti-p38 

MAPK (1:1000) followed by an HRP-conjugated secondary antibody (1:15,000), and bands 

visualized.  Band densities were determined using Scion Image (Scion Corporation, Frederick, 

MD).  OPN band densities were normalized by GAPDH, and phosphorylated ERK and p38 were 

normalized by total ERK and p38, respectively. 
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3.3.5 Cell Number 

 Fluorometric analysis of DNA content was used to determine the total number of cells for 

each condition as described previously [35].  For control samples, which were not loaded into 

PPFCs, cell number corresponded to the entire 28.5 cm2 slide.  For samples cultured in the 

PPFCs cell number corresponded to the 15.0 cm2 rectangular region within the gasket border.  

(Cells in the remaining 13.5 cm2 area came into direct compressive contact with the gasket, did 

not survive perfusion culture, and were readily rinsed away when the PPFCs were disassembled.) 

 

3.3.6 Prostaglandin E2 and Vascular Endothelial Growth Factor 

 PGE2 and VEGF concentrations were determined using enzyme-linked immunoassays 

(Amersham Pharmacia Biotech, Piscataway, NJ and R&D Systems, Minneapolis, MN, 

respectively), according to the manufacturers’ instructions.  Absorption was measured on a 

Multiskan RC plate reader (Labsystems, Frankfurt, Germany) and converted to concentration 

using standards provided by the manufacturers.  Resultant PGE2 and VEGF concentrations were 

then multiplied by recirculating medium volume, and normalized by cell number. 

 

3.3.7 mRNA Expression 

The mRNA expression of target genes was determined quantitatively by real-time PCR. 

Total RNA was isolated from the cells immediately following fluid flow using the RNeasy Mini 

Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Next, RNA was reverse 

transcribed to cDNA using the Superscript kit (Invitrogen, Carlsbad, CA) with random hexamers 

as primers.  Finally, PCR amplification was performed in an ABI 7300 real time PCR system 

(Applied Biosystems, Foster, CA) using Sybr green PCR Master Mix (Applied Biosystems) and 

specific primer pairs.  OPN, OCN, BSP, β-actin [35], and COX-2 [166] primer sequences were 

used as described previously.  Col-1α1 primer sequence was designed from the NCBI database 

(Accession: Z78279) and Primer Express (Applied Biosystems): forward 5' 

GAGGGCGAGTGCTGTCCTT 3' and reverse 5' GGTCCCTCGACTCCTATGACTTC 3'. 

Quantification of gene expression was performed using the comparative threshold cycle (∆∆Ct) 

method [167] with β-actin as the internal reference, and relative gene expression was reported as 

2-∆∆Ct. 
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3.3.8 Statistical Analysis 

Data was collected using n=3 replicates for both steady and intermittent flow conditions per 

batch of BMSCs.  Studies were repeated using new batches of BMSCs, and the resultant data 

combined to achieve n=6 or 9.  Because cell-seeded substrates were occasionally damaged 

during the process of assembly of the PPFCs, additional substrates were prepared and – when not 

used to replace damaged substrates – were included as part of the no flow (control) group.  Data 

was analyzed using a one-way analysis of variance and a Fisher’s protected least significant 

difference post hoc test (SAS 9.1, SAS Institute, Cary, NC).  A 95% confidence criterion was 

used to determine statistical significant differences between treatment groups.  Unless otherwise 

indicated error bars correspond to the standard error of the mean (SEM). 

 

3.4 Results 

3.4.1 MAP kinase signaling 

 ERK and p38 are transiently phosphorylated in response to fluid flow [45, 46], and 

analysis of ERK and p38 under both continuous and intermittent flow revealed this trend (Figure 

3.1).  However, while continuous flow resulted in rapid phosphorylation of ERK and p38 (both 

peaking at around 30 min), intermittent flow resulted in a lesser degree of ERK and p38 

phosphorylation at 30 min and a delay in the maximal phosphorylation of ERK (Figure 3.1e).  In 

addition, at 4 h ERK and p38 phosphorylation were still elevated relative to the no flow group. 
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Figure 3.1: Effect of fluid flow on phosphorylation of ERK and p38.  Representative western 
blot bands are shown for phosphorylated ERK (phospho-ERK), ERK, phosphorylated p38 
(phospho-p38), and p38 after stimulation for a) 30 min, b) 60 min, and c) 240 min.  Lanes 1-3 
are for cell layers that were exposed to continuous flow, and lanes 4-6 are for cell layers exposed 
to intermittent flow.  d) Representative western blot bands for cell layers that were not exposed 
to flow.  e) Band densities for phosphorylated ERK and phosphorylated p38 normalized by ERK 
and p38, respectively.  Data are mean ± standard deviation with n=6 for ERK with flow, n=5 for 
ERK without flow, and n=3 for p38. Phosphorylated p38 bands were not detectable (N.D.) in the 
absence of flow.  All samples are statistically different from the no flow group (p ≤ 0.05). An 
asterisk denotes a statistically significant difference relative to the no flow group, and a pound 
symbol denotes a statistically significant difference between intermittent and continuous flow at 
a given time point (p ≤ 0.05). 
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3.4.2 PGE2 accumulation 

 Based on evidence that PGE2 release is enhanced by dynamic flow [95], samples of 

recirculating medium were collected and assayed for PGE2 during 24 h of flow.  Both 

intermittent and continuous flow induced PGE2 accumulation in a time-dependent manner.  The 

rate of PGE2 accumulation was slow during the first 4 h, then increased between 4 and 10 h, and 

was negligible thereafter (Figure 3.2a).  An increase in the rate of PGE2 accumulation has not 

been reported previously, but may be a consequence of COX-2 induction by shearing flow.  

Finally, intermittent flow resulted in a significantly higher concentration of PGE2 than 

continuous flow by 24 h (Figure 3.2b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2:  PGE2 accumulation in medium during flow on day 6.  a) Representative PGE2 

concentration corrected by medium volume and normalized by cell number plotted as a function 
of time for no flow, continuous flow, and intermittent flow conditions. b) Concentrations of 

PGE2 after 24 h of flow.  Data are mean ± standard error of the mean with n=6, 7, and 7, for no 

flow, continuous flow, and intermittent flow, respectively.  An asterisk denotes a statistically 
significant difference relative to the no flow group, and a pound symbol denotes a statistically 
significant difference between intermittent and continuous flow (p ≤ 0.05). 
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3.4.3 Early gene expression  

 Because shearing flow has been shown to stimulate mRNA expression of COX-2, OPN, 

and Col-1α1 in osteoblastic cells through ERK-dependent pathways [44, 46], PCR analysis was 

performed after 4 h of flow to determine if differences in MAPK phosphorylation correlate with 

differences in gene expression.  Analysis indicated that shearing flow increased COX-2 

expression roughly 150-fold, but differences between continuous and intermittent flow were not 

significant.  Concurrently, OPN and Col-1α1 were not induced by either steady or intermittent 

flow regimens (Figure 3.3). 

 VEGF synthesis in osteoblastic cells has been shown to be stimulated by both shearing 

flow [168] and PGE2 [169].  Analysis of conditioned medium at 24 h indicated that both steady 

and intermittent flow regimens induced synthesis of VEGF (Figure 3.4).  Intermittent flow 

resulted in slightly elevated levels relative to continuous flow, but this difference was not 

statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: mRNA expression of COX-2, Col-1α1, and OPN after 4 h of flow on day 6. Data are 
mean ± standard deviation with n=6 for each condition. An asterisk denotes a statistically 
different level of expression with respect to no flow (p ≤ 0.05). 
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Figure 3.4:  VEGF concentration after 24 h flow on day 6 corrected by medium volume and 

normalized by cell number. Data are mean ± standard error of the mean with n=10, 6, 6 for no 
flow, continuous flow, and intermittent flow, respectively.  An asterisk denotes a statistically 
significant difference relative to the no flow group (p=0.05). 
 

3.4.4 Cell density under shearing flow 

 Based on evidence that shearing flow can reduce cell retention on planar substrates [35, 

48], cell densities were measured prior to and after 24 h of flow.  Prior to flow, cell density was 

3.71 ± 1.21 × 104 cells/cm2, while after 24 h cell densities were 3.97 ± 0.23, 2.33 ± 0.43, and 

3.13 ± 0.60 × 104 cells/cm2 for no flow, continuous flow, and intermittent flow, respectively.  

Although the decrease in cell densities with 24 h of flow was not statistically significant, steady 

flow and intermittent flow regimens resulted in detachment of 37% and 15% of adherent cells, 

respectively. 

 

3.4.5 Expression of the osteoblastic phenotype 

 In previous studies the application of shearing flow at early points in the process of 

osteoblastic differentiation has been shown to heighten expression of osteoblast matrix proteins 

(e.g., OPN, OCN, BSP) upon osteoblastic maturation [35, 52].  To determine if expression of 

osteoblastic matrix proteins is modulated by perfusion regimen, cell layers that had been exposed 

to shearing flow for 24 h were allowed to continue to differentiate under static culture for 13 

days, and then assayed for expression of bone-related proteins Col-1α1, BSP, OPN, and OCN.  

At this point (20 days after the addition of osteogenic factors) mRNA expression was 

significantly enhanced by the application of both steady and intermittent flow (Figure 3.5).  

Concurrently, western blot analysis of cell layers confirmed that flow increased deposition of 
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OPN (Figure 3.6).  OPN content in cell layers stimulated by continuous flow were greater than 

those stimulated by intermittent flow, but this difference was not statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: mRNA expression of OPN, Col-1α1, OCN, and BSP at day 20 for cultures exposed 
to 24 h shearing flow on day 6.  Data are mean ± standard deviation with n=6 for each condition. 
An asterisk denotes a statistically different level of expression with respect to no flow (p ≤ 0.05). 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.6:  OPN band densities normalized by GAPDH at day 20 for cultures exposed to 24 h 

shearing flow on day 6.  Data are mean ± standard error of the mean with n=10, 6, 8 for no flow, 
continuous, and intermittent flow, respectively.  An asterisk denotes a statistically significant 
difference relative to the no flow group (p=0.05). 
 

3.5 Discussion 

 The goal of bone tissue engineering is to develop bioactive materials that will integrate 

with adjacent tissues, induce vascular infiltration, and stimulate osteoblastic differentiation of 

host progenitor cells.  One strategy for creating such materials involves the in vitro 

differentiation of osteoprogenitor cells within porous biomaterial scaffolds to induce the 

deposition of an osteoconductive and osteoinductive extracellular matrix.  Within this approach, 
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the use of a perfusion bioreactor has been shown to maintain cell viability throughout the 

scaffolds [91], and to enhance the expression of bone matrix proteins [41, 91, 160].  However, to 

date, these studies have been limited to steady flow regimens.  Nevertheless, a considerable body 

of evidence has accumulated to suggest that dynamic flow conditions should be more effective 

than steady flow for activating mechanotransductive signaling pathways [39, 47, 50, 76, 84, 170].  

Concurrently, it was hypothesized in this study that intermittent cessation of flow would enhance 

cell retention and autocrine signaling.  Therefore, the goal of this study was to compare the 

effects of intermittent and continuous perfusion regimens on the activation of 

mechanotransductive signaling pathways and the expression of specific genes.  Continuous flow 

was shown to significantly enhance transient phosphorylation of ERK and p38 relative to 

intermittent flow, while intermittent flow was shown to significantly increase accumulation of 

PGE2 relative to steady flow.  Both regimens significantly increased expression of COX-2 at 4 h, 

VEGF accumulation at 24 h, and mRNA expression of bone matrix proteins OPN, OCN, BSP, 

and Col-1α1 13 days after the cessation of flow, relative to static culture, but levels of these 

markers were not statistically different for intermittent and steady flow.  Finally, cell retention 

was increased with intermittent flow, but this difference also was not statistically significant. 

 The intermittent and continuous flow regimens used in this study were selected to elicit 

different cellular responses.  Mechanotransductive signaling is thought to involve certain 

autocrine pathways, including ATP binding to the P2 purinergic receptors to elicit PGE2 release 

[163], and PGE2 binding to the prostaglandin EP1 receptor to stimulate expression of COX-2 and 

c-fos [171, 172].  Because flow depletes the cell microenvironment of signaling molecules, 

intermittent cessation of flow was expected to permit accumulation of these molecules – albeit 

periodically – and restore these signaling pathways.  In addition, biochemical markers of 

mechanotransduction including Ca2+ transients, ERK phosphorylation, and PGE2 release have 

been shown to be more strongly stimulated by pulsatile flow than by steady flow [39, 84, 95].  

Therefore, the impulses that were generated when flow was applied intermittently were expected 

to more effectively initiate mechanotransductive signaling cascades.  These two lines of 

reasoning predict that intermittent flow would enhance accumulation of PGE2, phosphorylation 

of ERK, and expression of COX-2, relative to continuous flow.  However, in this study, only 

PGE2 was elevated with intermittent flow.  ERK phosphorylation – in contrast to Jiang et al. [84] 
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– was diminished with intermittent flow, and COX-2 mRNA expression was similar for both 

flow regimens. 

 One possible reason for the limited differences between intermittent and steady flow in 

this study is that a relatively low shear stress of 2.3 dyn/cm2 was employed.  In contrast, other 

researchers have used shear stresses of 12 to 24 dyn/cm2 [39, 49, 50, 84, 162, 173, 174], which 

are thought to be more representative of the shear stress experienced by osteocytes within 

lacuna-canalicular spaces of bone [36].  The rationale for using a lower shear stress in this study 

was to minimize cell detachment, while providing a sufficient shear stress to ensure PGE2 release 

and induction of OCN, OPN, and BSP [35, 52].  Nevertheless, the magnitude of shear stress may 

regulate cell response; synthesis of NO and PGE2 [27] and the induction of zona occludins-1, and 

connexins 43 and Cx45 [162] have been shown to be sensitive to shear stress magnitude. 

 A second possible explanation for the limited differences between intermittent and 

continuous flow regimens in this study was the presence of other signaling factors.  In particular, 

10% serum and 10 nM dexamethasone were included in the culture medium during perfusion to 

ensure normal osteoblastic differentiation of the BMSCs, and to simulate culture conditions that 

might be used to develop engineered bone tissues suitable for clinical application.  In contrast, 

mechanistic studies are normally performed at low serum concentration to minimize cross-talk 

through growth factor, hormone, and chemokine receptors (e.g., [50, 84]).  This difference may 

explain why levels of phosphorylated ERK and p38 remain elevated at 4 h in this study (Figure 

3.1e), while previous mechanistic studies have shown them to return to baseline within 2 h [45, 

46].  Inclusion of dexamethasone also has significant effects on cell response to fluid flow.  

When dexamethasone is omitted from the osteogenic medium PGE2 accumulation during fluid 

flow is significantly higher (unpublished results), consistent with evidence that dexamethasone 

inhibits PGE2 synthesis [175].  However, when dexamethasone is omitted during the entire 20 

day differentiation period, late markers of the osteoblastic phenotype are not induced 

(unpublished results). 

 Although numerous studies have been undertaken to characterize the effect of perfusion 

on biochemical markers of mechanotransduction and the rapid induction of responsive genes, the 

mechanisms by which these immediate responses to flow lead to enhanced expression of 

osteoblastic matrix proteins – many days after the cessation of flow – has not been established.  

One possibility is that fluid flow induces accumulation of bioactive factors in the extracellular 



Reprinted from Kreke, M.R. et al. Tissue Engineering: Part A, 14(4): 529-537 (2008), with permission 
from Mary Ann Liebert, Inc. publishers. 

 40 

matrix, where they can act back on the cells to stimulate osteoblastic differentiation.  Indeed, 

fluid flow stimulates synthesis of transforming growth factor (TGF)-β [176] and VEGF [168].  In 

addition, Gomes et al. [94] recently showed that perfusion culture of BMSC leads to the 

accumulation of these two proteins, as well as fibroblast growth factor (FGF)-2, and bone 

morphogenetic protein (BMP)-2.  Further, Datta et al. [177] showed that the resultant 

extracellular matrix – when decellularized under mild conditions - exhibits osteoinductive 

properties. 

 In conclusion, this study found that continuous and intermittent perfusion regimens 

resulted in different rates of PGE2 release and different transient patterns for phosphorylation of 

ERK and p38.  In terms of developing an engineered bone-like tissue, though, both regimens 

achieved similar levels of expression of bone matrix proteins OPN, OCN, BSP, and Col-1α1.  

This would suggest that both approaches may yield comparable results when applied to perfused 

three-dimensional scaffolds.  However, intermittent flow resulted in higher cell retention, which 

may be an important consideration for long-term perfusion culture (e.g. 2-3 weeks [41, 91, 160]). 
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4.1 Abstract 

Perfusion culture of osteoprogenitor cells is a promising means to form a bone-like 

extracellular matrix for tissue engineering applications, but the mechanism by which 

hydrodynamic shear stimulates expression of bone extracellular matrix (ECM) proteins is not 

understood.  Osteoblasts are mechanosensitive and respond differently to steady and pulsatile 

flow.  Therefore, to probe the effect of flow, bone marrow stromal cells (BMSCs) – cultured 

under osteogenic conditions – were exposed to steady or pulsatile flow at frequencies of 0.015, 

0.044, or 0.074 Hz.  Following 24 h of stimulus, cells were cultured statically for an additional 

13 days and then analyzed for the expression of bone ECM proteins collagen 1α1 (Col1α1), OPN, 

osteocalcin (OC), and bone sialoprotein (BSP).  All mRNA levels were elevated by flow, but OC 

and BSP were enhanced modestly with pulsatile flow.  To determine if these effects were related 

to gene induction during flow, BMSCs were again exposed to steady or pulsatile flow for 24 h, 

but then analyzed immediately for expression of growth and differentiation factors bone 

morphogenetic proteins (BMP)-2, -4, and -7, transforming growth factor (TGF) β1, and vascular 

endothelial growth factor-A.  All growth and differentiation factors were significantly elevated 

by flow, except BMP-4 which was suppressed.  In addition, expression of BMP-2 and -7 were 

enhanced and TGF-β1 suppressed by pulsatile flow relative to steady flow.  These results 

demonstrate that pulsatile flow modulates expression of BMP-2, -7, and TGF- β1 and suggest 

that enhanced expression of bone ECM proteins by pulsatile flow may be mediated through the 

induction of BMP-2 and -7. 
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4.2 Introduction 

 A promising strategy for the regeneration of bone tissue involves the implantation of a 

tissue engineered construct consisting of bone marrow stromal cells (BMSCs) seeded within a 

porous scaffold [131, 178].  BMSCs are osteogenic, and when cultured in vitro in the presence of 

dexamethasone, ascorbic acid, and β-glycerophosphate they undergo a process of osteoblastic 

differentiation that is marked by stages of proliferation, extracellular matrix (ECM) maturation, 

and matrix mineralization [127].  This in vitro deposition of a bone-like ECM is postulated to 

produce a material that is capable of inducing bony integration, vascular infiltration, and 

remodeling in vivo.  Further, the deposition of this ECM is enhanced by mechanical stimuli, 

including hydrodynamic shear stress [35, 52], mechanical strain [23, 159], and hydrostatic 

pressure [134].  In particular, hydrodynamic shear stress is imparted on adherent cells when 

perfusion culture strategies are used to deliver oxygen and nutrients into large biomaterial 

scaffolds [34, 91]. 

 In vivo, hydrodynamic shear stress is involved in bone remodeling and the maintenance 

of bone mineral density [20, 25].  Bone deformation under mechanical loading induces 

interstitial flow through the canalicular spaces within lamellar bone, and the resultant 

hydrodynamic shear stress is sensed by the membrane processes of osteocytes.  A mathematical 

model of flow through the canalicular spaces predicts that the magnitude of this shear stress 

under physiological loading is 8 to 30 dyn/cm2 [36], and consequently this range of shear stresses 

has been applied to planar monolayers of osteoblastic cells using parallel-plate flow chambers 

(PPFCs) in order to probe mechanotransductive signaling pathways.  These fundamental studies 

have shown that the application of shearing flow initiates a dynamic cascade of signaling events, 

including transient accumulation of Ca2+ in the cell cytoplasm [45, 76], synthesis and release of 

prostaglandins and nitric oxide [27, 29, 49, 179], phosphorylation of mitogen-activated protein 

(MAP) kinases ERK and p38 [45, 77], and the induction of numerous genes, including markers 

of mechanical stress cyclooxygenase (COX)-2 [44] and osteopontin (OPN) [45] and growth 

factors such as transforming growth factor (TGF)-β1 [180] and vascular endothelial growth factor 

(VEGF)-A [168].  (Here, OPN is included as a marker of mechanical stress because its induction 

by mechanical trauma has been reported in renal [181] and neuronal tissues [182].)  Further, 

studies have shown that osteoblast response is sensitive to shear stress magnitude [27, 162], the 

particular flow regimen (steady, pulsatile, oscillatory) [39, 47, 84], and the frequency of dynamic 
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flow regimens [39].  Although these studies have examined the early responses (within 24 h) of 

osteoblastic cells to fluid flow, the process by which this stimulus enhances the expression of 

bone ECM proteins is not understood. 

 Previous studies have shown that BMSCs – when cultured in the presence of osteogenic 

factors – are mechanosensitive, and the application of small hydrodynamic shear stresses (0.36 to 

2.8 dyn/cm2) for short periods of time is sufficient to enhance expression of the bone ECM 

proteins osteocalcin (OC), OPN, and bone sialoprotein (BSP) [35, 52, 90].  Importantly, this 

effect can be detected many days after the cessation of flow.  Separately, perfusion culture of 

BMSCs has been shown to stimulate synthesis and accumulation of growth and differentiation 

factors, including bone morphogenetic protein (BMP)-2, fibroblast growth factor (FGF)-2, 

VEGF-A, and TGF-β1 [94].  Together these data suggest that growth and differentiation factors – 

which accumulate in the ECM in response to hydrodynamic shear stress – may guide osteoblastic 

differentiation and contribute to enhanced expression of bone ECM proteins. 

 BMPs may play a primary role in flow-mediated enhancement of bone ECM protein 

expression.  BMP-2, -4 and -7, in particular, are highly osteogenic, have been shown to stimulate 

OC and BSP expression [142], and recombinant human forms of BMP-2 and -7 have been 

approved for clinical use [183].  BMPs are active as both homo- and heterodimers [184, 185], 

and in vivo data suggest that BMP-2/6, BMP-2/7, and BMP-4/7 heterodimers can yield more 

ectopic bone formation than the corresponding homodimers [184].  In addition to BMPs, TGF-β1 

and VEGF-A may also be involved in bone ECM expression [186].  TGF-β1 has been shown to 

stimulate synthesis of type 1 collagen and OPN [187], while VEGF-A enhances mineral 

deposition in vitro [188] and – when combined with BMSCs and a plasmid encoding BMP-4 – 

increases bone formation in vivo [189]. 

 In this study the effect of the dynamic flow regimens on the expression of osteoblastic 

matrix proteins and osteogenic growth and differentiation factors was examined.  BMSCs were 

cultured on planar glass substrates in the presence of osteogenic factors for 6 days and then 

exposed to 24 h of shearing flow using PPFCs.  Four flow conditions were examined: continuous 

flow, 0.074 Hz pulsatile flow, 0.044 Hz pulsatile flow, and 0.015 Hz pulsatile flow.  After 

cessation of flow, cell layers were cultured statically for an additional 13 days and then assayed 

for expression of bone ECM proteins collagen 1α1 (Col1α1), OPN, OC, and BSP.  In addition, 

immediately following cessation of flow cell layers were analyzed for expression of markers of 
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mechanical stimulation, OPN and COX-2, and growth and differentiation factors BMP-2, -4, -7, 

TGF-β1, and VEGF-A. 

 

4.3 Materials and Methods 

4.3.1 Materials 

 Materials and chemicals were obtained from Fisher Scientific (Pittsburgh, PA) and 

Sigma-Aldrich (St. Louis, MO), respectively, unless otherwise indicated.  

 

4.3.2 Substrate Preparation 

 Fibronectin-coated glass slides were used as substrates for cell adhesion [35, 90].  Briefly, 

75 mm × 38 mm microscope slides were rinsed with acetone and then cleaned with oxygen 

plasma in a Plasma Prep II Plasma Etcher (SPI Supplies, West Chester, PA) at 70 mA and 500-

700 mtorr for 5 min.  Each substrate was then placed into a 100 mm tissue culture polystyrene 

dish and sterilized by UV light overnight.  Next, 1 mL of a 10 µg/mL solution of fibronectin 

(Sigma, St. Louis, MO) in phosphate-buffered saline (PBS, pH 7.4; Invitrogen, Carlsbad, CA) 

was added to each surface and allowed to absorb for 1 h at room temperature.  The surfaces were 

washed with PBS and kept wet until use. 

 

4.3.3 Bone Marrow Stromal Cells 

 BMSCs were developed from 125-150 g male Sprague-Dawley rats (Harlan, Dublin, VA) 

as described elsewhere [164].  Cells were expanded for 10 days in growth medium (αMEM 

(Invitrogen), 2.2 g/L sodium bicarbonate, 10% fetal bovine serum (Gemini Bioscience, 

Calabasas, CA), and 1% antibiotic/antimycotic (Invitrogen)), and medium was changed every 3 

or 4 days.  After 10 days in primary culture, cells were washed with PBS, lifted with 

trypsin/EDTA (Invitrogen), plated 1:2, and grown for an additional 3 or 4 days.  Cells were then 

lifted and seeded at a density of 2.1×104 cells/cm2 onto fibronectin-coated glass slides.  The 

following day, denoted as day 0, growth medium was replaced with differentiation medium 

(growth medium supplemented with 10 nM dexamethasone, 2 mM β-glycerophosphate, 0.13 

mM ascorbate-2-phosphate, and 25 mM HEPES). 
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4.3.4 Parallel-Plate Flow Chamber 

 Parallel-plate flow chambers (PPFCs) were used to exert a uniform well-defined shear 

stress at the cell surface [35].  The PPFC consisted of a polycarbonate manifold, a silicone gasket 

(Special Manufacturing Inc, Saginaw, MI), and a 75 mm × 38 mm cell-seeded glass slide, which 

were held together by screws (Figure 4.1a).  Three PPFCs were attached to a continuous constant 

pressure head system consisting of a reservoir and peristaltic pump (Figure 4.1b).  Individual 

monometers and pinch valves were used to monitor and adjust flow rate for each PPFC (Figure 

4.1).  The flow system was operated at 37°C within a 5% CO2 incubator.  Each flow loop, which 

consisted of a reservoir, tubing, and 3 PPFCs held, approximately 40 mL of differentiation 

medium.  Pulsatile flow patterns were generated by using a programmable microprocessor 

(Parallax, Rocklin, CA) to open and close a solenoid-controlled pinch valve.  Cell layers were 

exposed to 1) continuous flow, 2) 0.074 Hz pulsatile flow, 3) 0.044 Hz pulsatile flow, 4) 0.015 

Hz pulsatile flow, and 5) no flow for 24 h.  The shear stress for steady flow was 2.3 dyn/cm2, and 

the shear stress for pulsatile flow stepped between 2.3 dyn/cm2 and 4.3 dyn/cm2.  Cell layers 

were either cultured statically for an additional 13 days in differentiation medium, or collected 

immediately after flow.  To determine the osteoinductive effects of soluble factors released into 

the medium during fluid flow on osteoblastic differentiation, flow-conditioned medium was 

collected from the flow system, applied to statically cultured slides on day 7 for 24 h, and 

cultured in differentiation medium for an additional 12 days.  Medium was changed every 3 to 4 

days during extended static culture. 
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Figure 4.1:  a) Exploded view of parallel-plate flow chamber (PPFC) that houses BMSCs seeded 
onto a glass slide.  Arrows indicate direction of fluid flow.  b) Schematic of flow system, where 
the pump and reservoir maintain hydrostatic pressure, and actuator and pinch valves control the 
pulsatile flow pattern. 
 

4.3.5 Flow Profile 

 The flow profile was measured to characterize the actual mechanical environment 

experienced by the cells during pulsatile fluid flow.  Pressure drop was measured across a single 

PPFC (Figure 4.1b) using a LPM 1010 ultra low differential pressure transmitter (Druck, New 

Fairfield, CT) at 0.074 Hz, 0.044 Hz, and 0.015 Hz.  Data was processed through an analog 

converter, and collected using LabVIEW (National Instruments, Austin, TX).  Data was 
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collected for 4 min time intervals at 37°C in a 5% CO2 incubator, and pressure drop was 

converted to volumetric flow rate using a calibration curve.  Each flow condition and calibration 

was repeated in triplicate to ensure reproducibility. 

 

4.3.6 Gene Expression 

 Expression levels of target genes were determined quantitatively by real-time PCR.  

Expression of mRNA encoding bone ECM proteins OPN, OC, BSP, and Col1α1 were measured 

on day 20, while markers of mechanical stimulation, OPN and COX-2, and growth and 

differentiation factors BMP-2, -4, -7, TGF-β1, and VEGF-A were measured immediately after 24 

h of fluid flow on day 7.  Briefly, total RNA was isolated from the cells using the RNeasy Mini 

Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions.  Next, RNA was 

reverse transcribed to cDNA using the Superscript kit (Invitrogen) with random hexamers as 

primers.  Finally, PCR amplification was performed in an ABI 7300 real-time PCR system 

(Applied Biosystems, Foster, CA) using Sybr®green PCR Master Mix (Applied Biosystems) and 

specific primer pairs for OPN [35], OC [35], BSP [35], β-actin [35], COX-2 [166], BMP-2 [190], 

-4 [191], -7 [191], TGF-β1 [192], Col1α1 [90], and VEGF-A.  The VEGF-A primer sequence 

was designed from the NCBI database (Accession: NM_031836) and Primer Express (Applied 

Biosystems): forward 5' GCTGCACCCACGACAGAAG 3' and reverse 5' 

GGCAATAGCTGCGCTGGTA 3'.  Quantification of gene expression was performed using the 

comparative threshold cycle (∆∆Ct) method [167] with β-actin as the internal reference, and 

relative gene expression was reported as 2-∆∆Ct. 

 

4.3.7 Protein Expression 

 The protein concentrations of OPN and OC in conditioned media were measured using 

enzyme-linked immunoassays (Assay Designs, Ann Arbor, MI and Biomedical Technologies, 

Stoughton, MA, respectively) according to manufacturers’ instructions.  Samples of medium 

were collected during the 13 day period of static culture at the time of each medium change.  

Absorbance measurements were performed in duplicate at 450 nm using a Labsystems Multiskan 

RC plate reader (Labsystems, Frankfurt, Germany).  OPN and OC concentrations were 

calculated from a standard curve, multiplied by medium volume, and normalized by cell surface 

area. 
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4.3.8 Statistical Analysis 

 Data was analyzed using a one-way analysis of variance and a Fisher’s protected least 

significant difference post hoc test (SAS 9.1, SAS Institute, Cary, NC).  Studies were performed 

in batches of n = 3 replicates per treatment group.  With the exception of the conditioned 

medium study, studies were replicated and the individual results were combined to achieve n = 6 

or 9.  A 95% confidence criterion was used to determine statistical significant differences 

between treatment groups.  Unless otherwise indicated error bars correspond to the standard error 

of the mean. 

 

4.4 Results 

 The two-fold goal of this study was to determine if expression of bone ECM proteins is 

enhanced by pulsatile flow and if this effect correlates with increased expression of osteogenic 

growth and differentiation factors during fluid flow.  A pulsatile wave form was considered, 

where the flow rate was elevated for 25% of the period and frequencies of 0.015, 0.044, and 

0.074 Hz were tested.  The pressure from the inlet to the outlet of the PPFC was measured over 

time to verify the pulsatile flow patterns (Figure 4.2).  The two control groups for these studies 

were steady flow (maintained at a shear stress of 2.3 dyn/cm2), and no flow (static culture). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2:  Pulsatile flow profiles of varying frequencies (a) 0.015 Hz, (b) 0.044 Hz, and (c) 
0.074 Hz as a function of time.  Pressure measurements were taken from the inlet to the outlet of 
the PPFC at 37°C then converted to volumetric flow rates.  
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To characterize the effect of pulsatile flow frequency BMSCs were stimulated with fluid 

flow for 24 h, maintained statically in osteogenic medium for an additional 13 days, and then 

assayed for mRNA expression of genes for Col1α1, OPN, BSP, and OC.  Expression of these 

bone ECM proteins was significantly enhanced by the application of both continuous and 

pulsatile flow (Figure 4.3).  In particular, the intermediate pulsatile condition, 0.044 Hz, was 

noted to yield the greatest expression of Col1α1, BSP and OC, although the differences from 

other flow conditions were not significant.  To validate that the elevated expression of these 

genes translated into enhanced protein synthesis, culture medium collected at the conclusion of 

the 13 day static culture was assayed for OPN and OC (Figure 4.4).  These data confirm the 

stimulatory effect of hydrodynamic shear stress on expression of bone ECM proteins, but the 

trends differ from those for mRNA expression.  In particular, a significant difference between 

steady flow and the highest frequency was noted for OPN secretion, while no difference between 

flow conditions for OC secretion was observed. 
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Figure 4.3: Effect of pulsatile flow frequency on mRNA expression of Col1α1, OPN, BSP, and 
OC.  Cells were stimulated for 24 h on day 6 and then cultured statically until day 20.  Data are 
mean ± standard error of the mean with n = 9 for no flow, n = 8 for 0.015 Hz and 0.044 Hz, and 
n = 7 for 0.074 Hz and continuous flow.  An asterisk denotes a statistically different level of 
expression with respect to no flow (p ≤ 0.05).  
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Figure 4.4: Effect of pulsatile flow frequency on protein secretion of OPN and OC.  Cells were 
stimulated for 24 h on day 6, cultured statically until day 20, and then media samples were 
analyzed.  Data are mean ± standard error of the mean with n = 7 for each condition.  An asterisk 
denotes a statistically different level of expression with respect to no flow (p ≤ 0.05).  A pound 
sign denotes a statistically different level of expression with respect to continuous flow (p ≤ 
0.05). 
 

 To determine if enhanced expression of bone ECM proteins was related to new gene 

expression during the application of fluid flow, cell layers were exposed to 24 h of flow and then 

immediately analyzed for expression levels of mRNA for growth and differentiation factors 

BMP-2, -4, -7 (Figure 4.5a), TGF-β1, and VEGF-A (Figure 4.5b), and markers of mechanical 

stimulation OPN, and COX-2 (Figure 4.5c).  Expression of BMP-7, TGF-β1, VEGF-A, OPN, 

and COX-2 were significantly enhanced and BMP-4 was significantly suppressed for all flow 

conditions relative to the no flow group.  In addition, expression of BMP-2 and -7 appeared to be 

elevated with pulsatile flow relative to steady flow.  In contrast, COX-2 and TGF-β1 expression 

appeared to be elevated with steady flow relative to pulsatile flow. 
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Figure 4.5: Effect of pulsatile flow frequency on mRNA expression of a) BMP-2, BMP-4, 
BMP-7 b) growth and differentiation factors TGF-β1, and VEGF-A, and c) markers of 
mechanical stimulation OPN and COX-2.  Cells were stimulated for 24 h on day 6 and then 
immediately analyzed. Data are mean ± standard error of the mean with n = 6 for each condition.  
An asterisk denotes a statistically different level of expression with respect to no flow (p ≤ 0.05).  
A pound sign denotes a statistically different level of expression with respect to continuous flow 
(p ≤ 0.05). 
 



Reprinted from Sharp, L.A. et al. Annals of Biomedical Engineering, 37(3): 445-453 (2009), with 
permission from Springer publishers. 

 52 

 Finally, to ascertain if soluble factors released into the medium during fluid flow, (e.g., 

cytokines, growth factors) are capable of stimulating late markers of osteoblastic differentiation, 

conditioned differentiation medium – collected from the perfusion system after 24 h of flow – 

was immediately transferred a set of statically cultured cell layers.  After 24 h the medium was 

replaced with fresh differentiation medium, and cell layers were maintained statically for 12 days 

and then assayed for expression of bone ECM proteins.  No effect of the conditioned medium on 

mRNA expression of OPN, BSP, and OC was detected relative to cell layers cultured statically 

for 20 days in differentiation medium (Figure 4.6). 

 

OPN BSP OC
0.0

0.5

1.0

1.5

2.0

2.5
 

m
R
N
A
 E
x
p
re
s
s
io
n

 Control

 Flow-Conditioned Medium

 

Figure 4.6: Effect of flow conditioned media on mRNA expression of OPN, BSP, and OC.  
Flow conditioned media was applied to statically cultured cells on day 7 for 24 h and then 
analyzed on day 20.  Data are mean ± standard error of the mean with n = 3. 

 

4.5 Discussion 

 In this study, pulsatile fluid flow regimens were examined for their ability to stimulate 

expression of bone ECM proteins Col1α1, OPN, BSP, and OC, bioactive factors BMP-2, -4, -7, 

TGF-β1, and VEGF-A, and markers of mechanical trauma COX-2 and OPN.  BMSCs were 

exposed to square wave flow patterns that stepped between 2.3 and 4.3 dyn/cm2 at frequencies of 

0.015, 0.044, and 0.074 Hz for 24 h, while control groups were steady flow at 2.3 dyn/cm2 and 

no flow.  When cells were allowed to continue to differentiate for an additional 13 days statically, 

expression of bone ECM proteins Col1α1, OPN, BSP, and OC were elevated for all flow 

conditions relative to the static control.  However, the intermediate pulsatile flow regimen (0.044 

Hz) yielded elevated (although not statistically different) levels of Col1α1, BSP and OC gene 
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expression.  In contrast, exposure of statically cultured BMSCs to conditioned medium – 

collected after 24 h of flow – was not sufficient to stimulate expression of OPN, BSP, and OC.  

Finally, when BMSCs were exposed to pulsatile flow for 24 h and immediately assayed for 

mRNA expression, BMP-7, VEGF-A, TGF-β1, OPN, and COX-2, were elevated for all flow 

conditions relative to the no flow control, while BMP-4 was suppressed for all flow conditions.  

Interestingly, expression of BMP-2 and -7 appeared elevated, and TGF-β1 suppressed by 

pulsatile flow relative to steady flow. 

 The rationale for applying pulsatile flow in this study was two-fold.  First, osteoblastic 

cells have been shown to be more responsive to dynamic flow and to exhibit increased NO 

synthesis [47], ERK phosphorylation [84], and calcium transients [39] relative steady flow.  

Therefore, one objective of this study was to determine if dynamic flow affects the expression of 

bone ECM proteins.  Here, dynamic flow was shown to increase modestly the expression of 

Col1α1, OCN and BSP (Figure 4.3).  One caveat of these results, though, is that the shear stress 

was elevated in the pulsatile flow groups (periodically increasing to 4.3 dyn/cm2) relative to 

steady flow.  Shear stress magnitude has been shown previously to affect prostaglandin release 

[27] and mineral deposition [34], but not to affect cell proliferation, alkaline phosphatase activity, 

and OC deposition [34, 52].  In this study flow was elevated for only 25% of the period, so that 

the time-averaged shear stress for pulsatile flow regimens was 2.8 dyn/cm2, which is modestly 

higher than the shear stress for steady flow, 2.3 dyn/cm2.  By comparison, Bakker et al. [27] 

increased their shear stress from 3.9 to 12 dyn/cm2 and Bancroft et al. [34] increased their flow 

rate from 0.3 to 3 mL/min – both far more significant changes – in order to evaluate the effect of 

shear stress magnitude.  Nevertheless, a higher shear stress will need to be used for the steady 

flow group to diminish the ambiguity of future results. 

 The second objective of this study was to probe the mechanism by which fluid flow 

enhances expression of bone ECM proteins.  Previous studies have shown that when BMSCs are 

cultured in differentiation medium a brief exposure to shearing flow leads to enhanced 

expression of expression of OC and BSP many days after the cessation of flow [35, 52, 90].  One 

hypothesis is that flow induces the expression and accumulation of osteogenic growth and 

differentiation factors in the extracellular matrix, where they can act back on BMSCs to guide 

osteoblastic differentiation.  Indeed, BMP-2, -4, and -7 are known to stimulate expression of 

bone ECM proteins BSP and OC [142], while perfusion culture has been shown qualitatively to 
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induce synthesis of growth and differentiation factors, including BMP-2 and TGF-β1 [94].  

However, this study – which may be the first to quantitatively characterize the induction of 

growth factors under flow – showed that different flow regimens resulted in different levels of 

expression of BMP-2, -7 (Figure 4.5a), and TGF-β1 (Figure 4.5b).  Elevated expression of BMP-

2 and -7 was observed with pulsatile flow relative to steady flow and correlated with increases in 

BSP and OC (Figure 4.3).  This correlation is consistent with exogenous addition of BMP-2 and 

-7 [142], but to the best of our knowledge this is the first demonstration that pulsatile flow 

enhances expression of BMP-2 and -7.  In contrast, expression of TGF-β1 was increased with 

steady flow relative to pulsatile flow, which did not correlate with expression of any of the bone 

ECM proteins that were examined.  Unexpectedly, both pulsatile and steady flow suppressed 

expression of BMP-4.  This finding is consistent with previous studies involving endothelial cells 

[193, 194], but has not been examined previously in osteoblastic cells.  Together, these data 

suggest that the osteogenic effect of fluid flow is mediated through induction of BMP-2 and -7, 

but not BMP-4.  However, a supporting role of other growth and differentiation factors (e.g., 

TGF-β1, VEGF-A) in this effect cannot be discounted. 

 To date the effect of frequency of dynamic flow has not been studied extensively.  

However, Jacobs et al. [39] demonstrated that the percentage of osteoblastic cells exhibiting 

calcium transients increased systematically – for both oscillatory and pulsatile flow patterns – 

when the frequency was decreased from 2 to 0.5 Hz.  With the apparatus employed in this study, 

regular wave patterns could not be achieved at these frequencies.  Therefore lower frequencies 

(0.015 to 0.074 Hz) were tested.  Nevertheless, two observations were made.  First, mRNA 

expression of OPN at day 7 (Figure 4.5c) and day 20 (Figure 4.3) decreased, and BMP-7 

expression at day 7 (Figure 4.5a) increased modestly, but systematically with increasing 

frequency.  Second, maximal expression of BMP-2 (Figure 4.5a), OC, and BSP (Figure 4.3) was 

found at the intermediate frequency.  Although these observations are intriguing, complementary 

measurements of mechanotransductive signaling (e.g., phosphorylation of MAP kinases, 

transcription factor activity) are necessary to verify and explain these frequency-dependent 

effects. 

 The shear stresses used in this study are significantly lower than that used by others to 

probe mechanotransductive signaling in osteoblastic cells [44, 45, 168, 180].  However, 

detachment of BMSCs has been reported previously [35, 48] when shearing flow is applied for 
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many hours.  This suggests that high shear stresses may not be suitable for the in vitro 

development of engineered tissues.  In addition, high shear stresses may not be necessary for this 

purpose.  A shear stress of 2.3 dyn/cm2 has been shown to stimulate synthesis of prostaglandin 

E2 and VEGF-A, as well as activate MAP kinases ERK and p38 [90].  Concurrently, shear 

stresses below 1 dyn/cm2 have been shown to stimulate alkaline phosphatase activity, OPN 

synthesis, and mineral deposition by BMSCs cultured within three-dimensional porous scaffolds 

[34, 91]. 

 Although bone ECM proteins Col1α1, OPN, OC, and BSP were characterized, 

mineralization deposition – another late marker of bone ECM deposition – was not examined.  

Mineralization of the ECM by BMSCs under fluid flow has been examined previously in both 

planar [48] and three-dimensional culture [34], with mixed results.  Studies involving 7 days of 

pulsatile flow across planar substrates showed no effect, while studies involving 16 days of 

steady flow through porous scaffolds demonstrated a systematic increase in mineral deposition 

with increasing flow rate.  We note that the contrasting results may be a consequence of differing 

geometries, flow conditions, and osteogenic factors.  However, the experimental approaches 

employed in those two studies differed significantly from that undertaken in this study:  fluid 

flow was applied for a considerably longer duration, and the authors measured the mineral that 

accumulated under flow stimulation. 

 Finally, the osteogenic effect of shearing flow on BMSCs – demonstrated in this study – 

likely depends on the presence of numerous soluble factors.  For example, when dexamethasone 

is omitted from the culture medium expression of OC, BSP, and OPN cannot be detected 

(unpublished results).  In addition, shearing flow induces the release of soluble factors, including 

prostaglandin E2 and VEGF-A [90], into the culture medium where they may contribute to 

osteoblastic differentiation.  Indeed, prostaglandin E2 – which is synthesized from arachidonic 

acid by the COX enzymes – has been implicated in the induction of TGF-β1 [195], while VEGF-

A – which may be induced by TGF-β1 [196] – is thought to facilitate osteoblastic differentiation 

[188].  To determine if the osteogenic effect of shearing flow is mediated through soluble factors, 

conditioned medium was added to BMSC cultures that had not been exposed to flow.  The 

absence of an effect (Figure 4.6) indicates that soluble factors – in the absence of mechanical 

stimuli – are not sufficient to enhance late markers of osteoblastic differentiation. 
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 In conclusion, this study shows that pulsatile flow modestly enhances expression of 

osteoblastic ECM proteins BSP and OC over steady flow, and suggests that the mechanism for 

this effect involves the induction of BMP-2 and -7, but not BMP-4.  In addition, the use of 

different perfusion regimens – in this case pulse frequencies – may be used to probe the 

underlying mechanism, but analysis of signaling molecules (e.g., MAP kinases, transcription 

factors) is required to determine the signaling pathway. 
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5.1 Abstract 

Bioactive factors, such as bone morphogenetic proteins (BMPs) and vascular endothelial 

growth factor (VEGF), are important in the development of a tissue engineered construct because 

they can induce new bone formation and vascularization, respectively, and guide bone healing in 

vivo. Perfusion culture has been shown to activate mitogen-activated protein kinases and to 

induce mRNA expression of BMPs and VEGF in vitro, but the molecular mechanisms linking 

these two phenomena are not understood. Therefore, as a first step MC3T3-E1 cells were 

exposed to steady flow and pulsatile flow, then analyzed for gene expression of BMP-2, -4, -7, 

and VEGF-A, phosphorylation of ERK, p38, JNK, and FAK, and activation of transcription 

factors AP-1 and Sp1. This study showed that the expression of BMP-2 and -7 was elevated with 

pulsatile flow relative to steady flow, while expression of BMP-4 was suppressed. 

Phosphorylation of ERK and JNK followed a similar trend to BMP-2 and -7, suggesting that 

ERK and/or JNK may be involved in the mechanism by which fluid flow induces BMP-2 and -7 

expressions. In the second step, cells were treated with the ERK inhibitor PD98059 then 

reexamined for gene expression of BMP-2, -4, -7, and VEGF-A, and phosphorylation of ERK 

and JNK with steady and pulsatile flow. The inhibitor blocked flow-induced expression of BMP-

7, partially stimulated flow-induced suppression of BMP-4, but had no effect on BMP-2 

expression. In addition, the inhibitor had no effect on ERK activation, but appeared to stimulate 

JNK. These results suggest that BMP-2, -4, and -7 are regulated through multiple different 

signaling pathways. Future studies using pharmacological inhibitors are required to elucidate the 

roles of ERK and JNK in flow-induced BMP expression. 
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5.2 Introduction  

A promising strategy for the development of an engineered bone construct involves 

culturing osteoprogenitor cells within porous biomaterial scaffolds under perfusion. Perfusion is 

has been shown to induce the deposition of bone matrix proteins [34, 41]. However, successful 

healing of a bone defect requires the engineered construct to be bioactive in order to stimulate 

vascular infiltration and tissue integration. In particular, bioactive factors including osteogenic 

factors, such as bone morphogenetic proteins (BMPs), and angiogenic factors, such as vascular 

endothelial growth factor (VEGF), are important to guide bone healing in vivo.  

Fluid flow is important to deliver of oxygen and nutrients to cells within porous 

biomaterial scaffolds, and to stimulate the expression of osteoblastic matrix proteins. Fluid flow 

has been shown to stimulate the deposition of osteoblastic matrix proteins in vitro [34, 35]. 

Several studies have shown that cell response is sensitive to shear stress magnitude [27, 162], the 

flow regimen (steady, pulsatile, oscillatory) [39, 47, 84], and the frequency of dynamic flow 

regimens [39]. For example, the production of prostaglandin and nitric oxide has been shown to 

increase with increasing shear stress [27]. In addition, dynamic flow has been shown to increase 

nitric oxide (NO) synthesis [83] and ERK phosphorylation relative to steady flow [84]. Further, 

the percentage of cells exhibiting calcium transients has been reported to increase systematically 

with decreasing frequency of dynamic flow [39]. However, the effect of dynamic flow on the 

expression of osteoblastic proteins has not been well examined. Recently we reported (Chapter 

4) that the expression of ECM proteins BSP and OC and growth factors BMP-2 and -7 is 

enhanced by pulsatile flow over steady flow and this effect may be sensitive to pulse frequency 

[157]. However, this study did not address the molecular mechanism involved in the flow-

induced expression of these growth factors and bone ECM proteins. 

The molecular mechanisms by which fluid flow stimulates production of a bone-like 

ECM are important in developing new strategies for bone regeneration. Although these 

mechanisms are not fully understood, several early events in the signaling pathway have been 

identified. Initiation of fluid flow induces intracellular calcium transients [76], the release of NO 

and prostaglandin E2 (PGE2) [27, 179], and activation of mitogen activated protein kinases 

(MAPKs) [77]. MAPK-mediated activation of transcription factors, in turn, may be involved in 

the induction of bone-related genes. For example, Wu et al. found that the flow induction of 

OPN may be mediated through the ERK-Elk1 pathway, and type 1 collagen (Col1) may be 
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mediated by both the ERK-Elk1 and JNK-c-jun pathways [46]. Also, the flow induction of 

alkaline phosphatase (ALP) has been shown to be dependent on p38 activity [197]. However, the 

pathways that mediate flow-induced expression of BMPs have not been examined. 

BMPs are a family of morphogens that are involved in a variety of functions including 

the formation of bone. BMP-2, -4, and -7, in particular, are highly osteogenic, and have been 

shown to stimulate OC and BSP expression in vitro [142]. Further, recombinant human forms of 

BMP-2 and -7 have been approved for clinical use [183]. BMPs are active as both homo- and 

heterodimers [184, 185], and in vivo data suggests that BMP-2/6, BMP-2/7, and BMP-4/7 

heterodimers can yield more ectopic bone formation than corresponding homodimers [184]. 

Perfusion culture has been shown to stimulate BMP-2 and -7 [94]. We have shown that BMP-2 

and -7, but not BMP-4, may be involved in the mechanism by which fluid flow enhances bone 

matrix proteins [157]. However, analysis of signaling molecules is needed to determine the 

signaling pathway in order to gain a better understanding of the effect of mechanical stress on 

BMPs. 

This study focuses on examining the mechanisms by which fluid flow stimulates the 

expression of BMPs. Mechanistic studies of BMPs in response to shear stress have not been 

reported, however, MAPKs and transcription factors are postulated to be involved in this 

signaling mechanism. ERK, p38, and JNK have been shown to be transiently activated by 

shearing flow and are implicated in transcription factor activation. ERK is activated by numerous 

factors including PGE2 [58], calcium transients [59], and signaling via focal adhesion kinase 

(FAK) [60]. ERK activates the transcription factors Elk [46] and activator protein (AP)-1 

subunits c-fos and c-jun [61, 62]. p38 is involved in the activation of the AP-1 subunit JunB [61] 

and expression of Osterix [63], osteopontin (OPN) [45], and cyclooxygenase (COX)-2 [64]. JNK 

is known to activate the AP-1 subunit c-Jun, and has been involved in the shear-induced gene 

expression of OPN and collagen type 1 α1 (Col-1α1) [46]. The AP-1 transcription factor has 

binding sites in the promoter region of several bone-related genes, including Col-1α1, ALP, 

OCN, and OPN [67]. The Osterix (Sp7) transcription factor has been identified as critical to the 

formation of mineralized bone tissue in vivo [68]. Little is known about the gene targets for 

Osterix; however, it has been recently shown that specific binding of this transcription factor to 

the Sp1 consensus sequence in the promoter region of Col-11α2 plays a critical role in the 
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induction of the gene [198]. In addition, the promoter region for BMP-2 is known to have 

multiple Sp1 binding sites that activate gene expression [74, 75] and may be targets for Osterix. 

 In this study, the effect of steady and pulsatile flow on activation of the BMP-2 and -7 

mechanotransductive signaling pathways were examined. MC3T3-E1 cells were cultured on 

planar glass substrates for 3 days then exposed to steady flow and 1 Hz pulsatile flow using 

parallel plate flow chambers (PPFCs). Gene expression of BMP-2, -4, -7, and VEGF-A were 

determined after 4 hrs of flow. To characterize cell signaling phosphorylation of ERK, p38, JNK, 

and FAK were determined after 30, 60, and 120 min of flow, and activation of transcription 

factors AP-1 and Sp1 were determined after 2 hrs of flow. In addition, to probe the signaling 

mechanism, cells were treated with PD98059 to inhibit ERK activation and expression of BMP-2, 

-4, -7, and VEGF-A, and phosphorylation of ERK and JNK were re-examined under flow. 

 

5.3 Materials and Methods 

5.3.1 Materials 

 Materials and chemicals were obtained from Fisher Scientific (Pittsburgh, PA) and 

Sigma-Aldrich (St. Louis, MO), respectively, unless otherwise indicated.  

 

5.3.2 Substrate Preparation 

 Fibronectin-coated glass slides were used as substrates for cell adhesion [35, 90].  Briefly, 

75 mm × 38 mm microscope slides were cleaned in a 70/30 volume percent solution of sulfuric 

acid and hydrogen peroxide, rinsed with deionized water, and dried with nitrogen. Each substrate 

was then placed into a 100 mm tissue culture polystyrene dish and sterilized by UV light 

overnight.  Next, 1 mL of a 10 µg/mL solution of fibronectin (Sigma, St. Louis, MO) in 

phosphate-buffered saline (PBS, pH 7.4; Invitrogen, Carlsbad, CA) was added to each surface 

and allowed to adsorb for 1 h at room temperature.  The surfaces were washed with PBS and 

kept wet until use. 

 

5.3.3 Cell Culture 

 The pre-osteoblastic MC3T3-E1 cell line was cultured in growth medium (αMEM 

(Invitrogen), 2.2 g/L sodium bicarbonate, 10% fetal bovine serum (Gemini Bioscience, 

Calabasas, CA), and 1% antibiotic/antimycotic (Invitrogen)). MC3T3-E1 cells were used 
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because they are model cells of bone formation that exhibit the stages of osteoblast 

differentiation, and are useful for studying signaling pathways because the use of dexamethasone 

is not needed. Cell lines also do not exhibit as much batch to batch variation as primary cells. 

The cells were passaged every 3 to 4 days, and cells were not used for experiments beyond 

passage 20. Cells were lifted with trypsin/EDTA and seeded at a density of 1000-1500 cells/cm2 

onto fibronectin coated glass slides such that they would not reach confluence before being 

exposed to shear stress. The cells were cultured in differentiation medium (growth medium 

supplemented with 2 mM β-glycerophosphate, 0.13 mM ascorbate-2-phosphate, and 25 mM 

HEPES).  After 48 hrs, medium was replaced with differentiation medium containing only 2% 

FBS. Fluid flow was applied 24 hrs later. 

 

5.3.4 Fluid Flow 

Parallel-plate flow chambers (PPFCs) were used to exert a uniform well-defined shear 

stress at the cell surface [35, 157].  The flow system was set-up as described previously [157]. 

Pulsatile flow patterns were generated by using a programmable microprocessor (Parallax, 

Rocklin, CA) to open and close a solenoid-controlled pinch valve.  Cell layers were exposed to 

steady flow and 1 Hz pulsatile flow on day 3 for time periods of 30 min to 4 hrs.  For pulsatile 

flow, the shear stress was stepped between 1.5 dyn/cm2 and 4 dyn/cm2, and for steady flow a 

time-average shear stress of 2.8 dyn/cm2 was applied. Differentiation medium containing 2% 

FBS was used during the application of fluid flow. Immediately following the cessation of flow, 

cell layers were collected mechanically. 

For inhibitor studies, medium was replaced with fresh differentiation medium containing 

2% FBS and 10 µM of the ERK inhibitor PD98059 (Calbiochem, Gibbstown, NJ) 1 hr prior to 

the start of fluid flow. PD98059 is also known as 2’-Amino-3’-methoxyflavone with molecular 

formula C16H13NO3 (Figure 5.1). Flow experiments were conducted as described previously 

except that 10 µM inhibitor was included in the circulating medium. Parallel control studies were 

performed without inhibitor, but with an equivalent amount of DMSO.  
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Figure 5.1: Chemical structure of ERK inhibitor PD98059. 

 

5.3.5 Western Blots for Phosphorylated Protein Kinases 

 Phosphorylation of protein kinases ERK, p38, JNK, and FAK was determined by western 

blot. After 30, 60, and 120 min of fluid flow, cell layers were washed with PBS, mechanically 

scraped, and lysed with 100 µL western lysis buffer (950 µL Laemmli buffer (Biorad, Hercules, 

CA), 50 µL β-mercaptoethanol (Sigma), 1 mL PBS, 10 µL protease inhibitor cocktail (Sigma)) 

per substrate. Samples were hand sonicated then heated at 90°C. Next 25 µL of cell lysate was 

combined with 25 µL of Laemmli buffer and loaded into a 7.5% polyacrylamide separating gel 

with 3.5% stacking gel, and run at 90 V for 100 min. The protein was transferred to a 

polyvinylidene difluoride (PVDF) membrane (Biorad). Membranes were probed with anti-

phospho-p44/p42 (1:1000), anti-phospho-p38 (1:1000), anti-phospho-JNK (1:1000), or anti-

phospho-FAK (1:1000) overnight at 4°C, followed by a HRP-conjugated secondary antibody 

(1:7500), and protein bands were visualized. Membranes were then stripped with Restore 

Western Stripping Buffer (Thermo Scientific, Rockford, IL) and probed with anti-p44/p42 

(1:1000), anti-p38 (1:1000), anti-JNK (1:1000), or anti-FAK (1:1000) overnight at 4°C, followed 

by a HRP-conjugated secondary antibody (1:7500). Protein bands were visualized with LAS-

3000 Intelligent Dark Box (FujiFilm). Band densities were determined by densitometry of the 

membrane images using the LAS-3000 FujiFilm software. The band density of phosphorylated 

protein was normalized by the corresponding band density for the total protein to calculate a 

relative level of phosphorylation of the target protein kinase. 

 

5.3.6 Electrophoretic Mobility Shift Assay 

 Electrophoretic mobility shift assay (EMSA) was used to determine DNA-protein binding 

of transcription factors AP-1 and Sp1. After 2 hrs of fluid flow, cell layers were washed with 

PBS then mechanically collected with 300 µL PBS per substrate. Three slides were combined in 
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order to yield enough protein for the assay. Nuclear extracts were isolated using NE-PER nuclear 

and cytoplasmic extraction reagents (Thermo Scientific) following the manufacturer’s 

instructions. Protein concentrations of the nuclear extracts were determined using the Bradford 

Assay (Sigma). Next, DNA-protein complexes analyzed using Odyssey Infrared EMSA kit 

(LiCor Biosciences, Lincoln, NE) following the manufacturer’s instructions. Briefly, 5 µg of 

nuclear extract was combined with IRDye end-labeled oligo for either AP-1 or Sp1, ultra pure 

water, 10X binding buffer, 25mM DTT/2.5% Tween-20, 1µg/µL poly dI-dC, 1% NP-40, and 

100mM MgCl2. The reaction mixture was run on a 5% TBE native acrylamide gel at 100 V for 

50 min. The gel was then visualized on an Odyssey scan bed (LiCor). Band intensities were 

determined using the Odyssey software. 

 

5.3.7 Gene Expression 

 Expression levels of target genes BMP-2, -4, -7, and VEGF-A were determined 

quantitatively by real-time PCR after 4 h of fluid flow. Briefly, total RNA was isolated from the 

cells using the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s 

instructions.  Next, RNA was reverse transcribed to cDNA using the Superscript kit (Invitrogen) 

with random hexamers as primers. Finally, PCR amplification was performed in an ABI 7300 

real-time PCR system (Applied Biosystems, Foster, CA) using Sybr®green PCR Master Mix 

(Applied Biosystems) and specific primer pairs for β-actin [35], BMP-2 [190], -4 [191], -7 [191], 

and VEGF-A [157]. Quantification of gene expression was performed using the comparative 

threshold cycle (∆∆Ct) method [167] with β-actin as the internal reference, and relative gene 

expression was reported as 2-∆∆Ct. 

 

5.3.8 Statistical Analysis 

 Data was analyzed using a one-way analysis of variance. Studies were performed in 

batches of n = 3 replicates per treatment group. A 95% confidence criterion was used to 

determine statistical significant differences between treatment groups. Statistical analysis of the 

gene expression data was performed using the ∆Ct data. Unless otherwise indicated error bars 

correspond to the standard error of the mean. 
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5.4 Results 

 The goal of this study was to probe the molecular mechanisms by which fluid flow 

stimulates BMP-2 and -7 expression. A pulsatile flow pattern at the physiological frequency of 1 

Hz was tested (Figure 5.2). The two control groups for the study were steady flow (maintained at 

the time-averaged shear stress of 2.8 dyn/cm2) and no flow (static culture). 
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Figure 5.2: Flow profile for pulsatile flow at 1 Hz. Flow rate measurements were taken from the 
inlet to the outlet of the PPFC then converted to shear stress. 
 

 To determine the effect of 1 Hz pulsatile flow and steady flow on growth and 

differentiation factors, MC3T3-E1 cells were stimulated with fluid flow for 4 hrs the analyzed 

for mRNA expression of BMP-2, -4, -7, and VEGF-A. All genes were significantly enhanced 

over the no flow control with the application of fluid flow, except BMP-4 which was 

significantly suppressed with fluid flow (Figure 5.3). In addition, BMP-2 was significantly 

increased with pulsatile flow relative to steady flow, while BMP-7 was modestly increased with 

pulsatile flow relative to steady flow.  

 



 

 65 

BMP-2 BMP-4 BMP-7
0

2

4

6

8

10

12

*

*

**

#*

*

 

 

m
R
N
A
 E
x
p
re
s
s
io
n

 No Flow

 Steady Flow

 1 Hz Flow

VEGF-A
0

10

20

30

40

50

60

*

*

 m
R
N
A
 E
x
p
re
s
s
io
n

 

 

Figure 5.3: Effect of steady and 1 Hz pulsatile flow on mRNA expression of BMP-2, BMP-4, 
BMP-7, and VEGF-A after 4 h of flow. Data are mean ± standard error of the mean with n = 9 
for each condition. An asterisk denotes a statistically different level of expression with respect to 
no flow (p ≤ 0.05). A pound sign denotes a statistically different level of expression with respect 
to continuous flow (p ≤ 0.05). 
 
 To probe for protein kinase activation, cell layers were exposed to flow for 30, 60, and 

120 min and analyzed for phosphorylation of ERK, p38, JNK, and FAK. ERK, p38, and JNK 

were significantly elevated with flow relative to no flow (Figure 5.4). Phosphorylation of ERK 

peaked at 30 min (Figure 5.4a) and phosphorylation of JNK peaked at 60 min  (Figure 5.4c). In 

both cases, pulsatile flow resulted in a modest enhancement of phosphorylation over steady flow. 

Levels of phosphorylated p38 remained relatively constant at all time points with fluid flow 

(Figure 5.4b). Phosphorylated FAK showed no differences between flow and no flow (Figure 

5.4d). 
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Figure 5.4: Effect of steady and 1 Hz pulsatile flow on phosphorylation of (a) ERK, (b) p38, (c) 
JNK, and (d) FAK after 30 min, 60 min, and 120 min of flow. Data are mean ± standard error of 
the mean with n = 3 for each condition. An asterisk denotes a statistically different level of 
expression with respect to no flow (p ≤ 0.05).  

 

To probe for transcription factor activation, cell layers were exposed to 2 hrs of fluid flow 

and analyzed for AP-1 and Sp1. AP-1 binding activity was significantly increased for steady 

flow relative to no flow (Figure 5.5). A supershift assay with c-fos, an AP-1 subunit, confirmed 

the activation of AP-1. There appears to be no difference between any of the conditions for Sp1, 

however, these results are inconclusive since a clear band cannot be identified on the EMSA gel. 
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Figure 5.5: Effect of steady and 1 Hz pulsatile flow on activation of (a) AP-1 and (b) Sp1 after 2 
h of flow. No flow (lanes 1-3, 12-14), steady flow (lanes 4-7, 15-17), pulsatile flow (lanes 8-11, 
18-20), and supershift for c-fos (lanes 7, 11). (c) Representative band intensities for gel images. 
Data are mean ± standard error of the mean with n = 3 for each condition. An asterisk denotes a 
statistically different level of expression with respect to no flow (p ≤ 0.05). A pound sign denotes 
a statistically different level of expression with respect to continuous flow (p ≤ 0.05). 
 

 Cells were exposed to the ERK inhibitor PD98059 before and during the application of 

fluid flow, in order to probe role of ERK in the mechanism by which flow induces BMP-2 and -7. 

Cell layers were analyzed for mRNA expression of BMP-2, -4, -7, and VEGF-A, and 

phosphorylation of ERK and JNK. ERK inhibition did not have a significant effect on BMP-2 or 

VEGF-A expression (Figure 5.6). However, PD98059 decreased BMP-7 expression with steady 

and pulsatile flow to the level of no flow and partially increased BMP-4 expression with fluid 
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flow, although neither effect was statistically significant. PD98059 significantly inhibited 

phosphorylation of ERK in the static control, but did not affect ERK phosphorylation under 

steady and pulsatile flow (Figure 5.7a). Phosphorylation of JNK increased with the addition of 

the PD98059 inhibitor for both steady and pulsatile flow, however only steady flow with the 

inhibitor was significant from steady flow without the inhibitor (Figure 5.7b). Phosphorylation of 

p38 increased with PD98059 for steady flow, and decreased for pulsatile flow, however neither 

of these observations were significant (Figure 5.7c). 
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Figure 5.6: Effect of ERK inhibition with PD98059 on mRNA expression of BMP-2, BMP-4, 
BMP-7, and VEGF-A after 4 h of steady and 1 Hz pulsatile flow. Data are mean ± standard error 
of the mean with n = 3 for each condition. An asterisk denotes a statistically different level of 
expression with respect to no flow (p ≤ 0.05). A @ sign denotes a statistically different level of 
expression between inhibitor treatment and the corresponding untreated control under the same 
flow condition (p ≤ 0.05). 
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Figure 5.7: Effect of ERK inhibition with PD98059 on phosphorylation of (a) ERK, (b) JNK, 
and (c) p38 after 30 min of steady and 1 Hz pulsatile flow. Data are mean ± standard error of the 
mean with n = 9 for each condition. An asterisk denotes a statistically different level of 
expression with respect to no flow (p ≤ 0.05). A pound sign denotes a statistically different level 
of expression with respect to continuous flow (p ≤ 0.05). A @ sign denotes a statistically 
different level of expression between inhibitor treatment and the corresponding untreated control 
under the same flow condition (p ≤ 0.05). 
 

5.5 Discussion 

In this study, the effect of steady and pulsatile flow on the induction of BMPs and 

activation of protein kinases and transcription factors were examined. MC3T3-E1 cells were 

exposed to steady flow (time-average shear stress of 2.8 dyn/cm2) and 1 Hz pulsatile flow 

(between 1.5 dyn/cm2 and 4 dyn/cm2) for durations of 30 min to 4 hrs. Immediately following 

fluid flow, cell layers were characterized for phophorylation of ERK, p38, JNK, and FAK, 

activation of transcription factors AP-1 and Sp1, and induction of BMP-2, -4, -7, and VEGF-A. 

In addition, to probe the specific mechanism involving ERK, cells were treated with PD98059 to 

inhibit ERK activity, and the effects of fluid flow on gene expression of BMP-2, -4, -7, and 

VEGF-A, and phosphorylation of ERK and JNK were examined. Results showed that BMP-2 

was significantly increased with pulsatile flow relative to steady flow, and BMP-7 was modestly 
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increased with pulsatile flow relative to steady flow, while BMP-4 was suppressed with all flow 

conditions. In a similar manner to BMP-2 and -7, pulsatile flow also enhanced phosphorylation 

of ERK and JNK over steady flow at 30 min and 60 min, respectively. Inhibitor studies showed 

that the PD98059 inhibited phosphorylation of ERK in the static control, and enhanced JNK 

phosphorylation with fluid flow. p38 was suppressed with PD98059 with pulsatile flow, but 

enhanced with steady flow. PD98059 inhibited flow-induced BMP-7 expression, had no effect 

on BMP-2 expression, and slightly enhanced flow-induced VEGF-A and BMP-4 expression. 

Expression of BMPs found here were similar to our previous study [157], in which BMP-

2 and -7 was increased with dynamic flow while BMP-4 was suppressed. Although, some 

differences between the two studies are the cell type and the frequency of pulsatile flow. Here, 

MC3T3-E1 cells were used as opposed to primary BMSCs. MC3T3-E1 cells are model cells of 

bone formation that exhibit the stages of osteoblast differentiation, and are useful for studying 

signaling pathways because the use of dexamethasone is not needed. Cell lines also do not 

exhibit as much batch to batch variation as primary cells. Here, a frequency of 1 Hz was used 

because it is in the physiological range. Previously, low frequencies 0.015, 0.044, and 0.074 Hz 

were examined. Taken together, these results show that BMP-2 and -7 are induced by dynamic 

flow (0.015 to 1 Hz) relative to steady flow. To our knowledge, no other studies have looked at 

BMP induction with fluid flow in osteoblasts. 

The activation of protein kinases and transcription factors were examined in this study 

since both are postulated to be involved in the signaling mechanism by which fluid flow induces 

BMP-2 and -7. ERK and p38 have been shown by other to be activated after 5 min to 1 hour of 

steady and oscillatory fluid flow [45, 46]. Similarly, we also found that ERK and p38 were 

activated by steady and pulsatile fluid flow. Results for JNK are conflicting because JNK has 

been shown to be activated by oscillatory flow in MG-63 cells [46] but not in MC3T3-E1 cells 

[45]. However, we found that JNK was activated in MC3T3-E1 cells after 60 min of steady and 

pulsatile fluid flow. Thus, JNK may be more sensitive to the flow regimen and cell type than 

other MAPKs under fluid flow. Additionally, we found FAK to be unaffected with fluid flow. 

However, FAK has been shown to be important in oscillatory flow-induced activation of ERK, 

expression of c-fos, COX-2, OPN, and release of PGE2 [81]. In this study, the trends within flow 

conditions for ERK and JNK, not p38 or FAK, were similar to BMP-2 and -7 suggesting that 

ERK and JNK may be involved in the mechanism by which fluid flow induces BMP-2 and -7 in 
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osteoblasts. In addition, we found that AP-1 is activated with steady flow relative to pulsatile 

flow suggesting that it is not involved in the flow-induced BMP mechanism. This was not 

expected because previous data has shown that ERK activates the AP-1 subunit c-fos [62].  

To probe the signaling pathway involving ERK, the PD98059 inhibitor was used to 

inhibit the ERK pathway. Results found that 10µM PD98059 did not block flow-induced ERK 

phosphorylation, but it did block ERK phosphorylation in the static control. These results were 

not expected because several studies have used the pharmological inhibitor PD98059 to block 

flow-induced ERK activation in MC3T3-E1 cells. However, all have variations in experimental 

protocols, such as, inhibitor concentrations, pretreatment times, and percentage of FBS used. 

You et al. used 10µM PD98059 with a 2 hr pretreatment [45], while Wadhwa et al. used 40µM 

PD98059 to block flow-induced ERK phosphorylation [44]. Both of these studies used 10% FBS. 

In recent studies, the inhibitor U0126 at 10µM has also been used [199, 200]. The majority 

studies with pharmological inhibitors use very low or zero percent FBS in order to reduce any 

negative interactions with the inhibitor and other signaling pathways. Here, 2% FBS was used; 

however, it may be possible to reduce any side effects by further decreasing the serum content. 

Therefore, future studies are needed to confirm if flow-induced ERK phosphorylation can be 

blocked under our particular experimental conditions. These studies should test different 

PD98059 inhibitor concentrations on ERK phosphorylation as well as other ERK inhibitors, such 

as U0126.  

In conclusion, this study found that 1 Hz pulsatile flow increases BMP-2 and -7 

expressions relative to steady flow, and suppresses BMP-4 expression relative to no flow. 

Analysis of MAPKs suggests that ERK and/or JNK may be involved in the mechanism by which 

fluid flow induces BMP-2 and -7 expressions. Preliminary inhibitor studies suggest that ERK 

may play a role in flow-induced BMP-7 expression. However, since the inhibitor used in this 

study was not shown to block flow-induced ERK phosphorylation, further studies using 

pharmacological inhibitors are required to determine the specific role of ERK. 
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6.1 Introduction 

A promising strategy for the development of engineered bone constructs involves 

culturing osteoprogenitor cells within porous biomaterial scaffolds under perfusion. Perfusion is 

important in order to deliver osteogenic stimuli to induce the deposition of an extracellular 

matrix (ECM). However, this process requires days to weeks of perfusion, during which the 

tissue development within the scaffold is difficult to characterize without destruction of the 

scaffold. Bioluminescence imaging has recently emerged as a means to nondestructively 

visualize the induction of target genes within three-dimensional tissues, both in vitro and in vivo 

[201].  

Bioluminescence imaging (BLI) is a type of optical imaging that has been used to study 

biological processes in vivo [202]. Bioluminescence is conferred by introducing a reporter gene, 

such as the North American firefly (Photinus pyralis) and sea pansy (Renilla) under the 

regulation of the genetic control element for the target protein [203]. Firefly luciferase catalyzes 

a reaction between luciferin (substrate) and ATP in the presence of oxygen and magnesium to 

emit green light from 530-640 nm, peaking at 562 nm. Renilla luciferase catalyzes the oxidation 

of coelenterazine (substrate) and ATP in the presence of oxygen to generate blue light centered 

at 482 nm [204]. Thus, luciferase reporter genes emit light that is detectable by BLI. 

BLI has been used in several studies for noninvasive, real-time analysis of tissue repair. 

Blum et al. has shown that BLI can be used to evaluate cells growing on biomaterials in vitro and 

in vivo [205]. In their study, rat fibroblastic cells were modified to constitutively express a 

luciferase reporter gene and were then seeded into titanium fiber mesh scaffolds. The scaffolds 
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were subsequently implanted into rats and successfully imaged by BLI in the living animal over 

time. Bar et al. developed transgenic mice expressing a luciferase reporter gene under the control 

of an osteocalcin promoter [206]. The authors were then able to use this animal model to monitor 

the dynamics of osteocalcin regulation during mice skeletal development and repair using real 

time BLI. 

In this study, a bone morphogenetic (BMP)-2 reporter gene was selected to permit non-

invasive monitoring of BMP-2 expression. Bone morphogenetic proteins (BMPs) are important 

osteogenic factors involved in bone healing, and recombinant human forms of BMP-2 and -7 

have been approved for clinical use [183]. In addition, perfusion culture has been shown to 

stimulate BMP-2 expression in both two- and three-dimensional culture of osteoblastic cells [94, 

157]. However, this data was measured by destruction of the cells. An imaging technique based 

on BLI has the potential to report the expression of bioactive factors in real time during perfusion 

without destruction of the cells.  

In order to image luciferase reporter genes, the DNA plasmid needs to be integrated into 

the host chromosome. This can be achieved with a stable transfection during which foreign DNA 

is introduced into the cell then remains in the genome of the cell and its daughter cells. In this 

study, a BMP-2 luciferase reporter plasmid was modified and stably transfected into MC3T3-E1 

cells. The stable cell line was tested with a dual luciferase reporter gene assay to confirm 

successful incorporation of the luciferase reporter gene. 

 

6.2 Methods 

6.2.1 Development of DNA Plasmid 

The reporter plasmid p(BMP-2)Luc was donated by Dr. Melissa Rogers (Dept of 

Biochem and Mol Biol, UMDNJ-NJ Medical School). This plasmid was constructed by inserting 

the 1702 bp BMP-2 promoter between the NheI and XhoU sites in the pGL2-Basic vector 

(Promega) in the 5’ end of luciferase (Figure 6.1). 
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Figure 6.1: Vector map of p(BMP-2)Luc consisting of the BMP-2 promoter inserted in the 5’ 
end of the luciferase region in the pGL2-Basic vector. 

 

6.2.2 Plasmid DNA Amplification and Purification 

 The reporter plasmid p(BMP-2)Luc was amplified by transformation into competent cells. 

Briefly, approximately 50 ng of DNA was added to fresh E. coli competent cells, stored on ice 

for 30 min, heated at 42°C for 90 sec, and placed on ice for 10 min. Luria-Bertani (LB) broth 

was added and incubated for 1 hr at 37°C to allow bacteria to recover and express the antibiotic 

resistance marker encoded by the plasmid. Transformed competent cells were spread on the 

surface of an LB agar plate with ampicillin using a sterile bent glass rod. Plates were inverted 

and incubated at 37°C overnight. A liquid culture was started by picking a single colony from the 

plate and adding it to 100 mL LB broth with 100 µg/mL ampicillin. The liquid culture was 

grown overnight in a 37°C shaker at 150 rpm. A volume of 400 µL of liquid culture of 

transformed bacteria was combined with 400 µL of 50% glycerol and stored at -80°C.  

The plasmid was purified using the EndoFree Plasmid Purification Kit (Qiagen, Valencia, 

CA) according to the manufacturers’ instructions. Briefly, bacteria culture was centrifuged and 

then resuspended creating an alkaline lysate. The lysate was cleared by filtration and an 

endotoxin removal buffer was added. The plasmid DNA was bound to a filter then washed and 

eluted. The DNA was then precipitated with isopropanol and resuspended in endotoxin-free TE 

BMP-2 
(1702bp) 
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buffer (Qiagen). The absorbance of the total DNA was read at 260 nm and the concentration was 

determined using the following equation. 

mL
g

factordilutionA
mL

g
DNA

µµ 50_260 ××=




  

 The purified plasmids were stored at -80°C.  

 

6.2.3 Linearization of DNA Plasmid 

 The p(BMP-2)-Luc plasmid was linearized using the AlwNI enzyme (New England 

Biolabs, Ipswich, MA). The reaction mixture consisted of 42.2 µL water, 5 µL 10x NEBuffer4 

(New England Biolabs), 0.8 µL p(BMP-2)-Luc at 5µg/ µL, and 2 µL AlwNI enzyme at 10u/µL. 

This reaction mixture was then incubated at 37°C for 1 hr. An agarose gel was then run to 

confirm that the plasmid was linearized. The plasmid was purified with Qiaex II (Qiagen) 

following the manufacturers’ instructions. Briefly, linearized p(BMP-2)-Luc was bound to Qiaex 

II beads, centrifuged, washed, and eluted. The purified linear plasmid was stored at -80°C. 

 

6.2.4 Stable Transfection  

Stable transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). 

MC3T3-E1 cells were grown to 50-60% confluence in 60mm dishes using growth medium 

(αMEM (Invitrogen), 2.2 g/L sodium bicarbonate, 10% fetal bovine serum (Gemini Bioscience, 

Calabasas, CA), and 1% antibiotic/antimycotic (Invitrogen)). Cells were co-transfected with 

linearized p(BMP-2)Luc and pcDNA3.1 (containing the neomycin resistance gene). A 

transfection master mix was made in two separate tubes: 1) 6 µL Lipofectamine 2000 and 500 

µL αMEM per 60mm dish, and 2) 3 µg linearized p(BMP-2)Luc, 1.5 µg pcDNA3.1 and 500 µL 

αMEM per 60mm dish. The solutions were incubated separately for 5 min, then combined and 

incubated for 20 min at room temperature. Cell layers were washed with α-MEM, then to each 

60mm dish containing cells 4 mL of αMEM plus 1 mL of transfection master mix was added. 

Cells were incubated for 4 hrs at 37°C, and then the medium was changed to growth medium. 

After 48 hrs, the transfected cells were lifted with trypsin/EDTA (Invitrogen) and replated into a 

100mm dish using drug selection medium (αMEM, 2.2 g/L sodium bicarbonate, 10% fetal 

bovine serum, and 500 µg/mL geneticin (Invitrogen)). The drug selection medium was changed 

every 3 to 4 days, and the cells were monitored for distinct colonies of surviving cells. Once 
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colonies were seen, a limiting dilution was performed to obtain clonal cell lines. Cells were lifted 

and replated in a 96-well plate at a density of 20 cells/mL in drug selection medium. Individual 

wells were lifted and seeded into 2 wells of a 24-well plate. Clonal cell lines were cryopreserved 

in liquid nitrogen until use. 

 

6.2.5 Dual Luciferase Reporter Gene Assay 

A dual luciferase reporter gene assay was performed to identify the clonal cell lines that 

expressed Firefly luciferase. Cell layers are washed with phosphate buffer saline (PBS, Fisher), 

mechanically scraped, and collected with 1X passive lysis buffer (PLB, Promega). Samples were 

frozen at -80°C, and then analyzed with a Dual-Luciferase Reporter Assay System (Promega) 

according to manufacturers’ instructions. Briefly, 100µL LARII reagent was added to 20µL of 

cell lysate and Firefly luciferase was measured. Next, 100µL of Stop & Glo reagent was added to 

the same sample and Renilla luciferase was measured. Luciferase activity was determined with 

an LMaxII 384 Luminometer (Molecular Devices, Sunnyvale, CA) using a 10 second integration 

period and a 2 second delay.  

 

6.3 Results and Discussion 

 Stable transfection of p(BMP-2)Luc was performed on MC3T3-E1 cells. Eight clonal 

lines that exhibited neomycin resistance were randomly selected, collected, and tested for BMP-2 

luciferase expression (Figure 6.2). Only one clonal line (clone 5) showed successful 

incorporation of luciferase. Clone 5 exhibited similar luciferase activity to the transiently 

transfected control, and was therefore chosen to undergo further analysis. The transient control 

was collected for analysis 24 hrs after transfection.  
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Figure 6.2: BMP-2 luciferase activity in eight stably transfected clones, transient transfected 
control, and non-transfected control of MC3T3-E1 cells.  
 

 The successful clonal line was tested over a long-term culture of 21 days to determine the 

BMP-2 luciferase activity at various time points. Luciferase activity is measured in relative light 

units (RLU) and normalized relative to day 1. Luciferase activity peaked at day 7 then dropped 

50% where is remained constant until day 21 (Figure 6.3). With transient transfection, luciferase 

activity can only be detected for approximately 48 hrs after transfection. These results show 

stable transfection with luciferase detection for three weeks. Therefore, these results confirm that 

the plasmid has been incorporated into the cell genome.   
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Figure 6.3: BMP-2 luciferase activity in p(BMP-2)Luc stably transfected MC3T3-E1 cells 
during 21 days of culture. 
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6.4 Conclusions 

 This study was a proof of concept confirming that a stable cell line containing BMP-2 

luciferase could be made. Methods were developed and executed successfully and a stable BMP-

2 cell line was created. However, several experiments still need to be performed before the 

clonal cell line can be used for bioluminescence imaging during perfusion culture. First, a long 

term static culture is needed to determine the relationship between luciferase activity and BMP-2 

gene expression at various time points. This will show that the level of the luciferase reporter 

tracks the mRNA expression of BMP-2. Second, the clonal line cells need to be tested for 

markers of osteoblastic differentiation, such as, alkaline phosphatase, osteopontin, osteocalcin, 

and bone sialoprotein, to determine if they retain the osteogenic potential of normal MC3T3-E1 

cells. Third, the clonal cell line needs to be tested under shearing flow to demonstrate that flow is 

capable of inducing both luciferase activity and BMP-2 gene expression. Upon successful 

completion of these three studies, the stable cell line will be ready to use for bioluminescence 

imaging of BMP-2 during perfusion culture. 
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Chapter 7: Conclusions and Future Work 

 

7.1 Conclusions 

Fluid flow is a promising means to develop engineered bone tissue in vitro because it 

delivers oxygen and nutrients to osteoprogenitor cells and applies a mechanical stimulus to 

enhance expression of growth and differentiation factors (e.g. VEGF-A, BMP-2, -4, and -7) and 

late markers of osteoblast differentiation (e.g. OC, OPN, BSP). Further, evidence suggests that 

dynamic flow is more efficient at activating mechanotransductive signaling pathways than steady 

flow in osteoblasts. Therefore, the overall goal of this work was to determine the effect of 

different dynamic fluid flow regimens on mechanotransductive signaling and expression of 

bioactive factors and bone matrix proteins.  

In the first study (Chapter 3), an intermittent flow regimen, in which rest periods were 

inserted during fluid flow, was examined. Bone marrow stromal cells (BMSCs) were cultured on 

planar glass substrates in the presence of osteogenic factors for 6 days then exposed to either 

continuous or intermittent (alternating 5 min periods of flow or no flow) for durations of 30 min 

to 24 hrs using parallel-plate flow chambers (PPFCs). Cell layers were analyzed for 

phosphorylation of ERK and p38, synthesis of prostaglandin E2 (PGE2), and expression of 

mRNA for Col1α1, OPN, BSP, and OC. Results showed that continuous flow significantly 

enhanced phosphorylation of ERK and p38 after 30 min relative to intermittent flow, while 

intermittent flow significantly increased accumulation of PGE2 in the circulating media. On day 

20, after 13 days of static culture, expression of Col1α1, OPN, BSP, and OC were significantly 

elevated relative to static controls, but similar under continuous and intermittent flow. This study 

suggests that variation of the perfusion regimen modulates mechanotranductive signaling, but 

that both continuous and intermittent flow regimens may yield comparable results when applied 

to long-term perfusion culture. 

In the second study (Chapter 4), a pulsatile flow regimen at different frequencies was 

examined. BMSCs were seeded on planar glass substrates in the presence of osteogenic factors 

for 6 days and then exposed to 24 hrs of shearing flow using PPFCs. Four flow conditions were 

examined: continuous flow, 0.074 Hz pulsatile flow, 0.044 Hz pulsatile flow, and 0.015 Hz 

pulsatile flow. After cessation of flow, cell layers were cultured statically for an additional 13 

days and then assayed for expression of bone ECM proteins Col1α1, OPN, OC, and BSP. In 
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addition, immediately following cessation of flow cell layers were analyzed for expression of 

markers of mechanical stimulation, OPN and COX-2, and growth and differentiation factors 

BMP-2, -4, -7, TGF-β1, and VEGF-A. This study showed that pulsatile flow enhances expression 

of osteoblastic matrix proteins BSP and OC over steady flow. Similarly, BMP-2 and -7 were 

enhanced with pulsatile flow, while BMP-4 was suppressed with all flow conditions. This study 

also suggests that the mechanism by which fluid flow enhances bone matrix proteins may 

involve the induction of BMP-2, and -7, but not BMP-4. However, analysis of signaling 

molecules is required to determine the signaling pathway for this effect. 

In the third study (Chapter 5), pulsatile flow was used to examine the molecular 

mechanism by which fluid flow simulates expression of BMP-2 and -7. MC3T3-E1 cells were 

seeded onto planar glass substrates and exposed to steady flow and 1 Hz pulsatile flow. Cell 

layers were characterized for phophorylation of ERK, p38, JNK, and FAK after 30 to 120 min of 

flow, activation of transcription factor AP-1 and Sp1 after 2 hrs of flow, and induction of BMP-2, 

BMP-4, BMP-7, and VEGF-A after 4 hrs of flow. Additionally, cells were treated with PD98059 

to inhibit ERK activity, and the effects of fluid flow on phosphorylation of protein kinases and 

gene expression of growth factors in the presence of this inhibitor were examined. Results 

showed that BMP-2 was significantly increased with pulsatile flow relative to steady flow, and 

BMP-7 was modestly increased with pulsatile flow relative to steady flow, while BMP-4 was 

suppressed with all flow conditions. In a similar manner to BMP-2 and -7, pulsatile flow also 

enhanced phosphorylation of ERK and JNK over steady flow at 30 min and 60 min, respectively. 

Preliminary inhibitor studies showed that the PD98059 only inhibited phosphorylation of ERK in 

the static control, and slightly enhanced JNK phosphorylation. PD98059 inhibited flow-induced 

BMP-7 expression, but not BMP-2. Results from this study suggest that ERK may play a role in 

flow-induced BMP-7 expression, but not flow-induced BMP-2 expression. However, a concern 

with this study is that PD98059 (an ERK specific inhibitor) was not able to inhibit flow-induced 

ERK phosphorylation. Therefore, testing other inhibitors will be necessary to probe the role of 

the ERK pathway. 

In the fourth study (Chapter 6), a BMP-2 bioluminescence reporter cell line was created. 

A BMP-2 luciferase reporter plasmid was modified and stably transfected into MC3T3-E1 cells 

such that the reporter plasmid remained in the genome of the cell and its daughter cells. The 

stable cell line was tested with a dual luciferase reporter gene assay to confirm successful 
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incorporation of the luciferase reporter gene. The stable cell line made in this study can be used 

for bioluminescence imaging to nondestructively visualize the induction of BMP-2 within three 

dimensional materials without destruction of the scaffold. 

 The results of these studies demonstrate that different dynamic flow regimens modulate 

mechanotransductive signaling and expression of osteoblastic matrix proteins by osteoblast cells. 

In particular, osteogenic and angiogenic bioactive factors, important for bone healing in vivo, 

were shown to be induced by shearing flow. Therefore, this work may be beneficial in 

understanding and developing 3D perfusion cultures systems for the creation of a clinically 

effective engineering bone tissue. 

 

7.2 Future Work 

The overall goal of this work was to determine the effect of different dynamic fluid flow 

regimens on mechanotransductive signaling and expression of bioactive factors and bone matrix 

proteins. However, in order to aid in the successful development of tissue engineered bone 

constructs there are several areas of study that need to be explored. Future areas of work include: 

1) involvement of Osterix in the mechanism by which fluid flow induces bone matrix proteins 

and bioactive factors, 2) the effect of fluid flow on the interactions between osteoblasts and 

endothelial cells, and 3) the effect of fluid flow on different two-dimensional culture substrates.  

 

7.2.1 The Role of Osterix in Mechanotransduction 

In the third study of this dissertation (Chapter 5) the role of MAPKs in the molecular 

mechanism by which fluid flow simulates expression of BMP-2 and -7 was examined. In theory, 

there are most likely multiple interacting pathways involved in the flow-induced expression of 

BMPs. However, one particular deficiency in the literature is the role of Osterix in flow-induced 

osteoblastic differentiation. The transcription factor Osterix has been shown to be required for 

bone formation; however, its activity in response to fluid flow by osteoblast cells has not been 

studied. Because fluid flow induces osteoblastic differentiation [34, 90] and Osterix is required 

for osteoblastic differentiation [68], Osterix is hypothesized to be involved in the mechanism of 

flow-induced expression of bone matrix proteins. In addition, Runx2 is an important regulator of 

osteoblastic differentiation, and has been shown to be involved in Osterix activation. Uniaxial 

sinusoidal stretching and mechanical strain have been shown to upregulate mRNA expression of 
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Osterix and Runx2 and show their dependence on ERK in MC3T3-E1 cells [72, 207]. Therefore, 

a direction for future work could be to characterize of the involvement of Osterix in the 

mechanism by which fluid flow simulates expression of bioactive factors and bone matrix 

proteins. To accomplish this, MC3T3-E1 cells will be seeded onto planar glass substrates and 

exposed to steady and 1 Hz pulsatile flow using parallel-plate flow chambers. Cell layers will be 

analyzed for phosphorylation of ERK, p38, JNK, activation of Osterix and Runx2, and 

expression of BMP-2, -7, OPN, OC, and BSP. In addition, to probe the specific role of each 

MAPK pharmologic inhibitors will be used to block ERK, p38, and JNK, then BMP-2, -7, OPN, 

OC, BSP, Osterix, and Runx2 will be analyzed after fluid flow. This future work is expected to 

show that Osterix is activated by fluid flow and involved in the mechanism by which fluid flow 

induces BMP-2. Sp1 and Osterix (Sp7) have a very similar consensus binding sequences because 

they are in the same family. The promoter region of BMP-2 has many Sp1 binding sites which 

may be also be targets for Osterix [74]. Thus, results from this future study will give insight into 

the role of Osterix in the flow-induced mechanism of osteoblastic differentiation.  

 

7.2.2 Co-culture of Endothelial Cells with Osteoprogenitor Cells 

Skeletal development and fracture repair involve multiple events and many different cell 

types [208]. In particular, the development of blood vessels is crucial for the survival of bone 

tissue because they transport oxygen, nutrients, and soluble factors to the bone tissue. Thus, 

angiogenic factors such as vascular endothelial growth factor (VEGF) play a significant role in 

skeletal growth and repair. Currently researchers are learning more about the relationship 

between the vasculature and bone. However, since the skeleton constantly undergoes mechanical 

loading, it would be beneficial to study the effect of fluid flow on the interactions between 

osteoblasts and endothelial cells. Both cell types have been shown to be mechanosensitive. 

Therefore, to accomplish this, a coculture system with osteoblast and endothelial cells will be 

developed. Once coculture conditions are optimized, cells will be cocultured on planar glass 

substrates then exposed to steady and 1 Hz pulsatile flow. Two control groups will be studied: 

osteoblast cells only exposed to the same flow conditions, and cocultured cells not exposed to 

fluid flow. Cell layers will be analyzed for markers of osteoblastic differentiation, OPN, OC, and 

BSP, to determine if the coculture system with flow enhances osteoblastic differentiation. 

Cultures will also be analyzed for bioactive factors, BMP-2, -4, -7, and VEGF-A. In addition, 
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signaling mechanisms will be studied in the coculture system to understand the cellular and 

molecular interactions of blood vessels and bone cells. Recent work has shown that coculture 

enhances osteoblastic differentiation in static culture [209, 210]. Thus, results from this future 

study are expected to show that when fluid flow is applied the coculture system angiogenesis and 

osteoblastic differentiation are enhanced relative to osteoblasts only with flow and coculture 

without flow. This area of future work would aid in the development of vascularized bone 

scaffold constructs that would be able to integrate with the host tissue and promote healing. 

 

7.2.3 Effect of Fluid Flow on 2D Biomaterial Substrates  

Perfusion systems are promising for the development of tissue engineered bone grafts, 

but understanding the three dimensional culture environment is challenging. For example, the 

distribution of fluid flow through porous scaffolds is nonuniform, and the scaffold properties 

modulate cell response to shear stress. Two dimensional model systems have more controlled 

culture conditions that can be used to decouple culture parameters and produce well-defined 

shear stress profiles. In the previous studies (Chapters 3-5) the effects of fluid flow were 

determined for cells cultured on glass slides. However, valuable information may be obtained 

from culturing cells on glass slides coated with a biomaterial under fluid flow. Here, the 

biomaterial component is added, but since it is still a two dimensional configuration the 

nonuniform flow profile is not a concern. The interaction between the cells, biomaterial, and 

shear stress can be studied before transitioning to a three dimensional architecture. Therefore, the 

third area of future work effect is to determine the effect of fluid flow on different two-

dimensional culture substrates. There is a wide variety of substrates, such as, polymers, 

hydroxyapetite, or silk, could be used in this future work. To start with poly(lactic co-glycolic 

acid) (PLGA) will be used. PLGA is a FDA approved biodegradable polymer that has been 

extensively studied [101]. PLGA will be spincoated onto glass slides. Then osteoblast cells will 

be cultured on the polymer surfaces and exposed to shear stress. Cell layers will be analyzed for 

markers of osteoblastic differentiation OPN, OC, and BSP, and bioactive factors BMP-2, -4, -7, 

and VEGF-A. Osteoblasts cultured on PLGA have been shown to facilitate new bone formation 

in vivo [211]. Since fluid flow also induces osteoblastic differentiation, the combination of fluid 

flow and PLGA may enhance bone formation. Results from this future study will contribute to 

the understanding of the relationship between shear stress and cell response on biomaterial 
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substrates, and thus, help identify appropriate conditions for engineering bone grafts under 

perfusion. 

 

7.3 Concluding Remarks 

The overarching goal of this research is to develop tissue engineered bone materials by 

culturing osteoprogenitor cells within porous biomaterial scaffolds under perfusion which will 

induce the deposition of an extracellular matrix (ECM) rich in bioactive factors. However, in 

order to better understand the complicated three dimensional culture environment a two 

dimensional model system was used to determine the effect of different dynamic fluid flow 

regimens on mechanotransductive signaling and expression of bioactive factors and bone matrix 

proteins. Future areas of work will continue to decouple the three dimensional environment by 

studying the effects of fluid flow on mechanotransductive signaling, the interactions between 

osteoblasts and endothelial cells, and different two-dimensional culture substrates. This work 

will help identify appropriate conditions for the development of clinically effective tissue 

engineered bone grafts under perfusion culture. 
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Appendix A: Modeling the PPFC 

 

In this project, cell layers were exposed to unidirectional flow between parallel plates to 

generate a well-defined shear stress at the cell surface.  The parallel-plate flow chamber (PPFC) 

geometry is shown in Figure A.1, where the half-channel height, H, is 0.0102 cm, the channel 

width, W, is 2.5 cm, and the channel length, L, is 6.0 cm. 

 

 

 

 

 

 

 

 

Figure A.1: Schematic of the parallel-plate flow chamber geometry  
 

The shear stress exerted by the moving fluid onto the upper and lower walls of the PPFC 

can be estimated from the x-component of the Navier-Stokes equation for an incompressible 

Newtonian fluid. 
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This expression can be further simplified by assuming purely one-dimensional flow, so that vy = 

vz = 0.  In addition, because H is much less than W, end effects at the channel sides can be 

neglected.  This, eliminates the dependence of vx on z, thus 0=∂
∂

z
vx .  Because the channel 

cross section is constant, and if the inlet and outlet effects are neglected then vx does not depend 

on x, thus 0=∂
∂

x
vx .  Lastly, because the gravity vector is parallel to the y-axis in Figure A.1, 

the gravity term in Eqn. 1 is zero.  Together, this reduces Eqn. 1 to the following simpler 

equation. 
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The objective of this appendix is solve Eqn. 2 and find mathematical expressions for the steady 

and unsteady-state shear stress exerted by the moving fluid on the solid walls (at y = ±H). 

 

A.1 Derivation of the Steady-State Wall Shear Stress 

 

For the steady-state case, the term 
t

vx
∂

∂ in Eqn.2 is zero.   
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Assuming that 
x

P
∂

∂ is a constant (which is reasonable for an incompressible fluid and a constant 

channel cross-section), the resultant expression is a second-order ordinary differential equation.  

Integrating this expression twice and applying a symmetry boundary condition, 0=∂
∂

y
vx , at y = 

0, and a no slip boundary condition, vx = 0, at y = H yield the following expression.  
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To replace the 
x

P
∂

∂  – which is difficult to measure experimentally – with the volumetric flow 

rate, Q, Eqn. 4 was integrated over the channel cross section to give the following relationship. 
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Eqn. 5 was rearranged and combined with Eqn. 4 to arrive at the expression. 
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The shear stress exerted by the fluid on the upper wall was calculated using the following 
equation. 
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When Eqns. 6 and 7 are combined the expression for the wall shear stress is achieved. 
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Q
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µ
τ =         (8) 

 
This expression was used to estimate the shear stress exerted by the culture medium on the cells 

attached to the flow chamber in Chapters 3, 4, and 5.  For example, in Chapter 3 a volumetric 

flow rate of 3.1 cm3/min was used all experiments.  Using a measured medium viscosity of 

0.0077 g-cm/s and an assumed density, ρ, of 1.00 g/cm3 a wall shear stress of 2.3 dyn/cm2 is 

predicted. 

 

A.2 Derivation of the Unsteady-State Wall Shear Stress 

 

 A computational model describing the pulsatile flow pattern was developed to predict the 

time it takes for the wall shear stress to change in response to an instantaneous change in 

pressure.  In this case Eqn. 2 was solved using Fourier transforms.  The infinite series solution 

has the following form. 
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For the case of symmetry at y = 0 and no slip at y = H the basis function is: 
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Eqns. 2, 9, and 10 were combined and Fourier transforms were applied over the closed interval 0 

≤ y ≤ H, to yield a set of ordinary differential equation for θ(t).  Assuming that the fluid is 



 

 100 

initially stationary (vx = 0) and that a pressure drop of 
x

P
∂

∂  is applied suddenly at t = 0, the 

following solution for vx was achieved. 
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Using Eqn. 7, the shear stress at the wall, y = H, is 
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This expression predicts that for H = 0.0102 cm, ρ = 1.0 g/cm3, and µ = 0.0077 g-cm/s, it takes 

15.3 milliseconds for the wall shear stress to reach 95% of the steady state shear stress.  This is 

important for the interpretation of Figures 4.2 and 5.1, where the wall shear stress was estimated 

from the instantaneous pressure drop.  In particular, it indicates that the true shear stress may lag 

behind that plotted in Figures 4.2 and 5.1 by only 15 ms and may be considered representative of 

instantaneous flow rates in the PPFCs.  
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Appendix B: Basic Stamp Programs 
 

The following are Basic Stamp computer programs used to control micro-processor controlled 
actuator valves. The valves are programmed to be turned on and off at specific time intervals 
creating the flow profiles used in this work. 
 

B.1 Intermittent Flow (Chapter 3) 

 
' PIN 0 is Green LED. 
' PIN 1 to 4 are Yellow LEDs, and also drive high current (1 ampere) drivers, steering diodes 
connected. 
' PIN 1 to 4 drive high current (1 ampere) drivers, to which SOLENOID VALVES are connected. 
 
'{$STAMP  BS2}                         'STAMP directive (specifies a BS2) 
 
' Objective: Control 1 valve connected to output PIN 1 to toggle 5 min on/5 min off 
 
cycle1             VAR  Byte            ' On-time width 
cycle2             VAR  Byte            ' On-time width 
 
LOW  0                                         ' Set the pin high (LED on). 
LOW  1                                         ' Set the pin low (LED off). 
LOW  2                                         ' Set the pin low (LED off). 
LOW  3                                         ' Set the pin low (LED off). 
LOW  4                                         ' Set the pin low (LED off). 
 
PAUSE 2000                                 'wait 2 sec before starting 
 
Again: 
 
timing: 
FOR cycle1 = 1 TO 150                ' about 1 second per cycle  
                                                       ' 60 cycles per minute, 5 min = 300 cycles 
                                                       ' remember:  1000 pauses equals 1 second 
  PAUSE 1000 
  TOGGLE 0 
NEXT 
 
FOR cycle2 = 1 TO 150                ' second timing cycle  ' 250 cycles maximum per loop 
  PAUSE 1000 
  TOGGLE 0 
NEXT 
 
' for Valve 1: 
TOGGLE 1 
GOTO Again 



 

 102 

B.2 Pulsatile Flow (Chapter 4) 

 
' File .... Quad_VALVE-control.BS2 
' Version .... 0.9 
' Purpose .... VALVEs Controller 
' Author .... Riley Chan (Copyright 2005, All Rights Reserved) 
' Started .... Riley, August 2005 
' Modified …. 6/12/06 
' Goal …. Pulses 3/12 (valve 1), 5/20 (valve 2), 15/60 (valve 3) 
 
===================================================================== 
 
' -----<USER'S PARAMETERS ENTRY>------------------------------------------------------------------ 
' ......... MINUTE = 5                                       ' Time of VALVE FLOW, in minutes 
 
' -----</USER'S PARAMETERS ENTRY>----------------------------------------------------------------- 
 
' -----<NOTES>------------------------------------------------------------------------------------------------- 
' program written for Goldstein. 
' PAUSE = about 1 millisecond, 1 to 65535 counts 
 
' -----<APPENDs>---------------------------------------------------------------------------------------------- 
 
' -----<Program Description>---------------------------------------------------------------------------------- 
' Program to control FOUR (4) SOLENOID VALVES to switch ON and OFF as defined   
' by a Time_Base, "MINUTE", as defined above.  The four VALVEs are switched in  
' a 1-2-4-8 sequence. 
' A switch is used to START and STOP the control sequence.  Restart is effected 
' by the RESET switch. 
' PAUSE 1000 command is used establish a 1 SECOND interval which is counted 
' by 60, [ FOR-NEXT ] to get a one (1) MINUTE basis.  The SECOND interval is 
' also used to drive a HeartBeat LED display, connected to PIN 11. 
' The 1-2-4-8 interval is generated by four (4) "A = A + 1" loops counting in 
' 1, 2, 4, 8 reset rates, respectively.  At the end of the count rates, the 
' OUTPUT pins associated with a VALVE is TOGGLED. 
' A switch, connected to PIN 9, is used to START/STOP the sequence using the 
' BUTTON command. 
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' -----<Block Diagram>----------------------------------------------------------------------------------------- 
' 
' +Vin (12V)_________________________ 
'              |                     | 
'              |                     | 
'______________|____                 | 
'|  BasicSTAMP II   |                | 
'|                  |                | 
'| HeartbeatPIN11---|--LED driver    | 
'|                  |                | 
'|PINs  4  3  2  1  |                | 
'|______ __ __ __ __|     ___________|______ 
'       |  |  |  |        |Driver Transistor|____ TO VALVE 1 
'       |  |  |  |________|_________________| 
'       |  |  |                      | 
'       |  |  |           ___________|______ 
'       |  |  |           |Driver Transistor|____ TO VALVE 2 
'       |  |  |___________|_________________| 
'       |  |                         | 
'       |  |              ___________|______ 
'       |  |              |Driver Transistor|____ TO VALVE 3 
'       |  |______________|_________________| 
'       |                            | 
'       |                 ___________|______ 
'       |                 |Driver Transistor|____ TO VALVE 4 
'       |_________________|_________________| 
' 
 
' -----<BS2 PIN assignment>---------------------------------------------------------------------------------- 
DIRL = %1111000000000000 
' pin 0 
' pin 1  --- Valve 1 
' pin 2  --- Valve 2 
' pin 3  --- Valve 3 
' pin 4  --- Valve 4 
' pin 5 
' pin 6 
' pin 7 
' pin 8 
' pin 9 
' pin 10 
' pin 11 
' pin 12 
' pin 13 
' pin 14 
' pin 15 
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' -----<Variables>----------------------------------------------------------------------------------------------- 
btnCHK             VAR     Byte             ' workspace for BUTTON check, active LOW 
SECONDs         VAR     Byte             ' seconds basis 
MINUTE           VAR     Byte             ' establish minutes 
V_Time             VAR     Byte             ' PERIOD of VALVE switching set by user 
V_1                    VAR     Byte             ' counter Variable 
V_2                    VAR     Byte 
V_3                    VAR     Byte 
V_4                    VAR     Byte 
cyclic                 VAR     Byte 
 
' -----<Initialization>-------------------------------------------------------------------------------------------- 
Initialize: 
  btnCHK  = 0 
  V_1 = 0 
  V_2 = 0 
  V_3 = 0 
  V_4 = 0 
  HIGH 1        'valves off 
  HIGH 2 
  HIGH 3 
 
' -----<Program Code>------------------------------------------------------------------------------------------ 
' -----<START switch>----------------------------------------------------------------------------------------- 
waitLoop: 
'  BUTTON 9, 0, 255, 250, btnCHK, 0, noPress            ' goto noPress if PIN9 is LOW 
 
Main: 
' -----<TERMINATE switch>--------------------------------------------------------------------------------- 
'  BUTTON 9, 0, 255, 250, btnCHK, 0, control             ' goto terminate if PIN9 is LOW 
'  GOTO stopProc 
control: 
 
' -----<Program START>-------------------------------------------------------------------------------------- 
DEBUG CLS                                                                 ' clear display SerialPort 
 
' -----<LOOPing>----------------------------------------------------------------------------------------------- 
DO 

 
' -----<VALVE Control>--------------------------------------------------------------------------------------- 
cyclic = cyclic + 1 
IF cyclic = 9 THEN 
  LOW 1                                            'valve opens 
ELSEIF cyclic = 12 THEN 
  HIGH 1 
ELSEIF cyclic = 15 THEN 
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  LOW 2 
ELSEIF cyclic = 20 THEN 
  HIGH 2 
ELSEIF cyclic = 21 THEN 
  LOW 1 
ELSEIF cyclic = 24 THEN 
  HIGH 1 
ELSEIF cyclic = 33 THEN 
  LOW 1 
ELSEIF cyclic = 35 THEN 
  LOW 2 
ELSEIF cyclic = 36 THEN 
  HIGH 1 
ELSEIF cyclic = 40 THEN 
  HIGH 2 
ELSEIF cyclic = 44 THEN 
  LOW 1 
ELSEIF cyclic = 45 THEN 
  LOW 3 
ELSEIF cyclic = 47 THEN 
  HIGH 1 
ELSEIF cyclic = 55 THEN 
  LOW 2 
ELSEIF cyclic = 57 THEN 

LOW 1 
 

ELSEIF cyclic = 60 THEN 
  cyclic = 1 
  HIGH 1 
  HIGH 2 
  HIGH 3 
 
ENDIF 
 
' -----<Print to SERIAL Port>--------------------------------------------------------------------------------- 
          DEBUG CRSRXY, 0 ,5, "status of valves --- (4, 3, 2, 1) :   ",  BIN  IN4, BIN  IN3, BIN    
          IN2, BIN  IN1 
 
' -----<Establish Time BASE in 10 seconds>--------------------------------------------------------------- 
    FOR V_Time = 1 TO 1                                ' establish VALVE Period basis 
         PAUSE 1000                                           ' establish seconds basis ( 1000 )'pause 1500 or 500 
    NEXT 
 
  LOOP 
' -----</LOOPing>---------------------------------------------------------------------------------------------- 
 



 

 106 

' -----</Program START>------------------------------------------------------------------------------------- 
 
' -----<reset VALVES and END>---------------------------------------------------------------------------- 
stopProc: 
 
terminate:                       'reset VALVES to close 
  HIGH 1 
  HIGH 2 
  HIGH 3 
 
' -----</reset VALVES and END>---------------------------------------------------------------------------- 
END                                                        ' end program 
 
' -----</Program Code>----------------------------------------------------------------------------------------- 
 
noPress: 
  GOTO waitLoop 
END 
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B.3 1 Hz Pulsatile Flow (Chapter 5) 

 

' File .... Quad_VALVE-control.BS2 
' Version .... 0.9 
' Purpose .... VALVEs Controller 
' Author .... Riley Chan (Copyright 2005, All Rights Reserved) 
' Started .... Riley, August 2005 
' Modified …. 10/5/08 
' Goal …. Pulses 1/1 (approx. 1 Hz) 
 
===================================================================== 
 
' -----<USER'S PARAMETERS ENTRY>------------------------------------------------------------------ 
' ......... MINUTE = 5                                       ' Time of VALVE FLOW, in minutes 
 
' -----</USER'S PARAMETERS ENTRY>----------------------------------------------------------------- 
 
' -----<NOTES>------------------------------------------------------------------------------------------------- 
' program written for Goldstein. 
' PAUSE = about 1 millisecond, 1 to 65535 counts 
 
' -----<APPENDs>---------------------------------------------------------------------------------------------- 
 
' -----<Program Description>---------------------------------------------------------------------------------- 
' Program to control FOUR (4) SOLENOID VALVES to switch ON and OFF as defined   
' by a Time_Base, "MINUTE", as defined above.  The four VALVEs are switched in  
' a 1-2-4-8 sequence. 
' A switch is used to START and STOP the control sequence.  Restart is effected 
' by the RESET switch. 
' PAUSE 1000 command is used establish a 1 SECOND interval which is counted 
' by 60, [ FOR-NEXT ] to get a one (1) MINUTE basis.  The SECOND interval is 
' also used to drive a HeartBeat LED display, connected to PIN 11. 
' The 1-2-4-8 interval is generated by four (4) "A = A + 1" loops counting in 
' 1, 2, 4, 8 reset rates, respectively.  At the end of the count rates, the 
' OUTPUT pins associated with a VALVE is TOGGLED. 
' A switch, connected to PIN 9, is used to START/STOP the sequence using the 
' BUTTON command. 
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' -----<Block Diagram>----------------------------------------------------------------------------------------- 
' 
' +Vin (12V)_________________________ 
'              |                     | 
'              |                     | 
'______________|____                 | 
'|  BasicSTAMP II   |                | 
'|                  |                | 
'| HeartbeatPIN11---|--LED driver    | 
'|                  |                | 
'|PINs  4  3  2  1  |                | 
'|______ __ __ __ __|     ___________|______ 
'       |  |  |  |        |Driver Transistor|____ TO VALVE 1 
'       |  |  |  |________|_________________| 
'       |  |  |                      | 
'       |  |  |           ___________|______ 
'       |  |  |           |Driver Transistor|____ TO VALVE 2 
'       |  |  |___________|_________________| 
'       |  |                         | 
'       |  |              ___________|______ 
'       |  |              |Driver Transistor|____ TO VALVE 3 
'       |  |______________|_________________| 
'       |                            | 
'       |                 ___________|______ 
'       |                 |Driver Transistor|____ TO VALVE 4 
'       |_________________|_________________| 
' 
 
' -----<BS2 PIN assignment>------------------------------------------------------------------------------- 
DIRL = %1111000000000000 
' pin 0 
' pin 1  --- Valve 1 
' pin 2  --- Valve 2 
' pin 3  --- Valve 3 
' pin 4  --- Valve 4 
' pin 5 
' pin 6 
' pin 7 
' pin 8 
' pin 9 
' pin 10 
' pin 11 
' pin 12 
' pin 13 
' pin 14 
' pin 15 
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' -----<Variables>----------------------------------------------------------------------------------------------- 
btnCHK             VAR     Byte             ' workspace for BUTTON check, active LOW 
SECONDs         VAR     Byte             ' seconds basis 
MINUTE           VAR     Byte             ' establish minutes 
V_Time             VAR     Byte             ' PERIOD of VALVE switching set by user 
V_1                    VAR     Byte             ' counter Variable 
V_2                    VAR     Byte 
V_3                    VAR     Byte 
V_4                    VAR     Byte 
cyclic                 VAR     Byte 
 
' -----<Initialization>-------------------------------------------------------------------------------------------- 
Initialize: 
  btnCHK  = 0 
  V_1 = 0 
  V_2 = 0 
  V_3 = 0 
  V_4 = 0 
  HIGH 1        'valves off 
  HIGH 2 
  HIGH 3 
 
' -----<Program Code>------------------------------------------------------------------------------------------ 
' -----<START switch>----------------------------------------------------------------------------------------- 
waitLoop: 
'  BUTTON 9, 0, 255, 250, btnCHK, 0, noPress            ' goto noPress if PIN9 is LOW 
 
Main: 
' -----<TERMINATE switch>--------------------------------------------------------------------------------- 
'  BUTTON 9, 0, 255, 250, btnCHK, 0, control             ' goto terminate if PIN9 is LOW 
'  GOTO stopProc 
control: 
 
' -----<Program START>-------------------------------------------------------------------------------------- 
DEBUG CLS                                                                 ' clear display SerialPort 
 
' -----<LOOPing>----------------------------------------------------------------------------------------------- 
DO 

 
' -----<VALVE Control>--------------------------------------------------------------------------------------- 
cyclic = cyclic + 1           '1/1 loop 
IF cyclic = 2 THEN 
  LOW 12 
  LOW 13 
  LOW 14                     
ELSEIF cyclic = 3 THEN 
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  HIGH 12 
  HIGH 13 
  HIGH 14 
ELSEIF cyclic = 4 THEN 
  LOW 12 
  LOW 13 
  LOW 14 
ELSEIF cyclic = 5 THEN 
  cyclic = 1 
  HIGH 12 
  HIGH 13 
  HIGH 14 
ENDIF 
 
' -----<Print to SERIAL Port>--------------------------------------------------------------------------------- 
          DEBUG CRSRXY, 0 ,5, "status of valves --- (4, 3, 2, 1) :   ",  BIN  IN4, BIN  IN3, BIN  
IN2, BIN  IN1 
 
' -----<Establish Time BASE in 10 seconds>--------------------------------------------------------------- 
    FOR V_Time = 1 TO 1                               ' establish VALVE Period basis 
          PAUSE 500                                           ' cut time in half so 1 sec = 0.5 sec 
    NEXT 
 
  LOOP 
' -----</LOOPing>---------------------------------------------------------------------------------------------- 
 
' -----</Program START>------------------------------------------------------------------------------------- 
 
' -----<reset VALVES and END>----------------------------------------------------------------------------- 
stopProc: 
 
terminate:                                        ' reset VALVES to close     
  HIGH 12 
  HIGH 13 
  HIGH 14 
 
' -----</reset VALVES and END>---------------------------------------------------------------------------- 
END                                                 ' end program 
 
' -----</Program Code>----------------------------------------------------------------------------------------- 
 
noPress: 
  GOTO waitLoop 
END 


