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ABSTRACT OF DISSERTATION
GRADUATE SCHOOL, UNIVERSITY OF ALABAMA AT BIRMINGHAM

Degree _ PhD Program Biomedical Engineering

Name of Candidate Deborah F. Rigsby

Committee Chair Linda C. Lucas

Title Analysis and Characterization of the Metabolic and Morphologic

Responses to Uniaxial Deformation of Osteoblasts Cultured on Ti-6AL-4V

The primary objective of this research was the development and testing of a
system for evaluating effects of quantified, uniform, dynamic mechanical load on
osteoblasts growing on an actual dental/orthopedic implant material. MC3T3-El cells
were plated onto titanium alloy (Ti-6Al-4V) coupons and subjected to uniform, uniaxial
stress via a custom 4-point bend apparatus and a model MTS Model 8581 mini-Bionix™,
servo-hydraulic testing machine. Peak loads of 3000 microstrain (e) or 6000 pue were
established in a cyclic pattern (1 hertz [Hz] for 30 minutes [min}) and quantified using 90°
rosette strain gages attached to a DATAQ data acquisition system. At various time
points after loading (1 hour [hr]-48 hr), cells were evaluated for changes in morphology or
alignment by digital imaging using S-chloromethylfluorescein diacetate (CMFDA) and
rhodamine-phalloidin and for changes in expression of the genes for hypozanthine
phosphoribosyltransferase (HPRT), collagen, osteopontin, and f-1 integrin using
quantitative reverse transcriptase polymerase chain reaction (RT-PCR). No significant,

reproducible alterations in morphology or alignment were observed using the current
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loading parameters. Data from quantitative RT-PCR experiments were compared by 2-
way ANOVA of values for messenger ribonucleic acid (mRNA) copy number of each
target gene normalized to 100,000 copies of the housekeeping gene. HPRT. Main effects
examined were load and time; post-hoc analysis was by Student-Newman-Keuls pairwise
multiple means comparison test. Interactions of load and time were only examined when
ANOVA indicated a significant interaction effect, and then only pre-planned comparisons

were made. Copy number for collagen was elevated with 3000 pe of load and at 24 and

48 hr after loading; for B-1 integrin, copy number was increased at 24 and 48 hr and
significant interactions of time with load were also present; for osteopontin. a significant
increase in copy number was observed at the 48 hr timepoint, but no changes due to load
were observed. This study demonstrated the usefulness of this novel strain application
system for evaluating effects of mechanical loading on bone cells in contact with
dental/orthopedic implant materials. By virtue of the ability to apply quantified,
uniform, dynamic deformation, this system will also allow exploration of signaling

pathways used in mechanosensory force transduction.
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INTRODUCTION

Periodontal disease, irreversible pulpitis, and trauma are just a few of the
conditions that may necessitate the extraction of one or more teeth from the human
maxilla or mandible. Over 20 million people in the United States alone are completely
edentulous in one or both arches. Partial edentulism is even more widespread (1).
Edentulism, whether partial or complete, can lead to varying degrees of speech
impediments, decreased masticatory efficiency, and poor esthetics. This alteration in
function and/or appearance often creates the need for prosthodontic intervention. Dental
implants have become a life-enriching treatment option that offers both improved health
and a better outlook for patients facing edentulism and its sequelae.

Attempts to replace missing teeth with endosteal implants made of stone and
ivory have been traced back to the ancient Egyptian and South American civilizations (2).
Metal implants of lead, gold. tantalum, iridium, stainless steel, and cobalt alloy were
developed in the early 20th century (3). Cobalt-chromium-molybdenum subperiosteal
and titanium (Ti) blade implants introduced in the 1940s and 1960s, respectively, became
the most successful implant devices used from 1950 through 1980. Nonmetal
biomaterials, such as carbon (4), aluminum (Al) oxide (5), and hydroxyapatite (6) were

introduced in the 1970s and have experienced limited success.
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One of the most significant events in the history of implant dentistry occurred in
1978 at a conference in Toronto, Canada. Professor Per-Ingvar Branemark presented the
first two-stage threaded titanium root-form implant (7). While conducting animal studies
in Géteberg, Sweden, Professor Branemark discovered that Ti implants placed in the
femurs of rabbits could not be removed from the bone after a period of healing. He
termed this interaction between bone and the titanium implants “osseointegration™ and
defined it as the: “direct structural and functional connection between ordered, living bone
and the surface of a load-carrying implant (8).” In the time since Branemark’s
introduction of osseointegrated implants, long-term prospective studies have offered
evidence of prolonged survival, freestanding function, bone maintenance, and an improved
benefit-to-risk ratio over all previous dental implants (9). With osseointegration a clinical
reality, root-form implants have become implantology’s most dominant design.

In an effort to optimize the interaction between bone and dental or skeletal
implants, many researchers have focused their attention on the implant-to-tissue interface
(10-28). The importance of the events that take place at the interfacial zone between an
implant and the host tissue can not be overstated. This complex interaction involves not
only biomaterial and biocompatibility issues but also the alteration of the mechanical
environment that occurs when placement of an implant disturbs the normal physiological
distribution of forces, fluids, and cell communication.

The term interface is defined as a plane forming the common boundary between
two parts of matter or space (29). The interface may represent a discrete boundary

between the two materials or it may consist of a region or zone of interaction between the
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two materials. The interface that exists between a dental implant and bone is an example
of the latter (14, 28, 30).

The implant-to-tissue interface is an extremely dynamic region of interaction. This
interface completely changes character as it goes from its genesis (placement of the implant
into the prepared bony site) to its maturity (healed condition). The biomechanical
environment plays an immediate role in the quality and compositional outcome of the new
interface. For example, extensive research shows that if the implant is stable in the bone at
the time of placement, the interface is more likely to result in osseointegration (24, 31).
Relative movement (or micromotion) between the implant and the bone at the time of
placement is more likely to favor the development of a fibro-osseous interface (27, 32).
The healing stage of the interface, however, is only the beginning of its dynamic nature.
Functional loading of the implant brings additional biomechanical influences which greatly
affect the composition of this junction.

A current topic of intense research is the transduction of loading-induced strain at
the interface into a signal that can direct the interfacial tissues to respond or remodel. It
has been proven that bone responds to both hormonal and biomechanical (functional
loading) regulation. These two regulating mechanisms are often in opposition to each
other. Research has shown that even in instances where there is a large demand for
calcium (the primary objective for hormonal regulation), functional loading can compete
and maintain bone mass (33). It has been theorized that the actual strain that is perceived
by the bone tissue initiates a chain reaction of events that results in a biological response.

For tissue strain to influence bone adaptation at the bone/implant interface, it must elicit
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some sort of a chemical or biological response in a strain-sensitive population. The
current hypothesis is that bone cells in conjunction with the extracellular matrix comprise
the strain-sensitive population and each plays a vital role in the mediation of the interface.
Based on this rationale, it would seem that the objective of a good implant design would
be to ensure a strain environment within the host bone tissue and at the interface that
favors osseointegration of the implant.

The desire to optimize the effects of strain at the bone-to-implant interface to
encourage osseointegration was largely fostered by biomechanically-based bone remodeling
theories. Frost proposed the theory of the "mechanostat” (34). He postulated that bone
mass is a direct result of the mechanical usage of the skeleton. This agrees with Wolff's
law (35), which, in summary, states that “form follows function.” Frost established a
mechanical adaptation chart relating trivial loading, physiologic loading, overloading, and
pathologic loading zones to ranges of microstrain. His studies showed that strains in the
range of 1,500 to 25,000 stimulated increases in cortical bone mass until the strains were
reduced to the threshold range or minimum effective strain. This process of the
mechanostat would effectively switch the bone modeling “on” and “off”.  This
phenomenon led him to the "flexure drift" hypothesis in which he proposed that long
bones were geometrically curved in order to minimize the strain distribution down the long
axis of the bone. He suggested that the curvature of the long bones canceled the bending
moment caused by the eccentric pull of the muscles.

Experimental testing of these ideas led to controlled loading of avian ulnae (36).

Strain gages were used to determine physiological peak strains. The bones were loaded in
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a controlled manner based on these peak strains. Loads were constant (static) and
dynamic, and some of the bones were isolated from loading. The short periods of dynamic
loading showed an increase in the bone area (cross-section) of 24%. whereas the static
loading and the lack of loading resulted in a 13% decrease in bone area. Loading was done

via external fixators and Steinmann pins which were connected to an Instron™ machine

that applied the cyclic load. It was concluded from these studies that an optimum strain
environment exists for each specific anatomical area and that the peak strains innate for
that area should be maintained to optimize the bone's response.

Cowin (37) proposed potential mechanisms by which bone cells sense mechanical
load. Tissue-level strains were regarded as macroscopic strains averaged over a significant
volume of bone tissue, whereas cell-level stains were defined as highly localized strains at
the cell lacunae level. Cowin suggested that cell-level strains were almost 10-fold greater
than tissue-level strains based on the confines and geometry of the lacunar shape. The
proposed mechanisms included membrane deformation (action potential), intracellular
action (passage of secondary messengers), and extracellular action (streaming potentials).

Though the exact mechanism for the initial detection and conversion of mechanical
stress into a biochemical signal has yet to be determined, several theories have been
proposed. One possible transduction pathway is the extracellular matrix-integrin-
cytoskeletal network (38). Cells attach to the extracellular matrix via membrane spanning
glycoproteins called integrins. The integrins attach to the actin cytoskeleton through

several actin-associated proteins such as vinculin, talin, tensin, and a-actinin (39). The
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cytoskeleton has been shown to connect the extracellular matrix with the cytoplasmic
constituents of the cell (40), allowing physical stimuli to be rapidly transmitted to the
nucleus, possibly altering gene expression. Experimental evidence does, in fact, suggest
that cellular attachment to the extracellular matrix pla-ys an important role in the regulation
of cellular proliferation, differentiation, morphogenesis, and gene expression (41-43).

To date, there has been great diversity in the methodology used to apply
deformation to various populations of cultured cells. Of the many methods used to
deform the substrate on which cells are grown, several attempts have been made to deform
circular diaphragms by the use of hydraulic or uniform pressure loading. Hasegawa (44)
placed a Petriperm dish with a thin flexible Teflon base on a convex template which
increased the surface area of the base of the dish by 4%. Banes (45) developed a device
called the Flexcell, which applies strain via a vacuum on circular culture wells with a thick
silastic plate as a substrate. Gorfien & Winston (46) described a device for stressing
endothelial cells biaxially on thin circular Mitrathane membranes inflated at 1 Hz. Yeh &
Rodan (47) subjected osteoblast-like cells grown on collagen ribbons to cyclic uniaxial

tension.

The characterization of the biological responses resulting from cellular deformation
is equally as diverse as the deformation methodologies themselves. Fluctuation in the
concentrations of intracellular second messenger molecules has been reported by
numerous investigators (47-52). In general, cell surface receptors relay information by
activating a chain of events that alters the concentration of one or more small intracellular

signaling molecules often referred to as second messengers or intracellular mediators. In
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turn, these messenger molecules pass the signal on by altering the behavior of selected
cellular proteins. Some of the most widely used intracellular mediators are cyclic adenosine
monophosphate (cAMP), Ca 2*, and cyclic guanosine monophosphate (cGMP) (53).

Prostaglandin E, (PGE,) and prostacyclin are paracrine agents that are released by

osteoblasts in response to mechanical strain (47, 54-56). Both of these prostaglandins are
released by bone in organ culture after a mechanical loading stimulus (57, 58), and when
prostaglandin production is blocked by indomethacin, the anabolic effect of mechanical
load in vivo is greatly depressed (59).

Harrell (48) observed that isolated osteoblasts grown on a polystyrene plate that
had an orthodontic jack screw glued to its bottom responded to continuous strain by

increasing PGE, concentrations followed in minutes by an increase in cAMP release.

Rodan et al. (49) agreed that the second messenger cAMP was affected by mechanical
strain and also reported changes in cGMP and calcium ions. Yeh & Rodan (47) suggested
that prostaglandins might be involved in the transduction of mechanical strain but did not
apply physiological levels of strain to their samples. Fluid shear experiments performed
by Reich et al. (50) demonstrated that osteoblasts respond with an increase in cellular
levels of inositol triphosphate.

Osteoblasts form bone by secreting many extracellular matrix proteins, including
type I collagen, osteopontin, osteocalcin, osteonectin, biglycan, and decorin. Many of
these proteins are currently being investigated with regard to their role in the transduction

of mechanical strain. Osteopontin was first purified from rat bone matrix and is
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considered to play an important role in the cascade of events required for the formation of
bone matrix (60). Expression of osteopontin messenger ribonucleic acid (mnRNA) has been
shown to be elevated as a sequelae of mechanical stress (61). Osteocalcin. also known as
bone Gla protein, is widely used as a marker for bone metabolism. Studies have shown
that the expression of osteocalcin can be stimulated or depressed by mechanical stress
both in vivo (62) and in vitro (63-65).

Though these cell culture studies generate promise for the quantitative delineation of
the mechanically induced cellular response of bone, the enthusiasm for all of these studies
must be tempered in light of the experimental models that have been used. Virtually
all of these models employ some form of polyurethane membrane, collagen ribbon. or
silastic plate as the substrate upon which the cells are grown and mechanically stimulated.
Given the complex host-biomaterial interactions within the human body, the cellular
response of isolated bone cells on polyurethane membranes or collagen ribbons is likely to
be significantly different than bone cells in intimate contact with a contemporary
implant biomaterial such as titanium alloy. In order to more appropriately explore the
effects of mechanical strain on the cells of the bone-to-implant interface, an experimental
system that allows growth of osteoblastic-like cells on the surface of an actual implant
material is needed.

The goal of this investigation involved the development of an in vitro system in
which osteoblasts can adhere to and proliferate on a titanium alloy (Ti-6Al-4V) substrate
and subsequently be subjected to a controlled, quantified, uniform mechanical strain.

Following completion and optimization of the in vitro system, an in-depth analysis of
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some of the resultant biological responses of the osteoblasts was conducted. Observation
of morphological alterations, and measurement of changes of the mRNA levels for

osteopontin, B-1 integrin and type I collagen were the focus of this analysis.
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HYPOTHESES
1. Living osteoblasts that are attached to a Ti-6Al-4V substrate are physiologically
or pathologically affected by an alteration in the magnitude of strain present on
the surface of the substrate. An increase in the environmental pe will induce at-
tached osteoblasts to realign the long axis of their cytoskeleton from an orientation

that is random to one that is essentially perpendicular to the axial line of strain.

o

Reorganization of the cytoskeleton caused by changes in the strain environment

may be mediated by altered expression and/or reorganization of osteoblast in-
tegrins.

3. Metabolic changes which result from cytoskeletal alterations are expected to in-
clude modification in the expression of genes related to the osteoblast phenotype.

These strain induced changes in gene expression are expected to increase the pro-

duction of proteins such as type I collagen. and osteopontin.

10
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SPECIFIC AIMS

The specific aims are
1. To determine an appropriate osteoblast model to serve as an in vitro system in
which osteoblasts adhere to and proliferate on implant materials and are subse-

quently subjected to a controlled mechanical strain.

o

To design an experimental testing system that will allow the application of dy-
namic. quantifiable, uniform, uniaxial deformation to viable osteoblasts attached to
a Ti-6Al-4V substrate.

3. To use the experimental testing system developed in specific aim 2 to apply
known magnitudes of strain to viable osteoblasts followed by observation and
documentationof any morphological and/or organizational changes.

4, To measure mRNA levels of B-1 integrin in controlled and strained osteoblasts at
varying timepoints.

5. To measure osteopontin mRNA levels in controlled and strained osteoblasts at
varying timepoints.

6. To measure type I collagen mRNA levels in controlled and strained osteoblasts at

varying timepoints.

11
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SELECTION OF AN OSTEOBLAST MODEL

The determination of an appropriate osteoblast model was necessary as a first
step toward the development of an in vitro system in which osteoblasts adhere to and
proliferate on implant materials and are subsequently subjected to a controlled mechanical
strain.

A preliminary study was conducted to compare the proliferation and
morphological features of primary rat bone marrow cells (RBM) and three widely used
osteoblastic cell lines (MC3T3-E1, MG-63, and ROS 17/2.8) (Courtesy of Dr. Charles
Prince, Department of Nutrition Sciences, University of Alabama at Birmingham (UAB),
Birmingham, Alabama) grown on both tissue culture plastic and polished
commercially pure (CP)-Ti.

These cells, which are widely used as models of osteoblasts (66), were chosen
because they display a range of osteoblast phenotypic markers and include primary cells
(RBM) as well as clonal cell lines of normal (MC3T3-E1) and osteosarcoma origin (ROS
17/2.8 and MG-63). All of these cell populations produce type [ collagen, the major
protein of bone, and contain receptors for the osteotropic hormone, calcitriol, the
hormonal form of vitamin D.  All cell populations except the MG-63 cells express
the bone matrix protein, osteopontin; however, only the RBM and MC3T3-El cells

are capable of mineralized bone formation in vitro.

12
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Cells (10,000/50 pl of medium) were seeded onto 1.5 cm discs of Ti or onto
tissue culture plastic on Day 0 and allowed to attach for 4 hr before removal of non-
adherent cells. After growth for 2, 4, 6, and 8 days, triplicate samples were harvested and
cells were counted with a Coulter counter. Mean values of cell numbers at each timepoint
were determined and analyzed by ANOVA. As expected, each cell population
proliferated to a different extent (p < 0.0001) with ROS 17/2.8 > RBM and MG-63 >
MC3T3-El; however, no difference in proliferation was noted for cells grown on CP-Ti
versus plastic.

Cells that were grown on tissue culture plastic were observed at each time point
using a Nikon™ Diaphot Phase Contrast microscope. Photographs were taken at 4 hr and
2, 4, 6, and 8 days after seeding. To observe the cells grown on CP-Ti, one extra disc was
plated for each of the cell lines for scanning electron microscope (SEM) observation at the
4-hr and 2-day timepoints. The hexamethyldisilazane (HMDS) technique (67) was used
to fix and dry the samples for SEM evaluation. This technique involved a series of
dehydration steps using ethanol followed by submersion in HMDS for 30 min. After
complete air drying, the SEM samples were sputter-coated with gold using a Denton ™
Vacuum Desk-1 Cold Sputter-Etch unit and were viewed with a Philips™ 515 SEM.
Micrographs were taken of the 4-hr and 2-day SEM samples.

Desirable characteristics of an osteoblastic cell model used to study the bone cell
response to mechanical strain include both rapid attachment of the cells to Ti as well as
early spreading tendencies. Increased area of contact between the cell and the strained

environment develops as the cell spreads on the substrate. All of the cells in this
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experiment attached well to the Ti, but the MC3T3-E!l cells showed the most spreading.
The MC3T3-El cells also spread sooner than the other cell populations, which could be
an advantage for detection of early cellular response to strain. Fig. 1 shows a SEM
micrograph of MC3T3-E1 cells attached and spread on CP-Ti. Experiments conducted in
the laboratory of Dr. Charles Prince have shown that no significant difference exists
between the attachment characteristics of MC3T3-E1 cells grown on CP-Ti or Ti-6Al-
4V.

The rounded morphology maintained by the ROS 17/2.8 (Fig. 2), and MG-63 cell

populations and the inherent heterogeneity of the RBM cells make them less desirable as

models for strain studies.

Fig. 1. MC3T3-El cells. Fig. 2. ROS 17/2.8 cells.

Based on these data, the MC3T3-E1 cells exhibit attachment and proliferative

characteristics which make them an appropriate osteoblastic cell model for in vitro studies
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of osseointegration to orthopedic and dental implant materials and are thus the cells

that were used in this work.
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DEVELOPMENT OF THE MECHANICAL LOADING SYSTEM

Multiple in vitro techniques have been used to stimulate mechanical loading at the
cellular level. Each of the different methods of strain application produces different types
of cellular deformation, including hypotonic swelling, hydrostatic pressure, uniaxial
stretch, biaxial stretch, and fluid shear stress (68).

Numerous investigators have demonstrated the responses of a wide variety of cell
types in culture to these varied mechanical perturbations. The mechanical parameters
employed (strain distribution, magnitude, frequency. and duration), however, have been
diverse and, at times, incompletely defined, making it difficult to formulate a generalized
relationship between particular features of mechanical deformation and cellular activity
(69). In many of the experiments where the strain magnitude has been defined, the
reported cellular responses are the result of strains that likely exceed the physiological
range. Additionally, many of the substrates on which the cells are observed are not
representative of an interface that would be present in vivo.

Of the most common loading methods discussed above, uniaxial stretch and fluid
shear most closely simulate the types of deformation bone cells undergo in vivo (38).
Hypotonic swelling never occurs in bone under physiological conditions and biaxial

stretch does not accurately simulate the Poisson’s effect that occurs in mineralized tissue

16
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in vivo (38). Hydrostatic pressure almost never occurs in mineralized bone but can occur

in bone marrow in the epiphyseal regions (70).

Design of the Strain Application Device

Uniaxial deformation was chosen as the appropriate loading scheme for this study.
In order to create a uniformly strained environment along the surface of the titanium
substrate, a strain application system which placed the substrate in pure bending was
developed. A member subjected to equal and opposite couples acting in the same
longitudinal plane is said to be in a state of pure bending (71).

The most practical method for placing a material in pure bending is to utilize the
4-point bend method. Theoretical and experimental evidence shows that although a
homogeneous bar placed in 4-point bend results in stress concentrations in the local area
of load application, a uniform, uniaxial stress distribution is established in the area
between the contact points. A photoelastic study (72) seen in Fig. 3 depicts a
homogeneous material placed in 4-point bending. The parallel dark fringes indicate that in
the portion of the strip medial to the points of load application, the stress distribution is

the same in all vertical cross sections.

-\

Fig. 3. Photoelastic coating showing uniform stress in 4-point bending (Taken from S.
Timoshenko, Strength of Materials, 2nd Ed., Lancaster Press, p 349, 1941.)
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Jones et al. (51) used a 4-point bending device to apply a defined cyclical load to
toughened glass plates. Strain gages mounted in several areas on the culture surface of 10
different plates showed that identical loads resulted in identical strains over the entire area
of the culture surface.

In addition to the creation of a uniformly strained region, the use of the 4-point
bend method allows the titanium substrate to be placed in tension or compression by
manipulating points of load application (Fig. 4). This may provide valuable information
when cellular response to these two loading regimes are compared. A review of the
literature has shown that dynamic or cyclic loading is necessary to cause a significant
metabolic change to occur in the bone cell population both iz vivo and in vitro (36, 38, 44,

46, 52, 69, 73-81).

' ¥ '
[ 1 f ] —> M COMPRESSION
' '
l t 1 ] —_— w TENSION

Fig. 4. 4-point bend fixture can produce compression or tension.
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The greater the rate of change of applied strain in bone, the more bone formation is
increased (82). This important observation has been replicated several times and
demonstrates that static stretch of cells in situ is not sufficient to activate a bone-modeling
response (38). The effect of applied strains on bone is dictated not only by the rate of
the applied loads, but also by the magnitude and duration (38). Lower magnitude loads
applied for many cycles can cause the same anabolic effects as larger loads applied for a
limited number of cycles. For instance, Rubin & Lanyon (81) demonstrated that the
application of 2050 pe at a frequency of .5 Hz for four consecutive cycles per day
produced the same maintaining effect on bone mass in immobilized limbs as 100
consecutive cycles of 1000 pe applied at the same frequency (.5 Hz).

In order to carefully control the magnitude, duration, and rate of applied loads to
the Ti-6Al-4V substrate, the Mechanical Testing Systems (MTS) Model 8581 mini-
Bionix™, servo-hydraulic testing machine was chosen. The MTS is currently located in
the Biomechanics Laboratory of the UAB Department of Biomedical Engineering,
Birmingham, AL. The MTS, in conjunction with the 458A1 Microprofiler, allows the
production of quantifiable, cyclical strain profiles in the Ti-6Al-4V substrate. The
Microprofiler™ serves as a wave generator that is used to design a specific load or
displacement profile.

The standard 4-point bend fixtures designed by the company do not allow enough
vertical space between the points of contact and the cross bar for cells and media. A

design for fixtures which do allow space and are interchangeable within the MTS load

Reprdduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

frame to allow either compression or tension of the substrate has been adapted from 4-
point bend fixtures described in the 1995 ASTM volume 15.01. Fig. 5 represents a

drawing of the 4-point bend fixture that was designed and used in this study.

Support Member

|<———- 80 mm —————bl

Fig. 5. Schematic of four point bend fixture.

Ti-6Al-4V Sample Design and Preparation

As mentioned earlier, Ti-6Al-4V is commonly used as the material of choice for
both surgical and dental implants; therefore, Ti-6Al-4V was chosen as the substrate on
which to culture the MC3T3-El cells. Ten rectangular coupons of Ti-6AL-4V, measuring
100 mm x 30 mm x 5 mm, (Fig. 6) were obtained from Innovations, a company located in
Drummons, TN. All samples were measured, and each requested dimension fell within
the specified tolerance range. One side of each coupon was scored, both horizontally and

vertically, to create a visual guide for ideal placement of the strain gages. A fine blade and
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Fig. 6. Ti-6Al-4V sample dimensions.
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a level graphite table was used to ensure accurate markings on all of the coupons. The
surface of the Ti-6AL-4V coupons opposite the score marks was polished to a mirror

finish using grit paper and alumina on a Beuhler Polishing Machine™. The final polish

was achieved using 0.3 micron alumina .

The next step in sample preparation involved cleaning and passivation of the
coupons. All samples were covered in benzene and placed in the ultrasonic cleaner for 10
min. The samples were then rinsed with distilled water and placed in acetone in the
ultrasonic cleaner for another 10 min. After rinsing again with distilled water, the samples
were placed in the ultrasonic cleaner covered in 95% ethanol. Following a third distilled
water rinse, the samples were placed in a container of 40% volume nitric acid for 30 min
and allowed to passivate. The samples were then rinsed with distilled water and allowed
to air dry before application of the custom wells.

The next step in sample design involved developing a method to divide each
coupon into six discrete sections so that multiple cellular samples could be evaluated from
one test. In addition to the divisions themselves, retention of cell media for each
compartment was another design criteria. In order to meet both of these design
specifications, 16-well chamber slides were purchased from Fisher Scientific, Springfield,
NJ. The polystyrene elevations were removed and modified to create 6-well sections that
fit transversely on the Ti-6Al-4V coupons. The gasket that secured the wells to the
original glass slides was destroyed when the wells were removed. Pure silicone (Dow

Corning, Midland. MI) was used to affix the modified 6-well section to the Ti-6Al-4V
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coupons. Silicone was chosen as the luting agent because it has a much lower elastic
modulus (E < 8,280 MPa) (83) than that of the Ti-6AI-4V (E = 110 GPa) (84) and should
not create any stiffening or bracing effects which might alter the strain distribution during
cyclic loading. This assumption was verified by measuring strain on the surface of the Ti-
6Al-4V samples with and without the silicone wells following application of the same
load. The polystyrene covers used as the ceiling on the 6-well section were modified from
the original cover plates that came on the 16-well slides.

As soon as the wells were successfully attached to the clean, passivated, Ti-6Al-
4V samples, they were placed in a ultra violet (UV) hood for 24 hr. The cover plates
were turned up so that the surface that would be facing the cell media was exposed to the
UV light. After the UV treatment, the covers were secured on the wells and the samples

were transported to the biomechanics laboratory for placement of the strain gages.

Gage Application and Strain Monitoring System

In order to accurately record the dynamic strain perceived by the attached cells on
the surface of the Ti-6Al-4V samples, self-temperature-compensating (S-T-C) strain
gages (WKO06125TM 350) (Measurements Group, INC, Raleigh, NC) were used. These
gages were chosen because they have a fatigue life of 10,000 cycles at £3,000 pe. The
fatigue life of the gage is an important consideration when dynamic testing is being done.
A fatigue life of 10,000 cycles was sufficient for this work because it exceeded the 1,800

cycle strain regimen that was used.
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Another reason for the selection of the WK06125TM 350 gage was that it was
arranged in a 90° T-rosette fashion. This allowed one leg of the gage to read strain along
the normal axis of the sample, while the other leg read the transverse strain.

In order to accurately measure the axial and transverse strain, precise positioning
of the gages was necessary. A dissecting microscope was used to ensure that the gages
were aligned along the score marks previously placed on the Ti-6Al-4V samples. This
method of gage placement resulted in the gages being positioned directly beneath the cell
wells on the opposite side of the coupon. Since any strain induced on the surface of the
homogeneous, symmetrical, coupon directly opposite the cell wells is equal to the strain
on the surface to which the cells are attached, measurement of this strain allows
determination of the exact strain perceived by the attached cells. Other than the use of
score marks instead of graphite positioning lines, the gages were applied according to the
manufacturer’s specifications.

Following proper application of the strain gages, lead wires were soldered to the
terminals to allow connection to the Model D1-510-32 DATAQ PC-based data
acquisition system (MTS Systems Corporation, Eden Prairie, MN). After soldering
these lead wires, two coats of M-coat were applied over the gages and terminals to seal
and protect them from exposure to the humid environment that would be encountered in
the incubator following the plating of the cells. Once the lead wires were attached and
coated, they were cut to the appropriate length to allow them to passively extend from

the strain fixtures of the MTS to the DATAQ system. The wires were then coiled and
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taped to allow easy transportation to the tissue culture hood for plating of the MC3T3-

E1l cells.

As mentioned above, the Model D1-510-32 DATAQ PC-based data acquisition
system was chosen to monitor and record the strain profiles created in this study. The
DATAQ system strain gage excitation modules transfer strain data to an associated PC
which uses the software program WINDAQM to record the strain wave profile as the
strain in the coupon goes from zero to the peak strain and back to zero again. For each
strain test, dynamic data from the axial gage, the transverse gage, and input from the MTS
load cell is recorded and saved for subsequent evaluation.

Before each test run of 1.800 cycles, the strain gages and the load cell had to be

zeroed out. The gages chosen for this study were 350 Q gages. The stock connections
for the DATQ were designed for 120 Q gages and as a result, the 350 Q gages could not
initially be zeroed out prior to testing. To avoid having to subtract the initial strain
reading from all subsequent readings when using the non-zeroed 350 Q gages, a custom
connection with two 400 Q resistors and two 1-K potentiometers was fabricated. This
new set-up allowed the 350 Q gages to be zeroed prior to testing and made the

subsequent waveform analysis more ideal.

Once the data acquisition system was optimized, the Ti-6Al-4V coupons were
loaded using the MTS and the strain fixtures previously discussed. This loading was done
both statically and dynamically, with and without wells attached. It was observed that

within the strain range of this study, which was within the elastic range of the Ti-6Al1-4V,
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a distinct load applied by the MTS could be correlated with a distinct strain on the
surface of the Ti-6Al-4V coupon. The addition of the 6-well section via the silicone

gasket did not alter this correlation in any way.

Plating of MC3T3-E1 Cells

Frozen MC3T3-E1 cells were obtained from the laboratory of Dr. Charles W.

Prince. The cells were initially thawed and plated in 75-ml flasks in 10 ml of HEPES a-

MEM medium (Fisher Scientific). The cells were allowed to attach and grow until they
were almost confluent along the bottom of the flask. In order to count the cells prior to
plating them on the Ti-6Al-4V coupons, all of the medium was removed and the cells
were rinsed with 5 ml of Hank’s balanced salt solution (HBSS) to remove any remnants
of serum. Five mls of sterile filtered pronase ( 0.001% pronase E, 0.02% EDTA in HBSS)
was then added to the flask, and it was placed back in the incubator and allowed to
incubate for 5 min. This process caused the cells to detach from the flask. After the
cells were visibly detached, 5 mls of media was added to the flask and the entire volume
was transferred to a 15-ml centrifuge tube. The tube was placed in a table top centrifuge
and was allowed to spin on setting 4 for 5 min to pellet the cells. The pellet was
resuspended in 5 mis of media, and 40 pl of the resuspension was added to 20 ml of
isotone solution for counting in the Coulter counter. Once cell number was determined by
the Coulter counter, the cells were diluted to the appropriate volume to produce 2,000

cells per 25 pl.
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It was determined that the wells on the Ti-6Al-4V samples could retain 195 pl of
media with the cover plate in place. In order to obtain an even distribution of the cells in

these small wells, the following protocol was followed: 170 pul of HEPES a-MEM
(Fisher Scientific) was initially placed in each well. HEPES a-MEM does not require

CO, buffering and can be used without supplemental CO,. This feature prevented the
need for special environmental regulation during the strain regimen. Twenty five
microliters of the diluted cell suspension was placed very slowly into each well using a
manual pipetor. The cover plates were placed on top of the wells and the coupons were
placed in the incubator over night to allow the cells to attach and spread on the polished
Ti-6Al-4V surface. This plating protocol was used for each round of testing. Following
strain testing and the appropriate analysis (morphological or metabolic). the wells were
removed from the Ti-6Al-4V surfaces and the coupons were polished. cleaned,

passivated, and made ready for the next series of tests.

Strain Application Protocol

The Ti-6Al-4V samples with the MC3T3-El cells attached were removed from
the incubator after overnight incubation and placed in the 4-point bend fixture in the
MTS. The lead wires were uncoiled and attached to the appropriate channels on the
custom bread board of the DATAQ. Three channels representing the axial gage, the

transverse gage, and the load cell of the MTS were visible when the WINDAQM 200 M
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software was initiated. Prior to any loading, the gage channels were zeroed using the
potentiometers on the bread board and the load cell was zeroed using the microprofiler ™.

Although the 4-point bend fixture was designed to deliver either a compressive or
tensile load, a dynamic compressive load was chosen for this investigation.

The MTS was operated in load control following a sinusoidal loading profile that
was programmed into the microprofiler. A sinusoidal wave profile was selected for this
dynamic strain investigation because it more closely mimics the pattern of masticatory
movements (85) than other wave form options. Although a person’s individual chewing
pattern is largely based upon coordination of condylar guidance, incisal guidance, plane of
occlusion, cusp angles, and the curve of Spee, this pattern has been shown to develop in a
way similar to that of the characteristic individual gait of walking (85). A value of 1,800
cycles at 1 Hz (cycle per second) was used because it is estimated that people average

around 1,800 chewing strokes per day (86).

In order to test the hypothesis that different magnitudes of dynamic strain would

cause different morphological and metabolic responses, two strain magnitudes (3,000 e
and 6.000 pe) were used throughout the course of this investigation.

For the 3,000 pe experiments, a single loading cycle consisted of a compressive
load being applied until the axial strain gage read 3,000 pe and release of that load until the
gage read O pe. As stated above, this sinusoidal wave from O pe to 3,000 pe and back

to O pe took 1 second (s). The same protocol was used with the 6,000 i€ tests.

Reproduced rvivith permission of the copyright owner. Further reproduction prohibited without permission.



29

The WINDAQM software recorded the waveforms of the axial gage, the
transverse gage, and the load cell during the entire 1,800 cycle test. The program was set
up to take 50 strain readings for each cycle from each channel. This resulted in the
recording of 150 data points per second for 30 min yielding 270,000 data points per test.
This ensured that very detailed waveforms could be subsequently analyzed, and the
actual strain perceived by the cells attached to the Ti-6Al-4V substrate could be reported.

Following the strain regimen, the Ti-6Al-4V samples were removed from the
4-point bend fixture and were placed back into the incubator. At the appropriate time-
points, the cells were harvested or fixed as determined by the method of analysis (Table

1).

Table 1. Strain protocol for morphological and metabolic analysis.

; Morphological Analysis

Strain Magnitude Hz  Number of Cycles Timepoints
|
3,000 pe 1 1,800 lhr, 4hr, 8hr, 12hr, 24br
Control 0 ue 0 0 lhr, 4hr, 8hr, 12hr, 24hr g
6,000 pe 1 1,800 lhr, 4hr, 8hr, 12hr, 24hr
Control 0 pe 0 0 lhr, 4hr, 8hr, 12hr, 24hr |

Metabolic Analysis

' Strain Magnitude Hz  Number of Cycles Timepoints

f

!

i 3,000 pe 1 1,800 Lhr, 4hr, 24hr, 48hr
| 6,000 pe 1 1,800 1hr, 4hr, 24hr, 48hr
E Control 0 pe 0 0 1hr, 4hr, 24hr, 48hr

b e e L
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DEVELOPMENT OF THE CELL IMAGING METHODOLOGY
Endothelial and aortic smooth muscle cells are commonly used for investigating
strain-induced alteration of cellular alignment. Ives et al. found that human and bovine
endothelial cells responded differently to various types of strain. The cells oriented
themselves parallel to the direction of shear strain induced by fluid flow, but
perpendicular to the axis of mechanical deformation on a cyclically stretched
polyurethane membrane (87). Previous work with osteoblast-like cells stimulated by
cyclic mechanical strain also resulted in the alignment of the cells perpendicular to the
strain vector. This perpendicular alignment was noted at 4 hr after loading and was
significant by 12 hr (88). Buckley et al. suggested that the preferred orientation may have
resulted from a mechanical effect on the osteoblast, wherein cell attachments were broken
in the maximum strain direction, leaving only those attachments already present in the
least strained conformation. A second hypothesis is that the cells may resolve their focal

contacts and move in order to minimize the strain to which they are subjected.
Another study involving osteoblast-like cells was reported by Carvalho et al. (89).
They investigated cytoskeletal organization in mechanically strained bone cells isolated
from the alveolar processes of Sprague-Dawley rats. The earliest change in cytoskeletal

organization was noted 30 min after the initiation of the strain protocol. They
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observed that the cells orniented themselves perpendicular to the long axis of the applied

mechanical strain

Both of the studies cited above (88, 89) used osteoblast-like cells cultured on the
Flexcell straining apparatus. As previously mentioned, measurement of the actual strain
induced by the flexible membrane is difficult and is often vaguely reported. The use of
the strain application device designed for this investigation, in combination with
fluorescent staining methodologies, permits the observation of cytoskeletal rearrangement

in response to known magnitudes of strain.

Cellular Staining Protocol

Rhodamine phalloidin and 5-chloromethylfluorescein diacetate (CMFDA) were
used in conjunction with fluorescence microscopy were the stains used in this study to
compare the alignment and morphology of strained and unstrained cells. The CMFDA,
also known as Cell Tracker™, and rhodamine phalloidin were obtained from Molecular
Probes, Eugene, Oregon. Rhodamine phalloidin allowed visualization of the actin
cytoskeleton of the cells, and the Cell Tracker™ stain targeted the entire cytoplasm of the
MC3T3-E1 cells and provided a means of assessing cell shape and number.

In order to stain the cells using Cell Tracker™, the cells had to be vital. In general,

the Cell Tracker™ stain contains an acetate group which normally makes the compound

non-fluorescent. When this lipid soluble compound is taken across the cell membrane,

cell esterases clip the acetate moiety resulting in a fluorescent compound. This is how the
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cellular cytoplasm can be visualized. In order to prevent any interference of this stain
with normal cellular metabolism, the stain was introduced 30 min before the cells were
fixed according to the appropriate timepoint following straining.

The 50 ug vials were stored in the freezer until ready for use. In order to hydrate
the desiccated stain and create a stock vial, 11 pl of DMSO was added to the vial to yield
a 10 mM solution. To obtain the 5 UM solution that was desired to actually add to the
cell wells, 2 pl of the stock vial was mixed with 2 ml of media.

Thirty minutes before the appropriate timepoint, the Ti-6Al-4V coupons with
the cells attached were removed from the incubator. All media was removed from the
wells, and the cells were rinsed one time with PBS. One hundred and ninety microliters
of the Cell Tracker™/media dilution was placed in each well, and the samples were put
back in the incubator for 30 min. After this incubation period. the cells were fixed using
37% formaldehyde. This fixation process involved removal of the stain/media mixture
followed by two rinses with PBS. One hundred and ninety microliters of the 37%
formaldehyde was added to each well. and the samples were allowed to sit at room
temperature in the tissue culture hood for 6 min. The wells were then rinsed twice with
PBS. This completed the fixing process.

The rhodamine phalloidin stain consists of a rhodamine tag conjugated to a
phalloidin molecule. Once inside the cell, the phalloidin binds to the polymerized actin
filaments. To prepare the stock vial of rhodamine phalloidin, the contents of the original

vial were dissolved in 1.5 ml of methanol. This stock vial was stored at -20° C. To
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prepare the staining solution that would be added to the cell wells. 15 pl (for 12 wells)
was removed from the stock vial and placed in a Coulter counter vial under the hood to
allow evaporation of the methanol. Just prior to use, the rhodamine phalloidin was
reconstituted in 600 pl of PBS. This volume allowed the disbursement of 50 ul of the
stain solution into each of the wells.

Prior to staining with the rhodamine phalloidin stain, the cells. fixed as above,
were then permeablized by the addition of 100 pul of 0.5% Triton X-100 in PBS to each
well. Following a 6-min incubation at room temperature, the wells were rinsed twice with
190 pl of PBS. All PBS was aspirated from the wells, and 50 pl of the rhodamine
phalloidin stain dilution was added to each well. The samples were incubated at room
temperature in the dark for 10 min. Following this incubation, the stain solution was
removed from each well and they were rinsed three times with PBS. This completed the
dual staining process. At this point, the 6-section cell wells were removed from the Ti-

6AIl-4V coupons and the cells were ready to be imaged.

Microscopic Imaging Technique

The stained cells were viewed and the images captured using an inverted Zeiss
Axiovert 35 Microscope (Zeiss, West Germany) in conjunction with a Photometrics
Sensys camera (Photometrics, Tucson, Arizona) and [P Lab Spectrum software loaded on
a Power Macintosh computer. In order to consistently position the Ti-6Al1-4V samples
for viewing with the Zeiss microscope, a custom microscope stage was designed. The

custom stage is interchangeable with the original standard slide stage that is provided with
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the microscope. The custom stage contains a rectangular opening that precisely fits the
Ti-6Al-4V samples. The titanium samples were inverted in the custom stage. and the
attached, fixed cells were viewed through the objectives below the stage. The cytoskeletal
orientation or alignment was visible when rhodamine phalloidin stain was used in
conjunction with a Texas Red (570) filter. A FITC (490) filter was used to view the Cell
Tracker™ stain. These two filters used different wavelengths to visualize their respective
stains. By simply rotating the filter wheel on the microscope, both stains could be

visualized in the exact same field of view. This feature allowed two images of the exact

same cells to be captured.  One image reflects the rhodamine phalloidin stained

cytoskeletons, while the other shows the Cell Tracker™ stained cytoplasm of the cells

present in that field.

Two stains, 2 conditions (strained vs. control), 6 wells per coupon, 5 timepoints

(1 hr, 4 hr, 8 hr, 12 hr, 24 hr), and two strain magnitudes (3,000 g€ and 6,000 pe) resulted

in the capture of 240 images.
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DEVELOPMENT OF THE QUANTITATIVE RT-PCR METHODOLOGY

Alterations in gene expression caused by mechanical perturbation of osteoblast-
like cells are currently being evaluated by numerous investigators (58, 75, 76, 90, 91).
Experimental methods such as in situ hybridization, RIA and nuclear run-on assays are
often used to quantify the degree of gene expression at both the protein and mRNA levels
(90-92). These methods are very useful in certain situations; however, small sample sizes
such as those used in this investigation present a problem for these conventional methods.
In order to maximize the sensitivity of the analysis of the mRNA obtained from the
strained and control cell samples of this investigation, quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) utilizing plate based EIA methodology was used
(99).

The first step in conventional RT-PCR involves a process in which mRNA from
the cells is reverse transcribed into cDNA. The small amount of target cDNA is then
amplified by PCR. The PCR mimics the DNA replication process that occurs naturally
within cells. The cDNA is first heated to separate the two template strands. Small 20 -
30 base fragments (primers) of DNA complementary to the region of interest are then
annealed to the single-stranded templates. A heat-stable Taq polymerase adds nucleotides

to the primer and eventually makes a complementary copy of the template. Since one
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PCR cycle can act as the template for the next, the number of new DNA molecules
doubles with each PCR cycle. One PCR cycle takes less than 2 min. Thirty PCR cycles
can produce around 1 million copies of the original cDNA in less than 3 hr.

Although conventional RT-PCR is an extremely useful tool used to amplify small
amounts of DNA. it is difficult to use quantitatively (93-96). Methods have been used
that incorporate a radioactive label into the amplified DNA in order to measure the
product yield, but this process gives no true measure of initial cDNA concentrations (97).

As a means of solving this problem, researchers developed a process called
competitive PCR (94-96, 98). This method involves the addition of known amounts of a
synthetic DNA fragment that is slightly larger or slightly smaller than the DNA that is to
be amplified (analyte DNA). Both the analyte DNA and the competitor DNA are added
to the PCR reaction; due to the similarity of their sequences, both fragments are
amplified.

Following PCR, the amplified fragments, which differ slightly in size, can be
fractionated on agarose gels, stained with ethidium bromide (EtBr) and quantified using
densitometry (99). By plotting the ratio of analyte DNA to the competitor DNA versus
the known copy number of the competitor DNA added, the number of copies of the
analyte DNA can be determined. The use of competitor DNA controls for the
inefficiencies of the PCR. However, when RT-PCR is used, the aforementioned method
does not control for the RT reaction (99). In order to provide controls for the entire
process, investigators developed methods to generate RNA competitors for the DNA

subclones that could be added in known quantities to the initial RT reaction (93-95).
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This revised methodology gives reproducible, accurate results, but when it is used
with the agarose gel analysis system, the number of samples that can be analyzed at one
time is limited. Additionally, in order to analyze several DNA fragments, cDNA of each
analyte must be cloned individually and then subcloned in a slightly longer or shorter form
to use as competitors during PCR.

A method developed by Hockett et al. uses a general cloning vector, pQPCRI1. for
building RNA competitors that does not require prior cDNA cloning (99). This general
cloning vector was designed to accommodate multiple primer templates that allow
simultaneous quantification of several different analytes from a single RT reaction. This
vector was constructed in the pBluescript plasmid and contains a 230-base pair ‘stuffer’
fragment that allows discrimination between amplified endogenous DNA and competitor
DNA by sequence specific hybridization. The pQPCR1 vector also contains a ‘spacer’
segment that ensures that the distance RT must synthesize ¢cDNA remains nearly the
same for the analyte cDNA and the competitor.

The spacer segment is flanked by a 15-base pair poly A+ tail which is used to
prime cDNA synthesis using oligo dT. Lastly, the pQPCRI1 vector contains several
restriction endonuclease sites on each side of the stuffer segment that allow the desired
PCR primer templates to be cloned in (99).

Due to the small sample sizes used in the current investigation and the desire to
measure subtle changes in the mRNA expression of the strained cells, the quantitative

RT-PCR methodology as described by Hockett et al. was utilized.
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Construction of the Template BNC-1

The competitor construct used in this investigation. designated BNC-1. was
designed with the aid of R.D. Hockett (Department of Pathology. UAB, Birmingham,
AL). The BNC-1 construct was designed to include PCR primer templates for

osteopontin. osteocalcin, type [ collagen, and B! integrin. The 5' and 3' template map for

the BNC-1 construct is shown in Fig. 7.

The 5' and 3' templates of BNC-1 were created by synthesizing their respective
sense and antisense oligonucleotides on a oligonucleotide synthesizer (Midland Certified
Reagent Company, Midland, TX). The sense and antisense oligonucleotides of the $'
template were resuspended to 1 pg/ml and stored in a -80°C freezer. The 3'
oligonucleotides were resuspended to 10 pg/ml and were also stored at -80°C.

The 5' template of BNC-1 was inserted into the cloning vector by annealing 10ug
of each oligo in 100ul of 1x annealing buffer (10 mM Tris, pH 7.4, 1 mM EDTA), and
ligating the 76 base pair fragment into the KPN-1 and the EcoRI sites of pQPCRI.
Sequence analysis of the miniprep DNA confirmed the desired 5' template was inserted.
The 3' template was also annealed in 1x annealing buffer and then ligated into the BamH]I
and Xbal sites of pQPCRI vector that now contained the 5' template of BNC-1. The

insertion of the 3' template was also confirmed by sequence analysis of miniprep DNA.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

Soiep ut
pajuasaidal a1 s3)Is UONIINSAY ‘[-DNE 10§ Aejdwal ¢ pue G ay) Jo saduanbas ay) smoys andy siyy ‘dew aedwa [-ONG ‘2 Sid

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-uoissiwiad noypm payqiyosd uononpoidal Joyund “JBUMO buAdoo sy} jo uoissiwiad yum paonposday

BNC-1 TEMPLATE MAPS

5'-TEMPLATE

OSTEOCALCIN COLLAGEN H3

5'-CTGCGCTCTGTCTCTCTGICTAACCAAGGCTGCAAC|AAGCTTl
CATGGIACGCGAGACAGAGAGACIGATTGGTTCCGACGTTG|ITTCGAA
KPN-I

B-1 INTEGRIN OSTEOPONTIN
ACTGCTAGTGCCAATGC‘CAGGAGAGTGCCGATCA'G

TGACGATCACGGTTACGI GTCCTCTCACGGCTAGT|ICTTAASYS
EcoRlI

3-TEMPLATE

BamlIlI COLLAGEN OSTEOPONTIN Sal-1
GATCCICACGAGTCACACCGGAAIAACGGCCACTGCATTTTIGTCGAC|

GIGTGCTCAGTGTGGCCTTITTGCCGGTGACGTAAAA|CAGCTG

B-1INTEGRIN OSTEOCALCIN
GTAGCATTGCTGAGTGGITTAGGACCTGTGCTGCC|T
CATCGTAACGACTCACCIAATCCTGGACACGACGG|IAGATCYS

Xba

oy
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Preparation of the DNA Competitor From BNC-1

Twenty-five micrograms of the BNC-1 plasmid template was linearized with
Xhol, gel purified on a 1% agarose gel, and the linearized DNA was extracted from the gel
by electrolution. The DNA was cleaned by two phenol/chloroform extractions and was
then resuspended in 50 pl of TE (10 mM Tris, pH 7.4, 1 mM EDTA). Twenty-five
microliters of this solution were used to calculate the mass by OD,¢,. Dilutions of the
BNC-1 competitor DNA ranging from 1 molecule/ul to 1 x 107 molecules/pl were made in
H,O with 10 pg/ml of MS-2 phage RNA (Boehringer Mannheim, Indianapolis, IN).
Three 50 pl aliquots of each dilution were made, and all were stored in the -20° C freezer

in a box labeled BNC-1.A3 #715.

Preparation of the RNA Competitor From BNC-!

Ten micrograms of linearized BNC-1 DNA was transcribed with T3 polymerase
in the following reaction mixture (total volume 100 ul): 10 pl Xhol linearized BNC-1, 10
ul 10 x T3 Ampliscribe Reaction buffer (Boehringer Mannheim, Indianapolis, IN), 1 ul 1
M DTT, 2 ul RNAse inhibitor (RNasin), 1 ul 100 mM ATP, 1 ul 100 mM GTP, 1
ul
100 mM UTP, 1 ul 100 mM CTP, 3 ul *H-UTP, 3 ul T3 RNA Polymerase, and 67 pl
RNAse free H;O. One pl aliquots were taken for total radioactivity counts. After
incubation at 37°C for 1 hr, the RNA was purified over oligo dT/latex beads (Oligotex
beads, Qiagin, Chatsworth, CA). The mass of competitor was calculated according to the

methods described by Hockett et al. (99).
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Dilutions of the RNA competitor ranging from 50 copies/ul to 1 x 107 copies/ul
were made into guanidine isothiocyanate (GITC) solution with 10 pg/ml MS-2 phage

RNA and stored at -80°C.

Cell Harvesting Techniques

The primers for osteopontin, osteocalcin, type I collagen, and B-1 integrin were
evaluated and optimized prior to use with the strained and controlled cellular RNA. For
this optimization process, MC3T3-El cells were grown on tissue culture plastic until
almost confluent and, using pronase, were then removed from the flask. The cells were

pelleted and were then resuspended in a-MEM/Hepes media for counting with the

Coulter counter. One million cells were pelleted and then lysed with 1 ml of prepared
GITC containing 10 pg/ml MS-2 phage RNA (GITC, Amresco, Solon, OH) and 0.1 M 2-
ME (Sigma, St. Louis, MO) and were stored at -80°C. This cellular extract was used to
test the oligonucleotide primers.

MC3T3-El cells that were actually grown on the Ti-6Al-4V coupons and were
subsequently strained or used as control samples were harvested in a different manner
than described above. At the appropriate time-point, 100 pul of prepared GITC was
added to one of the six wells on the Ti-6Al-4V bar. The same 100 pl was pipeted up and
down and was transferred to an adjacent well. This was repeated one more time, and then

the cellular extract was placed in an eppendorf tube, labeled, and was stored at -80°C until

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

RNA extraction could be done. This process produced two samples from each Ti-6Al-4V

coupon.

Reverse Transcription

Total RNA was isolated from cells by a modification of the acid/phenol extraction
procedure of Chomczynski & Sacchi (100). Two microliters of the cellular extract (1.000
cells/ul) was added to 198 ! of prepared GITC. One hundred and ten microliters of this
cell mix was placed into a .5 ml eppendorf tube along with 11 pl of 2 M sodium acetate
pH 4.0. One hundred ten pl of water saturated phenol (pH 4.3, Amresco, Solon, OH)
and 50 pl of chloroform were added and the tubes were vortexed and then spun in a
microcentrifuge at high speed for 4 min. The supernatant was transferred to a new tube,
and this process was repeated. After transferring the supernatant for the second time,
100 ul of chloroform was added. and the extraction process was again performed. The
aqueous phase was then transferred to another 0.5 ml eppendorf tube and isopropanol
precipitated on dry ice for approximately 15 min. After microcentrifugation, the pelleted
sample was washed in 100 pl of 80% EtOH and air dried. The invisible pellet was
resuspended in 10 pl of water and 1 pul of 20 ng/ul oligo dT (Promega, Madison, WI).
The solution was heated at 70°C for 10 min and was then placed on ice for 5 min. Nine
microliters of reverse transcription mixture (12 pl 5 x RT buffer [250 mM Tris pH 8.3,
375 mM KCI. 15 mM MgCl,]. 6 ul 0.1 M DTT, 6 ul 2.5 mM dNTPs, 1 ul Superscript I

[Gibco-BRL, Gaithersburg, MD], and 2.25 ul water) was added, and the tube was placed
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at 37°C for 1 hr. This process resulted in the production of cDNA. The cDNA was

diluted 1:1 with 1 x RT buffer and was stored at -20°C.

Polymerase Chain Reaction

In a 0.5 ml reaction tube (Bio-Rad. Richmond, CA), 4 ul of the cDNA was
combined with 16 pl of the PCR master mix (32 ul 1.25 mM dNTPs, 20 pl 10 X reaction
buffer [100 mM Tris pH 8.3 at 20°C, 25 mM MgCl,, 500 mM KCl], 5 ul of the desired
5' primer, 5 ul of the desired 3' primer, 1 pl of Taq polymerase [Boehringer Mannheim,
Indianapolis, IN], and 97 pl of water). The total volume for each reaction tube was 20
ul. This volume allowed 10 i to be used for gel analysis and left 10 pl for use with the
EIA. One drop of molecular biology grade oil (Sigma. St. Louis, MO) was also added to
the reaction tube to prevent evaporation during the thermocycling process. The tubes
were cycled in a Perkin-Elmer/Cetus model 480 thermocycler at 94°C for 30 s, 55°C for 1

min, and 72°C for 30 s for the 35 cycles.

Agarose Gel Analysis

A 3% agarose gel (3 grams Sea Kem Agarose/100 ml TE buffer) containing 2 ul of
ethidium bromide was poured and allowed to set. Ten microliters of the PCR reaction
was withdrawn from beneath the mineral oil in the reaction tubes and placed into another
tube with 2 pl of loading buffer. TE buffer was added to the gel apparatus, and 12 pl of
OX standard ladder (@X 174 HAE III), and 12 ul of each PCR reaction was loaded into

the gel. The gel was electrophoresed at 100 volts until the size of the resulting bands
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could be determined. The gels were then removed from the apparatus. illuminated by UV

light and photographed.

Plate-Based EIA

Half-well (200 pl) EIA plates (Costar, Cambridge, MA) were coated 1 week
prior to use with 150 pl of 5 pg/ml Avidin-DX (Vector Labs, Burlingame, CA) in plating
buffer (0.1 M NaHCO,, pH 9.7) and were placed at 37°C for 1 hr. The plates were then
washed twice with PBS/Tween (PBS was 0.14 M NaCl, 2.5 mM KCI, 10 mM Na,HPQ,,
2 mM KH,PO,, pH 7.8 with 0.2% Tween), and were then blocked with 180 ul of PBS/
BSA (PBS pH 7.8 with 1% BSA and 0.1% azide). The plates were stored at 4°C for up
to 1 week in the blocking solution. Just prior to using, the plates were washed twice in
PBS/Tween.

Following the PCR procedure, 320 ul of Tartrazine/PBS/Tween solution was
added to each reaction tube, and they were vortexed well. One hundred and thirty
microliters of PBS/Tween was added to each well of the EIA plate. Thirty microliters of
the each diluted PCR product was added to 4 separate avidin coated wells, two wells to
be hybridized with digoxigenin-labeled analyte oligonucleotide, and two wells to be
hybridized with digoxigenin-labeled stuffer oligonucleotide. The plates were then placed
at 42°C for at least 2 hr. Following this incubation period, the plates were washed twice
with an automatic plate washer using PBS/Tween. One hundred and sixty microliters of
denaturation solution (50 mM NaOH, 2 mM EDTA pH 8.0) was added, and the plates

were allowed to sit at room temperature for 2 min. This denaturation process removed
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the strands that were not labeled with biotin. After washing twice with PBS/Tween. 160
ul of digoxigenin-labeled detection oligo was added to the appropriate wells. The plates
were placed at 42°C for at least 1 hr. Following hybridization, the plates were washed 3
times in the plate washer and 160 ul of anti-digoxigenin Fab fragments alkaline
phosphatase conjugated antibody (Boehringer Mannheim. Indianapolis. IN) diluted
1:5000 in PBS/ BSA was added. The plates were then incubated at 37°C for at least 1 hr.
The plates were then washed 4 times in the plate washer. Lastly, 180 ul of p-
nitrophenyl phosphate developer solution (PNP), 1 pg/ml in diethanolamine buffer (1 M
diethanolamine, 0.5 mM MgCl,, pH 9.8) was added to each well. This cleavage reaction
resulted in the development of a yellow color that could be read at OD;s. Care was taken
to avoid air bubbles. The plates were incubated at 37°C, and the OD4gs was read every 10
min until the readings maxed out at 4.0. The OD,ys readings were recorded using a
Macintosh computer linked to the plate reader. The data was transferred to an IBM

computer and analyzed in Microsoft Excel using a template developed by Hockett (99).

Labeling of Detection Oligos

Before labeling with digoxigenin, the detection oligos (synthesized by Midland
Certified Reagent Company, Midland, TX) were resuspended to 0.5 mg/ml. Ten pl of
each detection oligo was combined with 4 ul TdT buffer, 4 ul CoCl2, 1 ul of ddUTP, and
1 ul of TdT (Dig Labeling Kit, Boehringer Mannheim, Indianapolis, IN) for a total
reaction volume of 20 pl. This reaction tube was placed in a 37°C water bath for 30 min.

At this point, 80 pl 0of 20% Formamide buffer was added to make a total volume of
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100 pl. The labeled detection oligos were then stored for up to 4 weeks at 4°C.

Detection oligos were labeled for osteopontin, osteocalcin, collagen, B-1 integrin,

hypoxanthine phosphoribosyltransferase (HPRT), and stuffer A.

Optimization of Primer Pairs

Cellular extract from the MC3T3-E1 cells grown on tissue culture plastic was
used to evaluate and optimize the primer sets. The cellular RNA was extracted and
converted to cDNA, and PCR was performed using the 5' and 3' primer pairs of
osteopontin, type-I collagen, osteocalcin, and B-1 integrin. The resulting PCR products
were run on a 3% agarose gel at 100 volts. The gels were illuminated with UV light and

photographed for analysis.

Comparison of Densitometry and EIA

To ensure that the plate-based EIA methodology accurately quantified the analyte
and competitor PCR products, simultaneous measurements from a single PCR titration
were compared by EIA and EtBr-stained agarose gel electrophoresis. The agarose gel was
photographed. and the bands were isolated and analyzed by densitometry. The EIA was
evaluated using the plate reader as previously mentioned. The copy number of

osteopontin, type-I collagen, and B-1 integrin was determined by each method, and the

two were compared.
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RESULTS
Production of Quantified Dynamic Strain
Axial and transverse strain gage data as well as load cell data were simultaneously
recorded as the Ti-6Al-4V samples underwent 4-point bending. The graph in Fig. 8

shows a 7 s interval from one of the 3.000 L€ tests. As the rectangular bar was bent along

its long axis, the axial gage was placed in tension and therefore recorded positive strain.
At the same time, the transverse gage was placed in compression and recorded negative
strain. The load cell also recorded data in the negative direction because it was recording

compressive load.

The graph is composed of 1,050 data points out of the total 270.000 datapoints
that were recorded for each 30-min test. This large sample rate was chosen to ensure the
capture of enough data points to generate a graph that depicted the smooth sinusoidal
strain profile that was generated by the Mini Bionix’MTS system.

Since the elastic modulus of the Ti-6Al-4V samples was never exceeded during the
3,000 pe tests or the 6,000 pe tests, thereby preventing permanent deformation or
yielding, the strain profiles were nearly identical for each respective peak strain
magnitude. Table 2 shows means, standard deviations, and the resultant coefficients of
variation of peak strains and maximum loads isolated from two random 5-min samples of
the 3,000 pe and the 6,000 pe profiles.

48
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Fig. 8. Strain profile graph. This graph represents a 7-s segment of a 30-min, 1,800 cycle strain test. The repetitive, cyclic nature of
the axial strain, transverse strain, and load cell readings are depicted.
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Table 2. Statistical analysis of recorded strain.

Strain / Direction Data Points Mean Std Dev Range %CV
3.000 pe Axial 302 3089 pe 20.46 117.7 0.66
3,000 pe Transverse 302 -801 pe 9.22 44.7 1.15
3,000 pe Load Cell 302 4791 N 33.93 184.9 7.08
3,000 pe Axial 302 3054 pe 13.25 545 0.43
3,000 pe Transverse 302 -795 pe 411 18.0 051
3,000 pe Load Cell 302 -4797 N 2.56 12.3 0.05
6,000 pe Axial 300 6136 pe 71.68 285.0 1.17
6.000 pe Transverse 300 -1547 pe 18.62 73.8 1.20
6.000 pe Load Cell 300 -9566 N 125.72 376.0 1.31
6,000 pe Axial 301 5991 pe 177.97 499.3 297
6,000 ue Transverse 301 -1507 pe 43.08 121.7 2.85
6.000 pe Load Cell 301 -9414 N 283.16 719.9 3.00

Morphological Response to Uniaxial Deformation
At various timepoints after loading (1 hr, 4 hr, 8 hr, 12 hr and 24 hr), control and
strained cells were evaluated for changes in morphology and alignment. Two hundred and

forty images were captured of the MC3T3-E1 cells attached to the Ti-6Al-4V coupons.
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Half of them imaged the CMFDA stained cytoplasm of the attached cells. and the other
half showed the rhodamine phalloidin stained actin cytoskeletons. Figs. 10-14 show
representative samples of the imaged cells. The methodology developed to observe the
osteoblasts attached to the opaque implant material worked extremely well: however. no
significant, reproducible alterations in morphology or alignment were observed using the

current loading parameters.

Metabolic Response to Uniaxial Deformation

Agarose gel analysis. In order to evaluate the success of the quantitative RT-PCR
amplification of the messenger RNA for HPRT, collagen, osteopontin, and -1 integrin,

agarose gel electrophoresis of the PCR products was performed. Fig. 9 shows an example

of an agarose gel in which collagen PCR product was analyzed.

Lane 1 2 3 4 5

Cellular Product
BNC-1 Product —

Lane 1 = 100 copies of BNC-1

Lane 2 = 1,000 copies of BNC-1
Lane 3 = 10,000 copies of BNC-1
Lane 4 = 100,000 copies of BNC-1
Lane 5 = 1,000.000 copies of BNC-1

Fig. 9. Agarose gel of collagen competition.
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The same procedure was used for each gene product. Note the inverse relationship of the
intensity of the upper and lower bands. The lane of the gel in which both bands are
relatively the same intensity marks the equilibration point. The number of copies of the
competitor can be determined because starting copy number is known and amplified copy
number can be calculated using densitometry of the gel or EIA. Once the competitor
concentration is determined, the number of copies of endogenous collagen can be
determined by comparing endogenous intensity with competitor intensity at the

equilibration point.

Comparison of gel densitometry and EIA. In order to ensure that the results of
the EIAs matched the results from the agarose gels, a direct comparison was made by
evaluating the same PCR product with both densitometry and EIA. The copy numbers
of osteopontin, collagen, and B-1 integrin were first obtained from densitometric analysis
of the agarose gel. These values were then analyzed by the same Microsoft Excel
template that is used by the plate reader/EIA method (see appendix for calculations and
graphs of individual EIAs). HPRT had previously been optimized and confirmed by the
technicians of Dr. Hockett’s laboratory. Fig. 15 demonstrates the titration by EIA and gel

densitometry of osteopontin, collagen, and B-1 integrin. The calculated endpoints from

each analysis methodology are essentially identical.
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Fig. 10. MC3T3-E1 cells imaged 24 hr following strain application. The cells in these
images experienced peak strains of 6,000 pe for 1,800 cycles. They were stained, fixed,
and imaged 24 hr after the cessation of the strain protocol. Both of these images represent
the same cells viewed at 20 x magnification. The only difference is the filter that was used
to view the specific stain. A. CMFDA-stained osteoblasts seen through a FITC filter.
B. Rhodamine phalloidin-stained osteoblasts seen through a Texas Red Filter.
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Fig. 11. 8-hr control MC3T3-E1 cells. The cells in these images served as controls for
the 8-hr timepoint. They were stained, fixed, and imaged 8 hr after the cessation of the
6,000 pe protocol encountered by their strained counterparts. Both of these images
represent the same cells viewed at 10 x magnification. The only difference is the filter that
was used to view the specific stain. A. CMFDA-stained osteoblasts seen through a
FITC filter. B. Rhodamine phalloidin-stained osteoblasts seen through a Texas Red Filter.
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Fig. 12. MC3T3-E1 cells imaged 8 hr following strain application. The cells in these
images experienced peak strains of 6,000 pe for 1,800 cycles. They were stained, fixed,
and imaged 8 hr after the cessation of the strain protocol. Both of these images represent
the same cells viewed at 10 x magnification. The only difference is the filter that was
used to view the specific stain. A. CMFDA-stained osteoblasts seen through a FITC
filter. B. Rhodamine phalloidin-stained osteoblasts seen through a Texas Red Filter.
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Fig. 13. MC3T3-El cells imaged 4 hr following strain application. The cells in these
images experienced peak strains of 3,000 pe for 1,800 cycles. They were stained, fixed,
and imaged 4 hr after the cessation of the strain protocol. Both of these images represent
the same cells viewed at 20 x magnification. The only difference is the filter that was
used to view the specific stain. A. CMFDA-stained osteoblasts seen through a FITC
filter. B. Rhodamine phalloidin-stained osteoblasts seen through a Texas Red Filter.
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Fig. 14. Control vs. strained cells at the 24-hr timepoint. A. The cells in this image served
as controls for the 24-hr timepoint. They were stained, fixed. and imaged 24 hr after the
cessation of the 6,000 pe protocol encountered by their strained counterparts. This image
shows CMFDA-stained osteoblasts seen through a FITC filter. B. The cells in this image
experienced peak strains of 6,000 e for 1,800 cycles. They were stained, fixed, and
imaged 24 hr after the cessation of the strain protocol. These cells were also stained with
CMFDA and were viewed with a FITC filter.
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Fig. 15. Comparison of densitometry and EIA methodology. These 3 graphs depict
direct comparisons between titration curves of the agarose gel and the EIA methodology.
The calculated endpoints from each analysis methodology are essentially identical.
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Data from quantitative RT-PCR. In order to control for variations in cell number.
all quantitative RT-PCR data was normalized to 100,000 copies of HPRT. HPRT. a
common housekeeping enzyme has been described by numerous investigators as an
especially suitable internal standard (101, 102). Table 3 contains the raw data for mRNA
copy number of each target gene normalized to 100.000 copies of HPRT. These data
from the quantitative RT-PCR experiments were compared by 2-way ANOVA. Load
and time were the two main effects that were analyzed. The Student-Newman-Keuls
pairwise multiple means comparison test was used for post-hoc analysis. Interactions of
load and time were only examined when ANOVA indicated a significant interaction effect
and then only pre-planned comparisons were made (Table 4 and Fig. 16, Table 5 and Fig.
17, and Table 6 and Fig. 18).

Copy number for collagen was elevated with 3000 pe of load and at 24 and 48 hr

after loading. -1 integrin values displayed an increase in copy number at 24 and 48 hr

and showed a significant interaction between time and load. A significant increase in copy

number was observed for osteopontin 48 hr after loading, but no changes due to load were

observed.
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Table 3. Quantitative RT-PCR data. This table contains both raw data and data normalized to 100,000 copies of HPRT. The
normalized data was used to perform the statistical analysis.
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Raw Data Normalized to HPRT (100,000)

Timepoint Exp # Collagen Osteopontin B1- Integrin HPRT Collagen Osteopontin B1- Integrin
1 Hr Control | DR 19 63,583 2,148,769 123,813 258,905 24,558 829,045 47,822
1HrControl il DR 20 128,354 4,366,561 277,870 500,244 25,658 872,886 55,507
1 Hr3,0001 DR 19 299,658 8,435,891 239,293 355,338 84,330 2,374,047 67,342
1 Hr 3,000 il DR 21 304,618 19,062,873 469,266 547,587 55,629 3,481,250 85,697
1 Hr 6,000 | DR 20 102,213 17,290,219 163,306 573,235 17,831 3,016,253 26,744
1 Hr 6,000 i DR 21 66,609 3,170,752 115,134 256,641 25,954 1,235,481 44,862
4 Hr Control | DR 22 387,475 21,991,691 566,054 1,677,522 24,562 1,394,066 35,882
4 HrControl it DR 23 161,232 36,327,980 396,801 1,101,491 14,638 3,298,073 36,024
4 Hr 3,000 | DR 22 81,829 14,191,715 112,113 318,473 25,694 4,456,175 35,203
4 Hr 3,000 Il DR 24 181,031 32,568,419 224,637 375,879 48,162 8,664,602 59,763
4 Hr 6,000 | DR 23 100,958 18,533,556 854,566 1,041,751 9,691 1,779,077 82,032
4 Hr 6,000 i DR 24 417,389 35,658,316 403,645 692,997 60,230 5,145,622 58,246
24 Hr Control| DR 25 365,294 33,363,818 755,786 410,581 88,970 8,128,001 184,077
24 Hr Control 1l DR 26 178,309 9,474,429 383,795 231,214 77,119 4,097,688 165,991
24 Hr 3,000 | DR 25 998,267 27,267,480 572,456 850,322 117,399 3,206,724 67,322
24 Hr 3,000 li DR 27 350,484 8,219,750 203,980 220,661 158,834 3,725,058 92 440
24 Hr 6,000 | DR 26 418,940 8,689,203 282,763 328,296 127,610 2,646,759 86,131
24 Hr 8,000 1 DR 27 160,285 6,815,622 142,464 217,944 73,544 3,127,190 65,387
48 Hr Control | DR 28 305,551 46,838,877 69,981 233,053 131,108 20,097,951 30,028
48 Hr Control Il DR 29 316,518 63,500,619 144,108 286,696 110,402 22,149,112 50,264
48 Hr 3,000 | DR 28 209,167 47,428,374 267,975 212,428 98,465 22,326,800 126,149
48 Hr 3,000 Il DR 30 123,118 20,543,752 119,658 146,564 84,003 14,016,915 81,642
48 Hr 6,000 | DR 29 182,368 54,623,404 383,552 377,945 48,253 14,452,739 101,484
48 Hr 6,000 | DR 30 152,909 18,156,132 157,918 187,447 81,575 9,686,008 84,247
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Table 4. Two-way balanced design analysis of variance for collagen.

69

Normality Test:

Source of Variance

Load

Hours

Load vs Hours
Residual

Total

Source of Variance

Load
Hours
Load vs Hours

DF
2
3
6

12

23

F
4.04
19.86
2.26

Average

62126.9
84064.5
55586.0

Passed (p = 0.7060)

SS
3560179729.8
26259094558.5
5978622299.9
5288554598.5
41086451186.6

b
0.0456

< 0.0001
0.1080

Time
1
4
24
48

MS
1780089864.9
8753031519.5

996437050.0
4407128832
1786367442.9

Power of performed test with alpha = 0.0500: for Load: 0.474
Power of performed test with alpha = 0.0500: for Hours: 1.000
Power of performed test with alpha = 0.0500: for Load vs Hours: 0.318

Average
38993.3

30496.2
107246.0
92301.0

All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :

Comparison Diff of Means B q p<0.05
3000 vs 6000 28478.5 3 3.837 Yes
3000 vs O 21937.6 2 2.956 No
0 vs 6000 6540.9 2 0.881 No

Comparison Diff of Means o} q p<0.05
24vs 4 76749.8 4 8.955 Yes
24vs | 68252.7 3 7.964 Yes
24 vs 48 14945.0 2 1.744 No
48 vs 4 61804.8 3 7.211 Yes
48 vs 1 53307.7 2 6.220 Yes
lvs 4 8497.2 2 0.991 No
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Fig. 16. Graph of collagen expression for 4 timepoints and 3 loads.
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Table 5. Two-way balanced design analysis of variance for osteopontin.

71

Normality Test:

Source of Variance
Load

Hours

Load vs Hours
Residual

Total

Source of Variance
Load

Hours

Load vs Hours

Load
0
3000
6000

Comparison
48 vs 1

48 vs 4
48 vs 24
24 vs |
24vs 4
4vs 1

DF
2
3
6

12

23

E
2.81

46.16
2.28

Average
7608215.3

7781446.4
5136128.6

Diff of Means

15153277.2
12998668.3
12966684.2
2186593.0
31984.2
2154608.8

Passed (p = 0.3252)

SS_
3.50E+013
8.64E+014
8.55E+013
7.49E+013
1.06E+015

D
0.1000

< 0.0001
0.1053

Power of performed test with alpha = 0.0500: for Load: 0.296
Power of performed test with alpha = 0.0500: for Hours: 1.000
Power of performed test with alpha = 0.0500: for Load vs Hours: 0.324

Hours
1
4
24
48

4
14.8581

12.7455
12.7141
2.1440
0.0314
2.1126

N WN WA

MS
1.7SE+013
2.88E+014
1.43E+013
6.24E+012
4.61E+013

Average
1968310.3

4122919.2
4154903.3
17121587.5

All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :

p<0.05
Yes

Yes
Yes
No
No
No
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Fig. 17. Graph of osteopontin expression for 4 timepoints and 3 loads.
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Table 6. Two-way balanced design analysis of variance for B-1 integrin.

73

Normality Test: Passed (p =0.0671)

Source of Variance DF SS MS

Load 2 320444936.6 160222468.3
Hours 3 13387741785.3 4462580595.1
Load vs Hours 6 19837420523.4 3306236753.9
Residual 12 2982722982.0 248560248.5
Total 23 36528330227.3 1588188270.8
Source of Variance E )]

Load 0.645 0.5421

Hours 17.954 < 0.0001

Load vs hours 13.302 0.0001

Power of performed test with alpha = 0.0500: for Load: 0.0500
Power of performed test with alpha = 0.0500: for Hours: 1.000
Power of performed test with alpha = 0.0500: for Load vs Hours: 1.000

Load Average Hours Average
0 75699.4 1 54662.3
3000 76933.5 4 51176.7
6000 68639.1 24 110221.3
48 78969.0

All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) :

Comparison Diff of Means p q p<0.05

24vs 4 59044.7 4 9.174 Yes

24 vs 1 55559.0 3 8.632 Yes

24 vs 48 312523 2 4.856 Yes

48 vs 4 27792.3 3 4318 Yes

48 vs 1 24306.7 2 3.776 Yes
lvs 4 3485.7 2 0.542 No

Pre-planned Comparisons p<0.05

0-24 vs 0-4 Yes

0-24 vs 0-48 Yes

0-24 vs 0-1 Yes

0-24 vs 6000-24 Yes

0-24 vs 3000-24 Yes

3000-48 vs 0-48 Yes

3000-48 vs 3000-4 No
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Fig. 18. Graph of B-1 integrin expression for 4 timepoints and 3 loads.
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DISCUSSION

One of the major factors influencing the design of dental and orthopedic implants
today is the desire to anchor the implant biomechanically to the bone. Characterization of
the interface between dental and orthopedic implants and living bone is currently under
intense investigation. A cell culture model that utilizes bone cells grown on an actual
implant material can provide a means for investigating the cellular response to mechanical
strain in more of a physiological situation than that seen with flexible membranes or tissue
culture plastic. Ti-6Al-4V is an implant material that is commonly used for
osseointegrated implants in both the orthopedic and dental arena. This extremely
biocompatible alloy was the substrate of choice for this investigation.

The choice of material on which the cells are grown is not the only issue that must
be addressed. Many of the experimental techniques that have been used to evaluate the
effects of mechanical deformation on living bone, organ cultures, and cell culture can give
us illuminating data, but all of the techniques have drawbacks and sources of error.

Several studies have utilized strain gages attached to living bone as a means of
quantifying the applied loads (81, 82). Strain gages are very technique sensitive and are
difficult to use with biological tissues due to moisture, heat, irregularity of surface and
sometimes poor access to the application site. Their application to animal models can

introduce further complications due to the unpredictability of the behavior of the animal.
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Movements and loads artificially created when the animal is anesthetized may not give
accurate data conceming physiologic loads, but the animal may pull wires loose when
awake.

Organ culture analysis may retain some of the spatial accuracy needed to test strain
in the matrix. but perfusion is necessary to maintain the organ tissue and there is not much
working time before the organ culture dies.

[solated cell culture models can give very useful information related to the release
of certain biological mediators in response to the cellular environment. But again,
organization has been lost, and this departure from the in vivo situation must be kept in
mind when the results of such experiments are analyzed.

All of these experimental techniques are very valuable despite their individual
drawbacks. When they are used in combination and their limitations are understood,
helpful insight can be obtained and used to further understand functional loading and its
biological ramifications.

An attempt was made in this investigation to eliminate some of the sources of
error and drawbacks mentioned above. Strain gages were used to monitor the dynamic
strain perceived by the cells on the surface of the Ti-6Al-4V sample. The gages; however,
were not in contact with any biological tissue or fluid. The symmetrical, rectangular
design of the Ti-6Al-4V sample when placed in pure bending, produces strains on both
upper and lower surfaces of the sample that are opposite in sign but equal in magnitude.
The strain gages were mounted directly beneath the area on which the cells were attached

which allowed accurate quantification of the surface strain without any moisture or
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contamination problems. Data generated from the axial gage, the transverse gage, and the
load cell of the MTS provided a means to characterize and record the exact strain
produced on the surface of the substrate that was conveyed to the attached cells.

The actual physiological strain profiles or loading conditions that exist for a
osseointegrated implant are admittedly complex, and at this time, not completely
characterized. Analysis of the response of osteoblasts attached to a Ti-6Al-4V sample
placed in pure bending, the simplest of loading profiles, provides a good starting point for
this characterization.

In an attempt to characterize the biological response of osteoblast-like cells to
external mechanical loading, many researchers have investigated strain-induced alterations
in patterns of osteoblast gene expression (44, 61, 68, 73, 75, 76, 91). Several authors
have reported that the initial response to strain is a rapid increase in c-fos mRNA
expression, indicative of increased proliferation, paired with a rapid decline in levels of
mRNA encoding bone matrix proteins such as type [ collagen, osteopontin, and
osteocalcin (73, 75). A rebound effect or reversal of this trend is usually seen with time
as the proliferation tapers off, accompanied by an increase in expression of the matrix
proteins (68, 73, 75, 91).

The term matrix proteins refers to both collagenous and non-collagenous proteins.
Type I collagen is the most abundant protein in the organic matrix of bone. Briefly, this

molecule consists of 3 chains (two al and one «2) synthesized as propeptides

assembled into a helical structure intracellularly and fibrils extracellularly. Collagen fibrils
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are arranged axially in a staggered array with spaces between aligned fibrils and precise
overlap of adjacent fibrils. This arrangement is stabilized by the development of
intermolecular crosslinks to produce a porous, repeating structure in three dimensions.
This orientation accounts for the typical banded appearance of type I collagen (33).
Active osteogenesis involves the expression of genes that result in the production of
collagen type I protein. This trait makes the type I collagen molecule a valuable indicator
of differentiated osteoblastic activity (91).

The control cells of this investigation expressed increased levels of type I collagen
mRNA with increasing time. The 24-hr and 48-hr timepoints increased significantly (p <
0.05) from the 1-hr and 4-hr timepoints with the 48-hr timepoint increasing the most. The
strained cells (3,000 pe and 6,000 pe) also showed a significant difference (p < 0.05)
between 1 hr, 4 hr and 24 hr, 48 hr, but they appeared to express more collagen at 24 hr
with a slight decrease at 48 hr. This suggests, for this experimental model, that strain may
induce a trend toward early differentiation.

Ia the last two decades, the role of the more minor components of the organic
bone matrix, noncollagenous proteins, have generated great interest since it has been
suggested that they modify and regulate bone function, expression, and turnover.

Osteocalcin (bone gla protein) has been one of the most thoroughly studied
noncollagenous proteins in the bone matrix. This calcium-binding protein is present in

bone, dentin, and other mineralized tissues and appears to increase in concentration as
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bone matures. It is specifically synthesized by differentiated osteoblasts and is an ideal
marker for osteoblast phenotypic expression (103).

Osteopontin is a bone sialoprotein synthesized by primary osteoblasts. A
repeated sequence of nine aspartic acid residues are present that potentially may lead to
mineral binding activity. Osteopontin contains a binding sequence that is recognized by
an integrin cell surface receptor related to the vitronectin receptor. In culture, the addition
of osteopontin appears to increase cell attachment and spreading (103).

Both osteocalcin and osteopontin are regulated by a number of hormones and
growth factors. The predominant promoter of osteocalcin and osteopontin expression and
secretion is 1,25-(OH),D;, which exerts its influence directly on the genes of both
proteins via a vitamin D-responsive element on the gene. In a study by Harter et al the
expression and production of bone matrix proteins in human osteoblast-like osteosarcoma
cells, in response to 1-4 days of chronic intermittent mechanical strain, was analyzed.
Northern anaiysis for type I collagen indicated that strain increased collagen message after
48 hr. Immunofluorescent labeling of type I collagen demonstrated that secretion was
also enhanced. Osteopontin message levels were increased several fold by the application
of mechanical load in the absence of vitamin D, and the two stimuli together produced an
additive effect. Osteocalcin secretion was also increased with cyclic strain. Osteocalcin
levels were not detectable in vitamin D-untreated control cells; however, after 4 days of
induced load, significant levels of osteocalcin were observed in the medium. With vitamin
D present, osteocalcin levels were 4 times higher in the medium of strained cells compared

to nonstrained controls. This study demonstrated that mechanical strain of osteoblast-
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like cells was sufficient to increase the transcription and secretion of matrix proteins via
mechano-transduction without hormonal induction (68).

The MC3T3-E1 cells used in this investigation expressed enormous amounts of
osteopontin. While the current loading parameters did not statistically alter osteopontin
expression, a significant increase in copy number (p < 0.05) was observed in all samples
at the 48-hr timepoint. More complex loading profiles may be necessary to trigger a load
dependent response.

Osteocalcin expression by these MC3T3-E1 cells at the early timepoints was
extremely low. The drastic difference in mRNA levels of osteopontin and osteocalcin
resulted in the need for an extremely large titration range to analyze both genes. This
range proved to be impractical, and only osteopontin expression was investigated in this
first round study.

In order for the cells to sense the environmental strain and convert this
information into a message that could be understood by the control center of the cell, it
would seem that the cellular cytoskeleton which provides a link between the extracellular
matrix and the nucleus would be involved. While changes in the distribution of the
cytoskeleton in mechanically strained cells have been reported, the exact mechanism for
the initial detection and conversion of mechanical force into a biochemical signal has yet to
be determined. However, several likely candidates have been proposed. One possible
transduction pathway is the extracellular matrix-integrin-cytoskeletal axis (38, 89, 104).
To understand how the cells interact with the extracellular matrix, attention must be given

to the nature of the attachment.
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Integrins are the principal receptors used by animal cells to attach to the
extracellular matrix (105). They are heterodimers that function as transmembrane linkers
which mediate bi-directional interactions between the extracellular matrix and the actin
cytoskeleton. Integrins are composed of two noncovalently associated transmembrane

glycoprotein subunits called o and 8, both of which contribute to the binding of the matrix

protein. Electron micrographs of isolated integrins suggest that the molecule has a globular
head projecting more than 20 nm from the lipid bilayer. Following the binding of a typical
integrin to its ligand in the matrix, the cytoplasmic tail of the B chain binds to both talin
and a-actinin and thereby initiates the assembly of a complex of intracellular attachment

proteins that link the integrin to actin filaments in the cell cortex. This process is thought
to be how focal contacts form between cells and the extracellular matrix. If the

cytoplasmic domain of the B chain is deleted using recombinant DNA techniques.

the mutant integrins still bind to their ligands but no longer mediate robust cell adhesion or
cluster at focal contacts. The interactions that integrins mediate between the extracellular
matrix and the cytoskeleton play an important part in regulating the shape orientation, and
movement of the cells (106). Schwartz et al. suggested a direct link between mechanical
strain and cellular response (107). Integrins of endothelial cells subjected to shear stress
were shown to realign with the direction of flow, indicating that cell adhesion is a dynamic
process responding to mechanical strain (108). Furthermore, physical strain applied

directly to integrins using a magnetic twisting device was shown to be resisted by the
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cytoskeleton (109). These results suggest that the extracellular matrix-integrin-
cytoskeletal axis plays an active role with the signal transduction of mechanical strain.

There is also increasing evidence that the clustering of integrins at the sites of
contact with the matrix can activate several intracellular signaling pathways. Although the
molecular mechanisms are not yet known, it is possible that clustered integrins generate
intracellular signals by initiating the assembly of a signaling complex at the cytoplasmic
face of the plasma membrane, in much the same way that growth factor receptors operate.
Signaling by both integrins and growth factor receptors frequently seems to be required for
an optimal cellular response. Many cells in culture will not proliferate in response to
growth factors unless the cells are attached via integrins to extracellular matrix molecules
(110). The challenge is to determine how these signaling cascades interact to influence
complex cell behaviors such as gene expression and cell proliferation.

Many different subunits have been characterized and different combinations of o
and B subunits may function as receptors for a variety of extracellular proteins (111, 112).
Among this large family, the B;-integrin subunit is highly expressed in bone cells in vitro
and in vivo (112). Carvalho et al. (89) demonstrated that changes in the organization of the

B subunit were induced by the application of strain as early as 4 hr from its onset. They
compared the expression of the [,-integrin subunit mRNA from strained cultures with

unstrained controls.

Analysis of B-1 integrin expression between strained and unstrained controls for

the present study produced significant differences (p < 0.05) related to load and time. The
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unstrained control cells showed a spike of B-1 integrin expression at the 24-hr timepoint
that was very much larger than the 1-hr, 4-hr, or 48-hr timepoints. Loading at both the
3,000 pe and 6,000 pe level effectively reduced this increase in -1 integrin copy number

at 24 hr but showed an increase in copy number at 48 hr for the strained cells (Fig. 18).
When comparing changes in expression of collagen, osteopontin, and -1 integrin
between strained and unstrained control cells, it appears that the loading parameters of this
investigation may cause a shift in the timing of expression. A peak of collagen expression
occurred at 48 hr with the control cells, but this peak occurred 24 hr earlier in the strained

cells. In the case of B-1 integrin, a large increase in mRNA expression occurred at 24 hr
but was suppressed in the strained cells at 24 hr. The strained cells, however, expressed

increased B-1 integrin message at 48 hr.

The proposed hypotheses concerning alteration in gene expression as a result of
changes in the strain environment were tested and proven. Although no statistically
significant alignment changes were observed using the baseline, single load application, of
this study, it is anticipated that more complex loading parameters may lead to visual
alterations in orientation of the cells on the implant material.

The development of this new system for evaluating the effects of quantified,
dynamic mechanical load on osteoblasts grown on dental/orthopedic materials sets the
stage for numerous follow-up investigations. Studies investigating different loading
parameters such as fewer cycles, intermittent cycles, varying waveforms, different

magnitudes, to name a few could provide valuable information. This system is also
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designed to allow the application of tensile or compressive loads. The 4-point bend
fixture can be used to test a variety of other implant materials such as CP-Ti and cobalt
chromium, as well as coated versus uncoated samples.

The true goal of this study was to develop a methodology that would provide
some answers to a few basic questions regarding the relationship between bone and
mechanical load. And as with any good scientific investigation, these answers have led to

many more questions.
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SUMMARY
The primary objective of this research was the development and testing of a
system for evaluating effects of quantified, dynamic mechanical load on osteoblasts
cultured on dental and orthopedic implant materials. MC3T3-El cells were plated onto
Ti-6Al-4V coupons and subjected to uniform, uniaxial stress via a custom 4-point bend
apparatus and a model 8581 MTS mini-Bionix, servo-hydraulic testing machine. Peak

loads of 3,000 pe or 6,000 pe were established in a cyclic pattern at a rate of 1 Hz. Real-

time strain data were obtained my mounting 90° rosette strain gages on the Ti-6Al-4V
coupons with subsequent attachment to a DATAQ data acquisition system.
The cells were evaluated for changes in morphology or alignment by digital

imaging using CMFDA and rhodamine phalloidin fluorescent stains. Variations in the
production of mRNA for HPRT, collagen, osteopontin, and B-1 integrin were evaluated
using a customized version of RT-PCR.

No significant, reproducible alterations in morphology or alignment were observed
using the current loading parameters. Data from quantitative RT-PCR experiments were
compared by 2-way ANOVA of values for mRNA copy number of each target gene
normalized to 100,000 copies of the housekeeping gene, HPRT. Main effects examined
were load and time. The Student-Newman-Keuls pairwise multiple means comparison

test was used for post hoc analysis. Interactions of load and time were only evaluated
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when ANOVA indicated a significant interaction effect, and then only pre-planned
comparisons were examined. Copy number for collagen was elevated with 3,000 pe of
load at 24 and 48 hr after loading. For -1 integrin, copy number was increased at 24 and
48 hr and significant interactions of time with load were present. A significant increase of
osteopontin copy number was observed at the 48-hr timepoints, but no changes due to

load were observed.
Measurement of statistically significant changes in gene expression due to loading
demonstrates the usefulness of this novel strain application system for evaluating effects

of mechanical loading on bone cells in contact with dental and orthopedic implant

materials.
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CONCLUSIONS

Unique features related to the design of this loading system involve the use of
actual dental and orthopedic implant materials as the substrate on which to culture the
bone cells. Additionally, this system provides a way to accurately record the dynamic
strain induced on the surface of the loaded substrate. Adaptability was also a design
feature incorporated into this system, and, as a result, numerous implant materials can be
evaluated in both tension and compression.

Dual fluorescent staining methodologies allow the visualization of different cellular
characteristics from the same microscopic field of view of osteoblasts cultured on opaque
implant materials.

A unique feature of the metabolic analysis used in this investigation involves the
development of a custom RNA competitor that allows simultaneous analysis of multiple
osteoblast analytes from small populations of cells.

By virtue of the ability to apply quantified, dynamic deformation to osteoblasts
attached to implant materials with subsequent metabolic and morphologic analysis, this
system will allow exploration of signaling pathways used in mechanosensory force

transduction.
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QC-RT-PCR Experiment Calcuiation
Low QD cutoff
0.014
RT+ 1.50
PCR+ 200
EA+ 200
EIA- 0.190
Error Corrected Average Specific 0.D.
PCR primer  Collagen 20 min Pontin 20 min Integrin 20 min mHPRT
BNC-1 copies|Collagen smffer Pontin _stuffer R in_stuffer | Ratio log R T swffer
1.0 10
1.5 30
2.0 100
25 300| 3.4125 0.06( 56.88 1.75 2.4025 low 1.4475 0.0255| 56.76 1.75§ 3.2085
30 1,000 3455 0.161] 21.46 1.33] 1.8785 0.0245]76.67 1I. 1.1675 0.0245{ 47.65 1. 3.0875
35 3.000 2742 0351 7.81 0.8 1.861 0.0495{37.60 1.5 1.415 0.151] 9.37 0. 3.303
4.0 10,0000 2.6325 1.0885 242 0.38] 2.0455 0.1305(15.67 1200 1.2945 0.3205| 4.04 0.61f 2.6225
4.5 30,000 2.1985 1.4745[ 1.49 O0.17] 1.9425 0.2235| 8.69 0.94 1.364 0.769{ 1.77 0.25§ 2.8475
5.0 100,0001 2.1435 2.6645{ 0.80 -0. 1.9105 0.3465| 5.51 0.74 1.2565 1.229 1.02 0.0} 2.602
55 300,000 1.241 3.0425| 0.41 -0.39 1.9475 0.6605| 2.95 047 1.273 1.7295| 0.74 -0.13§ 2.62
6.0 1,000,000
6.5  3.000,000
7.0 10.000.000¢
7.5 30.000.000
Calculation Template for End Pomt
Callagen Pontin Integrin mHPRT
BNC-1 R-1 BNC-1 R-2 BNC-1 R-3 BNC-1 R4
3.5 1.58 35 0.97 3.5 072
4.0 1.20 4.0 0.61 4.0 0.56
45 0.9%4 45 0.25 45 023
50 0.74 5.0 0.0t 5.0 0.09
$5 047 5.5 -0.13 5.5 0.057
1 Hr Control |
DR 19
Collagen Pontin mHPRT
End PuReaction| 63.583 2,148,769 123.813 258,905
Slape 0.61 0.53 -0.56 .36
Corr Coefft 0.99 0.9 0.99 -0.96
300
200
-s: \\ poa o i
< s lmegna ||
9 . ‘
- z
-200
30 40 Log (BNC-{ copies) $o 40
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QC-RT-PCR Experiment Calculation

Plate § Backgrounds Plate 2 Low OD cutoff

Controls MCC 0.144 Controls 0.014

RT+ 1.50 Collag 0.182 RT+ 1.50

PCR+2.00 Pontin 0.163 PCR+ 2.00

EIA+ 2.00 Integri 0.153 ElA+ 0.00

EIA- 0.1% mHPR 0.152 ElA- 0.000

Error Corrected Average Specific 0.D.
PCR primer Collsgen 20 min Pontin 20 min Integrin 30 min
BNC-1 cgialColh stuffer | Ratio log R in swffer| Ratio log R in stuffer

L.0 10
1.5 30
2.0 100
2.5 3001 1.895 0.0465) 40.75 1.61§ 3.488 0.021§170.15 2.232.6495 0.01 1.576 0.0215
3.0 1.000] 1.393 0.047| 29.63 1.474 2.842 0.016/177.63 2.2§) 1.8385 0.045| 41.31 . 1.74 0.12
3.5 3,000] 1.327 0.153] 8.67 O. 2,848 0.062} 46.30 1. 2.274 0.248] 9.19 0.94| 1.3455 0.1355
4.0 10, 1.304 0.355| 3.67 0.56) 2.634 0.156] 16.94 1.23]1.7875 0.431] 4.15 0.6 1.412 0.464
4.5 30,8 0.923 0.253] 3.65 0.5} 2.498 Q.1 17.17 1L.2311.3845 0.464) 299 0.4% 1.063 0.2
5.0 100,000/ 0.991 0.484{ 2.05 0.31) 2.23 0.218] 10.25 1.01f 1.094 0.765 1.43 0.16] 0.9465 0.4275
5.5 300,000] 1.038 1.166] 0.89 -0.04f 3.173 0.798] 3.98 0. 1.716 1.828| 0.9%4 -0.0 1.3365 1.455]
6.0 1,000,
6.5 3,000,
7.0 10,000,
7.5 30,000,

Calculstion Template for End Point

Collagen Integrin mHPRT

{ Hr 3,000 Microstrain 1
DR 19

BNC-1 R-3

MCC-4 R4

Collagen Pontin Integrin mHPRT
End PUReaction| 299,658 8,435,891 239,293 355,338
Slope 045 0.47 0.49 0.44
Corr Coeff -0.98 -0.96 -0.99 -0.93
3.00
2
\__‘\ ——Colagm
i‘” e Potm
] '\‘ —H— g
i | —S—marar
L ~
1.0
200
30 ) Lag(ANC-L caplont 0 0
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QC-RT-PCR Experiment Calculavon
Plate ! Plate 2 Low OD cutoff
Coatrois Coatrols 0.014
RT+ 1.50 RT+ 1.50
PCR+ 2.00 PCR+ .00
EIA+  2.00 EIA+ 0.00
EIA- 0.190 EIA- 0.000
Error Corrected Average Specific 0.D.
PCR primer  Collagen Integrin 15 min
BNC-1 ies{Collagen snuffer in_suffer Ratio log R
1.0 10
1.5 30
20 100
25 300
3.0 1.000
35 3.000
4.0 10,000 2.0415 0.2745 1.2815 0.0445 2.1715  0.712 11.25 1.
4.5 30.000f 1.3165 0.3735( 3.52 0.5 1.0505 0.081] 12.97 1.17 0.432 3.07 04
5.0 100,000 1.292 1.575| 0.82 O 1.1565 0.2865| 4.04 0.6975 0.9305 2.13 03
55 300,0000 1.371s 212§ 0.65 0.1 1.056 0.3705{ 2.85 1.6225 2.034 0.96 0.
6.0 1,000,000 1.11 2.4515] 0.45 -0 1.1685 0.516] 2.26 1.878 2.532 0.71 0.1
6.5 3,000,000 0.2395 2.6265| 0.09 -t 1.0055 0.6255] 1.61 0.717 2.204 0.58 0.
7.0 10,000, 0.0225 29415} 0.01 -2.! 1.0225 0.8635] 1.18 0O 1.389 3.0075 0.53 0.2
7.5 30,000,
Calculation Template for End Point
Collagen Pontin Integrin mHPRT
BNC-1 _R-1 BNC-1 R-2 BNC-1 R-3 BNC-1_ R4
4.0 0.87 4.0 1.46
4.5 0.5 4.5 1.1l 45 049
5.0 -0.09 5.0 0.61 5.0 0.33
5.5 -0.19 5.5 04S 55 0.02
6.0 0.35 6.0 -0.15
6.5 0.21 65 0.3
{ HR CONTROL It
DR
Collagen Pontin Iniegrin _ mHPRT
End Pt/Reacu 128,354 4.366.561 277.670 500.244
Slope 0.7 £0.50 0.43 £0.38
Corr Coeffl -0.97 0.96 0.98 0.97
200
100
3 el
% i—a—foam
w0 Tl
I TE-mHART |
-1.00 T
i
; E
‘ -100 ‘

LogfBNC-1:oplen) 53

[ 3]

T8
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Plate 1

Controls

RT+ 1.50

PCR+ 200

EIA+ 2.00

EIA- 0.190
PCR primer Collagen

BNC-1 gggiesIColhgen stuffer

1.50
.00
0.00
0.000

swffer

Low OD cutoff
0.014

101

1.0 10
1.5 30
2.0 100
2. 300
3.0 1.000
35 3.000
1.0 10,000 2363 0.586} 4.03 0.61] 2.5135 0.2285{{1.00 1. 2682 059
4.5 30,000, 1.461 0.5205| 2.81 0.4 1.692 0.216| 7.83 0.8 1.758 0.6955
5.0 100,000, 1.037  1.3245| 0.78 0.11f 1.5265 0.4265] 3.58 2052 1.245
55 300,000 0.762 1.579{ 0.48 0.3 1.363 0.4205( 3.24 O. 1.5935 1.3005!
6.0 1,000,000 0.367 1.754) 0.21 0. 1.4855  0.662] 2.24 0.3 1.4995 1.39%9
6.5  3,000.000 low  1.9045 1.3135  0.8075{ 1.63 0. 0.5795 1.1665
7.0 10,000.000 0.936 2.426( 0.39 -0.41] 1.7435 1.238| 1.41 0.1 1.5975 2.6945
7.5 30.000.000
Calculation Template for End Point
Collagen Integrin
BNC-1 R-1 BNC-1 _R-3
45 0.45 4.5 0.30
5.0 0.11 5.0 0.03
5.5 0.32 5.5 0.14
6.0 -0.68 6.0 0.27
1 HR 6,000 1
DR
Collagen Pontin mHPRT
End PvReaction] 102,213 17.290.219 153,306 573,235
Slope 0.71 0.30 .37 0.32
Corr Coeff 0.99 £0.98 0.9 097
200
!
t 00 .
I I
- t—0—Collagen | :
I j=~—Poum | |
(g | !
’ 000 \\' |~ MPRT {
;
|
| 100 i
| ;
Cam '
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QC-RT-PCR Experiment Calculation
Plate | Backgrounds Plate 2 Low OD cutoff
Controls BNC 0.135 Coantrols 0.014
RT+ 1.50 Collage 0.164 RT+ 1.50
PCR+ 2.00 Poatin  0.151 PCR+ 2.00
ElIA+ 2.00 Integrin 0.168 ElIA+ 0.00
EIA- 0.190 mHPRT 0.190 EIA-  0.000
Error Corrected Average Specific 0.D.
PCR primer Collagen Integrin 15 min
BNC-1 copies|Cotlagen smffer! in_stuffer Ratio log R
1.0 10
1.5 30
2.0 100
25 300
30 1,000
35 3,000
4.0 10,000| 1.3375 0.251f S. 1.46 0.1285 3.1565 0.605 4.21 0.6
4.5 30,000 1.109 0.544) 2.04 0.31F 1.317 0.2425| 5.43 2,658 1.326 8.79 0.94
5.0 100.000[ 0.9955 0.732} 1.36 O0.13] 1.0225 0.3955] 2.59 2.215 1.8435 1.42 0.1§
55 300.000| 0.607S 0.719| 0.84 0 1.222 0.4345| 2.81 0. 1.8905 1.73 1.29 0.11
6.0  1,000,000f 0.7305 1.35| 0.54 O 1.1535 0.768| 1.50 0.18 2.5905 2.853 0.83 0.0
6.5 3,000,0000 0.657 1.544{ 0.43 -0.37) 1.4045 0.803( 1.75 0. 1.909 2.5045 0.65 -0.1
7.0 10,000,000 0.558 1.674| 0.33 -0 2.1935 3.202 0.59 0.2
7.5 30.000.000% i
Pontin
BNC_ R-2
5.0 041
6.0 0.177
6.5 0.243
7.0 0.005
I HR 3.000 I
DR 2!
Collagen Pontin mHPRT
End PUReaction 304.616 19.062.873 469.266 547,587
Slope 0.38 .18 0.13 0.24
Corr Coeff] 0.97 0.91 0.99 0.98
100 .
|
100 |
ot |
‘\\r___\ ja—tomm |
.- l—.—m !‘ H
%m X e !
™ !
!
1
]
!
| 200 :
s 3s a8 LaglMCC caplel as LXY ‘
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QC-RT-PCR Experiment Calculation
Plate | Backgrounds Plate 2 Low OD cutoff
Controls BNC 0.132 Controls 0.014
RT+ 1.50 Collage 0.163 RT+ 1.50
PCR+ 2.00 Pontin  0.198 PCR+ 2.00
ElA+ 200 Integrin Q.172 Ela+ 0.00
EIA- 0.190 mHPRT 0.261 EIA- _ 0.000
Error Corrected Average Specific O.D.
PCR primer Collagen 20 min Poatin 20 min Integrin 20 min mHPRT IS min
BNC-1 copies|Collagen stuffer| in smuffer | Ratio log RImHPRT stuffer | Ratio log R
1.0 10
1.5 30
2.0 100
25 300
30 1.000!
35 3.000
40 10.000{ 2.2905 0.769 1.909 0.7925] 1.9415 0.30251 6.42 0.81
45 30,000{ 2.043 1.409 1.3125 0.8935 1.9985 0.667] 3.00 0.
5.0 100.000| 0.789 1.019 0.918 0.971 0.531 0.454} 1.17 0.
5.5 300,000} 0.8995 1.963 1.3165 1.767 1.3615 1.566{ 0.87 -0.
6.0 1,000,000 1.061 2.513 1.4095 2.701 1.034 1.809} 0.57 0.
6.5  3,000,0000 0.8805 3.299 1.738 3.0455 1.073 2.696 0.40 -0.
7.0 10,000,000 0.773 3.517 1.606 3.325 0.7895 2.6075{ 0.30 0.
7.5 30,000.000
Calculation Template for End Point
Collagen Pontin mHPRT
BNC R-l BNC_R-2 BNC R4
4.0 0.47
4.5 0.16 4.5 0.4
5.0 -0.11 5.0 0.34 50 0.07
5.5 0.34 5.5 0.249 5.5 -0.06|
6.0 0.066 6.0 0.24
6.5 0.04 6.5 0.4
70 -0.06
1 HR 6,000 I1
DR 21
Collagen Poatin mHPRT
End PuUReactiony 66,609 3.170,752 115,134 256,641
Slope -0.55 0.2 -0.32 0.41
Corr Coeff -1.00 0.97 -0.99 -0.98
100 ;
100 i
;—T.-ﬁl !
\ t—a—poacn | |
i~ tmegra | ‘
i gm i~@—@HPRT | |
K |
) a0 ‘
‘ |
‘200

2

33

.3 LogtMCC caplel

(%]

Ts
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QC-RT-PCR Experiment Caiculation

Plate |
Controls
RT+ 1.50
PCR+ 2.00
EIA+ 2.00
EIA- 0.190
PCR prnmer  Collagen 30 muin 15 min
BNC-1 copies{Collagen swffer | Ratio log RfPontin _swffer Ratio log R
1.0 10
1.5 30
20 100
25 300
3.0 1.000|
35 3.000
3.0 10.000{ 3.1355 0.697] 4.50 O 2.8945 0.688| 4.21 0.6}
45 30,000] 2.4315 0.8695 2.830 0.45{ 3.4135 0.5095 24345 0.74] 3.29 0.5X
5.0 100,000 2017 1.442] 1.40 0.15§ 3.4355 0.846 2.26 1.0865| 2.08 0.3%
5.5 300.000{ 1.2585 1.1435{ 1.10 O 3.046 0.7795| 1.7015 1.154] 1.47 0.17
6.0 1,000,000 1.943 2.5065| 0.78 -0.11§2.8915 1.401 1.802 1.49] 1.21 0.0
6.5 3,000,004 1.8105 2.2165| 0.82 -0.09 2.8635 1.6255 1.7665 2.278] 0.78 -0.1!
7.0 10.000.0008 0.766 2.7775{ 0.28 -0.5¢0 2.923 1.9195 1.101 1.7415{ 0.63 -0.20%
7.5 30.000.000
Caiculation Template for End Point
Collagen Integrin mHPRT
BNC R-1 BNC R-3 BNC R4
4.0 0.65 4.0 0.69 4.0 0.62
4.5 0.45 4.5 0.58 4.5 0.52
5.0 0.15 5.0 0.17 5.0 0.32
5.5 0.04 S§.5 0.05 5.5 0.17
6.0 0.11 6.0 0.12] 6.0 0.08
7.0 0.56 6.5 -0.26] 6.5 0.11
7.0 0.42 70 0.2
4 HR CONTROL §
DR 22
Collagen Pontin mHPRT
End PuRcaction 387.475 21.991.691 566,054 1577522
Slope 0.39 0.30 0.38 0.28
Corr Coef] 0.99 0.98 -0.99 -1.00
100
100 LN i
~—tr— Pootin
- t——lgegn |
‘ %m & ———aT
-1 00
200 !

3s

LR}

LogMCC coph

as

18
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QC-RT-PCR Experiment Calculation
Plate | Plate 2 Low OD cutoff
Contrals Controls 0.014
RT+ 1.50 RT+ 150
PCR+ 2.00 PCR+ 2.00
ElIA+ 200 EIA+ 0.00
EIA- 0.190 EIA-  0.000
Error Corrected Average Specific O.D.
PCR primer Collagen 1S min Integrin {5 min mHPRT 15 min
BNC-1 copies|Collagen swffer in_stuffer | Ratio log R} RT swffer | Ratio log R
1.0 10
[ ] 30
2.0 100
25 300
30 1,000
s 3,000
4.0 10,000 2.5055 0.8665| 3.834 1.2705{ 3.02 0. 0.942 0.069| 13.65 1.1
4.5 30.000{ L.2175 0.9385 2.7075 1.5345] 1.76 0.2 1.376 0.916] 1.50 0.1

22415 2.076f 1.08 0.03] 1.7865 1.2135| 1.47 0.1
1.2535 2.479 0.51 0. 0.886 0.8¢45| 1.00 0.

1.3965 3.0265| 0.46 0. 1.423 1.7275 0.82 -0.0:
2.1425 3.0545| 0.70 0.1 1.208 2.1135( 0.57 -0.2
1.8225 3.325| 0.55 0. 0.6715 2.763] 0.24 Q.61

5.0 100,000f 1.508 1.5875
5.5 300.000] 0.6635 1.4465
6.0 1,000,000 1.1775 2.817§
6.5 3,000,000 1.053 2.2695
7.0 10.000.000( 0.8485 2.9515| 0.29 <.

0.61 0.5085| 1.
0.699 0.586{ 1.19 0.0

7.5 30.000.000
Calcutation Template for End Point
Collagen
BNC R-1
4.0 046
45 on
5.0 -0.02
5.5 -0.34
6.0 -0.38
4 HR 3,000 1
DR 22
Collagen Pontin Integrin mHPRT
End PuUReactiony 81,829 14,191,715 112,113 318,473
Slope 042 0.19 043 o4
Corr Coeff] -0.97 -0.96 0.98 0.97
200
100

|

i
il

-2.00
1s bR 1 45 LegMCCcoplen) 59 [ %] s
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QC-RT-PCR Experiment Calculation
Plaic 1 Backgrounds Plate 2 Low OD cutoff
Controls BNC 0.162 Coantrals 0.014
RT+ 1.50 Collage 0.181 RT+ 1.50
PCR+ 2.00 Pontin  0.168 PCR+ 2.00
EIA+ 2.00 Integrin 0.186 ElA+ 0.00
ElA-  0.190 mHPRT 0.175 EIA-_ 0.000
Error Corrected Average Specific 0.D.
PCR primer Collagen 20 min Pontin 1S min lategrin 1S min mHPRT 15 mun

in stuffer | Ratio log RImHPRT stuffer | Rauo log R

BNC-1 i Ratio log R}Ponun _ stuffer

2.0805 0.335| 6.21 0.79] 1.5865 0.194] 8.18 0.91
1.813 0618 2.93 0.4 1.501 0.297] 5.05 0.70
1.518 0.6365[ 2.38 0.3 1.185 0.4035| 2.94 0.47|
1.744  1.592] 1.10 0. 1.887 1.6255| 1.16 0.
1.2765 2.051f 0.62 -0.21} 1.6605 1.908| 0.87 -0.

0.8155 0.1095 1.0295  low
0.995 0.587| 1.70 0.231 0.7605 0.067|11.35 1.
5.0 100,000f 1.995 1.9625| 1.02 0.01§ 0.8575 0.177] 4.84 0.
5.5 300,000 1.9345 2.374{ 0.81 -0. 0.879 0.2455] 3.58 0.5.

6.0 1,000, 0.9855 2.5855| 0.38 -0.420 0.796 0.283] 2.81 0.
6.5 3,000 1.3745 2.836y 0.48 -0.31§ 0.8545 0.384| 2.23 0.35] 1.7805 2.719] 0.65 0.18 1.5545 2.1915] 0.71 0.1
7.0 10,000, Q.8775 2.335{ 0.38 -0.43% 0.653 0.3965| 1.65 0.22% 1.5135 2.4555| 0.62 -0.21} 1.1895 2.436] 0.49 -0.3%

7.5 30.000.
Calculation Template for End Point
Collagen Pontin mHPRT
BNC R-2 BNC R4
4.0 091
45 1.06 4.5 0.70
5.0 0.69 5.0 0.47
5.5 0.554 5.5 0.06]
6.0 0.449 6.0 -0.06
6.4771 0.347 6.4771 0.15
7.0 0.2 7.0 -0.31
4 Hr Coatrol i1
DR23
| Collagen Pontin Integrin mHPRT
End PUReacti 161,232 36.327.980 396.801 1.101.491
Slope 0.25 0.30 0.48 0.42
Corr Cocf 0.99 0.96 0.99 0.98
100
100 A
]
\ == Posun. !
= 1= —lmegn
: ;“’ p—
-1.00 |
200
s s 45 Lag(MCC coplolt 'Y s
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QC-RT-PCR Experiment Calcutation

Plate | Plate 2 Low OD cutoff
Controls Controls 0.014
RT+ 1.50 RT+ 1.50
PCR+ 2.00 PCR+ .00
ElIA+ 2.00 ElA+ 0.00
EIA- 0.9 EIA-  0.000
Error Correcied Average Specific 0.D
PCR primer Collagen 20 min I Pontin : 15 min
BNC-1 copies|Coliagen stuffer | Ratio log R JPontin _stuffer Ratio log R
1.0 10
1.5 30
2.0 100
25 300
30 1.000
35 3.000]
4.0 10.000{ 1.842 0.756] 2.44 0.391 0.988 0.0519. ! 3.82 0.4325{ 8. 3.458 0.591| 5.85 O.
1.5 30.000{ 0.812 0.742( 1.10 Q. 0.616 0.041{15.02 1 1.2555 0.092] 13.65 1.1 2.0625 0.612} 3.37 0.
5.0 100,000 0.793 0.846{ 0.94 -0.03§ 0.6755 0.108| 6.25 0 29325 1.709] 1.72 0.2 2.107 1.0655| 1.98 0.
55 300,009 0.92 1.566| 0.59 0. 0.651 0.189) 3.44 0O 1.204 0.939| 1.28 0.11] 2.365 1.89| 1.25 0.
6.0 1,000,000 0.8495 1.66] 0.51 -0.29¢ 0.6305 0.279| 2.26 24395 3.0971 0.79 0.1 2.1028 2.3725( 0.89 0.
6.5 3.000,0000 0.8155 2.38| 0.34 -Q. 0.802 0.3735{ 2.15 2.8405 3.135| 091 0 2.1265 3l 071 0.
7.0 10.000,000 0.7195 1.917} 0.38 -0.4 0.583 0.487| 1.20 2.639 3.3255{ 0.79 0.1 1.734 2.8825| 0.60 -0.
7.5 30.000.000
Calculation Template for End Point
Integrin mHPRT
BNC R-3 BNC R4
4.5 0.53
5.0 0.30
5.5 0.108, 5.5 0.1
60 -0.1 6.0 0.05
6.5 -0.04 6.5 -0.15
70 0.1 7.0 -0.22]
4 Hr 6.000 {
DR 23
Collagen Pontin mHPRT
End PUReacuony 100,958 18,533,556 854,566 1.041,751
SIOZJ 0.35 -0.33 Q.11 -0.30
Corr Coeffl .98 0.97 40.74 -0.98
100
100
\\\\ ;
- |
:am W :_:C&T )
¥ P
' | —W—lmegra |
[ :
100 |
]
|
-200

18

Lag(MCC cophl

[ %1 T8
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QC-RT-PCR Exparman Calculsnon
Plate | Backgrounds Plate 2 Low OD antoff
‘ Controis BNC  01% Controts o014
R7T+ 1.50 Collagen 0 167 RT+ 150
PCR+ 200 |Pontn 0172 PCR+ 200
ElA+ 200 Integrn G172 EIA+ 0.0¢
EIA- Q190 mHPRT 0180 EIA- 0 000
Error Comrected Aversge Speasic 0.0,
PCR pomer Collagen 1Sam Pontin [Smn Integnn 15 mm mHPRT 1S mmn
BNC-1 copes{Collagen  stuffer Rano logR JPonan  stuffer Rabo iogR L stuffer Ratio log R [mHPRT smffer Rano log R
10 10
L5 3
20 100
s 300
30 1,000
3s 3,000
40 10,000 162 o0232] 698 o 27625  0093] 2970 Ly 2721 o02165) 1257 LI 26405 0444 595 oM
45 30,000 183 0617 232 037 303 03105] 1106 1 32735 10085 326 051 2378 1062 224 O
50 100000 10585 omis] 135 01 2301 032f 719 o 21815 1068 204 o031 o7E3s 053] 136 0.
b3 300,000 1506 22118) 068 017 3061 ta308) 297 o4 276 2821 097 Q0f 13555 15915) 085 O
60 10000001 10195 25225 040 -039] 25325 14288 LTT O 20025  29403] 068 0.17] 16605 29045 057 0.2
6.5 3000000 11655 30365{ 038 042 26025 o644 158 0O 2525 3065| 082 . 186 27215 069 01
70 10,000,000 06215 3105 020 07 22915 19971 LIS 0. 202 3815 o061 .021] 07435 33685 02 0
75 30.000,000
Calasiaton Templare for End Powns
Collagen Ponzn Irtegnn mHPRT
BNC R-1 BNC R-2 BNC R BNC R
10 084
45 037 45 051 45 03
S0 013 S0 086 50 03102 S0 016
$5 Q.17 55 0.4728 5.5 00112 ss Q07
60 039 60 02487 60 0.1668 60 020}
6.5 0.1995| 7 0.6%
70 006
24 HR CONTROL I
DR 26
Collagen Pontm (ntegrn mHPRT
End PVReaction| 178309 9.474.429 383,795 31214
Slope! 060 037 o.47 .20
Corr Coef]] 0.9 095 29 -1.00
zwr- ——— et e — —_— - — - —_——— -
*®
e Cotmpun
? ~—toren |
it
s T
-ton
200
23 3 3 LogteicCt eupan) ER1] (1] rs
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QC-RT-PCR Expenment Calcuisthon

109

Plate | Backgrounds Plate 2 Low OD cutoff
Controts BNC 0108 Controls 0014
RT- 150 Collagen 0 io8 RT- 150
PCR+ 200 Pontn 0150 PCR+ 200
ElA~ 200 Integrn 0170 ElA» 000
EIA- 0190 mHPRT 0140 EIA- 0000
Etroe Corrected Average Speafic O D
PCR pmmer Collagen {Smm Ponan 1Smm Integnn 1S mm mHPRT 1S mm
BNC-1 copres|Collagen  stuffr | Ratio logR JPonon  swuffer | Rano iopR fimepm suffr | Ravo logR JmHPRT srufer | Ruso logR
1o 10
s 30
20 100
5 300
30 1,000
s 3,000
10 10,000 3193 09| 808 091f 18775 00245) 7663 L. 1784 008SS| 2087 132] 09625 0098S| 977 099
43 300000 23705 0422] S62 07§ 13538 oous| 3261 1Sif o022 low| 0539 o7ty 1% 0
S0 100000 21905 LI30S| 194 o2 1232 ot3ss| s09 o L1s7 osm9l 243 o039] 12075 09325 227 o
$8 300,000 1055 0759s| 139 o1d 11835 otsi) 78s  os9f 19355 1904 102 o0} 1284 o0984s| 130 012
00 1.000.000/ 1184 1o 113 00s)] L1v9s 0417 288 06f 15455 2357 063 020 0908 1084 08: 0
13 3,000,000 13375 19985{ 067 017 131S 0666l 197 030 1957 2358 069 01 1019  1od0S| 062 -021
70 10000,000] 13125 2598 051 0. 13875  0.754] 188 02§ O0B®9S 3148 027 0 11145 21198 052 -0
4] 30.000.000 3‘1
Calcuiaton Tamplate for End Pomt
Coflagen Pontn Integrn mHPRT
BNC Rl BNC BNC R-3 BNC R4
s0 029 50 S0 039 S0 036
55 0.4 s $s 001 ss 012
60 005 60 60 020 20 -008
65 017 65 83 016 oS 021
70 430 70 10 0
24 HR 3.000
DR 28
Collagen Ponun integrn mHPRT
End PvReacnon| 998267 17,267,480 572,456 850322
Slope] 030 040 o3 032
Corr Coefl] 099 093 089 098
200 ¢ --- - . ——— e —— ———— e i e e e ———— ——-—— i ————
100

1%}

49
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QC-RT-PCR Expenment Calkulston
Plate | Backgrounds Plate 2 Low OD autotl
Controls BNC 0159 Controts 00i4
RT~ 15 Collagen 0150 RT+ 150 .
PCR* 2 Pontmm 0182 PCR» 200
ElA~ 200 integrn 0172 ElA~ 000
EIA- 0190 mHPRT 0443 EIA- 0000
Error Correxted Average Speafic 0.D
PCR pruner Collagen 13 mmn Pontn 1S man Integrm 15 mm mtPRT 15 mm
BNC-1 copws|Collagen  stuffer Raoo logR JPontm stuffer | Rano log R |integnn suffer | Rato log R fmHPRT swuffer | Rano logR
10 ()
s k]
20 100
2s 300
30 1,000
3s 3,000
19 10.000 2831 0.125) 281 1 3251 0407 3039 L. 15365 0.0763| 2401 1 1725 0245 736 037
13 30,000 0053 003{ 13 o 07495  000S5| 1153 L. low low| low  0.0365
50 100,000/ 2716 229 12 o 2546 0558 335 O 0687S 0S| 120 O 07335 0S11s] 148 ol
hB 300.000 2012 208 123 009 2159 0538 457 0 0361 0343 105 002 1923 L4a1s] 133 0.3
o0 1.000.000 2491 29325 08S Q0 5118 102 231 @ 1697 2901] 038 02 1.7255  15%5 067 417
68 3.000,000 23645 3046 078 OlIf 23005 LI74] 204 031 1006 284 036 04 12245 25293 048 032
10 10.000,000! 19435 3260 060 -0 24005 15778 152 01 1.163 32025{ 03 0 1104 29305 038 Q.
75 30.000,000
Calculanon Template for End Pomt
Collagen Pontn mHPRT
BNC R-1 BNC R-2 BNC R4
45 Q09
50 0.09! 50 o017
s 009 5.5 066 35 0.1234
60 007 60 03321 60 -0.171
65 -Ql1 6.5 03106 6.5 031s
70 422 70 018 70 0424
24 HR CONTROL |
DR 2S
Collagen Pontm Integnn mHPRT
End PYRescoon| 365,294 33363818 755,786 410,581
Slopet Q.13 43 064 433
Corr Coef]] 094 0.96 0.96 098
I e e e e -
10 \
\—\-\‘
{=at—scongrn |
] — =
B -]
am
2% 18 as Legiecs sousee) 1Y) [T} s
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QC-RT-PCR Expenment Caiculation
Plate | Backgrounds Plate 2 Low OD autoff
Controts BNC 2158 Contyols 0014
RT~ 1.50 Collagen 0.168 RT+ 1.50
PCR+ 00 fontm 0.178 PCR+ 200
ElA~ 2 Integrn  0.195 ElA+ 000
ElA- 0.190 mHPRT 0.167 EIA- 0000
Enror Corrected Avenage Speafic O D
PCR posner Collagen 1$mm Poaan {Smm [ntegnn 15 oun mHPRT ISmm
BNC-luw.ICohm stutfer Rato logR JPontin  suffr | Rato logR fintegrm stuffx | Rano log R §mHPRT swffr | Rano logR
1o 10
LS 30
20 100|
s 300
30 1,000/
3s 3,000
40 10,000 2095 02s| 838 092 3.165 0229 13:2 Ll 03975 low 2.4805 0438] 566 0.7,
45 30,000 1.1728 0335y s02 o 278 0416y 668 O 1227 0316 388 0.591 0.2345 0029] 878 O
50 £00.000 1.3518 0.53715] 251 0.40 2646 084S 595 0 1772 096S5] 184 0.2 1.6935 0787 21s 033
s 300,000 09743 09355 104 002 2346 06785] 347 054 15015 194s{ 077 011 22095 18165f 122 0.
o0 1,000,000 1138 L79f 06¢ 0.1 2219 08555 2 041] 16685 2768] 060 022 1.5525 20138] 077 Q1It
6.5 3,000,000 0.9% 13283 040 038§ 22755 1083 210 O.Jﬂ 16305 2964] 055 0.2 1.6365 24531 067 1
10 10,000,000 1.2465 2538 049 031 2.502 1.687| 148 017 11545 3.233] 036 0. 0605 2801S| 02 067
75 30,000,000
Calculanon Teampiate for End Pownt
Collagen Pontn Irtegren
BNC R-1 BNC R-2 BNC R4}
45 Q.70 45 059
S0 0.40] 50 om 0 026
55 002 55 054 55 Q.11
60 019 60 o4l 60 42
65 032 65 0.26
70 017
4 Hr 600011
DR 24
Collagen Pontin Utegrm mHPRT
End PYResction 417389 35,658316 403,645 092,997
Slope 2.6l 428 s 439
Corr 099 299 4.95 0.9
m
1o
——Catagen
\1\. —a—0oren
¥ =
——nePaT
-ta0
Im
33 s ConmKSonpinn) [X] s
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QC-RT-PCR Expenment Calaulsnon
Ptate | Backgrounds Plate 2 Low OD cutoff
Controls BNC 0167 Conerols 0014
RT 150 Collager 0.175 RT- 150
PCR> 1 Pontn 0183 PCR- 2
ElA» 200 Integrm. 0.181 EIA- 000
EIA- 0 190 mHPRT 0203 EIA- 0000
Esror Coacted Aversge Speaafic O.D.
PCR puna  Collsgen 15 mm I Pontn  ISmun tntegrn 1S man @mHPRT  1Som
BNC-| copwes|Collagen  stuffer | Rato logR JPontn soufer | Rano iogR |integrm stuffr | Rano iogR fmHPRT stuffer | Rano logR
10 10
LS %
20 100)
15 300
30 1,000
s 3,000
10 0000 14 ol 133 1.6618 low L1« ooss| 1966 1287 01305| 936 o
.5 0000 15935 osies] 307 191 oxs| 83 o092 osms ouzs| em L1 on3s| 365 o
50 100000 1125 12ee] 112 1600 036l] 443 o06s] 0609 o452 135 16865 1272} 133 012
5s 300000 0875  1332] 064 1927 o3| 435 oef o095 15| 064 205 1883 109 o
a0 1000000{ 12785 2574s| 0% 13;s oss| 239 o 0% 381 o 11815 2069 057 02
63 3,000,000 low law| 0229 o019 210 03 low 0032 low 02695
10 10.000000{ 03805 297s5[ 020 15205 10s6] 149 o] 12925 3395| o039 1167 37es] 031 081
75 30.000,000
Calclanon Tempiate for End Point
Collagen Porttn Imegrm mHPRT
BNC Rl BNC R lene -3 BNC R4
45 0w PR Y ] 145 om 45 036
50 00s S0 065 $0 0.129¢8 50 012
55 019 55 06385 55 019N 5.5 0.0379
60 030 60 03776 60 04 60 020
6471121 03224 7 Qs
70 016
4Hr 3,000 If
DR 28
Collagen Pontn integnn mHPRT
End PVReacton| 181,031 32568419 74637 375819
Slope 052 029 arm Q41
Cort Coefl] 096 o5 0.96 297
m
v00 \
f =
\
- -
- AT
jy.
200
38 as Logticumpans) LX) rs
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QC-RT-PCR Expammean Calcuishon
Plue L | Bacigrounds Plate 2 Low OD autofl’
Controts BNC 0172 Controls 0014
RT» 150 Collagen 0179 RTe 1%
PCR+ 200 Ponon 0162 PCR- 200
ElA- 200 integrm 0180 ElA-  0®0
EIA- 019 mHPRT 0172 EIA- 0000
Emror Comrected Avenage Speafic O D.
PCR pamer  Colagen  20mm J Pontm 15 mn ntgm 1Smun Lup mHPRT 15 mm
BNC-| copses|Collagen _stuffer | Rano logR [Ponon  smuffr | Rano logR Jimegnn  smfier | Rano logR RT  suffr | Rato logR
10 1
X 30
0 100
s 300
30 1.000
s 3.000
a0 10000f 182 0156 24 @ oses  aos| 1976 130f 3 ool sm 09 3158 osif sas
s 0000] 0&I2 074S| L0 0 0616 oo4f| 1502 LIs} 12555 00%2f 1365 114 20625 o6l2f 337
s0 100000] 0793 084s| 094 003} 06755 0108 625 O 9325 119 172 o 2107 1o0ass| 198
55 300,000, 092 tsess{ 059 ouf oest 09| M 0 1204 093 128 onf 236 189 125
00 1000000 08495 16593| ost 029 oels 029 226 03s] 24395 3097 a1 Lo 21025 37| om
65 30000000 08155 238 034 047} o802 03735 215 033 2805 33| 091 0 2.1265 3 on
70 10000000| 0795 1917] o3 oo} os® o] 120 o 269 3RS 019 01 1734 2885 060
75 30,000,000
Calculation Tempiate for End Pomt
Collagen intogrn mHPRT
BNC  R-l BNC R} BNC R4
40 09
50 003 45 08
55 on S0 030
60 029 55 0.108 $5 00974,
60 0.1036 50 0052
6.5 0.0428 6.5 -0.149
70 -0.1004 16 0
4 He 60001
DR 23
Colisgen Pomtm Integrm mHPRT
End PvReacon] 100958 18,533,556 854.566 1,041,751
Slope 033 233 o1 0.30
c«:mJ -098 997 QT 098
AW g e e — ———— . ———— = —— - ——— o e et . e s+ @ o+
1®
f \\\\.:R-c: ==
s —~a—Paren
|
—ewem |
-1 a0
20
s 39 s LogiiCE consdvl s ’s
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QC-RT-PCR Expenment Caiculstion
Plate | Backgrounds Plate 2 Low OD autot!f
Controls BNC [ B{~] Controls ool4
RT+ 10 Collagen 0 181 RT+ 150 -
PCR+ 200 Ponan 0168 PCR>
ElA~ 200 Integnn 0186 ElA» [
ElA- 0190 mHPRT 0.175 EIA- 0000
Error Corrected Average Speaific O.D
PCR paaper Collagen 20 mm Pontn 1Smm Integrm 15 mn mHPRT 1$ mn
BNC-luopu[Coﬂm stuffer | Rano logR [Ponon  stuffer Ratio log R {integrm stuffer | Rato log R gmHPRT stuffer | Rano log R
1.0 10!
LS 30
2 100
28 300
30 1,000
35 3,000
10 10,000 08155 0.1095) 745 087 1.0295 low| 20805 0335 621 0.79 15865 0.194 318 091
43 30,000 0995 0587 170 023] 07608 0.067) 1135  1.06 1813 o618] 293 047 1501  0297] sos 0.7
50 100,000 1995  19625f 1.02 0,011 08575 0177] 484 0. 1.518 06365| 238 038} 1185 04038 29¢ 047
bR ) 300,000 19345 2374 o081 -009 0879 02455 3138 0.5 1746 1592 110 0.0Y 1887 16255 116 0.
60 1,000,000 09835 25855 038 042 0.796 02831 281 O 12765 2051 062 <021 16605 198 037 O
65 3.000,000 13745 2836 048 031§ 08545 0384 223 03 17805 2719 065 0 llﬂ 1.5545 21915 o7t 0%
70 10,000,000/ 08775 2335 038 -0 0653 03965 165 O] 15135 24538 062 021 11895 2436 049 031
78 30.000,000; 'Dl
Calaulaton Template for End Pomt
Collagen Pontin Integnn mHPRT
BNC  R-l BNC R-2 BNC R-3 BNC R
40 079 40 091
435 023 45 1.06 45 047 45 070
50 oo 50 069 $0 03778 S0 047
5s 009 5.5 0.5539 5.5 00396 55 00648
65 031 60 0.4491 60 -0.206 60 006
70 043 6.477121 03474 647712 0.199
70 022 70 0311
4 Hr Controt Il
DR
Coflagen Pontin Integnin mHPRT
End PVRescnon{ 161232 36,327.980 396.80! 1,101,491
Slope 025 4.3 0.4 o4
Corr Coeff} 0.9 096 0.9 098
1W o e o
10 o
——Cotmpun
fty=Pran
|—ar—rrngrn
\ e |

200

23

a8

8
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QC-RT-PCR Expenmant Calculaton

115

Plate 1 Backgrounds Plate 2 Low OD autotf
Coatrots BNC 0354 Cuntrots Qo
RT+ 1% Collagen 029 RT- (]
PCR- 200 Pontn 0155 PCR+ 200
Ela~ 200 integnn 0 ldo ElA- 000
ElA- Q190 mHPRT 0278 EIA- 0000
Exror Cortrected Avenage Spefic 0.D
PCR pnmex Collagen 0 mm Ponan 1$ mun Integrmn {5 mmn mHPRT 15 mm
ANC-1 copves|Collagen  stutfer | Rato log R |Ponon stuffer Rapo logR [intggmn stufler Rano jog R [mHPRT smtfer Rano log R
10 10
LS 3
2 100|
2S5 300
30 1,000
35 3,000/
10 10,000 25085 08665 289 OJA 0872 0098S{ 885 099 38382 12708f 302 Q. 092 0069} 1365 LI
43 30,000 1.2175  0.9385 130 ottt 0ol05  0.1065 $73 0.7¢| 27075 1.5345f 176 0. 1.376 091p 150 0!
50 100.000 1508 15875f 095 <002 07085 0236S| 276 04 22415 2076/ 108 QO 17865 12135 147 01
$5 300.000 0o035 1HoS5| 0 0 0s% 02825 197 029 12538 24791 081 0 0880 0881S 1o o0
o0 1.000.000! L1778 28175] 042 0. 0087 04315 159 0.20 13%5 30265| 036 -034 1423 17279 082 0.
(3] 3.000.000 1053 2695 036 03 Qotl 0.5085| 120 Q 21425 30545 070 0L 1208 21135 0s? 02
70 10.000.000| 08185 29515 029 -0.54 0099 0s8sf 119 O | 8225 3325 058 02 06715 2763 023 061
75 30.000.000|
Calculanon Template for End Pownt
Collagen Pontn integrn mHPRT
BNC R-l BNC R-2 BNC R-3 BNC R
40 036 40 0438 43 018
15 oat 45 025 50 017
50 002 50 0w $.0 00333 $S 000
55 03 $S 02941 5.5 -0.296 00 00882
60 018! 60 0202 00 033 65 02429
&S 0079
70 008
4HR 3,000
DR 22
Coflagen Pontn Integrin mHPRT
End PVYRescuon| 81.829 14191718 12113 318.473
Slope -0 42 -0.19 443 |40
Corr Coefl] Q497 096 Q.98 997
200 ¢ - - et e m . e ———————— = m . e o e m—.— - — -
'm
| ey Cotmoun |
| —ar=Purer |
e PRT |

200
2s

¢s LegiiCE epme)

LR
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QC-RT-PCR Expenment Calculston
Plate | Backgrounds Plate 2 Low OD axtof
Controis BNC 01s5e Controls ool4
RT- 1.50 Collsgen 0.177 RT- 150
PCR+ pd Pontn 0[5!} PCR+ 100
ElA~ 2 Integnn  0.109 EIA- 000
ELA- 0190 mHPRT 0173 ElA- 0 000
Ezror Correctad Average Specific O.D.
PCR pnmer Collagen 30 mun Ponun iSmm lntegnn IS mum mHPRT 1S mm
BNc-lmpna[Coﬂum suffer Rago logR jPontm soufer | Rano logR [integrn  smuffer Rato log R JmHPRT stuffer | Rano logR
10 tol
] 30
0 100
23 300
30 1,000
1 3,000
40 10,000 3.1355 0697 450 36975 03035( 1218 1.09] 2804 0571 49 0.::' 289435 0688] 421 0.
45 30,000 24315 08895} 280 34135 0509 670 0. 16765 04403 381 0. 24345 074 329 o
so 100,000 2017 142 1.9 3.4355 0846 406 061 18 12188 149 017 226 10865 208 @
ss 300.000 12585 11438] 110 303 07795 391 059 G.5725 05143} 111 0.0 1 70Ls 1134 147 01
o0 1,000,000 1943 2.5065| 078 28915 140! 206 0.3t 167 21871 076 Q.12 1802 14999 121 0.
63 3,000,000 18105 22165 o082 28635 16258 116 Q. 12685 23025 055 0.2 1.7665 1mg 078 o
70 10,000,000 0766 27775 028 O 2923 19195 1.52 0.18] 1.0578 2 038 04 101 1.7415] 063 -0.2
78 30,000.000
Calculanon Tempiate for End Pont
Collagen Pontin Integrin mHPRT
BNC R-1 BNC R-2 BNC R-3 BNC R4
40 065 40 1.09 40 069 40 062
45 04S 45 053 45 0S8 45 0352
50 01s 50 061 50 01742 50 032
$s 004 35 0.5919 5.5 0.0464 $.5 0.1686
60 Q.11 60 Q3147 60 -Q.117 60 00826
70 056 6.5 02459 6.5 0259 65 0il
70 018 70 048 70 0.199
4 HR CONTROL [
DR
Collagen Pontmn (ntegon mHPRT
End PUReacton| 387,475 21,991,691 566,054 1517582
Slope| Q39 930 038 028
Corr Coefl] 29 098 29 -100
20— - e e e —— . e
100 L
—o—Catayen
~——Puren
| —ttmcirmegen
(=Pt

12

23

s

CogruiCT sopele}

(1]

rs
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QC-RT-PCR Expenmean Cajcuiaton
Plate | Backgrounds Plate 2 Low OD astof
Controls BNC Q32 Controts 0014
RT+ 150 Collagen 0.163 RT+ .50
PCR+ 200 Ponon 0198 PCR- 200
ELAr 200 integmn  0.172 EIA~ 0.00
EIA- 0190 mHPRT 0.261 EIA- 0.000
Ezror Comrecred Average Speatfic O.D.
PCR prmna Collagen 20 mm Pontn. 20 cun Integrn 20 mun mHPRT {5 oun
BNC-1 comes|Collagen  smuffer | Rano log R [Ponon  smuffer | Rano gR Jintepm stuffa | Rato logR RT smffer | Rano ogR
10 10
15 30
20 i
pA } 300
30 1,000
35 3,000
40 10,000 22903 0.7685| 298 047] 29695 0814 365 0. 1909 07925 241 o 19415 03025 6L 081
45 30,000 200 1085 145 01 1068 00385f 2778 L L3125 02935 147 O 19985 0667} 300 0O
s0 100,000 Q789 10185 077 il 21455 0974 220 0 o9s 97t} 095 0 053t 0388y 117 O
55 300,000 08995 1963} 0w 0 °.35% 142 .77 0 I 3165 1.767} 075 013 13615 [Soo{ 087 -00¢|
60 1,000,000 1061 2513 o 03 25705 22108f 116 00 14095 2701} 052 < 1034 1309 057 02
6.5 1,000,000 08805 3298 027 097 2262 24625) 092 © 1.738 30455 057 -02 1073 2696 040 -0
70 10,000,000 0773 3517 02 Q. 2835 32695| 0% O 1006 3325 048 032 07895 26075f 030 -0S
75 30,000,000
Calculation Terpiate for End Potnt
Collagen Pontin Integrm mHPRT
BNC R-I BNC R-2 BNC R-3 BNC R4
40 o47 40 038
45 016 45 017 15 048
50 01l 50 034 S0 0024 50 007
55 01 3.5 02491 55 0.28 $s -0.061
6.0 0.0653; 6.0 0282 60 90280
6.5 ©.0% 65 Q4
70 006
L HR 6,000 11
DR 2!
Collagen Pontin Integnn mHPRT
End PVReacnion| 66,609 31707152 115,134 256,641
Slope 055 on 32 041
Conr Coefl] -1.00 497 2.9 Q98
W —n e - e e s —_— - _
100
—o—Coasgen
\\\
e e ]
e eaid

200
23

3s

LegicC evusle

8s 1y
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QC-RT-PCR Expenment Cajculaton
Plate | Backgrounds Plate 2 Low OD cutoff
Controls BNC Q135 Controls 0014
RT~ 150 Collagen 0.164 RT+ 1.50
PCR+ 200 Pontm O IS1 PCR+ 200
ElA~ 2 lntegrn  0.168 ElA+ 0.00
EIA- 0190 mHPRT 0.190 EIA- 9.000
Error Cosrected Avasge Speaic O.D.
PCR prmex Collagent 10 mm Ponem 15 o [nsegrn 1S mm mHPRT 15 am
BNC-1 copres|Collagen  stuffer | Rano logR JPonon  swffer | Rano logR Jitegnn  smtfer | Ravo logR RT sufle | Rano logR
10 10
LS 30|
2 100
5 300
p X ] 1,000
33 3,000
40 10,000 13375 02503| 534 0.7) 146 0.1285) 1136 X 3155 0605 s22 3567 03465
45 30,000 1.109 03s44f 204 03t 1317 0.2425& 543 o 2658 1326] 200 19305 02193
50 100,000 099ss 0731 13 O IJF 10225 039ss| 259 o041 2215 18435 120 2,355 1653
ss 300,000 06075 0719] 084 Q07 1222 04345 281 [} 1.8905 173} 109 1915 14815
60 1,000,000 07305 13495 054 027 1.1538 0.768| 1.9 01 25905 2853] o9t 2134 2588
6.5 3,000,000 0657 1.5441 043 037 1.4045 0803 178 02 1909 25045 076 1672 235995
70 10,000,000 0558 1674} 033 < 09695 0.958 101 (X0} 21935 3202 069 1729 29473
75 30,000,000 cl
Calculation Template for End Pownt
Collagen Pootin mHPRT
BNC R-l BNC BNC R4
40 073
45 031
50 0.3 so 50 01s
5.5 007 6.0 0.1767 5.5 0.1116
60 027 63 02428 60 008
65 037 70 00052 6.5 0.185
| 70 0 48'
1 HR 3,000 11
DR21
Collagen Pontin Integnn mHPRT
End PVReaction 304,616 19.062.873 469,266 547,587
Slope 038 .18 Q013 024
Corr Coefl] 297 091 099 298
[ m (—-
100
e Cutigon
.\'_—__,_\‘
e ]
e PRT

200
23

83
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QC-RT-PCR Expenment Calculation
Plate § Backgrounds Plate 2 Low OD cutotl
Controts BNC 0.1%0 Controls 0014
RT~ 150 Collagen 0 194 RT 150
PCR~ 2.00 Pontm Q193 PCR~ 200
ElA~ 200 lmegm 0204 EIA- 000
EIA- 0190 mHPRT 0182 ElA- Q 000
Erroe C d Aversge Speaafic 0.D.
PCR pamer Collagen 30 mm Pontin IS mm Integrm IS mm mHPRT 1S man
BNC-1| copues{Collagen  stuffer Rato log R [Ponan stuffer Rano logR [integnn  stuffer Rano iog R pnHPRT stuffr | Rano igR
10 19
15 30
20 100
2 300
30 1,000
35 3,000/
40 10,000 2363 0586 403 0,611 25138 0.2283| 11.00 [ X 0488 0085] S34 O.‘m 682 0.99
45 30,000 1361 05205 281 04 1.092 0216} 783 0. 0948 4TS} 199 0. 1.758  0.6955
$0 100,000/ 1037 13245 078 Q1It 1.526$ 0.4265] 3158 0.5 10355 09665 107 0.03 2082 1 245
$3 300,000 0762 15719] o048 -OJZI 1 363 03205 328 051 0.803 1.106f 073 OI 1.5935 1 3005
80 1.000,000 0 367 17541 021 -008 L 1855 0662] 224 03 Q9 1676] 054 027 1499$ 1.399|
[ 3] 3,000,000 low 1 9045/ 13135 08075 1.63 0.21 28505 35515} os0 010 05795 11665
70 10,000,000 0.936 2926 039 04l 17435 1.238 L4l Q.1 1.5978 26943
78 30,000,000
Calculation Tempiste for End Pont
Collagen Pontin Integnn mHPRT
BNC-1 R-1 BNC-1 R-2 BNC-1 R-3 BNC-1 R
40 1.04
45 048 45 089 45 030 45 0%
50 ou 50 0.5 50 0.0299| 50 o022
s 032 55 051 55 0.14 5.5 009
00 068 60 035 60 027 60 0O
65 021 65 <030
70 0.1487
I HR 6,000 {
DR
Collagen Pontin Integon mHPRT
End PVResction| 102213 17290219 153306 73,235
Slope o 030 037 032
Coa Codﬁ 09 098 0.99 097
20
AL
|—a—srmgn
s | = T
\ \-
100
20 e e e . COWSC capue) — _——
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QC-RT-PCR Expanment Caicuistion
Plae | Backgrounds Plate 2 Low OD autof
Controts BNC 0202 Controis 00l4
RT+ 1.5 i Collagen 0172 RT+ 1.50
PCR+ 200 Pontn 0173 PCR+ 200
ElA+ 200 lintegrn =~ 0195 ElA+ 0.00
EIA- 0150 mHPRT 0219 ElA- 0.000
Esror Corrected Aversge Speafic 0.0
PCR pruner Collagen 30 mm Portm {5 mn Integrm t5om mHPRT 1Soan
BNC-\WICM stutfer Rabo log R JPontn stuffer Rabo logR |integrn  swuffer Rato logR [mHPRT suffer Rato logR
10 10
s 30
20 100]
25 300/
30 1,000
3s 3,000
40 10,000 20413 02748 744 087 1.2815 0.0443| 2880 L. 21718 0.712] 308 1312 0122y 1128
43 30,000 13168 Q3738 352 0.9 10508 00813 1297 L:r 117 042} 1M 1.4775 0.482 307
50 100,000 1292 1575] 082 11565 02865 408 061 06975 09308 075 22335 1.049f 213
s5 300,000 13718 212] 065 Q.19 105 03705 285 043 (06225 20| 080 20085 21025 096
6.0 1,000,000 (B} 245151 045 @ 1.1685 0.516 226 035 1878 2532 074 1438 2.108 on
63 3,000,000 02395 26263 009 -1 10055 06255 161 Q21 any 2204 033 1.2348 119 Q.58
70 10,000,000 00225 29415 001 -2.12 1.0225 0863s) (.18 0.07 1389  30075| 0.46 1.5835 296 o0s3
75 30.000.000

Calculstion Tempiats for End Pomt
Collagen Pontin Integn mHPRT
BNC-1 R-l BNC-l R-2 BNC-1 R-3 BNC-{ R4
40 087 40 146
43 0355 43 LIt 45 049
50 -0.09| 50 o6l 45 0.027 s0 033
$S 019 55 048 55 -Qlo s 00
60 03s 60 013 60 015
65 021 65 049 65 423
| HR CONTROL I
OR
Collagen Ponan Integnn mHPRT
End PYResction| 128354 4.366,561 177670 500.244
Slope om 0.50 K <] 038
Corr Coefl} 0297 0.96 098 097
200
to0
{ ==
s ——Puran
~m—irtopn
0 % | ——av et
108
204 - — e fm me e c+ = e m———— e e . i e—
3 . LOgiinc- 1 espans) ss 83 s
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QC-RT-PCR Experznent Calasisnon

Plate 1 Badkgrownds | Plate 2 Low OD astoff

Controls MCC 014 Conzrots 0014

RTe 1% Collagen 0.182 RT> 150

PCR+ 200 Portm 0 163 PCR+ X

ElA+ 100 lintegrn 0.153 ElA+ 000

EIA- 0190 mHPRT 0.152 EIA- 0000

Error Comrected Avenge Speafic 0.D.
PCR pamer  Colagen  20mm I fonan  0mm Itegnn  Xmm mHPRT 30 mm
BNC-| copres|Collaga stuffir | Rano logR  JPonen smffr | Ramo logR Jineegmm souffr | Ravo iogR fmHPRT stuffr | Raso logR

10 10
LS %
20 100
s 00| 1895 oows| a75 1] 3488 aozs| 17015 26495 o016 16559 23 1576 ooas| m3e  im
30 1000 13925 o071 63 to| 2882 oois| 17763 18385 o004ss| 231 162 175 o126 1381 114
35 3000 13265 0153 867 o094 28475 oo06ts| 4630 16| 2274 o025 919 o 13455 o13ss] 993 1
a0 10000) 13035  03sS| 367  ose] 2634 ouisss| 1694 1 1715 oot as o6 raiz o046 304 o
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