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Arterial calcification in bone mineralization deficient mice
Anna Lundquist
Sammanfattning
Under normala förhållanden är kalcificering och mineralisering begränsad till ben och tänder.
Vid vissa sjukdomstillstånd kan dock mineralisering observeras i andra vävnader. Aorta är en
av de vanligaste lokalisationerna för denna patologiska process. Hos människan är denna
åkomma mer känd som åderförkalkning. Detta är en av vår tids största folkhälsoproblem och
drabbar, enligt WHO (Världshälsoorganisationen), 80 % av populationen över 60 år. Detta
tillstånd medför en ökad risk för allvarliga sjukdomar och en högre dödlighet.
För att närmare studera detta tillstånd använder man sig av musmodeller. Djurmodeller gör
det möjligt att studera och modifiera deras gener för att få en ökad förståelse för humana
sjukdomar. Tidigare studier har visat tecken på att kalcificeringen av aorta är en aktivt
reglerad process som delar många likheter med den väl koordinerade mekanismen vid
kalcificering av ben. För att vidare undersöka denna hypotes använde jag mig av tre olika
musmodeller med defekt benmineralisering var av en av dem tidigare visats ha ökad
kalcificering av aorta.
Examensarbete 20p i Molekylär bioteknikprogrammet
Uppsala universitet Maj 2004
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Introduction

Aims

Bone mineralization is a highly regulated, cellmediated process, which gives bone the rigidity
and mechanical properties that are needed for its
normal physiological functions. It is during this
process that the hard tissue in bone is built up
embedding the extra-cellular matrix with
hydroxyapatite crystals. In contrast to this
elegantly controlled mechanism, soft tissue
mineralization only occurs during pathological
conditions and sometimes with fatal consequences,
especially when located in the walls of blood
vessels and heart valves.

The aims of this project were to test the hypothesis
that calcification in the aorta is build up by the
same process as in bone mineralization by using
two animal models of soft tissue ossification, i.e.,
Enpp1-/- and mice deficient in the Ankylosis gene
(ank/ank). In addition, we aimed to test new
therapeutic
approaches
to
treat
arterial
calcification. Specifically, we studied ank/ank and
Enpp-/- mice that have been treated with
tetramisole, an uncompetitive inhibitor of TNAP
activity, to investigate whether tetramisole could
be useful for the pharmacological treatment of
arterial calcification.

Calcification of arterial plaques reduces the
elasticity of the vessel wall, increases the risk for
plaque rupture and is associated with the elevated
risks of myocardial infarction and atherosclerosis.
Historically, arterial calcification has been
considered to be a passive process, a nonspecific
response to tissue injury or necrosis. Recently
there have been several lines of evidence that
support the theory that arterial calcification is an
active process that is related with the expression of
growth factors, matrix proteins and other bone
related proteins. This new theory (Shanahan et al.,
2000) about the similarities between soft and hard
tissue mineralization is supported by the presence
of an apatitic mineral phase, matrix vesicles and
the expression of proteins that are involved in both
the initiation and the inhibition of mineralization,
such as osteopontin and osteocalcin.

Bone biology
Even though the skeleton seems like a static organ
it is highly specialized and dynamic and undergoes
continuous regeneration. It consists of highly
specialized cells, mineralized and un-mineralized
connective tissue matrix and spaces that include
the bone marrow and vascular canals. During
development and growth, the skeleton is formed to
achieve its shape and size by its ability to remove
bone from one site and deposit it at another. Bone
has, besides a mechanical function in muscle
attachment and a protective function for our
organs and bone marrow, the crucial metabolic
function as a reserve for vital ions, especially
calcium and phosphate but also magnesium,
sodium and carbonate (Triffitt et al., 1996). During
times of systematic deficiencies, the skeleton is a
source of these ions and due to increased bone
resorption the serum homeostasis, essential for
life, can be maintained.

Tissue-nonspecific alkaline phosphatase (TNAP)
functions to hydrolyze inorganic pyrophosphate
(PPi), a potent inhibitor of mineralization, and
deletion of the TNAP gene (Akp2) in mice results
in hypophosphatasia, which is characterized by
elevated levels of PPi and poorly mineralized
bones (Narisawa et al., 1997). Mutation in the
genes that are responsible for the production and
transportation of PPi to the extra cellular space,
i.e., NPP1 and ANK causes soft tissue ossification
abnormalities. Enpp1 knock out mice (deficient in
NPP1
function),
display
aberrant
bone
mineralization and have earlier been associated
with arterial calcifications and with Idiopathic
Infantile arterial calcification (IIAC), a human
disease characterized by hydroxyapatite deposition
and smooth muscle cell proliferation in the internal
elastic lamina (Rutsch et al., 2001). These findings
suggest that vascular calcification is in fact an
actively regulated process in which vascular cells
may obtain osteoblast-like functions.

Bone mineralization
Bone is formed by collagen fibers with crystals of
hydroxyapatite within them. Hydroxyapatite is the
deposited mineral, which gives the bones its
strength and is composed of phosphate and
calcium [Ca10(PO4)6(OH)2].
There are predominantly three different specialized
cells in the skeleton that are responsible for
controlling bone formation, i.e. osteoblasts,
osteoclasts and osteocytes. Both osteoclasts and
osteoblasts are derived from precursor cells that
originate from the bone marrow. Osteoblasts are
derived from precursors of multi-potent
mesenchymal stem cells, which also give rise to
bone marrow stromal cells, chondrocytes and
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muscle cells (Friedenstein et al., 1974; Owen et
al., 1985; Trifftt et al., 1996), whereas the
precursors of osteoclasts are hematopoietic stem
cells from the monocyte-machrophage cell lineage
(Roodman et al., 1996; Suda et al., 1992). The
development and differentiation of osteoblasts and
osteoclasts are controlled by cytokines and growth
factors that are produced in the bone marrow
microenvironment as well as several systemic
hormones and adhesion molecules that mediate
cell-to-cell and cell to matrix interactions
(Manolagas et al., 1995). Mature osteoclasts are
large multinucleated cells whose major function is
to mediate the resorption of the calcified bone
matrix. Osteoblasts produce and secrete proteins
that build up the bone matrix and one of the major
products from a bone forming osteoblast is type 1
collagen (Robey et al., 1995). Bone-forming
osteoblasts synthesize a number of other proteins
including osteocalcin and osteonectin, which
constitute the major part of non-collagenous
proteins in bone. Mature osteoblasts are essential
for mineralization of the matrix by deposition of
hydroxyapatite (Boskey et al., 1996; 1998), and
are thought to regulate the local concentrations of
calcium and phosphate in a way that promotes
hydroxyapatite formation. Osteoblasts express
relatively high amounts of alkaline phosphatase,
which is known to play a major role in bone
mineralization (Whyte et al., 1994). As bone
matrix becomes mineralized, some mature
osteoblasts will eventually become buried in the
impermeable mineralized matrix. These cells are
termed osteocytes and are responsible for the
maintenance of bone matrix, they also have the
capacity not only to synthesize but also to resorb
bone matrix to a limited extent (Buckwalter et al.,
1995). They are also by far the most abundant cell
type in bone: there are ten times more osteocytes
than osteoblasts. Osteocytes are spread out through
the mineralized matrix and communicate with each
other and other cells on the surface via extensions
from their plasma membranes. This makes them
very suitable as sensor cells able to detect the need
for bone augmentation or reduction during the
functional re-modeling of the skeleton. Also, they
can sense the need for repair of micro-damages,
and then transmit signals leading to a suitable
response. Osteocytes are able to sense differences
in intestinal fluids and to detect changes in the
hormone levels, such as estrogen, that influence
their survival (Weinstein et al., 1998; Tomkinson
et al 1997; 1998). Due to this, disruption of the
osteocyte network could lead to increased bone
fragility.

Regulation of Inorganic pyrophosphate
Inorganic pyrophosphate (PPi) is comprised of two
molecules of inorganic phosphate Pi and is a
potent and direct inhibitor of bone formation,
interfering with the capacity of growth plate
chondrocytes and osteoblast to deposit minerals,
specifically hydroxyapatite crystals in the pericellular matrix of bone (Johnson et al., 1999;
2000).
At least three proteins are postulated to control the
extracellular pool of PPi, i.e. TNAP (Moss et al.,
1967; Hessle et al., 2002), NPP1 (Terkeltaub et
al., 1994; Johnson et al., 1999) and the ankylosis
protein (ANK) (Hakim et al., 1994).

Control of mineral deposition
PPi→Pi

ATP→PPi
PPi

Enpp1

ANK

↓mineralization

TNAP

↑mineralization

Figure 1 – Schematic model of ↑Enpp1, ↑ANK and
↓TNAP proteins responsible for the control of the extra
cellular pool of PPi. Illustration used with permission from
Prof. Millan.

TNAP
All alkaline phosphatase isozymes are cell surfacebound proteins that are attached to the membrane
via a glycosyl-phosphatidylinositol (GPI) moiety.
This GPI anchor can easily be cleaved with
phospholipase C and D, which generates a soluble
form of the enzyme (Udenfriend and Kodukula,
1995). TNAP in bone is found on the cell surface
of osteoblasts and chondrocytes, and on the matrix
vesicles (MV) membrane (Bernard, 1978; Morris
et al., 1992). TNAP may participate in generating
the Pi that is needed for hydroxyapatite
crystallization in bone (Majeska and Wuthier,
1975). It has also been proposed that TNAPs
function in this environment is to hydrolyze the
mineralization inhibitor PPi to facilitate mineral
precipitation and growth (Moss et al., 1967). The
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disease hypophosphatasia is caused by TNAP
deficiency, and is characterized by poorly
mineralized bones (osteomalacia) and cartilage
(rickets). TNAP knockout (KO) mice (Akp2-/-)
display many characteristics similar to infantile
hypophosphatasia, and are a valuable tool for
further investigations of the specific functions of
the enzyme (Waymire at al., 1995; Narisawa et al.,
1997; Fedde et al., 1999). Akp2-/- mice show
growth reduction and suffer from epileptic seizures
as well as hypomineralization of the skeleton.
These mice die at approximately 2 weeks of age
due to this severe phenotype. Interestingly, the
skeletal phenotype of these mice cannot be
detected before 4-6 days after birth, which
suggests that TNAP is not essential for the initial
events of bone mineral deposition, but rather plays
a role in the maintenance of this process after birth
(Narisawa et al., 1997). TNAP is present in
systemic arteries, arterioles and some capillaries
(Ushiki et al., 1998), and it is hypothesized that the
enzyme is involved in arterial calcification by
same mechanism as in bone (Hui et al., 1998).
Figure 2 - Illustration of TNAP, ANK, NPP1, PPi and OPNs
different roles in hydroxyapatite regulation. Both TNAP and
NPP1 are functional in matrix vesicles where as ANK is not,
therefore NPP1 plays a more crucial role in PPi production than
ANK. A negative feedback loop exists in which PPi, produced
by NPP1 and transported by the channeling protein ANK,
inhibits expression of Enpp1 and Ank. In addition, PPi induces
expression of OPN, which further inhibits mineralization. In the
absence of TNAP, high levels of PPi inhibit mineral deposition
directly and also via its induction of OPN expression.
Illustration used with permission from Dympna Harmey, PhD

NPP1
NPP1 was earlier called plasma cell membrane
glycoprotein-1 (PC-1), is a plasma membranebound protein and is the primary generator of PPi
(Terkeltaub et al., 2001). Similar to TNAP, NPP1
expression is highly abundant on the surfaces of
osteoblasts and chondrocytes as well as on the
membrane of their MVs (Hashimoto et al., 1998;
Johnson et al., 1999). NPP1 is involved in
inhibition of hydroxyapatite precipitation in or
close to mineralizing areas through its PPigenerating function (Terkeltaub et al., 1994;
Johnson et al., 1999). Mice deficient in NPP1
develop hypermineralization such as ankylosing
spinal hyperostosis, pathological soft-tissue
ossifications, including arterial calcifications
(Okawa et al., 1998; Sali et al., 1999). These mice
have been shown to be a good representative
model for certain human diseases in which there
are uncontrolled ossification of ligamentous tissue
leading to spinal and peripheral joint mobility and
arterial calcifications (Okawa et al., 1998; Johnson
et al., 2003). These diseases include ossification of
the longitudinal ligament (OPLL), diffuse
idiopathic skeletal hyperostosis (DISH) and
idiopathic infantile arterial calcification (IIAC)
(Rutsch et al., 2003).

Ankylosis protein
The ankylosis protein (ANK) has, similar to NPP1,
the function of suppressing mineralization by
contributing to the extracellular supply of PPi.
ANK is a transmembrane PPi channeling protein
that allows PPi molecules to be passed from the
cytoplasm to the outside of the cell through the
plasma cell membrane (Ho et al., 2000; Nurnberg
et al., 2001). The ANK protein is abundant on the
cell surface of osteoblasts and chondrocytes, but is
not present in the membranes of MVs, in contrast
to NPP1 and TNAP (Harmey et al., 2004).
ANK
mutant
mice
(ank/ank)
develop
hydroxyapatite crystals in articular surfaces and
synovial fluids and display pathological
abnormalities similar to NPP1 deficient mice, that
mimic several arthritic diseases, including ectopic
calcifications, cartilage erosions, osteophyte
formation seen in osteoarthritis, and vertebral
fusion observed in ankylosis spondylitis patients
(Sweet and Green, 1981; Hakim et al., 1984;
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Sampson and Davis, 1988; Mahowald et al.,
1989). Enpp1-/- and ank/ank mice share many
comparable phenotypic abnormalities even though
the two proteins are present in different
microenvironments in the matrix and that they
have two distinct ways of supplying extracellular
PPi (enzymatic activity vs. a channeling function).

Osteopontin
Osteopontin (OPN) was discovered first among all
calcification-regulating proteins within calcified
plaques (Jono et al., 2000). OPN binds to calcium
and mediate cell adhesion and migration. It can act
as both a cytokine and an extra cellular matrix
protein (Barry et al., 2000). Macrophages in
calcified atherosclerotic lesions express high levels
of osteopontin, while the expression in medial
VSMCs is relatively low. OPN is hypothesized to
inhibit hydroxyapatite depositions by VSMC
(Wada et al., 1999). Osteopontin expression is
increased in Akp2-/- and decreased in Enpp1-/- and
ank/ank mice. Both the PPi and the OPN levels are
though normalized in double knockouts of [Akp2-/-;
Enpp1-/-] and [Akp2-/-; ank/ank] (Hessle et al.,
2002; Harmey et al., 2004).

Arterial calcification
Physiologic calcification or mineralization of the
extracellular matrix is restricted to bones, teeth and
the hypertrophic zone of growth plate cartilage.
Pathological calcification can in contrast be
observed in any tissue of the body. The most
frequently pathological affected tissue is the media
of the arteries. Vascular calcification refers to the
deposition of hydroxyapatite in cardiovascular
tissues such as arteries and heart valves (Detrano
et al., 2000). This is a serious problem, since 80%
of all people over 60, according to WHO have
detectable calcifications in atherosclerotic plaques,
which is associated with higher morbidity and
mortality. The primary cells involved in
atherosclerosis intimal calcification are believed to
be macrophages, mast cells and vascular smooth
muscle cells (VSMC) (Shanahan et al., 2000;
Jeziorska et al., 1998). Macrophages express a
variety of bone-related proteins such as matrix Gla
protein, osteopontin, bone sialoprotein and
alkaline phosphatase (Shanahan et al., 1994;
2000). Macrophages release TNF-α in response to
oxidized LDL, and TNF-α treatment of VSMC has
been shown to enhance osteoblastic differentiation,
alkaline
phosphatase
expression
and
mineralization (Jovinge et al., 1996; Tintut et al.,
2000). The VSMC is almost exclusively the source
from which the bone associated proteins TNAP,
bone sialoprotein, bone Gla protein and other
arises from in medial calcification (Shanahan et
al., 1999). Primary cultures of VSMCs from
normal vessels express MGP, collagen,
osteonectin, osteocalcin, TNAP, bone sialoprotein,
osteopontin, and BMP-2, which indicate that
VSMCs can express osteoblast-specific genes
(Shanahan et al., 1999). Genetic disorders
resulting in unregulated bone mineralization has
been shown to be associated with arterial
calcification. As mentioned before, deficient NPP1
activity has been associated with both
osteoarthritis and Idiopathic Infantile arterial
calcification (IIAC) (Rutsch et al., 2001). Other
non-inflammatory
factors
such
as
the
mineralization inhibitor PPi have also been shown
to mediate arterial calcification.

Osteocalcin
Osteocalcin is only expressed by osteoblasts and
by osteoblast-like vascular cells and maybe a
potent marker of osteoblastic differentiation. It is
the most abundant non-collagenous bond extracellular matrix protein, and is also known as bone
Gla protein osteocalcin. Earlier it has been shown
that at approximately two weeks after a vessel wall
injury, all calcified deposits contained osteocalcin,
which indicate that it is involved in calcium crystal
development (Gadeau et al., 2001).
Bone morphogenetic proteins
Bone morphogenetic proteins (BMPs) are a group
of related growth factors including BMP 1-7
(Wozney et al., 1988). Only recombinant BMP-2
and BMP-4 have been shown to induce
osteoblastic differentiation when implanted in soft
tissues (Riley et al., 1996). BMP-2 is expressed in
human atherosclerotic lesions (Bostrom et al.,
1993) and evidence is accumulating that it by itself
has the full potential to induce ectopic bone and
cartilage formation in adult vertebrates (Wozney et
al., 2000).
Matrix Gla protein
Matrix GLA protein (MGP) is present in cartilage
(Loeser et al., 1992), bone matrix (Hauschka et al.,
1989) and in the arterial wall (Wallin et al., 1999;
Shanahan et al., 1994). MGP is predominantly
expressed by VSMC in the media and by the
macrophages, VSMC and the endothelial cells in
the intima (Shanahan et al., 1994). MGP knockout
mice have extensive arterial calcifications (Luo et
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al., 1997), demonstrating that MGP works as a
calcification inhibitor. The mechanism of this
effect is not fully understood and is still under
investigation, but it has been shown that MGP
binds to BMP-2 (Wallin et al., 2000) and data has
been presented that suggests that MGP blocks the
osteo-inductive properties of BMP-2 (Bostrom et
al., 2001).

Materials and Methods
Tissue preparation
ank/ank and Enpp1-/- mice and their wild-type
(WT) littermates were sacrificed at 1, 2 and 3
months of age. Aortic tissue from the thoracic to
the abdominal aorta was harvested and then fixed
in 10% Neutral Buffered Formalin for 24 hours at
4°C, followed by 12 hours in 70% alcohol. Fixed
tissue was processed for paraffin embedding, and
sectioned at 5.0-µm. The sections were dried and
melted for 1 hour at 60°C, de-paraffinized in
xylene and hydrated. The arterial cross-sections
were then used for histochemical and
immunohistochemical analyses.

Bone Sialoprotein
Bone Sialoprotein (BSP) is a sialic acid-rich acidic
ECM glycoprotein that is synthesized by both
osteoblasts and osteoclasts (Fisher et al., 1983;
Bianco et al., 1991). BSP binds collagen (Fujisawa
et al., 1995) and is associated in the early phases
of bone formation acting as a potent and specific
nucleator of hydroxyapatite at the mineralization
front of bone (Hunter et al., 1993; Bianco et al.,
1993). This suggests that BSP may act as an
activator of calcification. Elevated levels of serum
BSP is found in patients with ankylosing
spondylitis (Acebes et al., 1999)

Histology
Hematoxylin and Eosin (H&E) staining was
performed on the aortas from the mutant and WT
mice to observe morphological differences (Harris
Hematoxylin (EM science), Eosin Y (Sigma),
Xylene and Ethanol). Phosphate depositions in the
ank/ank aortas were visualized by von Kossa
staining (5% silver nitrate, 5% sodium thiosulfate)
and counter stained with Nuclear fast read, to
determine if there were any signs of present
calcifications. Alizarin Red S (0.5%, pH 9.0 C.I.
58005) staining was implemented to reveal
calcium deposits. The detailed protocols are
included in the appendix.

My Project
In this project arterial cross sections from WT,
Enpp1-/- and ank/ank mice were stained to
investigate the presence of calcium deposits using
Von Kossa and Alizarin red staining. Hematoxylin
and eosin staining was also performed to probe for
abnormalities in the arterial wall. Expression of
bone markers, such as osteopontin and osteocalcin
were also investigated by immunohistochemistry
assays. In addition, conditions for aortic tissue
cultures were established in order to obtain
primary smooth muscle cells from WT and Enpp1/and ank/ank mice. These cells will be used for
mineralization assays to investigate whether
Enpp1-/- and ank/ank mice have an increased
ability to lay down mineral in vitro. The phenotype
of the cultured cells was confirmed by using
monoclonal fluorescent anti SM-actin antibodies
for immunofluorescent assays.

Immunohistochemistry
Immunoperoxidase staining with the avidin-biotin
peroxidase system was used to detect proteins
involved in up-regulation of bone formation. OPN
and OCN immunohistochemistry was performed
on the ank/ank and Enpp1-/- mice, on both
tetramisole treated and untreated animals, and on
the WT mice, using a Vectastain ABC kit (Goat
IgG; Cat# PK-4005) from Vector Laboratories Inc,
Burlingame, CA, USA. Detailed protocol is
included in the appendix.
Isolation and primary cultures of mouse artery
smooth muscle cells
Enpp1-/- mice and WT mice were sacrificed by
suffocation in a CO2 chamber. The aorta was
excised from the heart along the border of the
intestine, and placed in Petri dish containing
Minimum Essential Medium (MEM). Fat,
adventitia and venous structures were removed by
blunt dissection, and the cleaned aorta was
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transferred into a single well of a 96-well plate and
placed in the incubator.

transferred into a 15 ml falcon tube containing 2.0
ml of Enzyme Dissociation Mixture: Minimum
Essential Medium (0.2mM Ca2+), 15 mM HEPES
buffer (pH 7.2-7.3), 0.250 mg/ml soybean trypsin
inhibitor, 1.0 mg/ml collagenase type 1 and 2.0
mg/ml crystallized bovine albumin. After
incubation at 37°C for 30 minutes in a gyratory
shaker bath the tissue suspension was mixed with a
10 ml plastic pipette in the tube and then past
through a nylon mesh to separate dispersed cells
from undigested vessel wall and fragments and
debris. The suspension was centrifuged in a 15 ml
falcon tube (2000 rpm, 7 min) and the cell pellet
re-suspended in 1 ml of MEM. This cell
suspension was then transferred into 1 cm2 tissue
culture flasks, which were incubated at 37°C in a
humidified 5% CO2-95% air atmosphere. After 1824 h, the cultures was washed with 1% PBS to
remove none adherent cells and debris, and fed
with fresh medium. Medium was routinely
exchanged at 48-72 h intervals thereafter. Primary
cultures were examined daily using a phasecontrast microscope.

RNA- Isolation using TRIZOL
The cells were lysed directly in the culture disks
by adding 2.0 ml of TRIZOL (Sigma Cat# 15596026), and passed through a 5 ml syringe several
times. The homogenized suspension was then
incubated for 5 minutes at room temperature to
permit the complete dissociation of nucleoprotein
complexes. 0.4 ml chloroform was added and the
tubes were vigorously shaken for 15 seconds, and
then incubated at room temperature for 3 minutes.
The samples were then centrifuged at 12.000×g for
15 minutes at 8°C. The mixture was separated
after the centrifugation and the upper aqueous
phase, containing the RNA, was transferred into a
new tube. The RNA was precipitated from the
aqueous phase with 1 ml isopropyl alcohol and left
to incubate for 10 minutes in room temperature,
and then centrifuged at 12.000×g for 10 minutes at
8°C. The supernatant was removed from the
precipitated RNA pellet, which was washed with 2
ml 75% ethanol. The sample was mixed by
vortexing and centrifugation at 7.500×g for 5
minutes at 8°C. The RNA pellet was air-dried and
re-suspended in 30 μl of RNAse free H2O. Finally
the dissolved RNA was measured by
spectrophotometer at A260 to control that the
isolation had succeeded.

Isolation of smooth muscle cells from a single
murine aorta
The mice were euthanized by suffocation in a CO2
chamber and then placed in a supine position on a
corkboard. The mice were immobilized by pinning
each paw in the corkboard. Subsequently, the
thorax and abdomen were rinsed with a 70%
ethanol/30% water solution. The aorta was
dissected out, but left attached to the left ventricle.
A 3 ml syringe with a 26.5 gauge was used to
puncture the left ventricle and to flush the aorta
with 3 ml of sterile PBS. The aorta was then
removed and put into a 100 mm Petri dish in a
drop of Fungizone solution (catalog # 15290018,
Life Technologies), and cleaned from adventia and
fatty tissue. When it was cleaned it was transferred
into a new 100 mm Petri dish and cut into 1-2mm
pieces, and then put into a tube containing 200 μl
of Enzyme solution (7.5 mg of Collagenase 2,
code LS004174 Worthington Biochemical
Corporation and 5.5ml of MEM, filter sterilized
solution). The tube was placed in a tissue culture
incubator at 37°C, 5% CO2 for five hours. After
the incubation the cells were re-suspended and 700
μl culture medium was added. The cells were then
centrifuged for 5 minutes at 2000 rpm. The
medium was aspirated and resuspended in1000 μl
fresh medium and then centrifuged as before. The
cells were then resuspended in 700 μl medium and

Amplification of the control mouse β-actin
fragment
To control if the RNA purification had succeeded,
and to normalize the amounts KO and WT RNA,
the 540-bp mouse β-actin fragment was amplified
using the TITANIUM™ One-Step RT-PCR Kit
(see protocol in appendix).
Immunnofluorescence for α-SM Actin
VSMC were cultured for five days in an 8 well
plate (Lab-Tek chambered cover-glass w/cvr vcat#
155411) with DMEM. The cells were re-fed after
five days and then left for 48 hours. The culture
medium was removed and the cells were washed
with PBS twice and fixed with 4% formaldehyde
for 30 minutes. The cells were then washed with
PBS and permeabilised with 0.2% triton in PBS
for 30minutes. Washed with PBS and then blocked
with 3% BSA in PBS for another 30 minutes. The
cells were then incubated for 1-2 hours with a
fluorescent antibody specific for α-SM actin
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isoform (cat# F3777) in 1:100 and 1:250 dilutions.
The cells were then washed and left in PBS over
night. Photographs were then taken through a
Nikon Eclipse TE 300 microscope with a CCD
SPOT-RT (Diagnostic Instruments, Ink).

was used in comparison to the enzyme solution
used in the second protocol which only was made
up and filtered with 7.5 mg of collagenase type 2
and 5.5 ml of DMEM. The collagenase type 2 used
also had a higher activity than collagenase type 1.
The aorta was left for enzyme digestion for 30
minutes in a gyratory water bath shaker in the first
protocol, while for 4-6 hours in a tissue culture
incubator in the second procedure. The new
improved conditions for isolation, digestion and
culturing increased the number of surviving cells
significantly. With this approach, we obtained wt
cells that survived and grew normally. The cells
isolated from the Enpp1-/- and ank/ank mice did
still not grow enough. However, we proceeded to
characterize the behavior of wt cells while at the
same time optimizing the isolation of ank/ank and
Enpp1-/- VSMCs.

Mineralization assays
VSMCs isolated from WT cell cultures were
cultured in α-MEM with 10 mmol/L βglycerophosphate (βGP) and 50 μg/L ascorbic
acid. The ascorbic acid turned out to have a toxic
effect on the VSMCs and was excluded in the
following experiments. β-glycerophophate treated
cells and their control were stained for alkaline
phosphatase activity after 7 respectively 14 days.
The medium was suctioned from the wells and the
cells were rinsed with PBS. The cells were fixated
in 4% formaldehyde for 15 minutes and then
rinsed and left in ddH2O for 15 minutes. The AP
substrate (Naphtol AS MX-PO4 5mg, DMF (N,NDimethylformamide) 200 μl, Tris-HCl 0.2M pH
8.3 25ml, distilled water 25 ml and Red Violet LB
salt 30 mg) was prepared fresh and then filtered
through a Whatman’s NO.1 just before staining.
Incubated the cells with substrate for 1 hour and
then rinsed with and left in PBS. The stained cells
were then compared and scanned for display.

We then characterized the wt cells by
immunohistochemistry. The cells were stained
with a fluorescently labeled antibody directed
against smooth muscle alpha-actin, a specific
smooth muscle cells protein which verified that the
cells were VSMC (Figure 3).
A

B

Results
The aim of my work was to investigate the role of
the three bone mineralization regulating proteins,
TNAP, ANK and NPP1 in arterial calcifications
and to explore TNAP as a target molecule for the
treatment of arterial calcification inhibition. As a
first step, I worked on optimizing the isolation and
culturing of primary vascular smooth muscle cells.
Two different protocols were used in the process
of optimizing the conditions for vascular smooth
muscle cell (VSMC) isolation. The first protocol
did not yield enough cells to achieve adequate cellto-cell contact in a 96-well flask, necessary for cell
survival. We did succeed in isolating and culturing
wt and Enpp1-/- cells using this protocol, but the
results were not reproducible. In order to
overcome these difficulties we used another more
specific protocol. The major differences between
the two protocols was the enzyme dissociation
mixtures used, and the time and conditions for the
digestion. In the first protocol a mixture containing
Minimum Essential Medium (0.2 mM Ca2+), 15
mM HEPES buffer (pH 7.2-7.3), 0.250 mg/ml
soybean trypsin inhibitor, 1.0 mg/ml collagenase
type 1 and 2.0 mg/ml crystallized bovine albumin

Figure 3 - WT cells stained with αSM-actin fluorescent
antibody confirmed that the cells cultured were VSMCs,
where picture (A) is taken with 10x magnification and (B)
with 20x magnification.

In order to assess the ability of these cells to
mineralize, we cultured VSMC with 10 mmol/L of
β-glycerophosphate and 5 mmol/L of ascorbic
acid, according to the protocol for bone marrow
stem cell. The cells were detaching from the well
after one day of treatment, which made us draw
the conclusion that VSMCs could not be grown
under the same conditions as bone marrow stem
cell. With support from earlier studies of VSMCs
ability to lay down mineral in vitro, we excluded
the ascorbic acid from the protocol. After this
minor change the cells grew as expected and the
cells grown in presence β-glycerophosphate
developed nodules. The cells were re-fed at 48
hours intervals for 7 respectively 14 days. Alkaline
phosphate activity was visualized by staining and
an increase in AP activity could be identified in
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the wells treated with β-glycerophosphate, which
is known to induce AP expression. As expected,
the cells treated for 14 days expressed a more
intense staining, indicating a higher AP activity
(Figure 4).

Von Kossa silver test for calcium illustrates
calcium salts as black-brown staining by silver
depositions. Three months old ank/ank mice
stained with von Kossa showed mineral deposits
not visible in WT mice. Enpp1-/- mice did not
show any mineral deposits, but displayed
irregularities on the lumen side of the wall (Figure
6).

Figure 4 - Alkaline phosphatase staining of WT VSMCs
grown in the presence (lower) or absence (upper) of ß-GP for
7 (A) or 14 (B) days showed an increase of AP activity with
treatment of ß-GP and longer exposure time.

Hematoxylin and Eosin (H&E) staining makes it
possible to visualize morphological changes in the
vessel wall of aorta. Hematoxylin stain negatively
charged nuclei acids (nuclei and ribosomes) blue
and proteins are stained pink by the Eosin. We
found alterations in the vessel walls of ank/ank
mice compared to those of wt mice. The fibers of
the wall are more loosely arranged in the ank/ank
aorta than in the wt. The Enpp1-/- aortic wall
displayed even more severe alterations, not only in
the rearrangement within the wall but also an
increment in the thickness of the wall. We could
also see a higher number of nuclei in the entire
Enpp1-/- aorta, specifically in the thickening of the
wall, which indicate an increase in the number of
cells (Figure 5).

Figure 6 - ank/ank (B x20 magnification) sections show
positive Von Kossa staining for mineral depositions not visible
in WT sections (A x20 magnification). Enpp1-/- (D x40
magnification) mice did not show any mineral deposits, but
mild alterations in the vessel wall. Tetramisole treated Enpp1/- (C x40 magnification) mice did not show any signs of
mineral depositions.

Alizarin red is used to demonstrate calcium
depositions in tissue sections by coloring them
orange-red. The alizarin red staining of three
month old ank/ank mice shows the presence of
calcium deposits in the aorta that is not visible in
the aged-matched WT mice. The Enpp1-/- mice did
not show signs of calcification, as would have
been expected, but significant alterations and
thickening of the aortic wall (Figure 7).

Figure 5 - Alterations in the arterial wall of ank/ank (A) an Enpp1-/- (C) mice, which was not shown in WT (A) sections was
displayed with H&E staining. (All sections x20 magnification) L= lumen
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Figure 7 - Arterial cross sections (x20 magnification) were stained with alizarin red to detect calcium deposits. ank/ank (B)
displayed positive staining for calcium not visible in the WT (A). The Enpp1-/- section (D) did not show any calcifications, but
displayed significant alterations and thickening of the wall. The tetramisole treated mice, Enpp1-/- (C) and ank/ank (E) did not
display any signs of calcification. (L = lumen *= positive staining)

To document the stepwise development of arterial
calcifications, immunostaining of arterial crosssections was performed on wt, ank/ank and Enpp1/sections. The later stages of arterial calcification
were assessed by detection of bone regulating
proteins, such as OPN and OCN. A wt section was
stained with only PBS and normal rabbit serum
(NRS) as a negative control and sections of bone
served as positive control for the specificity and
reactivity of the OPN antibody. The wt section did
not, as expected show any positive staining for
OPN. OPN has earlier been shown to be expressed
in injured wt vessel walls but not in normal wt
vessels. The Enpp1-/- did once again show severe
irregularities and thickening of the wall, but no
OPN staining. No positive staining was observed
in the ank/ank aorta sections (Figure 8).

Figure 8 - OPN staining was performed on WT (A). Enpp1-/(B), ank/ank (C) and on tetramisole treated ank/ank (D)
sections. No positive staining could be detected in any of the
samples, but the Enpp1-/- section displayed severe
irregularities of the wall. OPN has in earlier examples only
been expressed in injured WT, which is probably why it was
not detectable in our study. (All sections x20 magnification)

In order to verify if the antibody was specific for
OCN, wt aorta sections were also used as a
negative control, i.e. only incubated with PBS and
normal rabbit serum (NRS). We also stained slides
of spine sections, for positive control, which
clearly showed OCN expression. Aorta sections
from different wt and knockout mice were also
stained during the same experiment. The wt
sections from the staining did though show
positive OCN staining, which indicated that the
antibody probably reacted un-specifically with
some other proteins since OCN should not be
expressed in healthy wt aorta (Figure 9).

The extraction of RNA from the Enpp1-/-and WT
cultures was successful and the RNA did not show
any signs of degradation. The RNA was amplified
with TITANIUM RT-PCR for actin, a
housekeeping gene, in order to normalize the
amounts of extracted RNA for further experiments
with primers for OPN and other bone specific
proteins. The RT-PCR from 1 µl of each RNA
extraction was run on a 1% agarose gel, which
showed that the RNA concentration was slightly
lower in the RNA extracted from the Enpp1-/-
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Figure 5 - We evaluated an OCN immunoassay with one untreated WT (A) aortic section as a negative control and a spine section
(C) as a positive control. The OCN antibody stained the WT (B) section positive for OCN, which indicates that the antibody stains
un-specifically, since OCN should not be expressed in healthy WT aortas. (All sections x20 magnification)

ameliorate these abnormalities. Thus we used
ank/ank and Enpp1-/- mice, which had been treated
with tetramisole for 3 months and examined the
aortas by the same procedures as described above.
In these experiments, we found that tetramisole
treated ank/ank and Enpp1-/- mice did not stain
positive for calcium nor for any other mineral in
the alizarin red and von Kossa experiments.
Treated ank/ank sections stained for OPN showed
unspecific staining in the tissue surrounding the
aorta but not in the aortic wall. These findings
support earlier studies which indicate that
tetramisole functions as an inhibitor of TNAP
activity, not only in bone mineralization as shown
before, but also in arterial calcification, as
hypothesized.

culture than from the wt. In order to normalize
these two concentrations we used different
amounts, 3 and 6 µl of Enpp1-/- RNA and ran the
product on a gel together with 1 µl wt RNA
product. The gel showed that 3 µl of Enpp1-/- RNA
was not enough to be adequate with 1 µl of wt
RNA, and unfortunate did not the RT-PCR work
for 6 µl Enpp1-/- RNA (Figure 10). The next step
will be to optimize the actin primers for the PCR
so that the amount of RNA from the extractions
can be normalized and the RNA used to measure
the expression of bone specific proteins such as
OPN.
B

Discussion
Calcification of vascular tissue is a common
finding in atherosclerosis, diabetes, renal failure
and aging. These arterial calcifications have in
earlier studies been shown to share many common
features with the actors in mineralization of bone,
which suggests that arterial calcification is a
controlled and highly regulated process. In this
study we have investigated the roles of three bone
mineralization regulating proteins, TNAP, ANK
and NPP1 in arterial calcifications in order to
highlight TNAP as a potent target molecule for
arterial calcification inhibition. In earlier studies,
Rutsch et al have investigated Enpp1-/- mice ability
to develop arterial calcification in early life and the
sharing of phenotypic features with human patients
with Idiopathic Infantile Arterial Calcification
IIAC (Rutsch et al., 2001). Enpp1-/- mice have also
been shown (Harmey et al., 2004) to have a more
severe hypermineralized phenotype than ank/ank
mice and that NPP1 but not ANK is localized in
the matrix vesicles. The hypomineralized
phenotype in Akp2-/- has been shown to be
normalized in double knock out mice [Akp2-/-;

Figure 6 - Gel pictures from RT-PCR with WT and Enpp1-/RNA extracted from VSMCs cultures. Picture (A) shows (first
band1μl of control RNA, the second 1 μl Enpp1-/- RNA and
the third 1 μl of WT RNA.) that the KO RNA concentration
was much lower than in WT. In order to normalize these
volumes, 1 μl of WT RNA (band three) was run together with
3 and 6 μl of KO RNA (Band one and two). The PCR did not
work with 6 μl KO RNA, but by comparing the first and the
third band we draw the conclusion that the amount of KO
RNA should be between 3 and 6 μl for normalization with 1
μl of WT RNA.

Our data on the progressive development of aortic
abnormalities in the ank/ank and Enpp1-/- mice
revealed morphological abnormalities in the aortic
wall and positive staining for mineral and calcium
in the ank/ank, which supports our hypothesis that
ank/ank mice display an aortic hyper-mineralized
phenotype as well as a hyper-mineralized bone
phenotype as shown earlier (Harmey et al., 2004).
We then proceeded to assess if the
pharmacological inhibition of TNAP activity could
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Enpp1-/-] (Hessle et al., 2002) but only partly
normalized in the [Akp2-/-; ank/ank] mice, which
suggests that ANK and NPP1 are corrected in
different ways due their different localizations
within the cell (Harmey et al., 2004). This could
maybe also explain some of the differences
between the ank/ank and Enpp1-/- aorta sections
that we have studied. We have observed positive
staining for calcium and mineral in ank/ank aorta,
which could not be detected in the Enpp1-/sections. The Enpp1-/- sections did though show
severe alterations in the aortic wall not seen in the
ank/ank sections nor in the tetramisole treated
ank/ank and Enpp1-/- sections which indicates that
Enpp1-/- mice, that show abnormal bone
mineralization, also have an altered aortic
phenotype. Enpp1-/-sections stained with H&E for
morphological changes showed an increase in cell
density within the thickening, which also showed
signs of a severe rearrangement of the fibers
within the wall. ank/ank mice also displayed an
alteration in the vessel wall fibers but not nearly as
severe as in Enpp1-/- mice. OPN expression in
arterial calcification has earlier been described
(Speer et al., 2002) in other models of bone
deficient mice, such as Mgp-/-, Opn-/- and in [Mgp-/; Opn-/-] knockouts. Opn-/- mice does not display
any mineralization defects which might be
explained by that OPN is not expressed in normal
blood vessels, but only appears during
pathological conditions. This initiated a crossing
of Mgp-/- mice, which spontaneously develop
vascular calcifications, and Opn-/- mice. These
mice showed enhanced vascular calcifications,
which indicate that OPN might act during an
adaptive response as an inducible inhibitor (Speer
et al., 2002). These findings together with the
published data that ank/ank and Enpp1-/- mice
display decreased levels of OPN (Harmey et al.,
2004), could explain why we can not observe any
positive OPN staining in the knock out mice
sections.

to increase the purity and amount of cells (Benson
et al., 2002). When we changed the protocol we
were no longer able to isolate and culture VSMCs
from the Enpp1-/- mice, which we actually
succeeded with one time when using the first
protocol. This might be due to the change of
collagenase from type 1 to type 2, since Enpp1-/mice are hypothesized to have an increase in
arterial calcification, hypothesized to be build up
by the same mechanisms as in calcification of
bone, which predominantly consist of collagen
type 1, which would explain why collagenase type
1 would be more suitable in this particular case.
There is also a high risk of contamination when
working with cell isolation, especially fungal
contamination, which was prevented by sterilizing
all the instruments, changing the instruments after
removal of the skin and then dip the instruments in
70% Ethanol and sterile DMEM during the
dissection. With all these improvements of the
protocol we managed to successfully isolate and
culture primary vascular smooth muscle cells.
The mineralization assay was optimized for
VSMCs by exclusion of the ascorbic acid, which
appeared to be toxic for the cells. The cells treated
with β-glycerophosphate showed an increase in
alkaline phosphate activity, which increased even
more after a longer period of treatment. βglycerophosphate has the ability to increase the
amount of AP expressed, but also the expression
of OPN and OCN as described in Steitz et al. This
could be explained by the theory that VSMCs
loses their smooth muscle cell markers when
treated with β-glycerophosphate to induce
calcification.
Taken together, our findings suggest that TNAP is
in fact an interesting target molecule for arterial
calcification inhibition that needs to be further
evaluated.

The conditions for development and optimization
of smooth muscle cell isolation for primary
cultures was worked out by changing the enzyme
digestion solution and the incubation time and
conditions as described to increase and improve
the number and the specificity of cells isolated.
We succeeded to isolate and culture VSMCs from
aortic tissue by prolonging the incubation time to
four and a half hours, which in earlier studies have
been optimized to be between four and six hours
for isolation of essentially SMC, and to change the
enzyme solution from collagenase type 1 to type 2
with a higher activity, which also has been proved
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14.Counterstain with Hematoxylin for 5-10
minutes.
15.Wash sections with H2O twice.
16.Make Hematoxylin staining blue by
incubating slides into PBS for at least 5 minutes.
17. Wash sections with H2O twice
18.Dehydrate sections with serial concentrations
of Ethanol (50%, 70%, 80%, 90%, 95%,
100%x3) and Xylene (100%x3), under
ventilation hood.
19.Slightly dry slides and mount slides with
Permount and cover slips.

Appendix
OPN Immunohistochemistry
Material:
Vectastain ABC kit (Goat anti IgG; cat#PK4005) form Vector Laboratories Inc, Burlingame,
CA, USA. Kit includes Blocking Serum,
Biotinylated Secondary Antibody, Avidin DH
(A) and Biotinylated Horseradish Peroxidase H
(B).
Primary Goat-Antibody (OPN P-18, cat# sc10593, Santa Cruz Biotechnology)
Diaminobenzidine Tetrahydrochloride (DAB),
40mg/ml brown stock (1/200) solution.
0.05M Tris-HCl, pH 7.6
2M Sodium Azide solution
PBS, Ethanol, Xylene, H2O
31% H2O2 (concentrated)
Mayers Hematoxylin solution from Sigma
Diagnostics, Cat# MHS-16
Permount from Fisher Scientific, Cat# SP15100

Hematoxylin and Eosin staining:
Reagents:
Harris Hematoxylin (EM science)
Eosin Y (Sigma)
Ethanol
Xylene
Procedure:
1.Dehydrate sections in Xylene 3x5’, 100%
EtOH 2x5’, 70% EtOH 5 minutes and then in
running water for 5 minutes.
2.Put in Hematoxylin for 2 min.
3.Wash slides in water 2x1 min, or until water
looks clear.
4.Put slides in 50% EtOH, 1min, 80% EtOH 1
min, 95% EtOH 1 min, 100% EtOH 2x1min.
5.Soak slides in Eosin-Y (10dips or 45 seconds).
6.Wash in 100% EtOH 2x1min each or until the
EtOH looks clear.
7. Re-hydrate slides with 50% EtOH 1min, 70%
EtOH 1 min, 90% EtOH I min, 100% EtOH 2x1
min, Xylene 2x1 min.
8. Slightly dry slides and mount slides with
Permount and cover slips.

Method:
1.Dehydrate sections in Xylene 3x5’, 100%
EtOH 2x5’, 70% EtOH 5 minutes and then in
running water for 5 minutes.
2.Wash sections with PBS, 3x5 minutes.
3.Inactivate endogenous peroxidase activity: Mix
0.5 ml H2O2 (31% concentrated) in 50ml
Methanol. Incubate slides for 30 minutes.
4.Wash sections with PBS 3x5 minutes.
5.Block with Normal Rabbit Serum (~2%). Put
150μl stock into 10ml PBS. Incubate slides in
blocking solution for 30 minutes.
6.Add primary antibody into blocking solution,
making a 1/100 dilution. Drop the solution onto
the slides and put them into a humidity chamber
over night. Negative control: Normal Goat
Serum and PBS.
7.Wash sections with PBS 3x5 minutes.
8.Incubate slides with Biotinylated Anti-goat
Antibody (secondary). Put 50μl stock into 10ml
of PBS. Incubate for 30 minutes. Premix solution
in # 10.
9.Wash sections with PBS, 3x5 minutes.
10.Mix 100μl of A and 100μl of B into 10ml
PBS. Incubate slides for 10 minutes.
11.Wash sections with PBS 3x5 minutes.
12.Dilute 250μl DAB stock and 250μl of
Sodium azide stock into 50ml of 0.02M Tris.
Add 10μl concentrated (31%) H2O2 into the
50ml mixture and incubate slides in the solution
for 15 minutes in the dark at room temperature.
13.Wash sections with H2O, 10 times.

Von Kossa silver test for calcium:
Solutions:
5% aqueous silver nitrate solution: Dissolve 5g
of Silvernitrate per 100ml ddw. Keep in RT.
5% sodium thiosulfate solution: Dissolve 5g of
Sodiumthiosulfate ((Na2S2O3 x 5 H2O); Sigma S8503) per 100ml ddw. Keep in RT.
Nuclear fast red solution: 0.1g Nuclear fast red
(Kernechtrot) in 100ml 5%Aluminiumsulfate.
Heat the solution until it dissolves. Chill down
and filter solution. Keep in RT.
Procedure:
1.Dehydrate sections in Xylene 3x5’, 100%
EtOH 2x5’, 70% EtOH 5 minutes and then in
running water for 5 minutes.
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2.Immerse or flood slides with the 5% silver
nitrate solution.
3.Expose the immersed or flooded slides to
bright sunlight or ultraviolet light for 10 to 20
minutes or to a 60-watt electric bulb at a range of
4-5 inches for 60 minutes. Stop exposure when
calcium salts are black-brown.
4.Wash slides in several changes of distilled
water.
5.Remove un-reacted silver with 5% sodium
thiosulfate for 2 minutes.
6.Counterstain with nuclear fast red for 3-5
minutes. Filter back.
7.Rinse slides in several changes of distilled
water.
8.Re-hydrate slides with 50% EtOH 1min, 70%
EtOH 1 min, 90% EtOH I min, 100% EtOH 2x1
min, Xylene 2x1 min.
9.Slightly dry slides and mount slides with
Permount and cover slips.

TITANIUM™ One-Step RT-PCR Kit
A. Preparing an RT-PCR Master Mix
5μl
10x One-Step Buffer
1μl
50X dNTP Mix
0.5μl
Recombinatnt Rnase inhibitor (40
units/μl)
0.25μl
Thermostabilizing Reagent
10μl
GC-Melt™
1μl
Oligo(dT) Primer
1μl
50x
RT-TITANIUM™
Taq
Enzyme Mix
Total volume 43.5μl
B. Setting up the reactions
1-5.5μl
1 μl
43.5 μl

Results:
Calcium salts- black to brown black
Nuclei-red
Cytoplasm-pink

RNA sample (1ng-1μg)
PCR primer mix (45μM each)
Master Mix
RNase-Free H2O (add to 50 μl final

volume)
C. Running the reactions
o 50°C for 1hr
o 94°C for 5 minutes
o 25-35 cycles of
94°C 30sec
65°C 30sec
68°C 1 minute
o 68°C for 2 minutes

Alizarin red staining:
Solutions:
Staining solution
Alizarin red S (C.I. 58005) 2mg
Distilled water 100ml
Mix and adjust the pH of the solution to a range
of 4.1-4.3 with dilute ammonium hydroxide.

DNA isolation for genotyping:
Solutions:
1.Lysis buffer
50mM Tris HCl (pH 8)
100mM EDTA (pH 8)
1% SDS
100mM NaCl
2.Protinase K
Protinase K dissolved in ddH2O, stock solution
10mg/ml
3.TE
10mM Tris
0.1mM EDTA

Technique:
1.Dehydrate sections in Xylene 3x5’, 100%
EtOH 2x5’, 70% EtOH 5 minutes and then in
running water for 5 minutes.
2.Cover the sections with alizarin red solution.
3.Observe the reaction under a microscope and
re-move when a red-orange lake forms (30
seconds to 5 minutes). The lake should be heavy
but not too diffuse.
4.Shake of excess dye and blot carefully.
5.Dehydrate in aceton for 10-20 seconds and
aceton-xylene (50:50) for 10-20 seconds.
6.Clear in Xylene, 2x1 minutes
7.Slightly dry slides and mount slides with
Permount and cover slips.

Procedure:
1.Incubate tails in 700μl lysis buffer + 20μl
proteinase K o/n at 56°.
2.Transfer the solution to SST tubes (with
polymer on the bottom of tube), add 700μl
phenol : chloroform : iso-amyl alcohol (25:24:1)
3.Mix well and centrifuge at 2000 rpm for 10
minutes (rt)
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4.Add another 700μl phenol : chloroform : isoamyl alcohol (25:24:1)
5. Mix well and centrifuge at 2000 rpm for 10
minutes (rt)
6.Add 700μl of chloroform
7. Mix well and centrifuge at 2000 rpm for 10
minutes (rt)
8.Transfer aqueous phase to eppendorf tube and
add 700μl of isopropanol
9.Mix and centrifuge at max speed for 5 minutes
(rt)
10.Remove supernatant and add 700μl of 70%
EtOH
11.Centrifuge 7000-10000 rpm for 5 minutes
12.Remove supernatant and let pellet air-dry
13.Dissolve in 200μl TE. Store at 4°C

14

References
Acebes, C., de la Piedra, C., Traba, M. L., Seibel, M. J., Garcia Martin, C., Armas, J., and HerreroBeaumont, G. (1999) Biochemical markers of bone remodeling and bone sialoprotein in ankylosing
spondylitis. Clin Chim Acta 289: 99-110.
Barry, ST., Ludbrook, SB., Murrison, E., Horgan, CM A. (2000) regulated interaction between
alpha5beta1 integrin and osteopontin. Biochem Biophys Res Commun 267: 764-769.
Bernard, GW. (1978) Ultrastructural localization of alkaline phosphatase in initial intramembranous
osteogenesis. Clin Orthop 218-225.
Bianco, P., Riminucci, M., Silvestrini, G., Bonucci, E., Termine, JD., Fisher, LW., Robey, PG. (1993)
Localization of bone sialoprotein (BSP) to Golgi and post-Golgi secretory structures in osteoblasts
and to discrete sites in early bone matrix. J Histochem Cytochem 41:193-203.
Boskey, AL. (1996) Matrix proteins and mineralization: an overview. Connect Tissue Res 35:357–363
Boskey, AL (1998) Biomineralization: conflicts, challenges, and opportunities. J Cell Biochem Suppl
30–31:83–91
Bostrom, K., Watson, KE., Horn, S., Wortham. C., Herman, IM., Demer LL. (1993) Bone
morphogenetic protein expression in human atherosclerotic lesions. J Clin Invest 91:1800-1809.
Bostrom, K., Tsao, D., Shen, S., Wang, Y., Demer, LL. (2001) Matrix GLA protein modulates
differentiation induced by bone morphogenetic protein-2 in C3H10T1/2 cells. J Biol Chem
27;276:14044-14052.
Detrano, RC., Doherty, TM., Davies, MJ., Stary, HC. (2000) Predicting coronary events with
coronary calcium: pathophysiologic and clinical problems. Curr Probl Cardiol 374-402. Review.
Fedde, KN., Blair, L., Silverstein, J., Coburn, SP., Ryan, LM., Weinstein, RS., Waymire, K.,
Narisawa, S., Millan, JL., MacGregor, GR., Whyte, MP. (1999) Alkaline phosphatase knock-out mice
recapitulate the metabolic and skeletal defects of infantile hypophosphatasia. J Bone Min Res 20152026.
Fisher, LW., Whitson, SW., Avioli, LV., Termine, JD. (1983) Matrix sialoprotein of developing bone.
J Biol Chem 258:12723-12727.
Fitzpatrick, LA., Severson, A., Edwards, WD., Ingram, RT.(1994) Diffuse calcification in human
coronary arteries. Association of osteopontin with atherosclerosis. J Clin Invest 94:1597-1604.
Friedenstein, AJ., Chailakhjan, RK., Latsinik, NV., Panasyuk, AF., Keiliss-Borok, IV. (1974) Stromal
cells responsible for transferring the microenvironment of the hemopoietic tissues. Cloning in vitro
and retransplantation in vivo. Transplantation 17:331–340
Fujisawa, R., Nodasaka, Y., Kuboki, Y. (1995) Further characterization of interaction between bone
sialoprotein (BSP) and collagen. Calcif Tissue Int 56:140-144
Gadeau, AP., Chaulet, H., Daret, D., Kockx, M., Daniel-Lamaziere, JM., Desgranges, C. (2001) Time
course of osteopontin, osteocalcin, and osteonectin accumulation and calcification after acute vessel
wall injury. J Histochem Cytochem 49:79-86.
Hakim, FT., Cranley, R., Brown, KS., Eanes, ED., Harne, L., Oppenheim, JJ. (1986) Hereditary joint
disorder in progressive ankylosis (ank/ank) mice. I. Association of calcium hydroxyapatite deposition
with inflammatory arthropathy. Arthritis Rheum 1411-1420.

15

Harmey, D., Hessle, L., Narisawa, S., Johnson, KA., Terkeltaub, R., Millan, JL. (2004) Concerted
regulation of inorganic pyrophosphate and osteopontin by Akp2, Enpp1 and Ank. An integrated
model of pathogenesis of mineralization disorders.
Hashimoto, S., Ochs, RL., Komiya, S., Lotz, M. (1998) Linkage of chondrocyte apoptosis and
cartilage degradation in human osteoarthritis. Arthritis Rheum 1632-1638.
Hauschka, PV., Lian, JB., Cole, DE., Gundberg, CM. (1989) Osteocalcin and matrix Gla protein:
vitamin K-dependent proteins in bone. Physiol Rev 990-1047.
Hessle, L., Johnson, KA., Anderson, HC., Narisawa, S., Sali, A., Goding, JW., Terkeltaub, R., Millan,
JL. (2002) Tissue-nonspecific alkaline phosphatase and plasma cell membrane glycoprotein-1 are
central antagonistic regulators of bone mineralization. Proc Natl Acad Sci U S A 9445-9449.
Ho, AM., Johnson, MD., Kingsley, DM. (2000) Role of the mouse ank gene in control of tissue
calcification and arthritis. Science 289:265-270.
Hui, M., Tenenbaum, HC. (1998) New face of an old enzyme: alkaline phosphatase may contribute to
human tissue aging by inducing tissue hardening and calcification. Anat Rec 253:91-94.
Hunter, GK., Goldberg, HA. (1993) Nucleation of hydroxyapatite by bone sialoprotein. Proc Natl
Acad Sci U S A 90:8562-8565.
Jeziorska, M., McCollum, C., Woolley, DE. (1998) Calcification in atherosclerotic plaque of human
carotid arteries: associations with mast cells and macrophages. J Pathol 185:10-17.
Johnson, KA., Wennberg, C., Hessle, L., Mauro, S., Goding, JJ., Millan, JL., Terkeltaub, R. (2000)
Osteoblast tissue-nonspecific alkaline phosphatase antagonizes and regulates PC-1. Am J Physiol
Regulatory Integrative Comp Physiol 279: R1365-R1377
Johnson, K., Goding, J., Van Etten, D., Sali, A., Hu, SI., Farley, D., Krug, H., Hessle, L., Millan, JL.,
Terkeltaub, R. (2003) Linked deficiencies in extracellular PP(i) and osteopontin mediate pathologic
calcification associated with defective PC-1 and ANK expression. J Bone Min Res 18:994-1004.
Jono, S., Peinado, C., Giachelli, CM. (2000) Phosphorylation of osteopontin is required for inhibition
of vascular smooth muscle cell calcification. J Biol Chem 275:20197-20203.
Jovinge, S., Ares, MP., Kallin, B., Nilsson, J. (1996) Human monocytes/macrophages release TNFalpha in response to Ox-LDL. Arterioscler Thromb Vasc Biol 16:1573-1579.
Loeser, R., Carlson, CS., Tulli, H., Jerome, WG., Miller, L., Wallin, R. (1992) Articular-cartilage
matrix gamma-carboxyglutamic acid-containing protein. Characterization and immunolocalization.
Biochem J 282:1-6.
Luo, G., Ducy, P., McKee, MD., Pinero, GJ., Loyer, E., Behringer, RR., Karsenty, G. (1997)
Spontaneous calcification of arteries and cartilage in mice lacking matrix GLA protein. Nature
386:78-81.
Majeska, RJ., Wuthier, RE. (1975) Studies on matrix vesicles isolated from chick epiphyseal
cartilage. Association of pyrophosphatase and ATPase activities with alkaline phosphatase. Biochim
Biophys Acta 391:51-60.
Mahowald, ML., Krug, H., Halverson, P. (1989) Progressive ankylosis (ank/ank) in mice: an animal
model of spondyloarthropathy. II. Light and electron microscopic findings. J Rheumatol 16:60-66.

16

Manolagas, SC., Jilka, RL. (1995) Bone marrow, cytokines, and bone remodeling—emerging insights
into the pathophysiology of osteoporosis. N Engl J Med 332:305–311
Morris, DC., Masuhara, K., Takaoka, K., Ono, K., Anderson, HC. (1992) Immunolocalization of
alkaline phosphatase in osteoblasts and matrix vesicles of human fetal bone. Bone Miner 19:287-298.
Moss, DW., Eaton, RH., Smith, JK., Whitby, LG. (1967) Association of inorganic-pyrophosphatase
activity with human alkaline-phosphatase preparations. Biochem J 102:53-57.
Narisawa, S., Frohlander, N., Millan, JL. (1997) Inactivation of two mouse alkaline phosphatase
genes and establishment of a model of infantile hypophosphatasia. Dev Dyn 208:432-46.
Nurnberg, P., Thiele, H., Chandler, D., Hohne, W., Cunningham, ML., Ritter, H., Leschik, G.,
Uhlmann, K., Mischung, C., Harrop, K., Goldblatt, J., Borochowitz, ZU., Kotzot, D., Westermann,
F., Mundlos, S., Braun, HS., Laing, N., Tinschert, S. (2001) Heterozygous mutations in ANKH, the
human ortholog of the mouse progressive ankylosis gene, result in craniometaphyseal dysplasia. Nat
Genet 28:37-41
Okawa, A., Nakamura, I., Goto, S., Moriya, H., Nakamura, Y., Ikegawa, S. (1998) Mutation in Npps
in a mouse model of ossification of the posterior longitudinal ligament of the spine. Nat Genet 19:271273.
Owen, M. (1985) Lineage of osteogenic cells and their relationship to the stromal system. In: Peck,
WA. (ed) Bone and Mineral Research. Elsevier, Amsterdam 3:1–25
Pittenger, MF., Mackay, AM., Beck, SC., Jaiswal, RK., Douglas, R., Mosca, JD., Moorman, MA.,
Simonetti, DW., Craig, S., Marshak, DR. (1999) Multilineage potential of adult human mesenchymal
stem
Riley, EH., Lane, JM., Urist, MR., Lyons, KM., Lieberman, JR. (1996) Bone morphogenetic protein2: biology and applications. Clin Orthop 39-46.
Robey, PG., Boskey, AL. (1995) The biochemistry of bone. In: Marcus R, Feldman D, Bilezikian JP,
Kelsey J (eds) Osteoporosis. Academic Press, New York 95–183
Roodman, GD. (1996) Advances in bone biology: the osteoclast. Endocr Rev 17:308–332
Rutsch, F., Ruf, N., Vaingankar, S., Toliat, MR., Suk, A., Hohne, W., Schauer, G., Lehmann, M.,
Roscioli, T., Schnabel, D., Epplen, JT., Knisely, A., Superti-Furga, A., McGill, J., Filippone, M.,
Sinaiko, AR., Vallance, H., Hinrichs, B., Smith, W., Ferre, M., Terkeltaub, R., Nurnberg, P. (2001)
Mutations in ENPP1 are associated with 'idiopathic' infantile arterial calcification.
Sampson, HW., Davis, JS. (1988) Histopathology of the intervertebral disc of progressive ankylosis
mice. Spine 13:650-654.
Shanahan, CM., Cary, NR., Metcalfe, JC., Weissberg, PL. (1994) High expression of genes for
calcification-regulating proteins in human atherosclerotic plaques. J Clin Invest 93:2393-2402.
Shanahan, CM., Cary, NR., Salisbury, JR., Proudfoot, D., Weissberg, PL., Edmonds, ME. (1999)
Medial localization of mineralization-regulating proteins in association with Monckeberg's sclerosis:
evidence for smooth muscle cell-mediated vascular calcification. Circulation 100:2168-2176.
Shanahan, CM., Proudfoot, D., Tyson, KL., Cary, NR., Edmonds, M., Weissberg, PL. (2000)
Expression of mineralisation-regulating proteins in association with human vascular calcification. Z
Kardiol. 89 Suppl 2:63-68.

17

Suda, T., Takahashi, N., Martin, TJ. (1992) Modulation of osteoclast differentiation. Endocr Rev
13:66–80
Sweet, HO., Green, MC. (1981) Progressive ankylosis, a new skeletal mutation in the mouse. J Hered
72:87-93.
Terkeltaub. R., Rosenbach, M., Fong, F., Goding, J. (1994) Causal link between nucleotide
pyrophosphohydrolase overactivity and increased intracellular inorganic pyrophosphate generation
demonstrated by transfection of cultured fibroblasts and osteoblasts with plasma cell membrane
glycoprotein-1. Relevance to calcium pyrophosphate dihydrate deposition disease. Arthritis Rheum
37:934-941.
Terkeltaub, RA. (2001) Inorganic pyrophosphate generation and disposition in pathophysiology. Am
J Physiol Cell Physiol 281:C1-C11.
Tintut, Y., Patel, J., Parhami, F., Demer, LL. (2000) Tumor necrosis factor-alpha promotes in vitro
calcification of vascular cells via the cAMP pathway. Circulation 102:2636-2642.
Tomkinson, A., Reeve, J., Shaw, RW., Noble, BS. (1997) The death of osteocytes via apoptosis
accompanies estrogen withdrawal in human bone. J Clin Endocrinol Metab 82:3128–3135
Tomkinson, A., Gevers, EF., Wit, JM., Reeve, J., Noble, BS. (1998) The role of estrogen in the control
of rat osteocyte apoptosis. J Bone Miner Res 13:1243–1250
Triffitt, JT., (1996) The stem cell of the osteoblast. In: Bilezikian JP, Raisz LG, Rodan GA (eds)
Principles of Bone Biology. Academic Press, San Diego, CA 39–50
Udenfriend, S., Kodukula, K. (1995) Prediction of omega site in nascent precursor of
glycosylphosphatidylinositol protein. Methods Enzymol 250:571-582.
Ushiki, T., Abe, K. (1998) Identification of arterial and venous segments of blood vessels using
alkaline phosphatase staining of ink/gelatin injected tissues. Arch Histol Cytol 61:215-219.
Wada, T., McKee, MD., Steitz, S., Giachelli, CM. (1999) Calcification of vascular smooth muscle cell
cultures: inhibition by osteopontin. Circ Res 84:166-178.
Wallin, R., Cain, D., Sane, DC. (1999) Matrix Gla protein synthesis and gamma-carboxylation in the
aortic vessel wall and proliferating vascular smooth muscle cells--a cell system which resembles the
system in bone cells. Thromb Haemost 82:1764-1767.
Wallin, R., Cain, D., Hutson, SM., Sane, DC., Loeser, R. (2000) Modulation of the binding of matrix
Gla protein (MGP) to bone morphogenetic protein-2 (BMP-2). Thromb Haemost 84:1039-1044.
Waymire, KG., Mahuren, JD., Jaje, JM., Guilarte, TR., Coburn, SP., MacGregor, GR. (1995) Mice
lacking tissue non-specific alkaline phosphatase die from seizures due to defective metabolism of
vitamin B-6. Nat Genet 11:45-51.
Weinstein, RS., Jilka, RL., Parfitt, AM., Manolagas, SC. (1998) Inhibition of osteoblastogenesis and
promotion of apoptosis of osteoblasts and osteocytes by glucocorticoids: potential mechanisms of
their deleterious effects on bone. J Clin Invest
Wozney, JM., Rosen, V., Celeste, AJ., Mitsock, LM., Whitters, MJ., Kriz, RW., Hewick, RM., Wang,
EA. (1988) Novel regulators of bone formation: molecular clones and activities. Science 242:15281534.
Wozney, JM. (1989) Bone morphogenetic proteins. Prog Growth Factor Res 1:267-280.

18

19

