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ABSTRACT

ANALYSIS OF THE PROTEOGLYCAN CONTENT IN FRESH AND

CRYOPRESERVED PORCINE CARDIOVASCULAR TISSUES

YUN HEE SHON
Old Dominion University
and
Eastern Virginia Medical School

Director: Dr. Lloyd Wolfinbarger, Jr.

The purpose of this research was to study the effects of cryopreservation
on the proteoglycan (PG) and mineral content of aorta conduit tissue.
Proteoglycans from fresh and cryopreservea porcine aorta conduit tissues were
isolated by extraction with 4 M guanidine (Gdn) - hydrochloride (HCI) for 48
hours. This concentration of Gdn-HCI and 48 hours extraction time was
demonstrated to be optimal for proteoglycan extraction. The crude
proteoglycan extracts were purified by CsCl isopycnic centrifugation.
Quantitative analysis of extracted proteoglycans revealed that the content of

proteoglycan material from crycpreserved tissue, measured as uronate and
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protein per unit weight of wet tissue, was similar to that from fresh tissue (440
+ 30 versus 430 + 7 pg uronate/g wet tissue and 3139 + 39 versus 2639 +
15 pg protein/g wet tissue). Gel permeation column chromatography studies
suggested that proteoglycans present in three CsCl fractions from cryopreserved
tissues had molecular weights similar to proteoglycans present in similar
fractions from fresh tissue; K,, = 0.13 and 0.47 (I), 0.20 (II), and 0.43 (III)
from cryopreserved tissue and K,, = 0.13 and 0.50 (I), 0.23 (II), and 0.40 (III)

from fresh tissue.

Cryopreserved and fresh tissues were extracted using Gdn-HCI followed
by sequential digestion of the tissues with collagenase, elastase, and papain.
Glycosaminoglycans (GAGs) of the PGs were isolated and quantitated. Gdn-
HCI extracted about 61 % and 62 % of the total GAG (proteoglycan) material
from cryopreserved and fresh tissues, respectively. Collagenase solubilized
proteoglycans from Gdn-HCl-extracted tissue represented 20 % and 13 %,
respectively, of the total GAGs present in cryopreserved and fresh tissue.
Subsequent elastase hydrolysis of collagenase digested tissue released about 11
% of total GAGs from cryopreserved tissue and 16 % from fresh tissue. The
remainding 8 %, from cryopreserved tissues, and 9 %, from fresh tissue, of
total GAGs were obtained through use of a final papain hydrolysis. There was
essentially no difference between fresh and cryopreserved tissues in the relative

distribution of proteoglycans in the extracts and digestions except in the initial
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digestion step where more proteoglycan was obtained from collagenase

solubilization of cryopreserved tissue than fresh tissue (P < 0.05).

The histologic status of the fresh and cryopreserved porcine aortic
conduit did not differ markedly. The normal tissue architecture was not
affected markedly by the cryopreservation procedure as neither alteration of
elastic structure, fibrous proteins nor alteration of nuclear distribution or
smooth muscle cell morphology was detected. Electron microscopic
comparisons demonstrated a retention of proteoglycans in the porcine aortic
conduit after cryopreservation, and the relative morphological distribution of

proteoglycan content in cryopreserved tissue was similar to that in fresh tissue.

Quantitative tissue mineral studies revealed that the mean calcium content
of the cryopreserved aorta conduit tissue (165 + 3 ug/g wet tissue) was higher
than that of the fresh tissue (105 + 4 ug/g wet tissue) (P < 0.05). The mean
phosphorus content was 703 + 35 ug/g wet tissue from cryopreserved tissue

and 720 + 26 ug/g wet tissue from fresh tissue.

The studies indicate that there is no significant alteration in the content,
molecular size, or distribution of PGs in properly cryopreserved tissue.
However, the total calcium level appears to be increased in tissue cryopreserved

by the cryopreservation process used in this study.
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CHAPTER 1

INTRODUCTION

A. Cardiovascular System.

The cardiovascular system consists of the heart, which is a muscular
pumping device and keeps the blood in motion; a closed system of blood
vessels, which circulate blood to and from all parts of the body; and the
lymphatic vessels, an ancillary set of vessels, which circulate lymph. The heart
is a four-chambered (two atria and two ventricles) muscular organ through
which the blood contained in the circulatory system is pumped. The direction
of flow of the blood is largely determined by the presence of valves which
allows blood to flow from the atria into the ventricles but prevents it from
flowing back up into the atria from the ventricles The valves of the heart are
fibrous flaps of tissue covered with endothelium. Four sets of valves are of
importance to the normal functioning of the heart. Two of these, the
atrioventricular valves are located in the heart, guarding the openings between

the atria and ventricles. The other two, the semilunar valves are locked inside
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the pulmonary artery and the great aorta just as they arise from the right and

left ventricles, respectively.

The valve guarding the right atrioventricular orifice consists of three
flaps of endocardium and is called the tricuspid valve. The valve that guards
the left atrioventricular orifice is similar in structure to the tricuspid except that
it has only two flaps and is, therefore, named the bicuspid or, more commonly,
the mitral valve. The semilunar valves consist of half-moon-shaped flaps
growing out from the lining of the pulmonary artery (pulmonary valve) and
great aorta (aortic valve). Whereas the atrioventricular valves prevent blood
from flowing back up into the atria from the ventricles; the semilunar valves
prevent it from flowing back down into the ventricles from the aorta and

pulmonary artery.

The aorta is an elastic artery leaving the heart to supply the systemic
circulation. The elastic arteries functionally serve as conduction tubes, but they
also facilitate the movement of blood along the tube. During the contraction
(systolic) period of the cardiac cycle, the ventricles of the heart pump blood
into the elastic arteries. The pressure generated in the elastic arteries by the
ventricles moves the blood along the arterial tree, and the pressure also causes

the wall of the arteries to distend. The distension is limited by the network of

2
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collagenous fibers in the tunica media and tunica adventitia. During the
relaxation (diastolic) period of the cardiac cycle, arterial pressure and the
resultant flow of blood within the vessel are maintained by the elastic recoil of

the distended arterial wall.

Aorta have three coats, an inner smooth layer (tunica intima), a middle
layer (tunica media), and an outer layer of connective tissue (tunica adventitia).
The tunica intima of aorta is relatively thick and consists of an endothelial
lining with its basal lamina (a subendothelial layer of connective tissue) and a
layer of elastic material (the internal elastic membrane). The endothelium is a
simple squamous epithelium. The cells are typically flat, but they are elongated
and oriented with their log axis parallel to the direction of the artery. The
endothelium and the basal lamina serve as a barrier to the passage of
substances. The subendothelial layer consists of connective tissue with both
collagenous and elastic fibers. The main cell type of this layer is the smooth
muscle cell. It is not only contractile, but it also produces the extracellular
ground substance and fibers. The tunica media is the thickest of the three
layers. It consists of sheets of elastic material with intervening layers
comprised of smooth muscle cells, collagenous fibers, and ground substance.
The smooth muscle cells in tunica media produce the collagenous, elastic

components, and ground substance of this layer. The tunica adventitia is

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



relatively thin, and a connective tissue layer. The main extracellular

component of this layer are collagenous fibers which is relatively inextensible
and prevent the expansion of the arterial wall beyond physiological limits

during the systolic period of the cardiac cycle. There is also a loose network of

elastic fibers in this layer. Cells of the tunica adventitia are fibroblasts.

B. Historical Perspective of Heart Valve Replacements.

Diseased and malfunctioning heart valves have been replaced as a routine
procedure for almost three decades. There have been many improvements in

heart valve substitutes and surgical techniques during this time.

In the normal heart, there is a virtually nonobstructed flow of blood from
the left ventricle to the ascending aorta through the fully open aortic valve
during systole. There is a similar nonobstructed flow from the atrium through
the mitral valve to the ventricle by retraction of the mitral valve during
diastole. The goal of cardiac valve transplantation research has been the search
for perfect valve substitutes, namely, mechanical, tissue (bioprosthetic), or
allograft valves. There are several major criteria to be considered in a
particular valve design. An ideal valve substitute should function efficiently

with perfect hemodynamic performance and present a minimum load to the

4
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heart. The substitute should also have superior durability and maintain its
efficiency for the life span of the patient. It should not cause damage to
molecular or cellular blood components or stimulate thrombus formation so that
anticoagulation therapy will be required. The valve substitute should be
available in a wide variety of sizes permitting a match for recipients and should

require a relatively simple surgical implant.

In the mid 1940’s, Hufnagel used an acrylic prosthesis for the
replacement of the thoracic aorta of animals, and this work provided the
impetus for him to develop and implant prosthetic heart valves in humans
(Hufnagel, 1947; Hufnagel and Harvey, 1953). In the early 1950’s, Hufnagel
et al. (1954) and Campbell (1950) independently designed mechanical valves.
This totally mechanical valvular prosthesis, consisting of a lucite tube and a
mobile spherical poppet, was successfully implanted into the descending aorta
of a patient with severe aortic regurgitation (Hufnagel et al., 1954). One of
Hufnagel’s patients, who received a prosthetic heart valve, survived over two
decades without evidence of wear, thrombosis, or embolism (Hufnagel and

Gomes, 1976).

In 1958, the caged-ball valve was implanted in the mitral position in

dogs by Ellis and Bulbulian (1958) and in the aortic position by Edwards and

5
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Smith (1958). These accomplishments, together with the development of the
technique of extracorporeal circulation, prompted Harken in March 1960 to
correct for defective valves with a caged-ball prosthesis in the subcoronary
position in patients with aortic regurgitation (Harken et al., 1960). Five months
later, Starr implanted the first Starr-Edwards prosthesis in the mitral position
(Starr and Edwards, 1961), and the first clinical Starr-Edwards aortic valve

implantation was performed one year later (Lefrak and Starr, 1979).

After early design improvement, silastic ball noncloth-covered Starr-
Edwards mechanical valves became the standard for mechanical valves.
Although a number of similar designs of the caged-ball valves appeared in
clinical use (Lefrak and Starr, 1979), all but Starr-Edwards, Smeloff-Sutter,
and Magovern-Cromie valves are no longer available for clinical use due to

high complication rates and problems with durability and structural design.

The concept of the tilting disk valve arose because most of the caged-ball
valves were unnecessarily bulky, and their hemodynamic characteristics were
less than ideal. A flat disk instead of a ball was used as an occluder in caged-
disk valves to reduce the profile of such valves, but they still suffered from the
hemodynamic problem of having an occluder that remained relatively

obstructive in the open position. A disk that tilted within the valve ring was

6
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specially attractive since it caused minimal obstruction to blood flow in the
open position. Flap valves were the earliest examples of the tilting disk
(Kernan et al., 1957; Pierce et al., 1968). Bjork and Shiley in 1969
collaborated to produce a hingeless tilting disk valve, the Bjork-Shiley valve, in
which the free-floating disk was restrained by two low-profile M-shaped struts
(Bjork, 1969; Bjork, 1970). This valve is now the most commonly used

mechanical prosthesis worldwide.

In the mid 1960°s, the design of a rigid bileaflet prosthesis was
introduced and tested in vitro, in animals, and in clinical usage. Certain
elements in this design, the bileaflet principle and a low profile, were used
earlier in the Gott-Daggett, Kalke-Lillehei, and Wada prostheses. Clinical
experiences with the hinge bileaflet prosthesis were first reported with the
introduction of the Gott-Daggett valve (Gott et al., 1964). This valve had two
semicircular leaflets retained within the ring by four hinges. Follow-up
experiences revealed that an incidence of high thrombogenicity was probably
the consequent lack of proper washout on the outflow surface (Young et al.,
1969). The Gott-Daggett prosthesis was withdrawn from clinical use because
the thrombogenicity of this valve could not be reduced even with treatment of a
colloid graphite coating on the synthetic surfaces (Gott et al., 1961). The

Kalke-Lillehei and Wada designs have not been introduced into clinical usage.

7
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Although these earlier prostheses failed due to mechanical malfunctions and
marked thrombogenicity, the most striking finding from these earlier studies
was that their hemodynamics were superior to all other prostheses available at

that time.

In 1976, this design was modified and refined for heart valves
manufactured entirely from pyrolitic carbon (Emery et al., 1978). Pyrolitic
carbon, with its thrombo-resistant properties and great durability, replaced the
titanium of the valve ring and the different materials used earlier for the cusps.
Experimental and later clinical results demonstrated that the bileaflet design
using pyrolitic carbon provided distinct and dramatic improvements in
prosthesis performance (Lillehei, 1986). The oldest and most broadly used
member of the bileaflet family of valves is the St. Jude Medical valve, a
cleverly designed valve made entirely of pyrolitic carbon with two semi-circular
discs that open with a new pivot mechanism that eliminates the need for any
supporting struts. Postoperative catheterization studies in multicenters revealed
good results in terms of survival, low incidence of thromboembolic
complications, and negligible transvalvular gradients in the large sizes (Lillehei,

1986; Pass et al., 1984; Wortham et al., 1981).

Although many modern mechanical heart valve substitutes are accepted

8
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as having long-term durability (Silver and Butany, 1988), the question of
fatigue or wearing out remains a pertinent issue. The most important
disadvantage of a mechanical valve is thrombogenicity, which has been reduced
recently by improved microhemodynamics within the hinge mechanism, but is
still significantly higher than that of xenograft valves (Magilligan, 1987; Schoen
and Hobson, 1987). Therefore, anticoagulant therapy is required for most
mechanical prostheses. The valve murmur is an additional disadvantage of
some mechanical valves. Hemodynamic dysfunction also can occur when a
small mechanical prosthesis is inserted into a small aortic or mitral annulus.
The resulting high gradients worsen during exercise and provide for elevated

perioperative mortality rates (Bjork et al., 1974; Dale et al., 1980).

Dissatisfaction with the incidence of valve related morbidity and
mortality after cardiac valve replacement with a mechanical prostheses led to
introduction of xenograft tissue valves. Work on the xenograft valve started in
1965 (Duran and Gunning, 1965). The valves of the pig and calf seemed to be
the best choices because of relative vascularity and similarity of physical
properties to those of human valves, and it was found that both were technically
satisfactory for clinical usage (O’Brien, 1967). Originally, mercurial salts were
used for the treatment of xenograft valves and later formalin for the sterilization

and reduction of antigenicity. However, both reagents were found to be
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unsuitable for treatment of biological valves because they weakened the
chemical cross-linkage bonds in collagen and resulted in collagen degeneration

(Binet et al., 1965; O’Brien and Clarebrough, 1960).

Glutaraldehyde, used for tanning leather in the shoe industry, produces
stable collagen covalent cross-linkage bonds and actually increases tissue
strength. The tissue also loses viability, and its antigenicity is markedly
reduced. Carpentier et al. (1969), in Paris, first used glutaraldehyde for tissue
valve preservation in 1968 (Gerbode, 1970) and facilitated the use of
bioprostheses, both porcine and bovine pericardium, as a satisfactory alternative

to mechanical valves.

In 1970, commercially available glutaraldehyde-treated porcine xenograft
valves, that were readily available in all sizes, were introduced by Hancock
laboratories. Carpentier-Edwards xenograft valves were subsequently offered
by Edwards laboratories. The Hancock standard and the Carpentier-Edwards
standard are high-pressure glutaraldehyde-fixed bioprostheses. These
bioprostheses are presently used only in the United States. The Hancock
standard valve is mounted into a Dacron-covered polypropylene stent. There
are various sewing ring configurations to facilitate interrupted or continuous

suturing techniques. The Carpentier-Edwards bioprosthetic porcine valve uses a
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flexible Elgiloy (an alloy of spring steel) stent, which is radiopaque. Tubular
knitted porous Teflon, which surrounds a silicone rubber insert, is used as the
sewing ring material. A specially buffered and stabilized glutaraldehyde

solution is used to fix the valves.

Hancock laboratories introduced a Hancock modified orifice porcine
valve since hemodynamic performance of the original Hancock prosthesis was
not ideal (Lurie et al., 1976; Stinson et al., 1977). In this modified prosthesis,
the right coronary cusp with its muscular shelf has been replaced by a matching
noncoronary cusp that does not contain the muscle shelf from another porcine
valve. In vitro studies showed that this modified prostheses had better
hydraulic function, and intraoperative studies revealed much lower transvalvular
gradients (Levine et al., 1977). However, late postoperative catheterization
studies have revealed only slightly better hydraulic performance than the
standard valve (Rossiter et al., 1980). Edwards laboratories introduced a
modified xenograft prosthesis, Carpentier-Edwards supraannular bioprosthesis,
with improved hydraulic function by the further thinning of both the cloth and

metal components of the frame.

Porcine bioprostheses have a low rate of serious thromboembolism,

essential lack of thrombosis, and freedom from anticoagulant-related
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hemorrhage (Carpentier et al., 1969; Hannah and Reis, 1976; Lakier et al.,
1980; Pipkin et al., 1976), but hydraulic performance is still limited in the
smaller sizes (Yoganathan et al., 1986). The main disadvantage of the porcine
xenograft is limited durability due to calcification (Gallo et al., 1984).

Calcification of biological heart valves results in degeneration and dysfunction.

The Ionescu-Shiley pericardial valve was the first and most widely used
model of the bovine pericardial heart valve. In 1966, M. Ionescu and G.
Wooler of England introduced a formalin-fixed heterograft supported by a
titanium stent. Two years later, Ionescu tried a series of autologous fascia lata
mounted on that three-legged stent covered inside and out with Dacron velour,
but the results with fascia were unsatisfactory. In 1970, he mounted
glutaraldehyde-fixed bovine pericardium on a cloth-covered titanium frame with
its posts slightly splayed outward to provide a dull orifice. The first valves
were made in small numbers in Ionescu’s hospital laboratory, but since 1976
they have been made at Shiley laboratories and commercialized under the trade
name Ionescu-Shiley pericardial valve (Ionescu et al., 1977; Ionescu et al.,
1982; Ionescu et al., 1985). New pericardial-based bioprostheses, the
Mitroflow and Carpentier-Edwards pericardial valve, are being developed and
used clinically today (Anderson et al., 1986; Pelletier et al., 1990; Relland et

al., 1985).
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The pericardium valve’s fabrication concept offers important design and
manufacturing advantages, since the end product is free of the natural variation
which is always a problem in an intact valve removed from an animal.
Pericardium has made possible the development of trileaflet stent-mounted
bioprostheses with very low transannular gradient (Revuelta et al., 1984). This
valve is better than the porcine valve in terms of hydraulic performance due to
the absence of a muscle shelf at the base of the valve (Cosgrove et al., 1985).
Wheatley’s group in Glasgow (Fisher et al., 1986) tested six different types of
tissue valves and six mechanical valves in vitro and reported that the porcine
valves had higher forward flow pressure gradients than pericardial, tilting disk,
or bileaflet mechanical valves. Thromboembolism is not a major problem with
the bovine pericardium bioprosthesis (Cooley et al., 1986; Ionescu et al.,
1986), and this valve may have lower thromboembolic problems than porcine
valves. However, the glutaraldehyde-treated pericardium has a clear tendency
toward calcification (Gallo et al., 1985). Experimental clinical studies of the
incidence of primary tissue failure between porcine and bovine pericardium
valves show that the bovine pericardial valve deteriorates sooner and more
frequently than the porcine valve (Gallo et al., 1987; Odell et al., 1986).
Generally, tissue failurcs of pericardial valves occur sooner in the mitral than in
the aortic position, and different models of valves fail differently at different

times (Gabbay et al., 1984; Gabbay et al., 1988; Walley and Keon, 1987,
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Wheatley et al., 1987).

In spite of substantial progress made in the preparation of prostheses
(mechanical and bioprosthetic valves), an adequate valve substitute meeting the
requirements of an ideal cardiac valve has yet to be identified. The various
types of prosthetic valves introduced are only partially of the quality of natural,
healthy, human heart valves. In a search for the perfect valve replacement,
researchers turned to the human heart valve as the best valve substitute.
Numerous clinical problems with both mechanical and xenograft valves are
solved by use of a allograft (homograft) valve: low incidence of
thromboembolic complications, freedom from long-term anticoagulation
therapy, reduced hemodynamic obstruction especially in the small aortic root

size of chiidren, and resistance to endocarditis.

Implantation of allograft cardiac valves was preceded by documented
success in the preservation and reimplantation of homologous vascular material
experimentally and clinically by Robert Gross in 1948 (Gross et al., 1948). In
1952, Lam and his coworkers reported that it was experimentally possible to
transplant canine aortic valve homografts into another dog’s descending thoracic
aorta. In 1953, Robicsek in Hungary completed the first true orthotopic

transplant of a valvular homograft, a canine tricuspid valve. Gross’s clinical
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experiences with preserved arterial grafts and Lamb’s experimental success in
implantation of a homologous cardiac valve became the basis for Murray and
other investigators to develop the techniques for clinical operations. In 1956,
Murray and his coworkers in Toronto implanted fresh and fully living aortic
valve homografts into the descending thoracic aorta for the relief of aortic
insufficiency. Although this operation was only partially successful
hemodynamically, the homograft valves had remarkable durability and
performance. Kerwin et al. (1962) reported that these valves had satisfactory

functions extending to up to 6 years.

Implantation of fresh homograft aortic valves into the subcoronary
position was proposed by Duran and Gunning (1962) and was completed with
full clinical success in England by Donald Ross in 1962. Sir Brian Barratt-
Boyes in New Zealand reported in 1964 that he, too, had initiated subcoronary
insertions of aortic valve homografts in 1962, almost at the same time as
Donald Ross and independent of each other (Barratt-Boyes, 1964). These initial
valves had excellent durability both initially and long-term and were virtually
free of thromboembolic complications without anticoagulant therapy. These

results gave impetus for early workers to pursue this method of aortic valve

replacement.
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The first clinical use of aortic valve allografts was reported (Davies et
al., 1968), but the use of these valves was soon extended for the repair of
ventricular outflow tract defects (Ross and Somerville, 1966), mitral and
tricuspid valve diseases (Ross and Somerville, 1972), and finally for the repair
of the entire aortic root and valve (Lao et al., 1984). Although the use of
mitral and tricuspid allografts was proposed early, the resuits of mitral valve
replacements with allografts were not favorable (Graham et al., 1971;
Robicsek, 1953). Eguchi and Asano in 1968 proposed the use of pulmonary
allografts for the right side of the heart, and Kay et al. in 1986 presented the

results with the first clinical series.

Since the inception of the allograft aortic valve for clinical subcoronary
implantation in 1962, changes in methods of sterilization and storage techniques
have been implemented. Allograft valves that were sterilized by gamma
radiation or chemicals such as B-propiolactone, ethylene oxide, or chlorhexidine
had a great propensity for cusp rupture and degeneration (Barratt-Boyes et al.,
1977; Heimbecker et al., 1968; Malm et al., 1967; Smith, 1967). Storage
techniques such as freeze-drying have resulted in poor performance with
diminished durability of transplanted allograft valves (Beech et al., 1973;
Parker et al., 1977). The use of harsh methods for valve preparation has been

completely abandoned because of increased failure rates.
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In the late 1960s, the use of gentle antibiotic sterilization and storage at 4
°C in nutrient media began to be used. Although a fresh wet-stored allograft
lacks donor cellular viability (O’Brien et al., 1987), valves prepared with these
gentler techniques have been found clinically to be satisfactory and to function
for a reasonable period of time due to their excellent hemodynamic
performance even in small sizes (Ross and Yacoub, 1969; Thompson et al.,
1979; Thompson et al., 1980), reduction of thromboembolism and hemolysis
rates without anticoagulant therapy (Matsuki et al., 1988), and enhanced
resistance to endocarditis (Kirklin and Barratt-Boyes, 1986). A number of
groups demonstrated excellent medium-term (7-10 years) results with the wet-
storage technique (Anderson and Hancock, 1976; Barratt-Boyes, 1979; Khanna
et al., 1981; Miller and Shumway, 1987; Penta et al., 1984; Teply et al., 1981;

Thompson et al., 1980).

Although clinical results with fresh wet-stored antibiotic-sterilized human
allografts were good, the difficulties involved in obtaining the valve, the
availability of valve size matching for recipients, and lack of certainty
concerning preservation and storage techniques prevented the wide-spread use
of this graft for valve substitution. Based on these problems, cryopreservation
was introduced as the best method for indefinite and convenient storage and

frozen valve banks have been developed which allow prolonged storage of
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tissues and thus increase availability.

Luyet et al. (1940) in America established the foundations of modern
cryobiology. In 1949, Polge et al. from London actualized the immense
advantage of cryogenic temperatures in organ banking. They reported that
glycerol enabled rooster sperm to survive freezing at -79 °C. This technique
subsequently was applied for the preservation of various cell types and even
entire embryos (Bunge and Sherman, 1953; Lovelock, 1953; Schaeffer et al.,
1972; Smith and Polge, 1950). Smith also performed studies on numerous
frozen mammalian cellular systems, including ova, blood, corneas, hearts, and
even whole animals (Smith, 1961). The use of glycerol and other
cryoprotectants has enabled considerable advances in the long-term preservation

of mammalian cells in suspensions and organs.

The technology of cryopreservation has been applied to preserve aortic
allografts. Gross, Bill, and Peirce (1949) demonstrated that simple freezing of
aortic homografts to -72 °C without a cryoprotectant resulted in a high risk of
graft rupture. In the early 1970s, Angell and associates (1987) reported on the
maintenance of viability in DMSO cryopreserved aortic allografts stored for
prolonged periods in liquid nitrogen and their clinical application. The

Brisbane group, under the direction of O’Brien, followed this early clinical
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application of the cryopreservation process with a series of valve replacements
utilizing allograft valves that had undergone gentle antibiotic sterilization,
controlled freezing with dimethylsulfoxide (DMSO) to low temperature, and
then storage in liquid nitrogen at -190 °C. His group confirmed the cellular
viability of tissue by histologic and biochemical data (O’Brien et al., 1987;
O’Brien, Kirklin et al., 1987). In their study, the cryopreserved aortic valves
had remarkable results with 100 % freedom from reoperation because of valve
degeneration for up.to 10 years. The high durability of the viable
cryopreserved valve was considered to be related to continuous cellular
viability. Explanted valve tissue, up to 10 years after operation, have shown
continuous viability of leaflets from the time of implantation (O’Brien, Kirklin.,

1987).

Several studies have shown that cryopreserved allograft aortic valves
have increased functional integrity in comparison to fresh aortic allografts and
xenografts, which is an extremely attractive feature with regard to the pediatric
population (Angell et al., 1987; Jonas et al., 1988; O’Brien, Kirklin et al.,
1987). The frozen viable allograft has superior durability in addition to the
advantages of the nonviable fresh allograft. This superior durability may be
due to improved matrix preservation by the limitation or reduction of cell death

prior to and during cryopreservation rather than continued fibroblast cellular

19

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



function following transplantation. In current world experience, most aortic
and pulmonary homografts are used as valved conduits for insertion in the right

side of the heart (Bodnar and Ross, 1991).

C. Cryobiology of Heart Valves.

Cryopreservation techniques for heart valves are derived empirically
from knowledge developed for cryopreservation of single-cell suspensions and
simple tissues (van der Kamp et al., 1981), and finally applied to cardiovascular
tissues. Since the initial development of the cryopreservation technology for
heart valves (Angell et al., 1976), there have been considerable advances in the
characterization of many cryoprotective agents, the development of computer-
controlled freezing equipment, and active cryobiology research in universities
and organ/tissue processing groups has validated specific aspects of the

techniques involved in cryopreservation.

Properly cryopreserved tissues have yielded excellent clinical results for
extended periods of time. It now becomes necessary to determine the reason(s)
for this good performance. Human heart valve cryopreservation can be divided
into five steps: (1) harvesting and transport of the donor heart to the processing

facility; (2) tissue preparation and antibiotic disinfection; (3) control-rate
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freezing with cryoprotectants; (4) storage in vapor-phase liquid nitrogen; and
(5) thawing/diluting for transplantation. It is generally accepted that
cryopreservation protocols must ensure integrity of the extracellular matrix and
maintenance of cellular viability of the tissues for prolonged clinical durability
after implantation. A number of studies (Angell et al., 1976; Hu et al., 1989;
Khanna et al., 1981; O’Brien, 1986; Ross et al., 1979; Strickett et al., 1983;
van der Kamp et al., 1981) investigating valve preparation procedures reported
several general principles which provide for better integrity of tissues and
cellular viability: short warm ischemia times (the time period from cessation of
donor heart beat to initial cooling of valve tissue with cold storage solution)
following death of donor, antibiotic concentrations which are nontoxic to valve
cells yet effectively disinfect the allograft (Hu et al., 1989; Khanna et al.,
1981), cryopreservation by cooling at 1 °C/min with 10 % dimethyl sulfoxide
as a cryoprotectant, and storage and transport of processed valves in the vapor

phase temperature of liquid nitrogen (Adam et al., 1990).

Even though fibroblast cells in heart valve cusps are relatively resistant
to anoxia, most procurement programs seek to remove the heart within the first
hour after cessation of heartbeat. The procurement of donor hearts for allograft
heart valve transplantation should include aseptic technique, retention of proper

length of aorta and pulmonary conduits, and the avoidance of valve cusp injury.
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Cold ischemic time (the time interval after transfer of the heart to cold transport
solution until cryopreservation) during transportation and processing of hearts
should be less than 24 hours after cardiectomy. St. Louis, et al (1991) reported
that protocols designed to harvest valves between 2 and 24 hours after donor
death resulted in depleted aerobic metabolic reserves (i.e., lowered high-energy
phosphate stores). Such valves, however, continued active anaerobic
metabolism and contained numerous morphologically intact fibroblasts. Organ
perfusion studies (Belzer et al., 1983; Henry et al., 1988; Southard et al.,

1984; Southard et al., 1985) have suggested that transport media containing
adenosine and metabolic phosphates preserve cellular viability by stimulating
ATP synthesis, Na* reabsorption, maintenance of near normal concentrations of

tissue K*, and reversal of tissue edema.

Since it is not generally practical to collect donor valves under sterile
conditions, an efficient method of disinfection is required to provide a sterile
allograft for transplantation. The method used should have no deleterious effect
on the integrity of the valve while still maintaining efficient antibacterial and
antifungal activity. Many antibiotic disinfecting mixtures have been
investigated, not only to determine the efficiency of disinfection but also to
assess effects on the physical properties of the grafts, i.e. cellular viability, host

tissue ingrowth, and valve survival (Barratt-Boyes et al., 1977; Gavin et al.,
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1973; Hu et al., 1989; Lockey et al., 1972; Strickett et al., 1983; van der
Kamp et al., 1981; Wain et al., 1977, Waterworth et al., 1974; Yacoub and
Kittle, 1970). Currently, nearly all allograft heart valve programs use low-
concentration, broad-spectrum antibiotics in a sterile-filtered nutrient tissue
culture medium to disinfect cardiovascular tissues (Ross et al., 1979; Strickett

et al., 1983).

Suspended animation (inhibition of cellular activities) through reduced
temperature is the only way to achieve organ preservation. Living cells can be
preserved for years by storage at temperature of the order of -150 to -200 °C
by inhibiting molecular motion. Physical processes in biologicél‘ systems, such
as osmotic pressure and thermal expansion, are completely dependent on the
rate of molecular motion. All physiological and biochemical processes of the
cell can be arrested with the inhibition of molecular motion, and aging becomes
nearly impossible. Cryopreservation generally involves tissue freezing. The
consequences of freezing in biological systems arise from three factors:
inhibition of chemical and physical processes by the low temperatures, the
effects of ice in the biological system, and the physicochemical effects of
increased solute concentrations as the volume of liquid water decreases during

ice crystal formation.
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As the temperature becomes lower, molecular movement decreases. A
decrease of molecular motion slows down both physical and chemical processes
in biological systems in proportion to the fractional change in absolute

temperature.

Damage to biological systems during freezing and thawing results from
the conversion of liquid (solvent) water into ice. Rapid cooling (greater than 1
°C/minute) during freezing produces a myriad of small crystals because of
insufficient time for the growth of large crystals. Cells rapidly cooled during
freezing appear unshrunken and contain intracellular ice. The physical presence
of ice crystals inside cells is lethal and can result in a failure of the
cryopreservation protocol. Damage to the cells by the intracellular ice
primarily occurs as these crystals grow in size during warming or storage at
relatively high subzero temperatures through a process described as
recrystallization (Mazur, 1977). Slow cooling (less than 1 °C/minute) during
freezing results in the formation of a small number of very large crystals. With
slow cooling, intracellular ice may not form, but the intracellular environment
is exposed to biochemical and physical adversities caused by high solute
concentrations, dehydration, pH shifts (van der Berg and Rose, 1959; van der
Berg and Soliman, 1969), and cell shrinkage (Meryman, 1970). The viability

of the intact cell, tissue, or organ of which the cel! is a part is governed by the
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resulting influences of these changes on the biochemical properties of
intracellular structures. High salt concentrations are the most provable cause of
cell damage since they are disruptive to cell membranes and protein structure.
Optimal survival of various cell types occurs at a cooling rate somewhere
between fast and slow. This optimal rate varies with different cell types;
specimen size, volume, and shape; the presence of cryoprotectants, and the

concentration(s) of the cryoprotectant(s).

Although post-thaw viability of a frozen system can be optimized by
carefully selecting the best combination of cooling and warming rates, the
degree of viability is likely to be unsatisfactory when preserving bulky tissues
and organs for transplantation. Chemical cryoprotectants offer the most
feasible means of protecting cells from damage due to freezing and thawing.
Suitable cryoprotectants are characterized by a relatively low toxicity to the
cellular materials and very high solubility in water. There are marked
differences in the major functional groups and compositions of compounds that
have cryoprotective efficacy. The most widely used group of protectants are
those with low molecular weight that are significantly permeant to the
membrane of cells, such as dimethyl sulfoxide (perhaps the most widely used
protectant of all), propane diol and methanol (Grout, 1991). Compounds such

as glycerol, sucrose, and a number of the sugars have varying degrees of
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permeation depending on cell type and incubation conditions (Shlafer, 1981).
The primary role of the cryoprotectants is the protection of cells from freeze
desiccation, but they may also provide an element of protection to specific
molecular species within the cell by stabilizing macromolecules (Meryman et
al., 1978). Since cryoinjury is linked to conversion of liquid water to ice, the
colligative role of protectants depends on an effective reduction in the water
content of the cell, which in turn reduces the effective ion/solute concentrations

that can occur as a result of freeze-dehydration (Grout, 1991).

Generally, cells remain stable for only a few months in the range of -70
to -100 °C. Cells kept for longer periods at -70 to -100 °C undergo
appreciable "aging" as a result of enzymatic activity and physical/chemical
reactions (Luyet, 1960). All biological material can be stored without
significant change at liquid nitrogen temperature (-196 °C) or at that for the
vapor phase of a liquid nitrogen (-150 to -190 °C) for at least 10 years since no
ordinary, thermally driven reactions occur in aqueous systems at these

temperatures (Heacox et al., 1988).

Small ice crystals are thermodynamically unstable because of their high
surface energy, and they tend to undergo recrystallization to improve their

thermodynamic stability. Recrystallization generally occurs during warming
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and may result in cell damage (Wolfinbarger et al., 1989). Rapid thawing is
recommended for rewarming cryopreserved heart valves since it suppresses
recrystallization. The process is accomplished by immersion of the frozen
tissue in a 42 °C water bath directly from the liquid nitrogen storage
conditions. After thawing cryopreserved tissues, cryoprotectants may removed
by a stepwise-washing procedure to minimize osmotic stress to the cells (Bank
and Brockbank, 1987; May and Baust, 1988), although the effectiveness of
some stepwise-washing procedures in removing the cryoprotectant may

questioned (Hu, 1992).

D. Calcification of Cardiovascular Implants.

Calcific degeneration of cardiovascular implants and diseased
cardiovascular tissues is common (Schoen et al., 1988). Calcification of
cardiovascular implants often results in clinical device failure due to mechanical
dysfunction, vascular obstruction, or embolization of calcific deposits. Primary
tissue degeneration due to intrinsic cuspal calcification is the most frequent
cause of clinical failure of porcine aortic valve bioprostheses (Ferrans et al.,
1980; Gallo et al., 1984; McClung et al., 1983; Schoen et al., 1983; Schoen,
1987; Schoen et al., 1988; Valente et al., 1983; Valente et al., 1985). Bovine

pericardial bioprostheses also fail frequently because of calcification (Reul et
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al., 1985; Schoen, 1987; Schoen et al., 1988).

Pathological analyses of failed bioprosthetic valves reveal dystrophic
calcific deposits within the cusps involving both cellular remnants and collagen
fibrils (Reul et al., 1985; Schoen, 1987; Schoen et al., 1988). Calcium salt
incorporations are most extensive at regions of greatest hemodynamic stress,
such as the commisures (the free edges of the leaflets) and annular attachments.
Experimental calcification events in rat subdermal implants of porcine
bioprosthetic heart valve tissue have been shown with cells devitalized by
glutaraldehyde pretreatment within the cusps followed later by collagen
mineralization (Levy et al., 1983; Schoen et al., 1985). Although the
infrastructure of porcine aortic valves and bovine pericardium is different, the
kinetics and morphologic features of mineralization of these materials are
similar. Calcific deposits in pericardial tissue also initially involve cell
remnants followed by mineralization of collagen. Nearly all forms of cell-
oriented calcification occur by crystal formation on remnants of cell
membranes, usually in the form of extracellular vesicles. Late mineralization in
collagen could be due to either extension of cell-oriented mineral deposition, or
to an independent extracellular matrix mineralization mechanism. Initial
calcium phosphate deposits increase in size and number with the process of

calcification. Proliferation of nucleation sites, crystal growth, and progressive
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confluence of diffusely distributed microcrystals result in the formation of gross
nodules which focally obliterate implant architecture leading to ulceration, and
eventual deformation of the valve structure (Schoen et al., 1987). Although
bioprosthetic tissue calcification causes either stenosis or regurgitation or both,
regurgitation due to tearing at calcific deposits is most frequent, and calcific
emboli can also occur. Calcification of bioprosthetic tissue does not appear to
be completely explained by a single mechanism. Indeed this process most
probably occurs as an interaction of host, implant, and mechanical factors. The
physical forces to which the valve tissue is exposed (Thubrikar et al., 1983;
Wright et al., 1982), recipient mineral metabolism (Carpentier et al., 1984),
and host environment at the valve locus (Schoen et al., 1988) may all play a
role in facilitating calcification. Exposure to the extracellular ions associated
with the host mineral metabolism is a prerequisite for bioprosthetic
calcification. Glutaraldehyde fixation is identified as the single most important
implant factor leading to calcification of bioprosthetic valves (Golumb et al.,
1987; Levy et al., 1983). Mechanical stress plays a role in promotion of
calcification, but mechanical deformation is not necessary for mineralization to

proceed (Levy et al., 1983; Schoen et al., 1985; Schoen et al., 1988).

Although valved aortic homografts develop calcification much less

frequently than xenograft and bioprosthetic valves, calcification is one of the
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general causes of homograft failure in the late ultimate results (Maxwell et al.,
1989; Miller and Shumway, 1987). Calcification is significantly greater in the
conduit wall than in the valve leaflets (Brock, 1968; Gonazalez-Lavin et al.,
1988; Jonas et al., 1988; Maxwell et al., 1989; Miller and Shumway, 1987,
Saravalli et al., 1980; Webb et al., 1988), and the consequent lack of
distensibility limits their long-term durability. In addition to cell-and collagen-
oriented calcification of the aortic homograft, aortic wall calcification occurs in
close association with elastin as a prominent feature in experimental (subdermal
and circulatory models) and clinical species (Gonazalez-Lavin et al., 1988;
Jonas et al., 1988; Khatib and Lupinetti, 1990; Saravalli et al., 1980). Urist
and Adams (1967) demonstrated that the calcification of transplanted aorta in
rats was localized mostly to the elastic structure after degradation or splitting of
elastic fibers where an increased rate of calcium uptake was observed. In fresh
and cryopreserved aortic homograft conduit, calcification was also present in
the elastic component of the media with the elastosis (Gonazalez-Lavin et al.,

1988; Jonas et al., 1988).

The pathophysiology of cardiovascular implant calcification is complex
and poorly understood, and there are no satisfactory preventive measures or
therapies to reverse degenerative calcification. However, calcification

occurring normally in skeletal and dental tissues, and pathologically in
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cardiovascular implants share important features (Anderson, 1983; Anderson,
1989; Schoen et al., 1988). Some mechanistic factors are shared by the various

types of cardiovascular implant calcification.

Chief among the common elements in the various types of cardiovascular
implant calcification is the various cell-derived components, such as cellular
debris and subcellular vesicle-like organelles, which serve as the initial locus of
calcification in direct analogy to the matrix vesicles of endochondral skeletal
and dental mineralization (Anderson, 1984). Membranous structure of matrix
vesicles in bone mineralization are derived from the surface membrane of
chondrocytes, bone cells, and nonskeletal cells (Anderson, 1983) and initiate
calcification by concentrating calcium within their already phosphate-rich
structure (Anderson, 1984; Valente et al., 1985). Vesicles present a confined
microenvironment for mineral initiation in which calcium is attracted by acidic
phospholipids concentrated in matrix vesicles (Peress et al., 1974; Wuthier,
1975) and inorganic phosphate is concentrated in the vesicles by phosphatases
(e.g., alkaline phosphatase, adenosine triphosphatase, and pyrophosphatase)
residing in the matrix vesicle membrane (Cyboron et al., 1981; Matsuzawa and
Anderson, 1971). These phosphatases facilitate the initiation of mineralization
both by raising the local phosphate concentration and by diminishing the

mineral inhibiting effects of pyrophosphate and adenosine triphosphate. Matrix
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vesicles serve only for mineral initiation, the mineral proliferation is dependent
on the concentration of calcium and phosphate in the extracellular fluid and the
presence of mineral inhibitors, pyrophosphate, adenosine triphosphate, and
anionic proteins. Matrix vesicle structures may be comparable to the early cell-

oriented calcification noted in clinical and experimental cardiovascular implants.

Calcification of cells and cell fragments is also due to a disruption of
normal physiology for cellular calcium regulation. Normal living animal cells
have low intracellular free calcium concentrations (approximately 107 M) and
high extracellular free calcium concentrations (approximately 10° M)(Schoen,
1987; Schoen et al., 1988). In healthy cells, despite the entrance of calcium
into cells through several types of calcium channels, the 10,000-fold gradient
across the plasma membrane is maintained by energy-requiring metabolic
process such as plasma membrane-bound Ca?**-ATPase. Ca’*-ATPase uses the
energy of ATP hydrolysis to pump Ca®* out of the cell (Schoen, 1987; Schoen
et al., 1988). In damaged cells of cardiovascular implants, mechanisms for
calcium exclusion are no longer functional (decreased efflux) (Schoen et al.,
1986), and the injured membrane is more permeable to calcium (increased
calcium influx). A net calcium influx reacts with phosphorus in the membrane
of cell and may contribute to the initiating mechanism of calcium phosphate

crystallization in cardiovascular implants.
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The first mineral that forms in matrix vesicles is amorphous calcium
phosphate, which exhibits little or no crystallinity to roentgen ray or electron
diffraction. However, it is usually converted to crystalline, insoluble calcium
phosphate mineral in the form of mature hydroxyapatite. Hydroxyapatite is a
complicated compound with ten calcium atoms, six phosphate groups, and two
hydroxyls and must be built from calcium and phosphate ions available in
serum or extracellular fluid. The concentration of calcium and phosphate in
serum or extracellular fluid is not sufficient to initiate mineral deposition
spontaneously, but is sufficient to support crystal proliferation once a few
preformed crystals of hydroxyapatite are present. Preformed crystals serve as

templates for new crystal formation (Anderson, 1983).

E. Proteoglycans in Aorta.

There are two main classes of extracellular molecules in aorta: (1)
heterogeneous proteoglycans (PGs) as ground substance, (2) elastin and
collagen fibers which provide structural function. The proteoglycans in the
arterial wall are synthesized by smooth muscle cells and endothelial cells in
cardiovascular structures (Morita et al., 1990). Extracellular matrix
proteoglycans are functionally important components of the arterial wall. The

aorta undergoes repetitive, transient pressure changes, and it is likely that the
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proteoglycans, in concert with the elastin component of the tissue, buffer these
cyclical changes. In addition, these macromolecules contribute to maintain
structural integrity of the tissue, influence calcification, and regulate the
permeability of the tissue (Berenson et al., 1973; Castellot et al., 1982;
Ruoslathi, 1988; Ruoslathi, 1989). Proteoglycans are high molecular weight
polyanionic substances consisting of a central core protein to which many
different glycosaminoglycan (GAG) chains are covalently bound.
Glycosaminoglycans are long heteropolysaccharide molecules, consisting of
repeating disaccharides units in which one sugar is a hexosamine (N-
acetylglucosamine or N-acetylgalactosamine) and the other is uronic acid. In
most cases the amino sugar is sulfated. The nature of glycosaminoglycans is
highly charged polyanions because of the carboxyl and sulfate groups in the
disaccharide units. There are six classes of glycosaminoglycans distinguished
by their sugar residues, the type of linkage between these residues, and the
number and location of sulfate groups: (1) hyaluronic acid (2) chondroitin
sulfate (3) dermatan sulfate (4) heparan sulfate (5) heparin (6) keratan sulfate.
Hyaluronic acid is the largest glycosaminoglycan. Hyaluronate differs from the
other glycosaminoglycans in that it does not contain sulfate groups and is not
covalently bound to protein. It is nevertheless classified as a
glycosaminoglycan because of its structural similarity to these other polymers.

It consists of repeating disaccharide units of N-acetylglucosamine and

34

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



glucuronic acid. Chondroitin sulfate is found widely distributed throughout
various tissues. It is an unbranched hetropolymer consisting of repeating
disaccharides of N-acetylgalactosamine and D-glucuronic acid. The
disaccharides may be sulfated in either the 4 or 6 position of N-
acetylgalactosamine. Dermatan sulfate differs from chondroitin sulfates in that
its predominant uronic acid in the repeat disaccharide is found as iduronic acid,
although glucuronic acid is also present in variable amounts. Glucosamine and
glucuronic acid or iduronic acid form disaccharide repeated units of heparin, as
in dermatan sulfate. Heparin is particularly highly sulfated, containing up to
three sulfate residues per disaccharide unit. Unlike the other
glycosaminoglycans, which are predominantly extracellular components,
heparin is an intracellular component of mast cells. Heparan sulfate is very
closely related to heparin, in that it contains a similar disaccharide repeat unit.
However, it varies from heparin, in that it is less sulfated and contains higher
proportions of glucuronic acid than heparin. Heparan sulfate appears to be
extracellular in distribution. Keratan sulfate is characterized by molecular
heterogeneity and is composed principally of a repeating disaccharide unit of N-
acetylgluc;osamine and galactose. The length and charge distribution within the
glycosaminoglycan chains mainly determine physico-chemical properties
(polydispersities in terms of molecular size, and charge density) of

proteoglycans.
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Proteoglycans exist on three levels of organization: (1) individual
subunits (2) individual aggregates and (3) the level created by the interaction of
subunits of one aggregate with subunits of another aggregate (Castellot et al.,
1982). Subunits consist of a protein core filament with multiple covalently
bound glycosaminoglycan chains. The proteoglycan aggregate is composed of
many proteoglycan subunits in noncovalent associations with a single hyaluronic
acid molecule through a terminal hyaluronic acid-binding region on the core
protein. This association is stabilized further by the link-protein which has
affinity for both hyaluronate and for the hyaluronate binding region of the
proteoglycan subunits. A single link-protein is involved in the stabilization of

each proteoglycan subunit in the aggregate.

Little information is available describing the characteristics of individual
proteoglycans and their precise localization in the aortic tissue. However,
arterial proteoglycans have certain physico-chemical properties that are similar
to those of hyaline cartilage (Gardell et al., 1980; Oegema et al., 1979).
Recent advances in understanding of the cartilage matrix and the process of
mineralization indicate that matrix proteoglycans have an inhibitory effect on
cartilage mineralization (Hirschman and Dziewiatkowski, 1966; Joseph, 1983;
Larsson et al., 1973; Lohmander and Hjerpe, 1975; Mitchell et al., 1982).

Lohmander and Hjerpe (1975) reported that the cartilage lost approximately half
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its content of proteoglycans with the onset of mineralization. The
proteoglycans remaining in the mineralized cartilage differed in size from those
of nonmineralized tissue. There are decreased proportions of very high
molecular weight proteoglycans in mineralized tissue. Reddi et al. (1978) also
found that there was a decline in the synthesis of proteoglycans and a large
proportion of the newly synthesized molecules are of lower molecular weight in
the cartilage undergoing extensive mineralization. Although the mechanism by
which proteoglycans inhibit mineralization is not immediately apparent,
proteoglycans might inhibit mineralization by the following mechanisms. First,
the polyanionic chains of glycosaminoglycans may help to hold the extended
network, repel phosphate anions, and bind calcium. Secondly, proteoglycan
aggregates inhibit matrix calcification more effectively than proteoglycan
subunits because aggregates physically shield or sequester small mineral clusters
within their network of subunits, preventing enlargement of small mineral
clusters beyond a critical size that would spread mineralization through the
matrix (Cuerro et al., 1973). This inhibition occurs because subunits bound to
aggregates can not be easily displaced, and they are organized to provide a
large, uniformly dense network of negatively charged glycosaminoglycans

chains, and are essentially immobilized in the matrix.

There has been little information describing the effects of
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cryopreservation on proteoglycan changes in allograft heart valves. However,
cryopreserved allografts have superior durability over cold-stored valves
possibly due to improved proteoglycan matrix preservation which may provide
for sustained cell activity and reduced potential for calcification following
transplantation. Previous studies on cryopreserved allograft heart valves have
focused on donor cell viability in the valves (Hu et al., 1989; Hu et al., 1990;
Parker et al., 1978; Reichenbach et al., 1971). The present study focuses on
the matrix components of the arterial conduit tissue since valved aortic
homografts develop calcification (late after transplantation) significantly greater

in the aortic wall than in the valve leaflets.

The research to be described was designed to assess the effects of
cryopreservation on matrix proteoglycans with the ultimate objective of
permiting prediction of the tendency of aorta conduit tissue to calcify following
transplantation. The basic premise, or hypothesis, for this study is that
proteoglycan changes in the conduit tissues of allograft valves contribute to
valve calcifications by mechanisms similar to those mechanisms associated with

bone mineralization.

Specifically, the aims of this study are divided into the following: I.

Development of method for optimal extraction of proteoglycans from porcine
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aorta tissue. II. Quantitative analysis of proteoglycans present in fresh and
cryopreserved aorta conduit tissue. III. Study of the size distribution of
proteoglycans in fresh and cryopreserved tissue. IV. Assessment of the
distribution of proteoglycans in aorta conduit tissue which are present in soluble
matrix and covalently linked to collagenous and elastic fibers. V. Evaluation of
the morphology of fresh and cryopreserved porcine aorta tissue. VI. Study of
the distribution of proteoglycans within the arterial wall using transmission
electron microscopy. VII. Analysis of calcium in fresh and cryopreserved
porcine aorta conduit tissue. VIII. Determination of phosphorus content of

fresh and cryopreserved aorta conduit tissue.
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CHAPTER I

EXPERIMENTAL DESIGN AND METHODS

A. Procurement of Tissue.

Porcine aorta conduit tissue was used in this study. The porcine tissues
were obtained from a local abattoir, Gwaltney meat-packing company in
Smithfield, Virginia. The general age and weight of the pigs were nearly
equivalent. The pig hearts were removed within 20 minutes of slaughter with
the assistance of Gwaltney’s staff. Each heart was immediately washed with
200 ml of cold lactated Ringer’s solution to remove residual blood and
transferred to cold tissue culture media (RPMI 1640, GIBCO) and packed in ice
for transport to the laboratory. The aortic conduits (about 6 cm in length) were

quickly dissected from the hearts on arrival at the laboratory.
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B. Preparation of Fresh and Cryopreserved Tissues.

Fresh and cryopreserved tissues were used for this study. Fresh aorta
conduit tissues are defined as tissues dissected from the hearts immediately on
arrival at the laboratory. Cryopreserved tissues are defined as tissues taken
through a standard preimplantation processing for cryopreservation as described
by Lange and Hopkins (1989). The detailed methods in each step (allowable
warm ischemic time, antibiotic treatment regimen, concentration of
cryoprotectants, and technique for storage) of cryopreservation protocols differ
between allograft heart valve programs in different tissue banks and valve
processing companies. This study employed the methods of LifeNet Transplant
Services in Virginia Beach, VA (Lange and Hopkins, 1989; Wolfinbarger and

Hopkins, 1989) for valve cryopreservation.

For the preparation of cryopreserved tissue which was used in this study,
excess adipose tissue of porcine aortic conduit was trimmed after dissection of
aorta conduit tissue from hearts. Tissues were rinsed in cold 0.9 % NaCl and
disinfected with antibiotic mixtures. The following antibiotics were premixed
with tissue culture medium (RPMI 1640) and approximately 125 ml of the
antibiotic solution was added to each tissue: cefoxitin (240 pg/ml medium),

lincomycin (120 ug/ml medium), polymyxin B sulfate(l1 ug/ml medium) and
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vancomycin (50 ug/ml medium). The tissue, immersed in the antibiotic
medium, was then stored at 4 °C for 24 hours. The conduit tissue was
removed from the antibiotic medium container and rinsed three times with 150

ml of fresh medium (RPMI 1640) at 4 °C.

The freezing medium was prepared as follows: RPMI 1640 tissue culture
medium supplemented to a final concentration of 10 % (v:v) with fetal calf
serum (FCS, GIBCO) were premixed. Dimethylsulfoxide (DMSO), to a final
concentration of 10 % (v:v) was added to the cooled (4 °C) premixed medium
at 4 °C. The conduit tissue was placed in volumetric container, and the freshly
prepared freezing solution was added to produce a total volume of 100 ml. The
conduit tissue in freezing solution was placed into a clear 4 by 6 inches of
polyester-polyolefin modified bag (Kapak Corporation). All air was removed
from the pouch by gently squeezing it 